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Astudy on thepossible construction order
of the temples in Mahendraparvata on the
summit of Kulen Mountain, Cambodia,
based on brick and sandstone materials
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The Angkor monument is a group of temples built between the 9th and 15th centuries.
Mahendraparvata, the first capital of theAngkor Empire,wasbuilt byKing Jayavarman II on the summit
of Kulen Mountain, ~35 km northeast of Siem Reap, Cambodia. In this study, we investigated the
buildingmaterials of the 18 temples thatmake upMahendraparvata and found thatmainly bricks were
used in the construction of temples in Mahendraparvata. Gray sandstone, derived from the Phu
Kradung Formation (the Red Terrain Formation) of the late Jurassic to early Cretaceous age
(distributed in the southeastern foothills of Kulen Mountain and widely used throughout the Angkor
monument), wasused in small quantities at thedoor frames, stairs, and lintels of the temples.Chemical
composition measured with a portable X-ray fluorescence analyzer and magnetic susceptibility
measured with a portable magnetic susceptibility meter were conducted on the brick and sandstone
materials, and the thickness of the bricks was also measured. On the basis of the magnetic
susceptibility and Rb content of the bricks, the 18 investigated temples were categorized into three
groups: Groups A, B, and C. The Rb content of the gray sandstone revealed that Group A differs from
GroupsBandC. Temples inGroupA, namelyPrasatOPhaong,PrasatKhmum,andPrasatKraham (I &
II), are aligned in a straight line, and Prasat O Phaong, Prasat Rong Chen, and Prasat O Top are also
aligned in a straight line. The intersection of these two lines is at Prasat O Phaong. This suggests a
possible relationship among the temples inGroup A. Temples inGroup A tend to be in better condition
than those in other groups. The thickness of the bricks used in the temples of Mahendraparvata is
between the thickness of bricks used in the Sambor Prei Kuk monument from the pre-Angkorian
period and those of the temples of Hariharalaya, the next capital after Mahendraparvata. During these
periods, there was an overall trend of decreasing brick thickness over time, suggesting a technical
connection among these monuments.

The Angkor monument was built between the 9th to 15th centuries. The
first capital of theAngkor Empire,Mahendraparvata, was established in 802
CE by King Jayavarman II on the summit of Kulen Mountain (Phnom
Kulen). KulenMountain, located ~35 kmnortheast of SiemReap—the base
forAngkor archaeological tourism—features aflat-toppedmountain.Kulen
Mountain is the source of the Siem Reap River, which became essential for
the Angkor Empire that flourished in the plains to the southwest of Kulen

Mountain during the main Angkor period from the late 9th to 15th cen-
turies. Extensive canals and waterways were constructed to effectively use
the waters of the Siem Reap River, which became indispensable for agri-
culture and daily life1. The presence of the Siem Reap River is said to have
brought prosperity to the Angkor Empire in the Angkor area. In this sense,
the Siem Reap River is considered a sacred river, and many lingas (Hindu
symbols), are carved into the riverbed at Kulen Mountain. Along with its
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natural abundance, Kulen Mountain has also become a resort area for
Cambodians.

The city of Mahendraparvata was primarily constructed in the
southern area of Kulen Mountain2–4. Recent LiDAR surveys have revealed
the full extent of the urban networks of Mahendraparvata, which was built
during the early period of the Angkor Empire1,3–7. The city featured well-
developed roads oriented along east-west and north-south axes, and dams
were also built, indicating the practice of water management. In 889 CE,
King Yasovarman I moved the capital to Hariharalaya, which is located at
the Roluos monument, and in 944 CE, the capital was moved again to the
present-day Angkor area by King Rajendravarman II. Many brick temples
were constructed at Mahendraparvata, and these are now sites of active
research. The temples of Mahendraparvata, like the temples of the Sambor
Prei Kuk monument built during the pre-Angkorian period, are primarily
made of brick, with sandstone used for the door frames, stairs, lintels, and
terraces. In this study, we analyzed the chemical composition of the brick
and sandstone materials used in 18 major temples at Mahendraparvata
using a portable X-ray fluorescence analyzer and measured magnetic sus-
ceptibility using a portablemagnetic susceptibilitymeter.We alsomeasured
the thickness of the bricks. Using these data, we interpreted the grouping
and construction sequence of the 18 investigated temples. Furthermore, we
compared the brick thickness between the pre-Angkorian temples (e.g., the
Sambor Prei Kuk monument) and the Angkorian period brick temples,
including those at Mahendraparvata. The results revealed systematic
changes among these monuments.

Non-destructivemethods ofmeasuringmagnetic susceptibility using a
portable magnetic susceptibility meter and chemical composition using a
portable X-ray fluorescence analyzer are highly effective for elucidating the
construction order and periods of temples at Khmermonuments, including
the Angkor monument8–12. Therefore, in this study, we conducted these
investigations, includingmeasuring the thickness of bricks, at the temples of
Mahendraparvata on the summit of Kulen Mountain to estimate the con-
struction order of the temples and clarify the types and sources of the
sandstone materials used in the temples.

Methods
The survey was conducted at the following 18 temples: Prasat Kraham I,
Prasat Kraham II, Prasat Khla Khmum, Prasat Anlong Thom, Prasat Neak
Ta, PrasatChrei, PrasatBosNeak,PrasatOTop,PrasatDamreiKrap, Prasat
Bram, Prasat Koki, Prasat Rong Chen, Prasat O Phaong, Prasat Phnom
Sruoch, Prasat Khting Slap, Prasat Kancha, Prasat Thma Dap, and Prasat
ChupCrei (Fig. 1). The latitude, longitude, and altitude of each temple were
measured using a GPS device (eTrex Venture, Garmin Ltd, Schaffhausen,
Switzerland) (Table 1). The distributionmapof these investigated temples is
shown in Fig. 2.

Chemical composition analysis of the brick and sandstone materials
was performed non-destructively and on-site using a portable X-ray
fluorescence analyzer (Delta Premium DP-4000-C, Innov-X Systems Inc.,
Waltham,MA,USA). Rhodium (Rh)was used as theX-ray tube target, with
a tube voltage of 15 kV for light elements and 40 kV for heavy elements. The
beamdiameter of the X-ray is ~10mm. Themeasurementswere conducted
using the “Soil mode,” with a measurement duration of ~1min. The X-ray
fluorescence analyzer is powered by a lithium-ion battery, with a single
batteryproviding~4 hofmeasurement time.Prior to themeasurements, the
calibration curves were created using ten Japanese igneous rock standard
samples (JA-1, JA-2, JB-1b, JB-2, JB-3, JG-1a, JG-2, JGb-1, JR-1, and JR-2)13,
and the measurement results were corrected accordingly. Each time the
equipment was turned on, it was standardized using stainless steel 316SS.
Measurements were taken on smooth surfaces without algae or lichen, and
surfaces were cleanedwith a toothbrush.Measurementswere conducted on
five samples of brick and sandstone materials, respectively, from each
temple, and the average values of the five measurements for brick and
sandstone materials, respectively, were calculated for each temple. Please
refer to Potts and West14, Mendoza Cuevas et al.15, and Tykot16 for details
regarding the portable X-ray fluorescence analyzer.

Magnetic susceptibility measurements of the brick and sandstone
materials were conducted using a portable magnetic susceptibility meter
(SM30, ZH Instruments, Brno, Czech Republic). The measurements were
performed non-destructively and on-site. The measurement coil had a
diameter of 5 cm.Magnetic susceptibilitywasmeasuredon the surface of the
brick or sandstone materials (smooth surfaces without algae or lichen) and
then in the air (Mode A). The measurement time for each location was
~2–3 s and the measurement accuracy was ~0.001 × 10–³ SI units. From
each temple site, 25 samples of brick and 5 samples of sandstone were
measured, and the average values for each material at each temple were
calculated. For details on the magnetic susceptibility measurements and
their effectiveness, refer to William-Thorp and Thorp17, William-Thorp
et al.18,19, Alva-Valdivia et al.20. and Tanikawa et al.21.

The thickness of the bricks was usually measured on wall surfaces: the
thickness of 10 rows of bricks was measured at 5 locations (a total of 50
bricks) and the thickness per individual brick was calculated. In cases where
the temple had collapsed and the wall surfaces were no longer intact, the
thicknesses of 50 scattered bricks were measured and the average value
calculated (Prasat Rong Chen).

Results
Bricks
Chemical composition. The analytical results for the representative
elements detected in the bricks using the portable X-ray fluorescence
analyzer are shown in Table 2 (please refer to Additional File 1 for
detailed chemical analysis data). Among these data, Rb was the only
element that exhibited significant differences between the temples, with
average values for each temple ranging from 5 to 110 ppm.

Magnetic susceptibility. The magnetic susceptibilities of the bricks
measured with the portable magnetic susceptibility meter are shown in
Additional file 2. There was a considerable range in the average magnetic
susceptibility values for each temple, ranging from 0.05 × 10–³ to
5.6 × 10–³ SI units.

Thickness of bricks. The thicknesses of the bricks for each temple are
shown in Additional file 3. The relationship between the average Ti
content and average thickness of the bricks used in the temples surveyed
is shown in Fig. 3. For comparison, the relationship between the average
Ti content and average thickness of the brick sanctuaries from the
Sambor Prei Kuk Monument, which was built during the pre-Angkor
period, is also drawn in Fig. 3. The range of average brick thickness values
for each temple is 50 to 60 mm, and that of average Ti content values is
1800 to 4400 ppm. No significant systematic differences were observed
among the surveyed temples (Fig. 3). However, based on data from the
sanctuaries of the Sambor Prei Kuk Monument, each temple in
Mahendraparvata tends to have been constructed at a later period than
the Sambor Prei Kuk sanctuaries. This observation aligns with the con-
struction periods of both sites.

Sandstone blocks
Chemical compositions. The analytical results for the representative
elements detected in the chemical composition analysis using the por-
table X-ray fluorescence analyzer are shown in Table 3 (please refer to
Additional File 4 for detailed chemical analysis data). The average Sr
content of the gray sandstone at each temple ranged from 150 to
200 ppm, while the average Rb content ranged from 60 to 140 ppm. In
white or red sandstones, the Sr and Rb contents were below 26 ppm and
12 ppm, respectively, suggesting these materials are siliceous sandstones
(Additional File 4)22,23. Although only present in small quantities, silic-
eous sandstone was identified only in Prasat Bos Neak, Prasat Koki,
Prasat O Top, and Prasat Rong Chen.

Magnetic susceptibility. The magnetic susceptibility measurements for
the sandstone used in each temple, obtained using a portable magnetic
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susceptibilitymeter, are shown inAdditional file 5. The averagemagnetic
susceptibility of the gray sandstone in each temple ranged from 1 × 10–³
to 5 × 10–³ SI units. However, in Prasat Bos Neak, Prasat Koki, Prasat O
Top, and Prasat Rong Chen, some sandstones had magnetic suscept-
ibilities below 0.025 × 10–³ SI units and are siliceous sandstones because
of their low magnetic susceptibility22,23.

Discussion
Grouping of temples based on brick and sandstone materials
Based on the plot of average magnetic susceptibility versus average Rb
content for the bricks for each temple (Fig. 4), three groups can be dis-
tinguished. Prasat O Phaong, Prasat Khla Khmum, Prasat Kraham (I & II),
Prasat Rong Chen, and Prasat O Top have both higher magnetic suscept-
ibility andRb content and are categorized asGroupA. Temples with lowRb
content but with highmagnetic susceptibility include Prasat Damrei, Prasat
Thma Dap, Prasat Khting Slap, Prasat Koki, Prasat Neak Ta, Prasat Chrei,

and Prasat Anlong Thom, and are categorized as Group B. The rest of the
temples are categorized as Group C. The temples in Group A tend to be
relatively well-preserved, while those in Group C tend to have more severe
deterioration. This suggests that the temples in Group A are important and
may have beenmaintained by local people, or that these early temples were
constructed with greater care, resulting in better preservation.

Figure 5 shows aplot of average Sr content versus averageRbcontent of
the gray sandstone at each temple. The gray sandstone blocks at each temple
have an Sr content ranging from 150 to 200 ppm, with no significant dif-
ferences observed between the temples. In contrast, the average Rb content
varies widely, ranging from 60 to 140 ppm. According to Uchida et al.23, the
Rb content of the gray to yellowish-brown sandstone used in the Angkor
monument ranges from 50 to 95 ppm. The gray sandstones used in the
temples classified as Group A, including Prasat O Phaong, Prasat Khla
Khmum, PrasatKraham (I& II), Prasat RongChen, andPrasatOTop, have
relatively high Rb content values ranging from 95 to 140 ppm. There are no

Fig. 1 | Photos of the surveyed temples on the summit ofKulenMountain. aPrasat
Kraham I, b Prasat Kraham II, c Prasat Khla Khmum, d Prasat, Anlong Thom,
e Prasat Neak Ta, f Prasat Chrei, g Prasat Bos Neak, h Prasat O Top, i Prasat Damrei

Krap, j Prasat Bram, kPrasat Koki, lPrasat Rong Chen,m Prasat O Phaong, n Prasat
Phnom Sruoch, o Prasat Khting Slap, p Prasat Kancha, q Prasat Thma Dap, and
r Prasat Chup Crei.
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Table 1 | Latitude, longitude, and altitude above sea level of the
surveyed temples situated on the summit of Kulen Mountain

Prasat Latitude Longitude Altitude

Kraham I N13°34′ 50.7″ E104° 9′ 51.4″ 418m

Kraham II N13°34′ 52.8″ E104° 9′ 51.9″ 421m

Khla Khmum N13°33′ 39.8″ E104° 9′ 18.7″ 340m

Anlong Thom N13°31′ 55.4″ E104° 9′ 49.7″ 361m

Neak Ta N13°31′ 53.2″ E104° 9′ 50.8″ 364m

Chrei N13°31′ 49.7″ E104° 9′ 51.5″ 364m

Bos Neak N13°31′ 46.9″ E104° 9′ 51.9″ 366m

O Top N13°31′ 25.7″ E104° 8′ 52.4″ 382m

Damrei Krap N13°31′ 00.5″ E104° 8′ 42.9″ 394m

Bram N13°32′ 6.8″ E104° 8′ 5.0″ 413m

Koki N13°32′ 1.2″ E104° 8′ 44.8″ 402m

Rong Chen N13°31′ 50.7″ E104° 8′ 45.5″ 429m

O Phaong N13°32′ 18.1″ E104° 8′ 39.6″ 360m

Phnom Sruoch N13°29′ 20.6″ E104° 9′ 54.9″ 372m

Khthing Slap N13°29′ 41.2″ E104° 9′ 39.4″ 378m

Kancha N13°29′ 58.9″ E104° 9′ 36.1″ 363m

Thma Dap N13°30′ 5.1″ E104° 9′ 35.1″ 360m

Chup Crei N13°30′ 13.2″ E104° 9′ 43.6″ 359m

Fig. 2 | Distribution of the 18 temples investigated on the summit of Kulen
Mountain. The temples surveyed are located in the southeastern part of Kulen
Mountain. The temples Prasat O Phaong, Prasat Khla Khmum, and Prasat Kraham
(I & II), along with Prasat O Phaong, Prasat Rong Chen, and Prasat O Top, all in
Group A, are positioned along two different straight lines, with Prasat O Phaong

situated at the point where the two lines intersect. Prasat Damrei Krap is classified in
Group B but is situated along the extended line connecting Prasat Kraham (I & II)
and Prasat O Top. After the temple names, (A), (B), and (C) indicate their groups
based on the chemical composition (Rb) and magnetic susceptibility of the bricks.

Table 2 | Average chemical composition of bricks as
determined by the portable XRF (in ppm)

Prasat Ti Mn Fe Zn Rb Sr Zr

Kraham I 2721 539 20,896 34 90 37 302

Kraham II 2566 413 17,984 20 61 17 290

Khla Khmum 2194 306 16,412 40 92 30 263

Anlong Thom 2033 183 10,385 12 23 10 230

Neak Ta 2205 511 13,260 19 47 36 210

Chrei 2735 659 10,785 17 20 14 278

Bos Neak 3292 190 9365 10 5 8 249

O Top 2105 308 15,252 21 61 29 222

Damrei Krap 4383 258 15,679 36 24 33 320

Bram 1768 294 11,014 10 13 14 159

Koki 3265 196 12,491 11 14 11 311

Rong Chen 3570 383 27,163 32 54 33 270

O Phaong 2716 435 22,522 39 110 41 268

Phnom Sruoch 2490 361 7885 19 27 14 243

Khting Slap 2728 175 13,589 11 36 11 270

Kancha 2824 696 6890 15 9 10 256

Thma Dap 2433 197 11,994 12 15 26 233

Chup Crei 2878 195 6033 8 13 27 298
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significant differences in magnetic susceptibility among the gray sandstone
blocks of these temples, with average values ranging from 0.5 × 10−3 to
2 × 10−3 SI units. According to Uchida et al.23, the magnetic susceptibility of
the gray to yellowish-brown sandstone supplied from the southeastern
foothills of Kulen Mountain ranges from 0.5 × 10−3 to 7 × 10−3 SI units,
which is similar to the values for the gray to yellowish-brownsandstoneused

in the Angkor monument. Kulen Mountain is primarily composed of
Cretaceous siliceous sandstone, with gray to yellowish-brown sandstone
(the Phu Kradung Formation, referred to as the Red Terrain Formation in
Cambodia) from the Late Jurassic to Early Cretaceous located at its base24.
The siliceous sandstone consists of three layers: the PhraWihan Formation
at the base, the Sao Khua Formation in the middle, and the Phu Phan
Formation at the top. In Cambodia, these siliceous sandstones are collec-
tively referred to as the Upper Sandstone Formation. The temples on the
summit of Kulen Mountain are built on the Phu Phan Formation, char-
acterized by itswhite color andpresence of small siliceous pebbles thatmake
the procurement of siliceous sandstone relatively easy. However, the use of
siliceous sandstone in the temples on the summit of Kulen Mountain is
extremely limited. Instead, the sandstone used in these temples is primarily
the gray to yellowish-brown sandstone of the Phu Kradung Formation,
which constitutes the lower part of Kulen Mountain and is exposed only in
the southeastern foothills. The temple on the summit of KulenMountain is
situated at an altitude of 350 to 430m above sea level, whereas the forma-
tions that yield the gray to yellowish-brown sandstone are distributed at an
altitude of ~90 to 120m above sea level; therefore, this sandstone had to be
lifted 250 to 300m from the quarries to each temple, which suggests that this
valuable sandstone was used for the construction of the temples at
Mahendraparvata. It is unclear whether the use of the gray to yellowish-
brown sandstone as the building material was because of its ease of pro-
cessing or a preference for its color. However, this sandstone has been used
as a building material throughout the Angkor period, including Mahen-
draparvata. Similarly, a small amount of gray sandstone was commonly
used in the pre-Angkorian Sambor Prei Kuk monument.

An interesting result was obtained regarding the positions of the tem-
ples classified inGroupA. Two groups of temples—PrasatOPhaong, Prasat
KhlaKhmum, andPrasatKraham(I& II), aswell as PrasatOPhaong,Prasat
Rong Chen, and Prasat O Top—are each aligned in a different straight line,
with Prasat O Phaong located at the intersection of these two lines (Fig. 2).
There may be some relationship between these temples, and they are con-
sidered to form a single group. Prasat Damrei Krap is classified as Group B
but is situated along the extended line connectingPrasatKraham(I& II) and
Prasat O Top, suggesting a special relationship with these temples (Fig. 2).
Based on the high magnetic susceptibility, it can be inferred that Prasat
Damrei Krap was the earliest constructed temple among those in Group B.

Fig. 3 | Relationship between average thickness
and average Ti content of the bricks used in the
temples investigated on the summit of Kulen
Mountain. As a comparison, the thickness and Ti
content of the bricks used in the pre-Angkorian
Sambor Prei Kuk Monument are found within the
region enclosed by the brown line25.

Table 3 | Average chemical composition of gray sandstone
blocks as determined by the portable XRF (in ppm)

Prasat Ti Mn Fe Zn Rb Sr Zr

Kraham I 3149 748 26,567 64 131 175 275

Kraham II 2492 688 24,102 51 122 168 247

Khla Khmum 3685 812 27,265 65 100 160 301

Anlong Thom 3333 499 29,768 61 89 180 309

Neak Ta 2905 475 24,965 308 74 176 283

Chrei 3058 784 25,752 57 68 190 271

Bos Neak 2877 1360 30,472 131 93 172 228

O Top 2605 537 24,572 56 110 156 192

Damrei Krap 4104 2115 42,039 252 79 179 391

Bram 3301 489 24,351 37 88 164 249

Koki 3521 1119 25,969 46 83 164 273

Rong Chen 2721 476 22,340 74 105 169 228

O Phaong 3137 472 27,742 95 100 173 318

Phnom Sruoch 3207 998 30,350 72 83 210 266

Khting Slap 3294 763 19,332 38 92 188 180

Kancha 3349 1042 26,989 51 70 159 284

Thma Dap 3345 951 26,616 77 72 192 263

Chup Crei 4077 697 27,731 64 85 152 307

Neak Buos 1970 554 20,293 53 41 218 138

Prasat Kuk Srei 3985 960 33,600 68 61 245 281
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There are a number of examples of several temples or monuments being
aligned in straight lines in Khmer monuments, including, despite the dis-
tances between them, the three monuments of Preah Vihear (Cambodia),
Wat Phu (Laos), and My Son (Vietnam); the three monuments of Preah
Vihear, Preah Khan of Kompong Svay, and Phnom Chisor; and the three
monuments of Koh Ker, Preah Khan of Kompong Svay, and Sambor Prei
Kuk. Additionally, on a smaller scale, the three temples of Phnom Bakheng,
Phimeanakas, and Baphuon in the Angkor area are also aligned.

According to Chevance et al.7, Prasat O Phaong is located at the
intersection of major east-west and north-south roads, indicating its

significance. Unlike other temples, Prasat Rong Chen is primarily con-
structed of laterite and is considered to be one of the earliest built temples on
the summit of Kulen Mountain7.

In addition, the trend of changes in the chemical composition of brick
and gray sandstone materials suggests that the temples in Group A were
built first, followed by the temples in Group B, and finally the temples in
Group C.

Although the 18 temples on the summit of KulenMountain that were
investigated in this study were divided into three groups, unfortunately, no
remains of kilns used for firing the bricks have been found so far.

Fig. 4 | Relationship between the averagemagnetic
susceptibility and Rb content of the bricks used in
the surveyed temples on the summit of Kulen
Mountain. Based on the average magnetic sus-
ceptibility and Rb content, the surveyed temples can
be divided into three groups. The temples classified
in Group A are enclosed in a red square frame, the
temples in Group B are enclosed in a blue square
frame, and the temples in Group C are enclosed in a
green square frame.

Fig. 5 | Relationship between Sr andRb contents of
the gray sandstone used in the studied temples
situated on the summit of Kulen Mountain. The
blue rectangular frame indicates the range of che-
mical composition of the gray to yellowish-brown
sandstone used in the Angkor monument. The
composition of the gray sandstone used in the
temples classified in Group A, enclosed in a red
ellipse, is plotted outside the blue rectangular frame.
In contrast, the gray sandstone used in the temples
classified in Groups B and C, enclosed in a green
ellipse, is plotted inside the blue rectangular frame.
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Temporal changes in brick thickness used in construction
The average thickness of the bricks used in the temples on the
summit of Kulen Mountain ranges from 50 to 60 mm. According to
Shimoda et al.25, the Sambor Prei Kuk monument, which consists of
pre-Angkorian temples and is registered on the World Heritage List
of UNESCO in 2017, has an average brick thickness ranging from 50
to 80 mm for each temple, with a decreasing trend of brick thickness
over construction time within the same site. In the temples on the
summit of Kulen Mountain, the brick thickness ranges from 50 to
60 mm, trending toward thinner bricks similar in thickness to the
late-period bricks of the Sambor Prei Kuk monument. According to
Uchida et al.26, the bricks used in the Bakong and Phnom Bakheng
temples of Hariharalaya (the Roluos monument), the successor to
Mahendraparvata, tend to be even thinner (~40 mm). This indicates
a decreasing trend of brick thickness from the Sambor Prei Kuk
monument to the Roluos monument over time. The thickness of the
bricks used in the temples on the summit of Kulen Mountain appears
to continue the trend observed in earlier periods. However, in the
relatively old temples of the Angkor monument constructed from the
late 9th to the 10th centuries, which were predominantly built with
bricks, there is a trend toward increasing brick thickness over time
(ranging from ~40 to 80 mm)26.

Conclusions
(1) An investigation of building materials was conducted at 18 temples
on the summit of Kulen Mountain. The results revealed that, except for
Prasat Rong Chen (constructed mainly of laterite), the primary building
material for these temples was brick, with a small amount of gray
sandstone used for door frames, stairs, and lintels. Some siliceous
sandstone was also identified as an exception.

(2) The gray sandstone has magnetic susceptibility and chemical com-
position (SrandRbcontents) similar to thegray toyellowish-brownsandstone
used in the Angkor monument and may have been quarried from the Phu
Kradung Formation at the southeastern foothills of Kulen Mountain.

(3) Systematic differences were observed in the average magnetic
susceptibility and average Rb content of the bricks. In addition, based on the
average Rb content of the gray sandstone, the 18 surveyed temples can be
divided into three groups (Groups A, B, and C).

(4) The Group A temples Prasat O Phaong, Prasat Khla Khmum, and
Prasat Kraham (I & II), as well as Prasat O Phaong, Prasat Rong Chen, and
Prasat O Top, lie on two straight lines, with Prasat O Phaong located at the
intersection of the two lines.Moreover, based on themagnetic susceptibility
and chemical composition of the brick and sandstone materials from these
temples, it can be concluded that these temples forma single group andwere
likely constructed during the earliest period of the temples on the summit of
Kulen Mountain.

(5) The temples in Group A exhibit a special relationship in their
positions and are relatively well-preserved compared with those in
Groups B and C. Based on the changes in the chemical composition
and magnetic susceptibility of the bricks, it is inferred that the
temples were constructed in the following order: Group A, followed
by Group B, and then Group C.

(6) The thickness of the bricks used in the temples on the summit of
Kulen Mountain is between the thickness of the bricks used in the Sambor
Prei Kuk monument of the pre-Angkorian period and those used in the
temples of Hariharalaya, the second capital of the Angkorian period. This
suggests that there was a technical connection in brick manufacturing
between these regions.

Data availability
Data is provided within themanuscript or supplementary information files.
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