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Abstract: This study aimed to uncover the chronology and production technologies of ancient bricks
unearthed from various locations in Upper Assam, Northeast India. To achieve this goal, comple-
mentary spectroscopic techniques such as Fourier Transform Infrared Spectroscopy (FTIR), X-ray
Diffraction (XRD), Scanning Electron Microscope (SEM) coupled with Energy Dispersive Spectrome-
ter (EDS), as well as Thermoluminescence (TL) and Optically Stimulated Luminescence (OSL/IRSL)
dating, were applied. FTIR and XRD analyses revealed the presence of quartz, feldspar (microcline,
orthoclase, albite), kaolinite, chlorite, cerussite, palygorskite, magnetite, hematite, and organic carbon.
The mineralogical composition indicates two distinct groups with firing temperatures below 650 ◦C
and above ~800 ◦C. These two groups could be the first indication of the presence of two civilizations
or at least two different production technologies involving different firing temperatures and kiln at-
mospheric conditions. Further, the SEM-EDS study suggests that both calcareous and non-calcareous
clays were used in brick making, which have low and high refractory properties, respectively. The
internal morphology of the samples shows the existence of micropores and microfractures, indicating
the influence of higher-temperature firing. Absolute dating techniques associate the two brick groups
with different age ranges: a firing temperature above ~800 ◦C indicates a superior technology corre-
sponding to a production period between the 7th and 10th centuries CE. In contrast, a temperature
below 650 ◦C indicates a technologically less advanced group of people, with the age group dated
between the 11th and 14th centuries CE.

Keywords: firing temperature; XRD-FTIR; SEM-EDS; archaeometry; ancient bricks; TL/OSL dating

1. Introduction

The history of human civilization is inherently connected to the use of bricks as a basic
building material. Since the third century BCE, there have been numerous structures that use
fired or burned bricks [1]. The chronicles of ancient civilizations give evidence to the enduring
legacy of brick creation, and several studies infer that the quality and durability of bricks
are closely related to the quality of raw materials, manufacturing techniques such as firing
temperature, and many other factors [2–5]. Firing temperature is recognized as an important
factor in brick production because burning triggers significant changes in mineralogy, texture,
and physical properties, impacting the porosity and pore dispersion of bricks [6–9].

When clays are fired to make pottery, new minerals called firing minerals are formed.
These products are primarily determined by the composition of the clays, the additives
used to make pottery, the atmospheric conditions, and the duration of firing during pottery
making. Gehlenite and diopside are high-temperature firing minerals. Gehlenite is formed
at 800–850 ◦C as illite and calcite decomposition products [10]; calcite decomposition
begins at 650 ◦C and ends at 850 ◦C, generating new high-temperature calc-silicates and
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aluminum–calcium silicates such as pyroxene group members (diopside) and plagioclase
feldspars (anorthite) [11,12]. The reaction between quartz and lime at 920 or 1000 ◦C,
depending on the quartz content, produces wollastonite. Wollastonite was discovered
to replace gehlenite in the gehlenite bearing system at temperatures above 830 ◦C [13].
Multidimensional approaches like X-ray powder Diffraction (XRD), Fourier Transform
Infrared Spectroscopy (FTIR), Differential Thermal Analysis (DTA), and Scanning Electron
Microscopy (SEM) have been demonstrated to be very effective for understanding the firing
temperature [5,14–19]. Moreover, the Thermoluminescence (TL) and Optically Stimulated
Luminescence (OSL) dating techniques are essential for establishing the time elapsed
since the last high-temperature event, which usually coincides with the bricks’ firing in
a kiln [20,21]. TL and OSL exploit the accumulation of charge carriers in mineral defects,
providing a timeline for brick usage and reuse [22,23].

In India, most investigations have focused on the ancient architectures of the Southern
part of the country, using similar methodologies to understand the effects of firing tem-
perature and the physical-mechanical properties of ancient bricks [19,24–31]. However,
only one notable study analyzed the bricks of the Kamakhya Temple using XRD and FTIR
techniques, revealing variations in firing temperatures (above and below 500 ◦C) [32].
Except for this, no archaeometric and dating studies of ancient artifacts from the region
have been carried out so far. Hence, the present study aimed to fill this gap by focusing
on different archaeological sites of Upper Assam to estimate technological parameters of
brick production, such as raw materials and the firing temperature used in manufacturing,
employing FTIR, XRD, and SEM-EDX techniques. Additionally, TL, OSL, and IRSL dating
methods were employed to determine the chronology and historical context of the Dihing
Valley and nearby areas of Upper Assam. In this way, it was possible to establish whether
different brick production technologies exist and, thanks to the determination of an absolute
chronology, determine the technological progress that has occurred in brick production.

1.1. Study Area

In recent years, a few important archaeological structures framed with bricks were
noticed in four archaeological sites in Upper Assam (Figure 1). The locations and details of
the archaeological sites are described below.

1.1.1. Mouramora Archaeological Spot

Mouramora is situated on the bank of a palaeo-channel of the River Dihing of
the Dibrugarh district in Assam, India, at a latitude of 27◦20′7.051′′ and a longitude of
94◦55′45.512′′. It was excavated by the Archaeological Survey of Assam in 2017. The
unearthed structure looks like the plinth of an old temple, maybe constructed on the bank
of the old River Dihing, now found as a palaeo-channel of it (Figure 2a). The structure is
built with bricks of different shapes and sizes, with sharp and curved edges (Figure 2b).
The sizes range from 30 cm × 21 cm to about 15 cm × 15 cm, with a thickness of about
5 cm. The morphology of the structure and its structural arrangement indicate that it was
prepared by a well-organized group of people. A total of three samples of different shapes
and sizes have been collected from the site for this work.

1.1.2. Pratima Garh Archaeological Spot

Pratima Garh is a square-shaped defensive barricade located in the Sadiya of the Tin-
sukia district in Assam, India, at a latitude of 27◦54′41.400′′ and a longitude of 95◦41′25.500′′.
The length of the side of the barricade measures almost 300 m. There is an almost 4.5 m
high central mound structure (Figure 2c). Although the site is still not excavated, one brick
sample from this central mound was collected for the present study (Figure 2d,e).

1.1.3. Padum Pukhuri Archaeological Spot

The studied location is situated in Sadiya near the Assam-Arunachal state border,
India, at a latitude of 27◦57′48.110′′ and a longitude of 95◦45′40.000′′. It is an ancient
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tank with a bank fortified with bricks. It is a square-shaped dry tank structure. The
recently measured depth of the tank is 3 m, and the length of the side is 150 m (Figure 2f).
Systematic excavation of this pond has not yet started. The brick sample investigated here
was collected from the bank of the tank (Figure 2g,h).
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1.1.4. Rukmini Garh Archaeological Spot

Rukmini Garh is positioned in the Dhemaji district of Assam, India, at a latitude of
27◦36′11.933′′ and a longitude of 94◦34′28.817′′. It is a 550 m (as preserved today) long defensive
embankment, starting from the foothills of the Eastern Himalayan (Arunachal-Himalaya)
region and aligned along a North–South direction (Figure 2i). It is assumed that it was
originally much longer in length, but due to the seasonal floods of the Jokai River (neighboring
river), only a 550 m long area remains, although in poor condition. The construction pattern
of the structure is uncommon. At first, a core brick wall was constructed, and the wall was
covered with a thick cover of soil. The core brick wall and the soil cover combined made a
strong defensive embankment. Samples from the core of the embankment were collected for
the study (Figure 2j). This place has not been excavated yet.
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Figure 2. Representative field photograph of four archaeological sites. (a) Plinth-like old temple
structure of Mouramora; (b) Flat and varied shaped bricks used to make the plinth-like structure of
Mouramora; The yellow arrow indicates bricks with a sample in the inset, where a pen ~15 cm in
length is used as scale; (c) Sketch of the sample point of central mound structure of ancient Pratima
Garh; (d) Satellite image representing remnants of central mound structure of ancient Pratima Garh;
(e) Close up view of collected samples of Pratima Garh; (f) Top view sketch and cross-sectional
profile of the ancient tank of Padum Pukhuri; (g) Field photographs showing vegetation-covered
Padum Pukhuri and (h) Intake bricks on the bank of Padum Pukhuri; (i) Satellite image representing
remnants of long defensive embankment of Rukmini Garh; and (j) Field photographs of poorly
preserved ancient embankment of Rukmini Garh.
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2. Materials and Methods

To achieve the goal of the present study, six brick samples were collected from the
specified archaeological sites in Upper Assam (three from Mouramora and one from the
Pratima Garh, Rukmini Garh, and Padum Pukhuri sites). The collected samples were
studied systematically using the following procedures.

2.1. Color of the Bricks Identification

The color of the bricks was identified using the Munsell color chart, 1994 revised edi-
tion. All the samples from the Mouramora site, called Mouramora 1, 2, and 3, show a light
red color (7/6, HUE 2.5 YR). Other samples, such as those from Padum Pukhuri, Rukmini
Garh, and Pratima Garh, display light red (6/6, HUE 10R), reddish-yellow (6/6, HUE 5 YR),
and weak red (5/4, HUE 10R) colors, respectively (Figure 3).

Appl. Sci. 2024, 14, x FOR PEER REVIEW 6 of 26 
 

 
Figure 3. Photograph representing the color of the bricks of four archaeological sites: (a–c) the 
Mouramora site, (d) Padum Pukhuri, (e) Rukmini Garh, and (f) Pratima Garh. Coins with a diameter 
of ~2 cm are used as reference. 

2.2. XRD and FTIR Analysis 
A small portion of the samples was thoroughly grinded using an agate mortar to 

make a fine powder for XRD and FTIR analyses. The XRD analysis was carried out using 
an ULTIMA IV (Rigaku, Japan) X-ray diffractometer with CuKα radiation in 2θ mode be-
tween 2° and 80° with ±2% basic accuracy. The mineral phases present in the studied 
bricks were identified after comparing their d-spacing and 2θ values in the published lit-
erature [33–35]. 

The FTIR spectra of the samples were determined after being pelletized with spectra 
grade KBr and recorded at room temperature in a wide range of wave numbers from 400 
to 4000 cm−1 by using a FTIR-SPECTRUM two (Perkin Elmer Inc., Waltham, MA, USA) 
spectrometer. XRD and FTIR analyses were carried out at the CSIR-North East Institute of 
Science & Technology, Jorhat, India. 

2.3. SEM and EDS Analysis 
To investigate the internal morphology of the brick samples, they were analyzed us-

ing Scanning Electron Microscopy (SEM) and Energy Dispersive Spectrometer (EDS) tech-
niques. SEM, coupled with the elemental analysis, was conducted using a Field Emission 
Scanning Electron Microscopy (FESEM) produced by Carl ZEISS Microscopy, Germany. 
The samples, coated with a thin layer of gold or platinum, were examined with SEM, using 
various magnifying powers for all the samples in the study. The investigation of SEM and 
EDS analyses of the studied brick samples was performed at the CSIR-North East Institute 
of Science & Technology, Jorhat, India. 

2.4. TL and OSL/IRSL Dating 
For the TL and OSL/IRSL dating investigation, the material was sampled with a low-

speed drill from the inner part of the bricks, and all the procedures were followed under 
dim red light according to the fine-grain protocol [36]. The obtained polymineral fraction 
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(a–c) the Mouramora site, (d) Padum Pukhuri, (e) Rukmini Garh, and (f) Pratima Garh. Coins
with a diameter of ~2 cm are used as reference.

2.2. XRD and FTIR Analysis

A small portion of the samples was thoroughly grinded using an agate mortar to make
a fine powder for XRD and FTIR analyses. The XRD analysis was carried out using an
ULTIMA IV (Rigaku, Japan) X-ray diffractometer with CuKα radiation in 2θ mode between
2◦ and 80◦ with ±2% basic accuracy. The mineral phases present in the studied bricks were
identified after comparing their d-spacing and 2θ values in the published literature [33–35].

The FTIR spectra of the samples were determined after being pelletized with spectra
grade KBr and recorded at room temperature in a wide range of wave numbers from
400 to 4000 cm−1 by using a FTIR-SPECTRUM two (Perkin Elmer Inc., Waltham, MA, USA)
spectrometer. XRD and FTIR analyses were carried out at the CSIR-North East Institute of
Science & Technology, Jorhat, India.
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2.3. SEM and EDS Analysis

To investigate the internal morphology of the brick samples, they were analyzed
using Scanning Electron Microscopy (SEM) and Energy Dispersive Spectrometer (EDS)
techniques. SEM, coupled with the elemental analysis, was conducted using a Field
Emission Scanning Electron Microscopy (FESEM) produced by Carl ZEISS Microscopy,
Germany. The samples, coated with a thin layer of gold or platinum, were examined with
SEM, using various magnifying powers for all the samples in the study. The investigation
of SEM and EDS analyses of the studied brick samples was performed at the CSIR-North
East Institute of Science & Technology, Jorhat, India.

2.4. TL and OSL/IRSL Dating

For the TL and OSL/IRSL dating investigation, the material was sampled with a low-
speed drill from the inner part of the bricks, and all the procedures were followed under dim
red light according to the fine-grain protocol [36]. The obtained polymineral fraction (4–11 µm)
was settled onto stainless steel discs and used for both TL and OSL/IRSL measurements. This
fraction, mainly consisting of quartz and feldspars, can be excited using both blue (OSL) and
infrared radiations (IRSL), the latter being effective only on feldspars.

TL/OSL/IRSL measurements were performed with a Risø TL-DA-20 reader, us-
ing blue-LEDs (470 ± 30 nm, ~72 mW/cm2) for OSL and infra-red LEDs (λ = 850 nm,
~270 mW/cm2) for IRSL, detecting the emitted photons with an Electron Tube PDM 9107Q-
AP-TTL-03, coupled with a U-340 filter for OSL and a Schott BG3/BG39 filter combination
for IRSL measurements. The system is equipped with an internal 90Sr-90Y beta source
(dose rate: 0.127 ± 0.05 Gy/s).

To evaluate the Equivalent Dose (E.D.), two different techniques were applied: the
Multiple-Aliquot Additive protocol (MAAD, Aitken [20] was used for TL, and the Single
Aliquot Regenerative dose (SAR, ref. [37] protocol was used for OSL and IRSL.

The annual dose rate was indirectly derived from the measurement of the radioactivity
of the samples. The U and Th concentrations were obtained with total alpha counting using
ZnS scintillator discs, assuming a Th/U concentration ratio equal to 3.16 (Aitken, 1985).
The contribution due to 40K content was deduced from the total concentration of K ob-
tained using flame photometry. For IRSL, the effect of the internal K-content of feldspar
was considered. Alpha particles are less effective in inducing luminescence than beta and
gamma radiation. This was considered introducing the a-value determination, which is
based on the comparison of the luminescence signals induced by alpha and beta labo-
ratory irradiations. Because water absorbed part of the radiation that would otherwise
reach the sample, the saturation water content was evaluated for each brick. The F value
(i.e., the fraction of saturation to which the assumed average water content corresponds)
was considered equal (75 ± 10)% for all samples, considering the available information on
humidity in the area. The cosmic rays’ contribution to the final dose rate was added [38].
The TL/OSL/IRSL dating was performed in the LAMBDA Lab of the Department of
Material Science of the University of Milano-Bicocca, Milano, Italy [39].

3. Results and Discussion

In the following sections, the obtained data are discussed.

3.1. Identification of Minerals through FTIR Analysis

The FTIR spectra of the studied brick samples are depicted in Figure 4a. Since a few
FTIR spectra are not easy to interpret on a whole-range scale, the graphs were separated
into two ranges spanning 1200–400 cm−1 and 4000–3000 cm−1 (Figure 4b,c). The minerals
identified in the spectra were based on existing literature sources (listed in Table 1). They
include quartz, feldspar (albite, orthoclase), kaolinite, palygorskite, chlorite, organic carbon,
cerussite, hematite, and magnetite. All the brick samples under investigation contain
quartz, kaolinite, organic carbon, and palygorskite (barring Rukmini Garh).
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(Q—Quartz, Or—Orthoclase, A—Albite, Mt—Magnetite, Hm—Hematite, K—Kaolinite,
Plg—Palygorskite, C—Carbonates, Ch—Chlorite, OC—Organic Carbon).

The presence of quartz was confirmed by characteristic vibrational peaks at 457–458 cm−1

(Si-O asymmetrical bending), 460–463 cm−1 (Si-O asymmetrical bending), 692–693 cm−1

(Si-O symmetrical bending), and 776–778 and 795 cm−1 (Si-O symmetrical stretching). The
existence of quartz in the Mouramora-1, Pratima Garh, and Rukmini Garh brick samples was
supported by the presence of weak absorption peaks at 1619 cm−1 and 1870–1876 cm−1.

The feldspar group of minerals is merely present in the Pratima Garh brick sample,
which included orthoclase, microcline (K-feldspar), and albite (Na-feldspar). Their presence
was established by identifying the vibrational peaks at 1050 cm−1 (Si-Al-O stretching
for microcline feldspar), 642 cm−1 (Al-O coordination vibrations suggesting orthoclase
feldspar), and 725 cm−1 (Al-O-Si stretching for albite feldspar).

In general, four significant IR spectra of OH-stretching regions are employed to
distinguish kaolinite, with relative intensities of 3695, 3665, 3650, and 3620 cm−1 [40,41].
However, the presence of other minerals may influence the intensity and resolution of
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these vibration bands. The studied samples encompass no prominent kaolinite peaks at the
expected values. In Ref. [41] the authors assigned the OH stretching region peak with an
intensity of 3647 cm−1 as kaolinite. Under this assumption, the presence of this peak with
weak OH stretching of the inner hydroxyl group in the Mouramora-2 and Pratimagarh
samples confirms the signatures of kaolinite. The spectra region from 3671 to 3851 cm−1

represents the OH stretching of water molecules. The 3460–3496 cm−1 spectra imply
mixed layered OH stretching and bending vibrations of inner-surface hydroxyl groups.
The OH stretching of the inner hydroxyl group chlorite mineral was also observed in the
Mouramora-2 samples at 3565 cm−1. The IR spectrum for kaolinite with thin particles
exhibits peaks at 1105 and 695 cm−1; however, as the particle size increases, the vibrational
bands shift to 1080 and 689 cm−1 [40]. Barring the sample Padumpukhuri, the other
samples display broadening bands at 1080 and 1084 cm−1.

Carbonate minerals have been found in three different samples: Mouramora-3, Padum
Pukhuri, and Rukmini Garh, with FTIR peaks at 1381, 1384, and 1788 cm−1. The mineral
with a prominent relative intensity at 1396 cm−1 was identified as cerussite [42]. However,
Ramasamy et al. [28] also considered the peaks at 1380–1385 cm−1 as indicative of cerussite.
Hence, the presence of spectra at 1381, 1384, and 1788 cm−1 is in good agreement with the
carbonate minerals cerussite and calcite, respectively.

The complex nature of absorption bands in stretching and bending regions of water
molecules is characteristic of palygorskite. Palygorskite may be responsible for the presence of
bands in the region of 1623–1630 cm−1. Many researchers have studied similar patterns [43–45].

An additional peak in the ranges of 2919–2928, 2851–2854, 2004, 1984–1998, and 1878–
1879 cm−1 indicates C-H stretching vibrations caused by a weaker organic compound [46–49].

The prominent iron minerals hematite and magnetite were detected, with 531 and
576 cm−1 spectra in the Pratima Garh sample. Their presence is possibly due to the
replacement of Fe2+ and Fe3+ [50].

Table 1. FTIR spectra wave numbers with assigned mineralogy of the studied brick samples.

Frequency with Relative Intensity (cm−1)

Assigned
Mineralogy/
Assignment

Sample No with Absorption Frequency and Relative Intensity (cm−1) Reference

Mouramora-1 Mouramora-2 Mouramora-3 Padumpukhuri Pratima Garh Rukmini Garh

Quartz

1870VW - - - 1876VW 1873W

([15,28,51–53])

- - - - - 1619VW
- 795S 795S - - -

778S 778S 778S 778S 776M 778SSp
693S 693M 694S 692M 693M 693S
460S 461S - - 463S -

- - 457S 458S - 458S
Microcline - - - - 1050S - ([54])
Orthoclase - - - - 642W - ([28])

Albite - - - - 725W - [16]

OH Stretching of
Water Molecule

- 3851VW - - 3851VW -

[25,40,41,55]

- 3746VW - - 3745W -
- 3671VW - - - -

OH stretching of
inner hydroxyl

group

- - - - - 3496WBr
- - - 3475W - -

3468W - 3460W - 3462M -

Kaolinite
1080S 1080S 1081S 1084SBr - 1081SBr

- 3647VW - - - -
Chlorite - 3565VW - - - - [56]

Palygorskite 1623W 1630W 1625W 1629W 1629W - [28]

Carbonate
Minerals

- - - - - 1788W
([28,42])

- - 1384W 1381VW - -
Magnetite - - - - 576W - [57]
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Table 1. Cont.

Frequency with Relative Intensity (cm−1)

Assigned
Mineralogy/
Assignment

Sample No with Absorption Frequency and Relative Intensity (cm−1) Reference

Mouramora-1 Mouramora-2 Mouramora-3 Padumpukhuri Pratima Garh Rukmini Garh

Hematite - - - - 531W - [28,51]

Organic compound

2922VW 2922VW 2919VW 2919VW 2919VW 2928VW

[27,28,57–59]

2851VW 2851VW 2854VW 2854VW 2854VW -
- - - - 2356VW -
- - - 2004VW - -

1998VW - 1998VW - - 1984VW
- 1878VW 1879VW 1879VW - -

Abbreviations: VW—Very weak, W—Weak, M—Medium, S—Strong, Br—Broad, SBr—Strong and broad, SSp—
Strong and sharp, WBr—Weak and broad.

3.2. Identification of Mineral through XRD Analysis

The XRD patterns of the studied brick samples are shown in Figure 5. Identified
non-clay minerals include quartz, feldspars (orthoclase, microcline, oligoclase, sanidine,
and albite), aragonite, dolomite, laumontite, ilmenite, siderite, hematite, chlorite, trona,
pyrite, magnesite, wollastonite, goethite, and glauconite. Kaolinite was not present in
the XRD results despite appearing in the FTIR results due to its amorphous nature. The
minerals with the most intense reflections were quartz (3.34 Å), orthoclase (3.29 Å, 3.31 Å),
and wollastonite (3.32 Å). Carbonate and iron-bearing minerals were noted.
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Figure 5. XRD pattern of studied brick samples (Q—Quartz, Feldspar (Or—Orthoclase,
Mc—Microcline, Olg—Oligoclase, Sa—Sanidine, Ab—Albite), Arag—Aragonite, Dol—Dolomite,
Lmt—Laumontite, Ilm—Ilmenite, Sd—Siderite, Wo—Wollastonite, Hm—Hematite, Chl—Chlorite,
T—Trona, Py—Pyrite, Mgs—Magnesite, Gth—Geothite, and Gl—Glauconite).

3.3. The Firing Temperature Analysis Using FTIR and XRD

The IR spectra of dioctahedral and trioctahedral layer silicates display a very complex
band system in the OH stretching region [40]. In the present study, the absorption bands at
3671–3851 cm−1 and 3460–3496 cm−1 were assigned to the OH stretching of water molecules
and OH stretching of the inner hydroxyl group, respectively. However, upon heating the
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samples, they underwent dehydration at 200 ◦C, continuing until 380 ◦C, resulting in the
weakening of the 3400 cm−1 broad band and the breaking of the crystal structure at 500 ◦C [40].
In addition, disorder in the octahedral and tetrahedral sheets is notable, with partial removal
of the 535 cm−1 Si-O bending band and broadening of the Si-O stretching bands in the
1100–1000 cm−1 region [40]. This phenomenon implies a firing temperature of 500 ◦C. Addi-
tionally, at 500 ◦C, the absorption peak at 915 cm−1 indicates that Al (OH) vibrations in the
octahedral sheet structure begin to collapse [27,40,60,61]. The absence of 915 cm−1 spectra in
the studied samples suggests that all the samples were fired above 500 ◦C.

By increasing the temperature, the Si-O stretching band shifted toward higher fre-
quencies and broadened, with the maximum intensity at around 1025 cm−1 at 100 ◦C and
shifting to 1036 cm−1 at 600 ◦C [27,62]. The silicate structure disappeared when the clay
was fired to 650 ◦C, and a broad symmetry band was detected at 1035 cm−1 for red clay
and 1080 cm−1 for white clay [27,63]. The presence of an absorption band in five samples
at around 1080–1084 cm−1 indicates that white clay of kaolinitic composition was used in
the investigated brick samples, which were fired at 650 ◦C.

The presence of hematite and magnetite, characterized by a peak at 540 cm−1, is an
indication of iron oxides formed during fabrication firing processes above 650 ◦C [27,29,64].
However, the presence of hematite implies that they were fired in the open air or in a
completely oxidizing atmosphere at the time of manufacture [65,66]. The presence of
hematite and magnetite in the studied Pratima Garh sample confirms these manufacturing
conditions, as well as the type of clay used, which is plausibly red clay. It can also be
inferred that the artisans of Pratima Garh were well aware of the technology implemented
in firing the bricks under both oxidizing and reducing atmosphere, which is inferred by the
presence of peaks of 531 and 576 cm−1, respectively.

During the firing of clay, remarkable changes are noticed from 1000 to 1200 ◦C, where
the X-ray diffractogram of quartz disappears. Quartz gradually decomposes from 800 to
1100 ◦C, peaking at 1100 ◦C and then disappearing. Up to 800 ◦C, all the decomposed
phases contribute to the formation of a vitreous phase. At this point, the clay would be
mostly amorphous, with some residual grains of quartz, neo-formed mullite, hematite, and
other high-temperature mineral phases, like microcline. As a result, except for 1200 ◦C,
quartz was a residual phase, i.e., a component of the raw clay that did not undergo chemical
transformations during the firing stage. On the contrary, during the firing process, mullite,
hematite, and other silicates were formed. At temperatures ranging from 700 to 900 ◦C,
clays showed phyllosilicate destruction followed by vitrification, which was significant at
temperatures above 1000 ◦C [67]. The presence of orthoclase, microcline, albite, hematite,
and magnetite in the Pratima Garh, Rukmini Garh, Padumpukhuri, and Mouramora bricks
supports the high firing temperature at more than 800 ◦C.

Clay deposits typically contain some organic material, but artisans can also add organic
compounds to the ceramic paste during the preparation process to increase plasticity [68].

At 400–650 ◦C, depending on the type of flux and other raw materials used, the
initial ingredients decompose, and CO2, S, and hydrocarbons are lost. Dehydration occurs
at ~100 ◦C, followed by dehydroxylation of clay minerals at temperatures ranging from
~450 to 750 ◦C, depending on the type and purity of the clay [69]. Dehydration and
dehydroxylation of relatively pure clay minerals occur at various temperatures depending
on the clay minerals present. Chlorite loses water at a relatively high temperature, usually
starting at ~750 ◦C, but this temperature is determined by the mineral chemistry. Illite
(mica) transformation begins with dehydration at ~600–700 ◦C. When carbonate minerals
are heated, they release carbon dioxide; for example, calcite decomposition begins at 650 ◦C.
The temperature of phase transformation varies from sample to sample due to a variety
of factors, such as mineral grain size, heating rate, and how easily the evolved carbon
dioxide can be lost to the atmosphere [70]. At ~573 ◦C, alpha/low quartz structurally
transforms into beta/high quartz. Because this transition involves rotation rather than
bond breaking, the reaction is reversible, and any high-quality quartz that remains after the
high-temperature soak will invert to low-quality quartz during the cooling phase of the
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firing cycle. The brick expands as the temperature rises; however, if the cooling rate is too
fast, highly damaging microcracking can occur [71].

The firing minerals that are generated during the production of pottery depend on
a number of factors, including the composition of the clay, the materials added to it, the
atmosphere, and the duration of the firing process. High-temperature minerals such as
gehlenite and diopside are formed from the decomposition products of illite and calcite [10–12].
At 650 ◦C, calcite starts to break down; at 850 ◦C, high-temperature calc-silicates and alumino-
calc-silicates, such as diopside and anorthite, are the products of this process. At temperatures
higher than 830 ◦C, wollastonite—which is created when quartz and lime react from
approximately 920 to 1000 ◦C—replaces gehlenite in systems that contain gehlenite [13].
The presence of wollastonite and feldspar (albite, orthoclase, and microcline) in the Pratima
Garh, Padumpukhuri, Rukmini Garh, and Mouramora-3 brick samples indicates that the
bricks were fired at temperatures above ~800 ◦C. The presence of the iron oxide minerals
hematite and magnetite in the same sample, on the other hand, indicates that they were
fired at temperatures higher than 650 ◦C, as indicated by the FTIR and XRD studies. In their
analytical study of ancient pottery, the authors of [72] discovered that feldspars decompose
at temperatures ranging from 900 to 950 ◦C. The presence of feldspars in the samples
indicates that they were all fired at temperatures lower than 900 ◦C. This clearly shows
that the Pratima Garh, Padumpukhuri, Rukmini Garh, and Mouramora-3 brick samples
were fired at temperatures lower than 900 ◦C in oxidizing kiln atmospheric conditions. The
estimated firing temperature of the samples is presented in Table 2. However, research
concentrating on Thermogravimetry-Differential Thermal Analysis (TG-DTA), apparent
porosity, water absorption, and other pertinent aspects are required to establish the accurate
fire temperature of the investigated bricks.

Table 2. Estimation of firing temperature of studied brick samples based on FTIR and XRD analyses.

S.No. Sample ID Color Type of the Clay Estimation of Firing Temperature

1 Mouramora-1 Light red color White clay Below 650 ◦C
2 Mouramora-2 Light red color White clay Below 650 ◦C
3 Mouramora-3 Light red color White clay Above ~800 ◦C
4 Padum Pukhuri Light red White clay Above ~800 ◦C
5 Rukmini Garh Reddish yellow White clay Above ~800 ◦C
6 Pratima Garh Weak red Red clay Above ~800 ◦C

3.4. The Firing Temperature Analysis Using SEM-EDS

SEM-EDS provides valuable information on the pore structure and the glassy phase
development and is used to study systematically the internal morphology changes occurring
when the materials are fired in a temperature range of 600 ◦C to 1300 ◦C; it can be employed
and coupled with Energy Dispersive Spectrometer (EDS) for minerals detection [73]. Scanning
Electron Microscope is a vital tool for examining ancient pottery and establishing ancient
ceramic technology [74]. It has been found useful in many applications to characterize
archaeological artifacts [75,76]. SEM with EDS analysis is non-destructive and capable of
offering precise elemental composition information for the analysis of archaeological potsherds.
The analysis evidences that the presence of Ca as tine-grained and evenly distributed calcite
in clays significantly affects the development of vitrification if calcium present in the sample,
say CaCO3, dissociates into CaO and vitrification sets in around 850 ◦C.

The non-calcareous clays fired at temperatures below 800 ◦C produce no vitrifica-
tion [77]. However, well-crystallized hematite is abundant in non-calcareous clays. The
absence of vitrification in the studied bricks is evidence of a firing temperature below
800 ◦C during manufacturing by artisans, as well evidenced by FTIR and XRD studies.
Firing at 900 ◦C produces much more pronounced changes in the clay body; sintering
is quite advanced, and much vitrification has been produced [73]. Ref. [78] stated that
continuous heating activates densification, which leads to a reduction in porosity, and it
could lead to the generation of residual porosity and initial grain growth. They also opined
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that this process initially creates necks between particles, followed by developments of
cylindrical shape, interconnected pores, and lastly, pores change to a more spherical and
isolated state as temperature increases. The SEM micrographs of the studied samples show
the presence of such micropores (Figure 6a,b), as well as change in pores shape to spherical
and isolated state (Figure 6c–f), suggesting that the heating temperature increased in the
bricks of Mouramora-3, Padum Pukhuri, Pratima Garh, and Rukmini Garh compared with
the Mouramora-1 and Mouramora-2 bricks.
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The chemical composition of the samples was obtained using EDS analysis, and their
representative spectra are shown in Figure 7. From the EDS analysis, the potsherds mainly
have high concentrations of silica (SiO2), alumina (Al2O3), and fluxes (Na2O, K2O, Fe2O3,
CaO, MgO and TiO2), as they were identified in all the samples except for Na2O, CaO,
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and TiO2 in Padum Pukhuri, CaO and TiO2 in Mouramora 1, and CaO in Mouramora
2. Researchers claim that the total flux concentration within potsherds provides valuable
insights into the thermal behavior of bricks, contributing to the formation of a vitreous
or glassy phase [79,80]. When multiple components like Na2O, TiO2, Fe2O3, CaO, and
MgO are present along with SiO2 and Al2O3, a large portion of the liquid is generated,
which is referred to as a glassy or vitreous phase [81]. The total flux content of potsherds
was determined using the formula Total Flux Content = RO + R2O + Fe2O3 + TiO2, where
RO = CaO + MgO and R2O = K2O + Na2O [81,82]. In the present study, the total flux
content was calculated, with values ranging from 8.91 to 25.77 wt.%, with samples from
Mouramora-3, Padum Pukhuri, Pratima Garh, and Rukmini Garh showing higher values,
whereas Mouramora-1 and Mouramora-2 bricks showed lower values.
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If the flux concentration (K2O, Fe2O3, CaO, MgO, and TiO2) is more than 9%, the clays
are classified as low refractory, and they are classified as high refractory if the fluxes in the
sample are less than 9% [29]. On the other hand, the clays containing CaO greater than 6%
are known as calcareous clays, and those containing CaO less than 6% are known as non-
calcareous clays [63]. Based on the above statement and EDS results, it is inferred that all the
baring Pratima Garh bricks were made from non-calcareous clay. Moreover, Mouramora-
1, Mouramora-2, and Padum Pukhuri showed high refractory clay characteristics, and
Mouramora-3, Pratima Garh, and Rukmini Garh reflected low refractory characteristics.
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From the analysis, silica was the major element in all the bricks, with a percentage that
varied from 66.81% to 82.10%. All the bricks with low refractory clay contained high iron
oxide concentrations, ranging from 10.88% to 12.84%. The chromium concentrations were
noticed in two of the studied samples: Mouramora-1 (0.53%) and Rukmini Garh (0.47%). It
should be noted, however, that the pottery composition depends both on the clay source
and the recipe used to prepare the clay paste [12]. The variation of the chemical composition
in bricks may imply that the pottery comes from different production sites or reflects the
natural inhomogeneity of local clay deposits and the application of different manufacturing
processes in local workshops. The SEM-EDS results for the firing temperature analysis are
in good agreement with the FT-IR and XRD results.

3.5. TL, OSL, and IRSL Results

TL, OSL, and IRSL equivalent doses (E.D.) were evaluated for all samples; because
no mineralogical phase separation was performed on the brick samples, any luminescent
mineral contributes to the emission, quartz and feldspars being the main emitters. Both
quartz and feldspars have a TL emission in the blue region of the spectrum, and their
contribution is not separate. For what concerns OSL, while blue light stimulates the
emission of both quartz and feldspars, IR light only stimulates feldspars; for this very
reason, both OSL and IRSL were performed. Typical examples of TL glow curves are
shown in Figure 8a. Based on the plateau test, which allows us to identify the thermally
stable portion of the curves (Aitken, 1985), the TL signals were integrated between 300 and
350 ◦C. Plotting the intensity of the TL signal vs. the laboratory-imparted dose, E.D. was
extrapolated by linear regression, as illustrated in Figure 8b. The results of such evaluations
are summarized in Table 3.

Typical OSL/IRSL shine-down curves are shown in Figure 8c–e. The samples were
stimulated for 40 s in case of OSL measurement and 100 s for IRSL. The preheat temperature
was 200 ◦C for 10 s while the cut-heat was 180 ◦C, and it was chosen using a preheat plateau
test. For the E.D. determination, the initial part of the OSL/IRSL decay curve was used,
specifically the first 0.6 s for OSL and the first 1.6 s for IRSL. The background was assumed as
the average signal of the last 10 s (OSL) or 20 s (IRSL) of stimulation. Plotting the intensity
of the OSL/IRSL signal vs. the laboratory-imparted dose, E.D. was determined through the
interpolation of the natural signal on the linear regression, as illustrated in Figure 8d,f.

In general, it can be said that the luminescence signals of the samples are rather weak,
especially as regards the OSL signal. For this reason, it was possible to use this technique only
to date the Padum Pukhuri sample, whose OSL curves have a sufficiently high intensity. IRSL,
on the other hand, is the technique that gave the most intense signals for all samples.

By looking at the dating results obtained with TL, OSL, and IRSL (Table 3), it is possible
to observe that the low luminescence intensity of the samples caused high errors in the
ages obtained. The results obtained with TL are in good agreement with those obtained
with IRSL, except for the Padum Pukhuri sample. For the latter sample there is instead a
good agreement between the ages obtained with TL and OSL.

It is well-known that minerals like feldspars can provide underestimated ages for
the presence of anomalous fading [83], a malign phenomenon due to the loss of charge
from thermally stable defect sites via non-thermal mechanisms. A specific fading test was,
therefore, performed at room temperature for one month, and a significant loss of signal
was observed, as shown in Figure 9 for the Padum Pukhuri sample. Therefore, fading
evaluations were performed on all samples for all the luminescence techniques used (TL,
IRSL, and OSL). For each sample and for each type of luminescence, the g-values [84]
were determined (see Table 4). The ages of the samples obtained were then recalculated
according to the equation reported in [84] to obtain the dates corrected for the fading
phenomenon (Table 4).
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Table 3. Saturation water contents (W), a-values, and U, Th, and K2O concentrations, E.D., dose rates
for quartz and feldspars, ages, dates, and errors obtained with different luminescence techniques on
brick samples.

SAMPLE ID W (%) a
Value

ppm U
(±5%)

ppm Th
(±5%)

K2O
(±3%)

E.D.
(Gy)

Dose Rate
(mGy/a)

Age
(y) Date Error

Mour1 TL 18 0.14 4.1 12.9 2.98 2.2 ± 0.3 6.9 ± 0.3 320 1700 60
Mour-1 IRSL 18 0.14 4.1 12.9 2.98 2.6 ± 0.8 7.5 ± 0.3 350 1670 90
Mour-2 TL 23 0.18 4.3 13.8 2.56 2.7 ± 0.3 7.2 ± 0.4 380 1640 60
Mour-2 IRSL 23 0.18 4.3 13.8 2.56 3.1 ± 0.5 7.8 ± 0.4 400 1620 90
Mour-3 TL 24 0.14 4.2 13.4 3.52 2.7 ± 0.3 7.6 ± 0.4 360 1640 70
Mour-3 IRSL 24 0.14 4.2 13.4 3.52 1.8 ± 0.2 7.7 ± 0.4 230 1790 60
Prat TL 33 0.14 5.0 15.8 3.52 3.6 ± 0.3 7.3 ± 0.4 490 1530 60
Prat IRSL 33 0.14 5.0 15.8 3.52 4.2 ± 0.3 7.9 ± 0.4 530 1490 70
PadumTL 30 0.25 2.7 8.5 1.48 4.9 ± 0.4 4.9 ± 0.2 1000 1020 120
PadumOSL 30 0.25 2.7 8.5 1.48 4.2 ± 1.0 4.9 ± 0.2 860 1160 250
PadumIRSL 30 0.25 2.7 8.5 1.48 1.6 ± 02 5.5 ± 0.2 290 1730 60
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Figure 9. Anomalous fading TL data obtained from the Padumpukhuri sample. Seven samples were
irradiated with a dose of 6.4 Gy. A sample was measured immediately after irradiation, while the
others were kept in the dark for periods ranging from one hour to a month.

Table 4. g-values, ages, and dates corrected for anomalous fading.

SAMPLE ID g-Value Age Faded Date Faded

Mour-1 (TL) 6.8 ± 0.4 630 ± 130 1390 ± 130
Mour-1 (IRSL) 7.9 ± 0.5 920 ± 220 1100 ± 220
Mour-2 (TL) 8.4 ± 1.8 1010 ± 300 1010 ± 270
Mour-2 (IRSL) 5.7 ± 1.5 870 ± 250 1150 ± 250
Mour-3 (TL) 9.0 ± 0.3 1170 ± 280 850 ± 280
Mour-3 (IRSL) 9.8 ± 0.3 910 ± 250 1110 ± 250
Prat (TL) 8.6 ± 2.1 1410 ± 390 610 ± 390
Prat (IRSL) 9.0 ± 0.2 1860 ± 300 160 ± 500
Padum (TL) 3.4 ± 0.7 1350 ± 180 670 ± 180
Padum (OSL) 3.3 ± 0.6 1140 ± 360 880 ± 360
Padum (IRSL) 9.1 ± 0.1 1040 ± 200 980 ± 200

The high g-values (>7%) obtained for nearly all the samples suggest the presence of
some luminescent mineralogical phase other than feldspars with a high fading rate. In the
literature, Garcia Guinea et al. [85] reported a TL emission of kaolinite in the blue region of
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the spectrum. Ten years later, it was found that this mineral could potentially be valid for
dosimetric purposes since it is sensitive to radiation and possesses a good dose linearity in
the range of 50 mGy to 8 Gy [86]. However, the stability of the TL signal during six months
of storage shows an initial rapid decay (ca. 60%) followed by a mild slope reaching stability
after six months. Moreover, this mineral stands as a very promising candidate for IRSL dating
based on the very good IRSL response of this material to artificial beta irradiation [87].

Based on these results and on data obtained using FTIR and XRD analyses that confirm
the presence of kaolinite in all the bricks studied, the dosimetric properties of kaolinite were
more deeply investigated. Hence, the TL, OSL, and IRSL measurements were carried out on
kaolinite coming from Monte Bracco (Barge, CN, Italy). The sample presented luminescence
signals either when heated or when illuminated with blue and IR light; Figure 10 shows
TL, OSL and IRSL signals when irradiated with a dose from 9 to 92 Gy. There was a linear
growth of signal with dose in TL (at least up to 92 Gy), OSL, and IRSL (up to about 37 Gy).
At this point, the stability of the TL, OSL, and IRSL signals of kaolinite were investigated.
A fading test was performed, and it was noted that the measured luminescence signal
(TL, OSL, and IRSL) decreases as the time between irradiation and measurement increases
(Figure 11). Unfortunately, it was not possible to determine the g-value for any of the
luminescence techniques used as the decay of the luminescence signals does not follow
the exponential decay law used for feldspars. The significant loss of luminescent signal
over time, however, allows us to identify kaolinite as a possible cause of the high g-values
obtained on the bricks analyzed in this work.

3.6. Chronology of Bricks

The mineralogical characterization and chronology in the present study infer the exis-
tence of two distinct groups, with pottery technology having different firing temperatures.
One, characterized by a firing temperature below 650 ◦C, resembles pottery from the XI-XIV
centuries CE on the South Bank of the River Brahmaputra, and the other, characterized by
a firing temperature above 650 ◦C up to 830 ◦C, resembles pottery from the VII-X centuries
CE (Table 5) on the North Bank of the River Brahmaputra. These two divisions could
indicate two different civilizations with technologies that allowed them to fire the bricks
in different oxidizing kiln atmospheric conditions. From the present investigation, it can
be summarized that the first group of people lived during the VII-X centuries CE, were
technologically enhanced, and their state boundaries might be limited to the Northern bank
of Brahmaputra, as well as the foothills of Arunachal Pradesh (studied bricks were from
Padum Pukhuri, Pratima Garh, and Rukmini Garh). The second group of people, who lived
during the XI-XIV centuries CE, were technologically less enhanced than the first group,
and their state boundaries might be confined to the Southern bank of the river Brahma-
putra. Sheikh [88] dated bricks from the Kamakhya Temple of Assam, India, suggesting
two distinct age ranges peaked at 500 CE and 800 CE. He opined that some segments
of the existing Kamakhya temple might have been reconstructed later in 800 CE, when
brick production technology was more advanced than that of one of the earlier inhabitants.
Hence, it can be assumed that the bricks found in the Northern bank of Brahmaputra, as
well as the foothills of Arunachal Pradesh (Padum Pukhuri, Pratima Garh, and Rukmini
Garh), along with those bricks from Kamakhya Temple dating to 800 CE, were probably
manufactured by a similar group of people residing in that time.
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Figure 10. Luminescence signals of kaolinite. (a) TL glow curves and (b) corresponding growth of TL
signal with dose; (c) OSL shine-down curves and (d) corresponding growth of OSL signal with dose;
and (e) IRSL shine-down curves and (f) corresponding growth of IRSL signal with dose.
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Figure 11. Anomalous fading TL data obtained from kaolinite. The sample was irradiated with 92 Gy,
and the TL signal was measured. A test dose equal to 10 Gy was then imparted on the same aliquot
and used to normalize the signal in order to consider the sensitization of the sample between the
different irradiation and measurement cycles. At this point, the same aliquot was irradiated again
with 792 Gy and stored in the dark for a certain time, after which the TL curve and the related test
dose were recorded.

Table 5. Estimated ages, firing temperature, and type of clay used in the studied archaeological sites.

Name of Archaeological Sites Type of Clay Used Calculated Age Estimated Firing Temperature

Mouramora-1 Non-calcareous
XI-XIV sec CE

Below 650 ◦C
Mouramora-2 Non-calcareous Below 650 ◦C
Mouramora-3 Non-calcareous Above ~800 ◦C

Pratima Garh Calcareous VII-X sec CE (i.e.,
pre-Ahom)

Above ~800 ◦C
Padum Pukhuri Non-calcareous Above ~800 ◦C

Rukmini Garh Non-calcareous Not datable Above ~800 ◦C

It is relevant to remember that dating the bulk material of construction bricks can
mislead from the correct age since the dated event corresponds to the last heating (>500 ◦C)
of the material, generally related to brick production, which can be significantly different
from that of the construction, also due to the practice of reusing old bricks. However, it is
noteworthy that the cause of technological changes between the two groups might be a
scope for future research.

The use of production materials like calcareous and non-calcareous clay having low
and high refractory nature for making bricks also infers that the bricks might be produced
in different production sites or reflect the natural inhomogeneity of local clay deposits and
the application of different manufacture processes in local workshops.

4. Conclusions

The comprehensive application of various spectroscopic techniques, including Fourier
Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), and Scanning Electron
Microscopy with Energy Dispersive X-ray Spectroscopy (SEM-EDS), alongside absolute
dating methodologies such as Thermoluminescence (TL), Optically Stimulated Lumines-
cence (OSL), and Infrared Stimulated Luminescence (IRSL), yielded significant insights
into the chronology and technological practices at the archaeological site under study.

The data reveal the existence of two distinct stratified groups of inhabitants, each
characterized by unique brick production methods that reflect their technological ca-
pabilities and environmental adaptations. The first group, dating back approximately
700 to 1000 years ago, showed a more advanced mastery of firing techniques, achieving
temperatures exceeding 800 ◦C. This is evidenced by the analysis of the Pratima Garh and



Appl. Sci. 2024, 14, 6271 20 of 23

Padum Pukhuri samples, which show the high-temperature conditions under which their
bricks were produced. This suggests that these earlier inhabitants possessed a sophisticated
understanding of kiln construction and thermal control, likely contributing to the durability
and quality of their brick materials.

In contrast, the second group of inhabitants, who occupied the site between 1100 and
1400 years ago, employed less advanced firing techniques. Analysis of Mouramora samples
from this period indicates that their bricks were fired at temperatures below 650 ◦C. This
difference in firing temperature not only points to a divergence in technological knowledge
but may also reflect variations in socio-economic conditions, resource availability, and
cultural practices between the two groups.

Overall, the integrated use of these advanced analytical methods provided a nuanced
understanding of the technological evolution at this archaeological site. The findings un-
derscore the complexity of cultural and technological development over time, highlighting
how different communities adapted their techniques to suit their specific environmental
and social contexts. This multidisciplinary approach offers a comprehensive framework
for interpreting the material culture and technological progress of past societies, shedding
light on the dynamic interplay between human innovation and environmental constraints.
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