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Abstract

Mudbrick and earthen architecture in the Middle East, particularly in Iran, has a long-standing
tradition and remarkable continuity due to the arid climate and the abundance of soil sediments.
Archaeological evidence from eastern and southeastern Iran, including the Sistan region and
sites such as Shahr-e Sukhteh, Dahaneh-ye Gholaman, and Old Zahedan (Zahedan-e Kohneh),
demonstrates the persistence of this technology from prehistoric times through the Islamic pe-
riods. Despite this extensive background, detailed laboratory studies on the materials of histor-
ical mudbrick and earthen buildings in this region remain limited. The aim of this research is to
identify the structure and determine the chemical composition of historical mudbricks from the
Islamic period in the rabad area of Zahedan-e Kohneh, in order to provide a scientific basis for
assessing material conditions and supporting conservation and restoration decision-making for
earthen architecture. To this end, a set of historical mudbrick samples from the Afghan Tower
area was examined using standard laboratory techniques, including X-ray fluorescence (XRF),
X-ray diffraction (XRD), titration analysis, and gravimetric determination of sulfate content. The
results indicate that the mudbricks were produced from local, alluvial, and heterogeneous soils
with a clay—siliceous composition containing carbonate and gypsum lenses. The presence of
mineral phases such as quartz, feldspars, calcite, dolomite, muscovite, and montmorillonite, to-
gether with a wide dispersion of calcium carbonate (9—40.5%) and calcium sulfate (0.26-1.4%),
reflects the heterogeneity of the original material composition and the potential reactivity of the
materials in response to moisture and salt-related factors. The findings underscore the necessity
of considering conservation constraints and conducting supplementary investigations and tests
prior to any consolidation interventions. By providing chemical and mineralogical data, this
study establishes a preliminary framework for the scientific support of conservation and resto-
ration decision-making for earthen buildings in the region and highlights the critical role of
material composition analysis in evaluating their stability conditions.

Keywords: Earthen materials, Mudbrick, Sistan, Zahedan-e Kohneh, Borj-e Afghan Region,
Conservation and Restoration of Earthen Architecture, Material Archacometry.
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The Sistan and Baluchestan region, located in southeast of Iran,
represents one of the oldest centers of earthen architecture in the
country, primarily because of its hot and arid climate and

widespread abundance of suitable earthen materials. The use of

mudbrick and eatth in this region can be traced from the prehis-
toric period at Shahr-e Sukhteh through historical and Islamic pe-
riods, as demonstrated by prominent sites such as Dahan-e Ghola-
man, Kuh-e Khajeh, and Zahidan-e Kohneh. The archaeological

site of Zahidan-e Kohneh represents one of the most significant
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and extensive Islamic era settlements in the Sistan Plain, with its
rabad (suburban zone) encompassing a broad area. Within this
zone, numerous remains of mudbrick architecture and a diverse
assemblage of archaeological materials have been identified, indi-
cating the continuity of settlement and architectural activity across
the region. The mudbrick samples examined in the present study
were collected from this area and subjected to detailed laboratory

analyses in order to identify the soil structure, chemical composi-

tion, and mineralogical characteristics of these historical materials.

Methodology

A total of thirty-two historic adoe samples were collected from the
collapsed architectural remains in the Borj-e Afghan area, located
near the archaeological zone of Bibi-Doust within the historic city
of Zahedan-e Kohneh in the Sistan plain. These specimens belong
to the Islamic period and represent the rabad (suburban zone) of
the ancient settlement. From this assemblage, eight samples were
randomly selected for laboratory examination, of which six were
ultimately subjected to instrumental analyses.The adobe are gen-
erally large in size and occur in both rectangular and square forms,
ranging from 32 X 15 cm to 42 X 42 cm. Their colors vary from
light earthen tones to brownish-grey. The fabric of the bricks is
reinforced with straw fibers as well as sand and silt particles to
prevent cracking during the drying process. Comparative assess-
ments show that the dimensions, morphology, and structural char-
acteristics of these adobes closely correspond to architectural
mud-bricks of the Ilkhanid and Timurid periods. This
interpretation is consistent with broader archaeological evidence
from the Sistan region and with the typological analysis of
ceramics recovered from Zahedan-e Kohneh and Borj-e Afghan,
which collectively date these specimens to the late medieval Is-
lamic centuries (7th—9th A.H.). For analytical purposes, all sam-
ples were first photographed and visually examined using
macroscopic and microscopic methods to document their external
morphology and internal texture. Sub-samples were then
extracted from the adobe bodies for chemical and mineralogical
analyses. Chemical characterization was performed using classical
wet-chemistry procedures to determine calcium carbonate and
calcium sulfate contents through titration and gravimetric meth-
ods. Mineral phases were identified through X-ray diffraction
(XRD), and the elemental composition of the samples was meas-
ured using X-ray fluorescence (XRF). Together, these analytical
techniques provided detailed insights into the structural, miner-

alogical, and chemical properties of the historic bricks, enabling

evaluation of their durability, mechanical behavior, and compara-
tive association with mud-bricks from other historical periods in

Iran.

Results

The analyses conducted on historical mudbricks recovered from
the Borj-e Afghan area in the Sistan region indicate considerable
variability in terms of shape, dimensions, and structural charactet-
istics. The bricks were produced mainly in two principal forms—
rectangular and square—with relatively large dimensions. Despite
their considerable age, most samples exhibit adequate cohe-
sion.Measurements of calcium sulfate content yielded values rang-
ing from 0.26% to 1.40%, with an average of approxi-
mately1.02%.Titration analyses of calcium carbonate revealed a
wide range of values, from 9% to 40.5%. X-ray fluorescence
(XRF) results indicate that the chemical composition of the mud-
bricks is dominated by SiOg, CaO, and Al;O3. The elemental ra-
tios of SiO2/AlO3 and SiOz/CaO were also determined. X-ray
diffraction (XRD) analyses identified the presence of quartz, feld-
spars, calcite, dolomite, and a diverse assemblage of clay minerals,

including muscovite, clinochlore, and montmorillonite.

Discussion

The variability in shape and dimensions reflects the traditional and
largely non-standardized nature of mudbrick production in the re-
gion. The adequate cohesion observed in most samples suggests
acceptable quality of raw materials and effective traditional manu-
facturing techniques. The incorporation of straw fibers along with
sand and gravel within the brick matrix likely played a significant
role in reducing shrinkage, preventing cracking, and enhancing di-
mensional stability.

Comparative analyses of brick dimensions and macroscopic char-
acteristics reveal a high degree of conformity with architectural
standards of the middle Islamic periods, particularly the Ilkhanid
and Timurid eras, consistent with archaeological and ceramic evi-
dence documented for the region.The measured calcium sulfate
values indicate semi-critical but manageable conditions regarding
salt presence. These results suggest the influence of capillary rise
and limited sulfate migration, emphasizing the necessity of con-
trolling moisture and water ingress pathways in future conserva-
tion strategies.The wide range of calcium carbonate content re-
flects the heterogeneity of the original soil sources and the tradi-
tional, uncontrolled production processes. Although higher
CaCOg contents may increase initial cohesion and matrix hard-

ness, under moisture exposure they may also induce lime-related
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stresses and microcrack formation.The dominance of SiO,, CaO,
and Al,O3z suggests a favorable balance between mechanical
strength, workability, and chemical reactivity. The mineralogical
composition confirms the use of alluvial carbonate soils. Among
the identified clay minerals, montmorillonite, as a swelling clay
mineral, represents a primary factor contributing to vulnerability
under wet—dry cycling conditions.Overall, the durability behavior
of the historical mudbricks appears to be governed mainly by min-
eralogical composition, the silica-to-carbonate ratio, and ambient
moisture conditions. Therefore, future conservation and restora-
tion strategies should prioritize moisture control, salt manage-
ment, and the use of materials compatible with the original mud-

brick composition.

Conclusion
The results of this study, based on XRD and XRF analyses and

loss on ignition (LOI) measurements conducted on historical
mudbricks recovered from the Borj-e Afghan site in the Sistan
Plain, enabled a detailed identification of the mineralogical and
chemical composition of the raw materials used in their manufac-
ture. X-ray diffraction data revealed the presence of major mineral
phases, including Quartz, Feldspars, Calcite, Dolomite, Musco-
vite, Clinochlore, and Montmorillonite, indicating the use of nat-
ural soils with a clay silt composition and an alluvial origin XRF
analyses further confirmed the dominance of SiO; and CaO in the
chemical composition of the samples, in agreement with the min-
eralogical results, and reflecting the significant contribution of
silicate and carbonate phases to the mudbrick matrix. The variable
calcium carbonate content, ranging from 9% to 40%, together
with the presence of calcium sulfate in low to moderate amounts
(0.26-1.4%)), points to the heterogeneity of the original soil mate-
rials employed in mudbrick production. The LOI results
corroborate this compositional variability in terms of volatile and
carbonate components.Overall, the findings indicate that the his-
torical mudbricks from the Botj-e Afghan area were produced
with minimal processing and directly from local soil resources, and
that the observed variations in their chemical and mineralogical
composition reflect the natural heterogeneity of the alluvial depos-
its of the Sistan Plain. By providing a coherent and well docu-
mented dataset of chemical and mineralogical characteristics, this
study establishes a reliable baseline for understanding the raw ma-

terials of historical mudbricks in the region and may serve as a

reference framework for future comparative studies on historical

earthen architecture in other parts of Iran.
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Table 1. Specifications of the adobe samples examined in this study

. The color of paste ~ Sample width Thickness .
No sample code place of discovery pottey form Length mm m . Filler type

1 BD-1399-Ab01 /AN TOWEratea 4o o nich-gray Sample form 330 150 50 Straw fibers mixed sand
Zabol & fine aggregate

2 BD-1399-Ab02 Afghan tower arca- Light brownish-gray Rectangular 330 160 50 Straw fibers mixed sand
Zabol & fine aggregate

3 BD-1399-Ab03  /\@han towerarea: poop y o wnish-gray Rectangular 330 180 oo~ Straw fibers mixed sand
Zabol & fine aggregate

4 BD-1399-Ab04  /\BHADTOWErarea 1o o nich-ray Rectangular 350 17 79 Straw fibers mixed sand
Zabol & fine aggregate

5 BD-1399-Ab05 /AN TOWEratea 4o o unich-gray Rectangular 370 18 5o~ Suawfibers mixed sand
Zabol & fine aggregate

6 BD-1399-Ab06  /\8NAan ©OWerarea: poop i wnish-gray Rectangular 370 370 oo~ Straw fibers mixed sand
Zabol & fine aggregate

7 BD-1399-Ab07 M@han towerarea: ;oo p o wnish-gray  Square 380 380 79 Straw fibers mixed sand
Zabol & fine aggregate

8 BD-1399-Ab08 Afghan tower area- Light brownish-gray  Squate 420 420 50 Straw fibers mixed sand
Zabol & fine aggregate
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Table 3. Results of the quantitative analysis of calcium sulfate content in

the body of the mudbricks using the gravimetric method

No Sample Code W% CaS04.2H,0
1 BD-1399-Abol 1.32
2 BD-1399-Abo2 0.88
3 BD-1399-Abo3 1.18
4 BD-1399-Abo4 0.95
5 BD-1399-Abo5 1.40
6 BD-1399-Abo6 1.10
7 BD-1399-Abo7 0.26
8 BD-1399-Abo8 1.03
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Table 4. Results of the quantitative analysis of calcium carbonatecon-

tent in the body of the mudbricks using the titration method

No Sample Code CaCO3 W%
1 BD-1399-Abol 25
2 BD-1399-Abo2 255
3 BD-1399-Abo3 9
4 BD-1399-Abo4 35
5 BD-1399-Abo5 9
6 BD-1399-Abo6 40.5
7 BD-1399-Abo7 21
8 BD-1399-Abo8 9.2
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Table 5. Results of the chemical composition analysis of the mudbrick matrix using X-ray fluorescence (XRF)

sample no W% W% W% W% W Wh Wh Wh WhH Wh WA WAh Wh WHh WhH WA Wh W% Lo
Adobe Si02 CaO ARO3 Fe203 MgO K20 Na20 TiO2 SO3 P205 MnO Cl SfO BaO CuO ZrO2 Rb20 ZnO
BD-1399-Abo2 38.17 13.13 9.68 3.41 319 179 132 0459 0247 015 0.056 0.199 0.029 0 0.013 0013 0.005 0 28.01
BD-1399-Abo3 44.35 1854 102 419 343 2 1.60 0.596 0405 015 0.073 0.271 0044 0 0.020 0.019 0.007 0 1392
BD-1399-Abo4 44.42 1638 11.1 4431 378 219 145 0.596 0.699 021 0.079 0262 0.037 0 0.023 0.018 0.008 0.014 14.08
BD-1399-Abo6 44.93 17.17 105 4.60 326 230 138 0.616 126 0170 0.083 0449 0.039 0 0.021 0.019 0.006 0.010 99.76
BD-1399-Abo7 4540 1686 11 514 331 240 116 0.669 0461 0.18 0.095 0.17 0.044 0.039 0.021 0.023 0.011 0.012 12.81
BD-1399-Abo8 46.02 1625 11.6 486 349 241 0958 0.666 0418 0.17 0.1 0.035 0.029 0 0.026 0.022 0 0 99.75
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Figure 9. X-ray Diffraction Spectrum of the Adobe Body BD-1399-Ab03
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Figure 10. X-ray Diffraction Spectrum of the Adobe Body BD-1399-Ab04
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Figure 11. X-ray Diffraction Spectrum of the Adobe Body BD-1399-Ab06
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Figure 12. X-ray Diffraction Spectrum of the Adobe Body BD-1399-Ab07
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Figure 8. X-ray Diffraction Spectrum of the Adobe Body BD-1399-Ab02
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Table 6. The results of the body analysis of the Slip-painted pottery samples by XRD method

Adobe No Mineralogical composition and identified Formula
phases
Quartz SiO,
Calcite CaCOs
Albite, ordered NaAlSi;Og
BD-1399-Abo2 Dolomite CaMg(CO3);
Clinochlore-1 ITMIIb-4 RG MgsAl(SL,AD4O10(OH)s
Muscovite H>KAI(Si04)3
Montmorillonite Siz74An.03Fe0.03Mgo.o2-O11
Quartz SiO,
Calcite CaCOs
Albite, ordered NaAlSi;Og
Microcline, intermediate CaMg(COs3)2
BD-1399-Abo3 Dolomite MgsAl(SL,AD4O10(OH)s
Clinochlore-1 ITMIIb-4 RG HoKAI(S104)3
Muscovite Siz74An.03Fe0.03Mgooz  O1i
Montmorillonite
Quartz SiO,
Calcite CaCOs3
Albite, ordered NaAlSi;Og
Microcline, intermediate CaMg(CO3);
BD-1399-Abo4 Dolomite MgsAl(Si,Al)sO19(OH)s
Clinochlore-1 ITMIIb-4 RG HoKAL(SiO4)3
Muscovite Siz.74An.03Fe0.03Mgo.o2-O11
Montmorillonite
Quartz SiO,
Calcite CaCOs
Albite, ordered NaAlSi;Og
Microcline, intermediate CaMg(CO3);
BD-1399-Abo6 Dolomite MgsAl(Si,Al)4O10(OH)s
Clinochlore-1 ITMIIb-4 RG HoKAI(SiO4)5
Muscovite Siz74An.03Fe0.03Mgooz  O1i
Montmorillonite
Quartz SiO,
Calcite CaCOs
Albite, ordered NaAlSi;Og
Microcline, intermediate CaMg(COs3)2
BD-1399-Abo7 Dolomite MgsAl(SL,AD4O10(OH)s
Clinochlore-1 ITMIIb-4 RG HoKAI(S104)3
Muscovite Siz74An.03Fe0.03Mgooz  O1i
Montmorillonite
Quartz SiO,
Calcite CaCOs3
Albite, ordered NaAlSi;Og
Microcline, intermediate CaMg(CO3);
BD-1399-Abo8 Dolomite MasAL(Si, AD;O10(OHs
Clinochlore-1 ITMIIb-4 RG HoKAI(SiO4)3
Muscovite Siz.74An.03Fe0.03Mgo.o2- O11
Montmorillonite
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