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Abstract

Ceramic artefacts constitute one of the most reliable mategial indicators for reconstructing
technological traditions, cultural behaviour, and patte
societies. The present study undertakes a mineralogica
pottery samples recovered from four recently explor
region of Punjab, namely Kathpalon, Goal Pin
representative samples, spanning the

isation in ancient
g=based characterisation of
ites in the Jalandhar Doab
and Singhpur. A total of forty
o Early Medieval periods (c. Y+++ BCE—
1200 CE), were analysed using identify crystalline mineral phases

and to infer firing conditions an

he effectiveness of XRD-based mineralogical analysis in reconstructing
ancient ceramic nology, while recognising that further microstructural investigations (e.g.
SEM analysis) would enhance understanding of amorphous phases and vitrification processes.

Keywords: XRD analysis; mineralogical phases; ceramic technology; firing temperature;
Jalandhar Doab.
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1. Introduction

Pottery represents one of the most durable and informative categories of archaeological
evidence, offering valuable insights into the technological knowledge, cultural practices, and
economic organisation of past societies. Earlier archaeological approaches primarily emphasised
typology and stylistic attributes; however, the incorporation of scientific analytical methods has
significantly expanded our understanding of ceramic production, particularly with regard to raw
material selection, firing technology, and functional performance.

X-ray diffraction (XRD) has emerged as a key archacometric techni

crystalline mineral phases in ceramic materials, enabling researchers t firing
conditions, clay composition, and thermal transformations. In the Indi studies
have applied XRD to Harappan and post-Harappan ceramics, i utility in
reconstructing production technologies and firing regimes. Despite ic traditions of
the Jalandhar Doab region remain comparatively underex iefitific perspective,
notwithstanding the region’s archaeological richness and ¢ i

The present study seeks to address this lacuna thro ineralogical investigation
of pottery samples collected from four archae i i alandhar district: Kathpalon

VY N, Yeet.’¢.” E) Hardo Pharla

2. Materials

Forty pottery ples representing a range of ceramic categories—including fine red ware,
black-slipped ware, coarse grey ware, fine grey ware, and red ware—were selected from surface
collections and field surveys conducted at the four study sites. Care was taken to ensure

stratigraphic and chronological representation across different cultural phases.

Powdered samples were prepared following standard archaeological sampling protocols. X-ray
diffraction analysis was carried out using a PANalytical Empyrean diffractometer with CuKa
radiation (A = +,Y°¢+A nm), operated at £¢° kV and ¢+ mA. Diffractograms were recorded over a
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YO range of ©°-9:° under ambient conditions. Phase identification was undertaken using
JCPDS/ICDD reference standards, following established guidelines for XRD interpretation.

It should be noted that XRD identifies only crystalline mineral phases and does not yield direct
information on microstructural features or amorphous phases. Although SEM-based analysis
would permit more detailed microstructural interpretation, the present study is confined to phase-
based mineralogical characterisation, which nonetheless provides a robust basis for
reconstructing firing regimes and technological choices.

In total, forty samples were analysed from the archaeological sites of Kat
Pind (GPD), Hardo Pharla (HPL), and Shingpura (SPR) (Figure V). Th
varieties examined—including fine red ware, black-slipped ware, co
ware, and red ware—are illustrated in Figures Ya, Yb, Yc, and Yd.
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Figure. 1: Map of the Sample Sites (Map by Author)
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Figure. 2c: HPL: A (Late Harappan), B (Early Historical), C (Historical), D (Early Medieval) (Photo by Author)
Figure. 2d: SPR: A (Late Harappan), B (Early Historical), C (Historical), D (Early Medieval) (Photo by Author)

2.1 Instrumentation and XRD Analysis

Powder X-ray diffraction (XRD) analysis was carried out on powdered pottery samples using an
Empyrean PANalytical diffractometer at the Inter University Accelerator Centre (IUAC), Delhi.
The analysis employed CuKa radiation (A = +,)°%+A nm), generated at an operating voltage of
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45 kV and a current of 40 mA, to determine the mineralogical phases present in the ceramic
fabrics.

X-ray diffractograms were recorded at room temperature over a Y0 range of ©°-%+°, with a scan
step size of +»*Y1Y° and a total scan time of Y¢,3Y2 minutes per sample. These parameters were
selected to ensure accurate identification of crystalline phases within the clay minerals.
Mineralogical interpretation followed established protocols for XRD analysis (Bish Y3A4%: Y4—
25).

The Malvern PANalytical system incorporates advanced hybrid detector
equipped with a flat sample stage for mounting powdered specimens, al

of crystalline mineral phases was undertaken using the Joint Com
Standards (JCPDS) database (Berry 1974). This database includes
(PDF), which compiles reference diffraction patterns and i
reference source for XRD-based mineral identification.

Diffraction File
as the standard

XRD analysis operates on the principle that incj act with periodic atomic

structures, producing diffraction effects when th ¢ radiation corresponds to the

Across all four archaeological sites, quartziwas identified as the most ubiquitous mineral phase,
confirming its role as a primary constitueht of the ceramic fabric. The presence of calcite, mica
rutile, and clay minerals such as dickite reflects a diverse range of

ceramics exhibi¥'more refined control over firing regimes, with carefully regulated oxidising and
reducing conditions producing distinct ware types, including red-slipped and black-slipped
pottery.

Samples from Kathpalon and Hardo Pharla reveal continuity in clay mineral composition across
certain cultural phases, implying consistent raw material procurement strategies. Conversely,
notable variations observed in Early Medieval wares suggest subsequent shifts in clay sourcing
practices. At Goal Pind and Singhpur, the presence of dickite and untransformed calcite in
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selected samples points to relatively low firing temperatures and deliberate technological
constraints in ceramic production.

Major diffraction peaks were observed at characteristic Y0 values in samples from Kathpalon
(KPL) (Table 1), Goal Pind (GPD) (Table 2), Hardo Pharla (HPL) (Table 3), and Singhpur (SPR)
(Table 4), as illustrated in the corresponding diffractograms. Collectively, these results indicate
that potters in the Jalandhar Doab region possessed a nuanced understanding of ceramic
production, demonstrating experimentation with firing techniques, clay sources, and surface
treatments across successive cultural periods.

3.1 Description of Possible Minerals in Pottery Samples of Kathpalon Sit
Table. 1: Possible Minerals in Kathpalon (KPL) Site Samples
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Figure. 3a: XRD Graph of Kathpalon (KPL) Site Samples
(Geochronology Lab. IUAC. Delhi. India)

The major mineralogical composition of the pottery samples was determined using an X-ray
diffractometer. Identification of crystalline mineral phases was carried out with reference to the
JCPDS database. A summary of the mineral assemblages identified in the pottery samples is
presented in Table 1, while the corresponding diffraction patterns are illustrated in Figure 3a.
Quartz, calcite, mica (phlogopite), albite, and iron oxides occur in almost all analysed samples.

The Late Harappan pottery samples (KPL),«)-KPL),*Y) exhibit several prominent Y0
diffraction peaks, as identified from the XRD patterns. Based on peak intensities, the

7
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corresponding mineral phases include quartz (SiO;), constituting approximately Y+—¢+7 and
indicating a dominant silica content; calcite (CaCO3) at ©-):Z; mica (phlogopite)
[K(Mg,Fe)s(AlFe)Siz01o(OH,F),] at Y-)17; bloedite [Na;Mg(SO,),* ¢H,0] at 4-\V7; feldspar
(plagioclase/albite) at approximately 14%; and minor phases such as rutile, graphite, and spinel,
each contributing around 1%. Additional minor minerals, including dioptase and dolomite, are
also present.

In the Early Historical period samples (KPLY,+¢—KPLY,+7), the dominant mineral phases
comprise quartz (SiO,) at ¢Y-V1Z, calcite (CaCOs) at approximately £/, mi
Y+ VYY, fluorite at Y7, rutile at Y7, graphite at ©7, and spinel at Y7. Covellit€ i
at YY7 in sample KPL),+1. Feldspar (plagioclase/albite) occurs in the rang
muscovite constitutes approximately 12% in sample KPL1.04.

The Historical period samples (KPLY,+Y—KPL),) +) are characteri
ranging from €+-1AZ, calcite (CaCOs3) from Y-)V7, and a -

YV7. Other identified minerals include fluorite at ¢/, rut ite at Y+7 in sample
KPL), 4, feldspar (plagioclase/albite) at Y +—YY7, sodalite \uscovite at approximately
11%. Minor mineral constituents such as garnet (al ucryptite, palygorskite, and

around Y7, while mica (phlogbpite)fanges’between Y)Y+ 7. Rutile is present at approximately
1%, graphite at around 5%, feldspar (plagioclase/albite) at 13%, and the clay mineral dickite at
approximately 11%. Minor mineral phaseégidentified in these samples include anatase and garnet
(almandine).

3.2 Description of P Minerals in Pottery Samples of Goal Pind Site.
Table. 2: Possibl nerals o3l Pind (GPD) Site Samples
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Figure. 3b: XRD Graph of Goal Pind (GPD) Site Samples
(Geochronology Lab. IUAC. Delhi. India)

Table 2 includes a summary of the mineral assemblage of the pottery samples of Goal
Pind site, and the corresponding diffraction patterns are shown in Figure 3b. Quartz, Calcite,
Mica (Phlogopite), Rutile, Fluorite, Hematite, and Albite are present in the samples. The Late
Harappan pottery sample GPDY,+)-Y,+Y displays the following significant Y0 diffraction peaks
identified from the XRD graph. Their corresponding minerals based on peak intensities, include:
Quartz (SiO,) — ¥'+-¢°7, Calcite (CaCOr) ‘7, Mica (Phlogopite) (K (Mg, Fe)" (Al, Fe) Sir Oy. (O
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H, F)") YY-Y+7, Rutile ¥-))7, Fluorite Y7, Hematite Y/ and Feldspar (Plagioclase/Albite) — Y-
33%. Miner Minerals are Zircon, Chalcopyrite, and Pseudoeucryptite, also present in these
samples. The pottery colour redish by the presence of hematite. In the samples of the Early
Historical period (GPDY,:Y-Y,+%), the major minerals are Quartz (SiO,) — ¢Y-1:7, Calcite
(CaCO3) 3% (GPD2.04), Mica (Phlogopite) (K (Mg, Fe)® (Al, Fe) Siz O10 (O H, F)?) 12-20%,
Rutile Y-°7, Graphite A-Ye7 Covelite Y¥/ (KPL),*%), Feldspar (Plagioclase/Albite) — A-YoZ,
Muscovite 14% (GPD1.04), and Sodalite 2% (GPD2.05). Minor minerals like Libethenite,
Halite, Hercynite, Pseudoeucryptite, Garnet (Pyrope), and Dyscrasite are also pr
samples. In the samples of the Historical period (GPD2.07-GPD2.09), the
Quartz (Si0,) — £°-Y+ 7, Mica (Phlogopite) (K (Mg, Fe)" (Al, Fe) Sir O:. (O
¢/, Rutile YZ, Graphite 7% (GPDY,+A), Feldspar (Plagioclase/Albit

3.3 Description of Possible Minerals in Pottery Sample
Table. 3: Possible Minerals in Hardo Pharla (HPL)

Cultur | Samp | Qua | Fluo Soda | Bruc | Tempra
e le rtz rite hite miner | lite ite ture
Code al
(Dick
ite)
Late + 600-
Harap 850°C
pan +
Early + + + 500-
Histori 850°C
cal + + +
+ + + + Below

650°C
Histori + + Below
cal 650C

600-

850°C

+ +

Early + 600-
Medie 850°C
val + +  +
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ion patterns are shown in Figure 3c. Quartz, Rutile,
pite), Albite, and Clay mineral (Dickite) are present in

minerals like ite, Serpierite, Dyscrasite, Garnet (Almandine), Anatase Pyrope are also
present. In the sgmples of the Historical period (HPL3.06-3.08), the major minerals are Quartz
(Si0,) — °Y-ViZ, Calcite (CaCOr) ¢/, Mica (Phlogopite) (K (Mg, Fe)" (Al, Fe) Sir Oy. (O H,
F)?) 19%, Fluorit 2-4%, Rutile 2%, Sodalite 2-10%, and Protoenstatite 20% (3.07). Minor
minerals Molybdite, Gaspeite, Chalcopyrite, Cebaite (Ce), Roquesite, Dyscrasite, and
Polylithionite are also present. In the samples of the Early medieval period (HPL3.09-3.10)), the
major minerals are Quartz (SiO;) — ©4-Y37, Calcite (CaCOr) Y7, Mica (Phlogopite) (K (Mg, Fe)"
(Al, Fe) Si; O10 (O H, F)?) 11, Fluorite 3-8%, Rutile 2-5%, Graphite 6%, and Minor mineral
Spinel, Dolomite also present.

11
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3.4 Description of Possible Minerals in Pottery Samples of Singhpur Site.

Table. 4: Possible Minerals in Singhpur (SPR) Site Samples
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Figure. 3d: XRD Graph of Singhpur (SPR) Site Samples
(Geochronology Lab. IUAC. Delhi. India)

Table 4 includes a summary of the mineral assemblage of the pottery samples (Singhpur
site), and the corresponding diffraction patterns are shown in Figure 3d. Quartz, Rutile,
Covellite, Fluorite, Graphite, Calcite, Mica (Phlogopite), Albite, Pyroxene (Protoenstatite), and

12
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Clay mineral (Dickite) are present in the samples. The Late Harappan pottery sample SPR¢,+)-
£,+Y displays the following significant YO diffraction peaks identified from the XRD graph.
Their corresponding minerals, based on peak intensities, include: Quartz (SiOz) — £Y-Y+7
indicating dominant silica content, Flourite 4%, Rutile 7%, Graphite 7%, Covellite 25%,
Pyroxene (Protoenstatite) 14%, and Clay mineral (Dickite) 6%. Minor minerals like Gupeite,
Baddeleyite, Tellurium, Calaverite, Nichromite are also present in pottery samples. In the
samples of the Early Historical period (SPR%,« £-£,+7), the major minerals are Quartz (SiO3) —
41-73%, Mica (Phlogopite) (K (Mg, Fe)® (Al, Fe) Siz Oi0 (O H, F)?) 17-20%, Graphite 3%,

(CaCO3) 4%, Fluorite 7%, Rutile 1%, Sodalite 2-5%, and Pyroxen
minerals Anatase, Clinopyroxene, Pyrochlore (Gd-exchanged),
present. In the samples of the Early medieval period (SPR4.09
(SiO,) — °YZ, Calcite (CaCOr) YZ, Mica (Phlogopite) (K
21, Fluorite 8%, Rutile 1%, and Pyroxene (Protoe
(Almandine) is also present.

1. Discussion

The XRD patterns reveal the presen€tc
firing (heating) at varying tempg
(Al;Si1,05(0OH)4) peaks in

ent structural modifications during
11: 345). The occurrence of kaolinite

dehydroxylation process over a broad temperature range of approximately A+ +—V)++°C (Hussin
et al. Y A ADY+; Viani et al. Y+ A: VV¢; Kurosawa et al. Y+YY: Y£-Y0) with possible
transformations to a spinel phase occurring at around 920°C (Hussin et al. 2018: 8). Depending
on the chemical composition of illite, a wide variety of secondary phases may form within clay
systems, including feldspar, hematite, and spinel (Yanik et al. 2012: 267).

The presence of hematite in the analysed samples suggests firing within a temperature range of
approximately £+ +—A®+°C under oxygen-rich conditions (Gliozzo Y+ Y +: Y'¢). Hematite is among
the most potent colouring agents in pottery, with even small quantities—approximately ‘—
),o/—being sufficient to impart a reddish hue to ceramic bodies (Velraj et al. Y+)+: 4+). The

13
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occurrence of fluorine (CaF5) indicates firing temperatures between 1+ + and A°+°C (Garcia-Ten
etal. Y++71: YY-A+: Dehne Y3AY: ). Mica (phlogopite) begins to dehydroxylate at temperatures
of approximately A®+—++°C and continues to decompose up to )+ +°C (Tuttietal. Y+++: 14)—
603). Quartz, a non-clay mineral, is consistently present in all samples, and its survival suggests
that firing temperatures did not significantly exceed approximately 1100°C (Ouahabi et al. 2015:
408).

Taken together, the mineralogical evidence points to a technologically dynamic ceramic tradition
in the Jalandhar region. The coexistence of residual clay minerals alongside high-temperature
phases indicates controlled yet varied firing practices. The partial preservatio bonates and
the transformation of mica minerals suggest firing within predictable therm

behaviour. Future integration of SEM—-EDS analysis would allo prehensive
assessment of microstructural evolution and firing mechanisms.

into ancient technological choices and patterns of resourg iond Shifts in clay provenance
observed at Kathpalon and Hardo Pharla—from Ha [ ieval to Historical periods—
may reflect changes in cultural groups or the exchange networks. Such

cultural practice documented in other an contexts. Overall, the present findings contribute
significantly to our understanding of #ncient ceramic technology in northern India and
kill, and accumulated knowledge of regional potters over millennia.

cultural phase ct both continuity and transformation in raw material selection and
technological strategies.

This study underscores the value of XRD-based mineralogical analysis in reconstructing ancient
ceramic traditions and highlights the dynamic nature of pottery production in the Jalandhar Doab
region. By integrating scientific data with archaeological context, the research enhances our
understanding of how ancient communities adapted their craft practices in response to changing
cultural and environmental conditions.

14
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