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We show how historical gypsum plaster preparation methods afect the microstructure 
and the wettability properties of the fnal stucco materials. We reproduced a tradi-
tional Persian recipe (Gach-e Koshteh, ~14th century AD), which involves a continuous 
mechanical treatment during plaster hydration. Tese samples were compared with a lab-
oratory-replicated historical recipe from Renaissance Italy (Gesso Sottile, ~15th century 
AD) and contemporary low-strength plaster. Te Koshteh recipe induces the formation of 
gypsum platelets, which exhibit preferential orientation in the plaster bulk. In contrast, 
the Italian and low-strength plasters comprise a typical needle-like morphology of gyp-
sum crystals. Te platelets in Koshteh expose the more hydrophilic {010} face of gypsum 
in a much more pronounced manner than needles. Consequently, the Iranian plaster dis-
plays enhanced wettability, enabling its direct use for water-based decoration purposes, 
or as a fne fnishing thin layer, without the need of mixing it with a binder material. 
Contrary, in Sottile, gypsum crystals are left to equilibrate in large excess of water, which 
promotes the growth of long needles at the expense of smaller crystals. Typically, such 
needles are several times longer than those found in a control regular plaster. For this 
crystal habit, the total surface of hydrophilic faces is minimized. Consequently, such 
plaster layers tend to repel water, which can then be used, e.g., as a substrate for oil-
based panel paintings. Tese fndings highlight the development of advanced functional 
materials, by tuning their microtexture, already during the premodern era. 

gypsum | plaster | Sottile | Persian | Koshteh 

Gypsum (CaSO4·2H2O) is an abundant and easily accessible mineral on the Earth’s surface 
(1) and is extensively used as a source for building materials. Te production procedure 
has, fundamentally, not changed since prehistoric times and involves the heat treatment 
of gypsum rock at ~200 °C, inducing dehydration and recrystallization to hemihydrate 
(CaSO4·0.5H2O, bassanite or “plaster of Paris”). Te hemihydrate yields a workable paste 
when mixed with water and solidifes within a few minutes (2). Te hardening process 
relies on bassanite gradually rehydrating and recrystallizing back to gypsum (3, 4). Te 
fnal hardened plaster is typically composed of interlocking micrometer-sized gypsum 
needles (5, 6). 

Te archeological record points to applications of gypsum as mortar and plaster dating 
back to the Neolithic period in the geographical regions of what are now Iran, Cyprus, 
and Egypt (7–10). Other use cases of calcium sulfate involve the application of a thin 
layer of gypsum on the exterior surface of ceramic pots from the fourth to third millennium 
BC in Harappa (Punjab, Pakistan) (11) or its usage for diferent purposes such as a repair 
material for ceramics, rock relief and statues, and pigment or molding material from 
ancient Egypt before the Greco-Roman period (years 332 BC to 395 AD) (8–10). Later 
on, in medieval and Renaissance Italy, the use of gypsum as a molding material was wide-
spread. Numerous devotional polychrome reliefs are known to be made in the workshops 
of masters, such as Donatello and Ghiberti. Such reliefs were likely copied by molding a 
gypsum-based material from an original model made of bronze or marble (12). Italy is 
also known for advanced processing routines of gypsum, where craftspeople applied gyp-
sum as a specifc substrate for paintings. For example, in the 15th to 16th centuries AD, 
the so-called Gesso Sottile was used to prepare an impregnation underlayer for panel 
paintings or gilding (13, 14). Tis well-documented technique is also known as Gesso 
Mate or Gesso Fino in the Iberian peninsula and has been also practiced in this region for 
a long time (15, 16). Gesso Sottile was generally prepared by slowly suspending plaster of 
Paris in an excess volume of water (the order of 5 g bassanite in 1,000 g water). Tis 
mixture was frequently stirred for an extended period of time (hours, days, or even 
months), with the water usually refreshed several times, until a very fne suspension was 
obtained. In the next steps, this suspension was decanted, deposited, and dried. In addi-
tion, the as-prepared fne gypsum powder (Sottile) was mixed with animal glue, as a binder 

Signifcance 

Based on oral interviews with 
artists, and preserved written 
sources, we replicated gypsum 
paste formulations used in 
historical artworks: Gach-e 
Koshteh from ~14th century AD in 
Iran and Gesso Sottile from 
~15th century in Italy. We show 
that the obtained additive-free 
gypsum plasters display a more 
hydrophilic character if we follow 
the Koshteh method and a more 
hydrophobic character if the 
Sottile approach is used. These 
differences are caused by the 
changes in the crystallographic 
texture of the material and reveal 
an astonishing technical 
achievement in a historical 
context. The findings reported 
here confirm that there is an 
unknown body of technical data 
that can contribute to the 
development of improved 
sustainable preservation and 
restoration methods for the 
gypsum-containing cultural 
objects. 
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phase, to achieve a white, ivory-like surface for painting or a 
smooth substrate for gilding (13, 17). Considering the relatively 
elaborate preparation route for Gesso Sottile and its use as the fnal 
underlayer before the painting layer, the Renaissance painters most 
likely employed this specifc treatment of gypsum because it was 
advantageous, e.g., for better adhesion of their paintings and gild-
ing layers. 
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Most noticeably, in the historic region of Persia, the application 
of gypsum plaster for decoration reached a very high level of skill, 
and the preserved artifacts point to approximately two millennia 
of continuous usage (18–20). Although the implementation of 
gypsum-based stucco revetments on buildings had already began 
during the Sasanian era (years 224 to 651 AD) (18), it was not 
until the early Islamic period (since the 9th century AD) that 
gypsum utilization reached an advanced level of design and exe-
cution (20). Te recipe for Gach-e Koshteh, literally “killed gyp-
sum” in Persian, has survived through oral tradition among stucco 
masters until present-day Iran (21, 22) (SI Appendix, Text 1). Tis 
formulation relies on intentional processing, involving kneading 
and pressing (for details, see Materials and Methods and Movie 
S1), and in contrast to the European counterpart, the concept 
behind Gach-e Koshteh was to prepare underlayers for pigmenta-
tion and painting on the wall without any additional glue. 

In contrast to other anthropogenic materials, such as metal, 
glass, or ceramic, extracting information from gypsum to recon-
struct past human activities is very limited. For the production of 
historical materials, we can typically identify and/or hypothesize 
the existence of distinct steps or traceable changes between raw 
materials and the fnal products (23–25). However, in the case of 
gypsum, the raw material and the fnal product, e.g., plaster, are 
very alike, making it very challenging to pinpoint the specifc 
treatment methods and to correlate it with the materials’ proper-
ties. Currently, it is well understood that bassanite converts to 
gypsum through a dissolution–reprecipitation mechanism (2, 3), 
i.e., the hemihydrate phase dissolves, and the dihydrate phase 
nucleates and grows as a new crystalline phase. Tis de novo crys-
tallization implies that 1) a new microstructure of the gyp-
sum-based material is obtained, and 2) the microstructure could 
be engineered via the physicochemical conditions of the processes, 
e.g., water content and temperature. In turn, the resulting micro-
structures could infuence the surface properties of the plaster 
material, such as its interactions with water. So far, no studies have 
established (21) a link between the microstructural properties of 
the used gypsum paste and a particular treatment for a specifc 
form of decoration. Tus, in this work, our aim is to reveal how 
specifc historical recipes for gypsum paste preparation, from Iran 
and Europe, potentially afect the microstructure of the fnal plas-
ters and their surface wetting properties when replicated in the 
laboratory. We used a combination of advanced bulk and sur-
face-sensitive techniques to characterize in detail the microstruc-
tural features of diferent laboratory-prepared samples and 
compared those results with historical samples of Gach-e Koshteh. 

Materials and Methods 

Laboratory-Prepared Samples. The starting materials for all the laborato-
ry-prepared samples were high-purity bassanite (CaSO4·0.5H2O, Sigma Aldrich, 
>99.99%) and deionized water (Milli-Q, >18 MΩ). The gypsum pastes were 
prepared following the Gesso Sottile, Gach-e Koshteh, and a common method 
for low-strength plaster, as is detailed below. For the preparation of the Gesso 
Sottile material, we replicated the processes as historically described (13, 14, 16), 
making necessary adjustments and interpretations of a 500-y-old recipe. In Gesso 
Sottile, an excess of water is the key: 5 g bassanite was dispersed in 1,000 g water, 
which corresponded to a stoichiometric bassanite-to-water ratio of ~1:1,600.This 

dispersion was stirred using a glass spatula for 60 s and left to sediment over 
~16 h. In the next step, most of the supernatant was removed by decantation, 
so that ~50 mL of a slurry was left. The slurry was poured into petri dishes (10 
cm in diameter) and left to dry at 30 °C in air for 24 h. Consequently, a very soft 
yet continuous thin plaster layer was obtained. 

The recipe of Gach-e Koshteh plaster was based on oral interviews with stucco 
masters in Iran (SI Appendix, Text 1). It requires approximately a bassanite-to-
water ratio of 1:1 by mass, which translates to a stoichiometric ratio of ~1:8 and 
implies ~5.3-fold excess in the amount of water necessary to convert bassanite to 
gypsum (CaSO4·2H2O). Overall, plaster prepared from such a composition would 
be of low strength (in terms of Young’s modulus and maximal bending) and 
of high porosity in comparison with low–water content counterparts, where the 
highest mechanical strength is achieved for a bassanite-to-water ratio of typically 
~2:1 (6, 26). On the other hand, the used water content provides increased fuid-
ity and workability of the paste and as such is traditionally used to make Koshteh. 
We typically mixed 50 g bassanite with 50 g water to obtain 100 g of a paste. The 
preparation method described below is also documented in a video (Movie S1). 
This video also contains footage from a thermal camera (Optris PIX 400 camera, 
OPT PIX Connect ver. 3.16 software), which was used to identify crucial stages of 
the process related to temperature changes in the gypsum paste. The temper-
ature displayed on screen corresponded to the maximum values measured in 
Area 1 at a given moment of time, while the color scale was kept constant for a 
predefned range of 18 to 40 °C. Traditionally, the changes in temperature were 
sensed manually by a stucco master preparing the paste (21). We conducted 
the frst mechanical treatment of the paste, i.e., stirring for ~8 min followed by 
pressing and squeezing the paste to prevent it from the fnal setting for 8 to 10 
min (Movie S1). During the initial ~8 min, the calcium sulfate–water mixture 
gradually increased in viscosity without any noticeable temperature increase 
(T = ~20 °C). After this period of time, the paste reached soft solid consistency 
which made it suitable for further processing by hand (SI Appendix, Text 1). During 
the subsequent mechanical treatment (after the initial 8 min), the temperature 
of the paste gradually increased up to T = ~39 °C after ~11 min. The mechan-
ical treatment needed to be continued beyond this point after which the paste 
gradually cooled. At this stage, a small amount of water (~2 mL in our case) was 
added to adjust the workability of the paste (Movie S1, 10 min 47 s). Finally, the 
material was deposited onto a surface and left to harden and dry. As a part of the 
fnal step, the processed paste was divided into 10 batches that were put onto 
glass petri dishes and left to dry at 30 °C in air for 24 h. 

In a third set of experiments, by following the procedure above, we prepared a 
series of 4 time-resolved samples. These samples were collected at 0-, 2-, 4-, and 
8-min intervals of mechanical processing and left to set at 30 °C in air for 24 h. 
The samples were obtained in chunks of ~10 g in weight each. In this regard, the 
frst sample was taken just after stirring (of ~8 min), before any further mechan-
ical treatment, while the last sample corresponded to a fnal Gach-e Koshteh. 
Therefore, the frst untreated sample (at 0 min) serves as our unprocessed low-
strength plaster control used as a starting point for a Koshteh recipe. In this regard, 
as mentioned, our plaster control is of lower strength than a typical plaster which 
would be made using a higher bassanite-to-water ratio and would not be stirred 
or agitated during the initial setting processes. 

Historical Samples. We compare the microstructural features observed in our 
laboratory-replicated samples with selected (and available) historical materials. 
Two gypsum-based samples were collected from historical architectural dec-
orations in Iran belonging to the 13th  to 15th  centuries AD. The frst sample 
(labeled StB-102) was collected from the substrate of the mural painting in the 
dome chamber of the Sheikh Ahmad-e Jami mausoleum complex in Torbat-e jam 
(35.247122°N, 60.628986°E). It was previously presumed that this substrate 
was made by the application of the Koshteh recipe (21, 27), and therefore, it 
is one of the main historical samples in our study. The second sample (labeled 
StB-27) is from an innovative type of stucco decoration, the so-called Appliqué 
plaster (Fetilehey or Pish-Sakhteh), which was collected from Sayyid Rukn al-Din 
mausoleum in Yazd (31.901040°N, 54.369762°E). This is a unique technique 
of stucco decoration that appears in central Iran no earlier than the 14th and 
15th centuries AD. The procedure in which the gypsum paste is prepared for this 
technique is referred to as “half-way” Koshteh and includes long-term stirring of 
a water–plaster mixture and involves an addition of polysaccharides and clay into 
the mix, followed by limited mechanical treatments before its implementation on 
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the wall (28). This partial application of the Koshteh recipe, according to previous 
research and the interviewed local stucco masters (SI Appendix, Text 1 and ref. 
28), makes this sample a relevant addition to be considered within this study. 
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Diffraction/Scattering Methods. The phase and crystallographic texture of 
the samples were characterized using transmission X-ray diffraction. Wide-angle 
X-ray scattering measurements were performed using the MOUSE instrument 
(29) equipped with a microfocus X-ray Mo tube (Kα, λ = 0.71073 Å) and multi-
layer optics (spot size of 643 µm (fwhm)). Scattered radiation was detected on 
an in-vacuum Eiger 1 M detector (Dectris, Switzerland), which was placed at ca. 
52 mm from the sample. The use of a two-dimensional (2D) detector allowed 
for straightforward observation of anisotropic diffraction patterns associated 
with crystallographic textures in the samples. The resulting data were processed 
using DAWN (30, 31) software package (v. 2.20). We converted the 2D patterns to 
polar coordinates (“cake” plots) to compare the intensities in different directions 
by integrating the direction-dependent diffracted intensities to 1D curves as is 
described elsewhere (32). 

Complementary texture analysis of the laboratory-made Koshteh and Sottile 
plaster samples was performed by measuring a series of 2D X-ray diffraction 
patterns (33) using a BRUKER SMART APEX diffractometer equipped with an 
APEX CCD area detector. The pole fgures of the 020 refection were generated 
for each sample from 72, 2D patterns collected every 5° by rotating the sample 
around the ɸ axis (in plane) and by processing the diffractograms in XRD2DScan 
software (34). 

Atomic Force Microscopy and Spectroscopy  (AFM/AFS). AFM/AFS meas-
urements were conducted with a MFP-3D microscope from Asylum Research. 
The maximum range of the piezo scanner was 120 µm in the planar direction 
(x,y) and 15 µm in the vertical direction (z). The microscope was isolated inside 
a chamber and was mounted on top of a vibration isolation control unit from 
Herzan.Topography images were acquired in contact mode with triangular silicon 
nitride (PNP-TR from NanoWorld) cantilevers with a nominal length of 100 µm, 
width of 13.5 µm, and thickness of 500 nm. AFM probes had a nominal spring 
constant of 0.35 N/m and were calibrated before each AFM measurement using 
the thermal method (35). The tip defection sensitivity was determined by ft-
ting the linear region of the force–distance curves obtained in a glass slide and 
resulting in 90 to 110 nm/V. 

For AFS measurements, triangular silicon nitride (Au-PNP-TR from NanoWorld) 
cantilevers were used, identical to those used for AFM imaging (i.e., same can-
tilever dimensions and spring constants), but with a coating of Cr (5 nm, inner 
layer) and of Au (30 nm, outer layer). The gold on the tip surface enabled for their 
further functionalization with thiol molecules by formation of self-assembling 
monolayers  (36). In particular, the functionalization protocols involved clean-
ing of the gold-coated AFM tips with UV/O3 for 20 min, and immediately after, 
the tips were immersed for 24 h into 5 mM HS(CH2)10CH3 and HS(CH2)10COOH 
dissolved in pure ethanol (all chemicals provided by Merck). Thus, we obtained 
CH3- and COOH-terminated tips that were used to measure their interaction force 
(adhesion) with the mineral surface. 

Using the functionalized tips, hydrophobic and hydrophilic interaction forces 
with the mineral surface were explored in the three gypsum-based plasters by using 
CH3- and COOH-tips, respectively. We measured 5 to 10 areas of 5 × 5 µm2 by 
acquiring for each map 32 × 32 force–distance curves with the two different func-
tionalized AFM tips while scanning the sample surface for 12 min. We measured 
all the force–distance curves from 1-µm distance from the surface, with a maximum 
normal load of 5 nN, 0.1 s of dwell time on the surface, and a tip velocity of 4 µm/s 
for the tip approaching and retracting. As a result, we simultaneously obtained 
topographical and adhesion force maps with a resolution of 150 nm/pixel.All meas-
urements were carried out at room temperature.The obtained data were processed 
using AR and WSxM software (37).The comparison of the samples was performed fol-
lowing the statistical methods described in the SI Appendix: Supplementary Note 2. 
The individual adhesion force values are collected in Dataset S2. 

Scanning Electron Microscopy (SEM). SEM imaging was performed with 
several instruments: Carl Zeiss SMT Ultra 55 Plus and Supra 40 feld emission 
scanning electron microscopes, as well as Carl Zeiss LEO 1450 equipped with 
a tungsten flament source. Samples were typically coated with carbon before 
imaging. Images were further processed in ImageJ2 (38). A false-color map was 
applied to all images. 

Gas Adsorption and Porosimetry. The specifc surface area of the selected sam-
ples was derived from the gas adsorption measurements. The calculations were 
done on the adsorption branch of the isotherm using the method of Brunauer, 
Emmett, and Teller  (39). For  the experiments, Micromeritics ASAP 2010 was 
used, and the adsorption isotherms were measured with nitrogen at 77 K until 
the relative pressure range p/p0 = 0.5. The porosity of the plaster samples was 
determined by means of the mercury intrusion porosimetry performed with a 
Micromeritics AutoPore V instrument. The measurements in the low pressure 
range were conducted from 0.0036 to 0.3 MPa and in the high pressure up to 400 
MPa, where the pore diameter is inversely proportional to the applied pressure 
following the Washburn equation (40). The used pressure ranges allowed for a 
predicted pore size distribution from ~3.6 nm to 400 µm. 

Gas adsorption and porosity measurements were performed on the samples 
from the third set of experiments (see Laboratory-Prepared Samples), namely, 4 
time-resolved Koshteh samples collected at 0-, 2-, 4-, and 8-min intervals. The 
raw data from gas adsorption and porosimetry in the form of machine-generated 
reports are included as a Dataset S1 (fle: Supporting_Dataset 1_MIP_and_BET_ 
data.pdf). These reports also contain specifc measurement conditions used for 
each sample. 

Results 

Te diferent laboratory-prepared plaster samples were character-
ized by SEM to determine the morphology of the gypsum crystals. 
Representative electron micrographs from the three main types of 
gypsum plaster are shown in Fig. 1. Low-strength plaster is pre-
dominantly composed of needle-shaped crystals with an aspect 
ratio of ~10:1 (up to ~10 µm long and ~1 µm thick; Fig. 1A). Te 
crystals appear to exhibit a relatively broad size distribution, and 
a large number (>50%) of smaller needle crystals are also visible 
(<1 µm in length). Te Gesso Sottile sample (Fig. 1B) has a micro-
structure quite similar to that of low-strength plaster, but the 
needles appear to be more idiomorphic and larger. Prismatic crys-
tals are clearly visible (~10 to 30 µm long and ~1 µm thick), with 
the presence of smaller crystals (<1 µm in length) greatly reduced. 
Te growth of such large needles has led to a less dense distribution 
than observed in regular plaster (Fig. 1A). Gach-e Koshteh exhibits 
a signifcantly diferent morphology compared with both low-
strength plaster and Gesso Sottile samples (Fig. 1C). Crystals have 
platelet shape (typically up to ~6 µm long and ~3 µm wide), whose 
aspect ratios (~2:1 to 5:1) are signifcantly lower than those 
observed with the needles. Te platelets are more densely packed 
(in comparison with Fig. 1 A and B), conferring the appearance 
of a compacted structure. 

In Fig. 2, the crystallographic properties of low-strength plaster, 
Gesso Sottile, and Gach-e Koshteh are compared. Te presented 
difraction patterns confrm that the investigated plasters are made 
of gypsum (CaSO4·2H2O; SI Appendix, Fig. S1), and no signif-
cant amount of any other calcium sulfate phase is present. 
Difraction patterns from low-strength plaster (Fig. 2A) and Gesso 
Sottile (Fig. 2B) are very similar to each other. In both cases, inten-
sities along the azimuthal directions are relatively constant (rows 
I and II). Indeed, the 1D difraction patterns integrated for several 
possible centroids and averaged over entire difraction patterns 
(see labels in Fig. 2 A and B, rows III and IV) show that regardless 
of the azimuthal angle the difraction patterns are essentially iso-
tropic. In both cases, the highest intensities are observed at q of 
1.47 Å−1 which corresponds with index (12-1). Te Koshteh sample 
(Fig. 1C), on the other hand, appears signifcantly diferent from 
the other two recipes, where the difraction pattern is highly ani-
sotropic (rows I and II). Integration of the 2D patterns around 
the high-intensity centroids in the azimuthal angle and their 90° 
low-intensity counterparts (rows III and IV) shows that the 
high-intensity direction is dominated by the 0.83 Å−1 peak (row 
III), while for low-intensity azimuthal angles, the 1.47 Å−1 peak 
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A 

B 

C 

Fig. 1. Scanning electron micrographs measured with an in-lens detector 
from (A) low-strength regular plaster; 10 keV; (B) Gesso Sottile; 5 keV; and (C) 
Gach-e Koshteh; 5 keV. In A and C, representations of typical needle and platelet 
gypsum morphologies are shown indicating the main crystallographic faces. 
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has the highest intensity (row IV). Te peak at q of 0.83 Å−1 has 
index (020). Te changes in relative peak intensities between 
Koshteh and regular/Sottile samples suggest that the average crystal 
morphology is diferent for these samples (38), which is in line 
with the SEM observations (Fig. 1). Moreover, the highly aniso-
tropic difraction pattern of Koshteh seems to indicate a preferential 
orientation and texture of the {010} facets (41–43), which is con-
frmed through complementary 2D X-ray difraction data col-
lected from the surface of Koshteh and Sottile samples (SI Appendix, 
Fig. S2). Pole fgures along the (020) refection (SI Appendix, Fig. 
S2A) reveal a preferential orientation and texture of the {010} faces 
approximately parallel to the external plaster surface for Koshteh, 
while no specifc surface texture was observed in the (020) pole 

fgure of the Sottile samples. 1D difraction patterns (SI Appendix, 
Fig. S2B), obtained through radial integration of the 2D data, 
display a similar change in relative peak intensity of the (020) and 
(12-1) refections as those shown in Fig. 2. 

Overall, the SEM and difraction data demonstrate that low-
strength plaster and Gesso Sottile samples are mainly composed of 
needle-shaped crystals which do not exhibit any specifc texture 
(i.e., random crystal orientation), while Gach-e Koshteh is com-
posed of platelet-shaped crystals displaying a texture dominated 
by the alignment of {010} facets which are compacted parallel to 
the external plaster surface. 

To provide further details on the texture generation of Koshteh 
plaster, 2D difraction patterns were collected at diferent time points 
(0, 2, 4, and 8 min) during the mechanical processing of a Koshteh 
sample (Fig. 3 A–D and Movie S1). Hence, Fig. 3A corresponds to 
the pattern of low-strength plaster, as found in Fig. 2A, whereas 
Fig. 3D represents the fnal Koshteh after 8 min of mechanical pro-
cessing. In the case of low-strength plaster (Fig. 2A), the intensity 
along the azimuthal direction is relatively constant, and the peak at
1.47 Å−1 is the most intense one (the pink profle in row II). As the 
material is manually processed, the texture efects become visible at 
2 min (Fig. 3B), which is evidenced by the ever-increasing amplitude 
in the difraction profles along the azimuthal direction (compare
0.83 Å−1 peak, the black profle in row II of Fig. 3 A and B). Further 
processing of 4 and 8 min makes this anisotropic efect even more 
pronounced. In addition, the mechanical treatment introduces
strong anisotropy, which causes the peak at 0.83 Å−1 to reach the 
maximum intensity at two equivalent azimuthal positions (centroids 
at ~−135° and ~+45° in Fig. 3C; ~0° and ~±180° in Fig. 3D) and 
two decrease in intensity with minimas at positions 90° away. For
the maximum intensity positions, the 0.83 Å−1 peak is ~3 times more 
intense than the 1.47 Å−1 peak. Te changes depicted in Fig. 3 point 
to two simultaneous efects caused by the mechanical treatment. 
First, the crystals get oriented in a specifc direction, which is likely 
correlated with the shearing movement during the mechanical treat-
ment and resulting in texture (Movie S1): when gypsum is pressed 
and sheared between the palms in a repetitive manner. Second, the
fact that the 0.83 Å−1 peak becomes dominant over the one at 
1.47 Å−1 for certain directions implies that the crystals change their 
shape in agreement with Fig. 1: from needles to platelets. Importantly, 
the changes displayed in Fig. 3 A–D are also accompanied by a gradual 
decrease in the materials’ surface area (from 2.2 m2/g at 0 min to 
1.7 m2/g after 8 min; SI Appendix, Fig. S3) and the reduction in poros-
ity (from ~71 to 49%; see SI Appendix, Fig. S3). Considering the 
simultaneous reduction in porosity and surface area, we can conclude 
that mechanical processing and the associated change in crystal mor-
phologies lead to a denser and better-packed plaster microstructure. 

AFM/AFS of Different Plaster Samples. Te topography of low-strength 
plaster, Gesso Sottile, and Gach-e Koshteh samples (analogous to 
Figs. 1–3) was characterized using atomic force microscopy (AFM) 
in contact mode. Representative height and defection images 
shown in Fig. 4 A–F reveal a transition from a surface morphology 
dominated by needle-shaped crystals in regular plaster and Sottile 
samples to a surface morphology dominated by platelet-shaped 
crystals in the Koshteh sample. Te nanoscale wettability properties 
of the plaster surface were also explored by directly measuring the 
interaction (adhesion) force between functionalized AFM tips and 
the individual crystal surfaces. In particular, we obtained meas-
urements of the hydrophobic and hydrophilic interactions with 
the plaster surface using CH3- and COOH-tips, respectively. Each 
force map contains 30 × 30 force–distance curves and covers a 
spatial area of 5 × 5 µm2, measuring thus the surface heterogeneity 
of the plaster formed by many gypsum crystals. Since the stacking 
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Fig. 2. Diffraction patterns measured for (A) low-strength typical plaster, (B) Gesso Sottile, and (C) Gach-e Koshteh. Row I: diffraction patterns are given in polar 
coordinates (“cake plots”), and the q positions of characteristic peaks are labeled. Row II: integrated profiles for each of the characteristic peaks. Rows III and 
IV: profiles integrated from I for selected azimuthal angles/directions as labeled. Please note that the azimuthal angle values in rows III and IV for A and B, for 
which the profiles were calculated, were purely arbitrary and irrelevant because the diffraction patterns were isotropic. 

of the gypsum crystals leads to comparable surface roughness in 
all samples, we avoided very diferent contact areas between the 
AFM tip and the sample surface which is a crucial point for a 
correct comparison of the obtained values (44). Importantly, when 
comparing the topographical and force spectroscopy results  
(SI Appendix, Fig. S4), a correlation between the wettability (adhe-
sion) properties and the diferent crystal morphologies becomes 
apparent. Te platelet morphology characteristic for Koshteh cor-
responds to a more hydrophilic character of this sample (higher 
adhesion force with the COOH-tip), while the needle morphol-
ogy characteristic of Sottile and low-strength plaster corresponds 
to a less hydrophilic behavior. 

For each sample and each functionalized tip, 20 force maps 
were measured to establish a coherent view of the surface wetta-
bility. Fig. 4G presents the statistical results in a form of adhesion 

force histograms, which reveal a high surface heterogeneity as a 
consequence of the diferent exposed crystal facets. Yet, the results 
show that the predominance of platelet morphology in Koshteh 
sample improves the wettability of the plaster (higher hydrophilic-
ity and higher adhesion forces with the COOH-tip) in comparison 
with the facets of the needle morphology characteristic of low-
strength plaster and Sottile. In order to quantify the diference in 
wettability properties among the plaster samples, we performed a 
detailed statistical analysis (see SI Appendix : Supplementary Note 2). 
First, we applied a normality test and a homoscedasticity test, 
which showed P-values close to 0 for Koshteh, regular, and Sottile 
in both tests. Consequently, our data did not follow a normal 
distribution, which is very common in single-molecule techniques 
(45–47). To appropriately evaluate if there were signifcant difer-
ences in the wetting behavior of the plaster samples, we relied on 
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Fig. 3. Diffraction patterns derived from the Koshteh plaster during its preparation at different stages of mechanical processing (Methods and Movie S1); 
(A) 0 min, (B) 2 min, (C) 4 min, and (D) 8 min. Row I: diffraction patterns are given in polar coordinates (cake plots), and the q positions of characteristic peaks are 
labeled. Row II: integrated profiles for each of the characteristic peaks at position q. 

a nonparametric test, which did not require a normal distribution. CH3-tip (hydrophobic tip) revealed a signifcant diference in at 
We used the Kruskal–Wallis test (48) (SI Appendix : Supplementary least one of the samples with 95% signifcance (P-value < 2.2e−16). 
Note 2, Table S1), which enabled us to compare two or more Tis is the case of the Sottile sample, which has a large tail in the 
independent samples. Te results of this statistical test for the region of high adhesion values indicating its more hydrophobic 

A B  G 

C D  

E F  

Fig. 4. Height (Left) and deflection (Right) images acquired in low-strength regular plaster (A and B), Sottile (C and D), and Koshteh (E and F) samples using CH3- and 
COOH-tips. (G) Adhesion force histograms of each sample obtained with CH3 - (black histograms) and COOH-tips (red histograms). Each histogram corresponds 
to the adhesion force data obtained from 20 force maps (18,000 force–distance curves). 
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behavior (Fig. 4G). Furthermore, a Wilcoxon signed-rank test (49) 
(SI Appendix, Supplementary Note 2, Table S1) was used to com-
pare the hydrophobicity between Koshteh and regular plaster, 
which resulted in a P-value of 0.17 (SI Appendix, Table S1), with 
95% signifcance. Te mean equality was accepted, and thus, there 
were no signifcant diferences between both samples. Finally, the 
Kruskal–Wallis test was performed on the data obtained with the 
COOH-tip (hydrophilic tip). We also confrmed that the Sottile 
sample was signifcantly diferent from the other two samples when 
using the hydrophilic tip (P-value < 2.2e−16, SI Appendix, Table S1). 
However, the Wilcoxon signed-rank test rejected the mean equality 
between Koshteh and low-strength plaster regarding the hydrophilic 
behavior (P-value = 2.969e−11, SI Appendix, Table S1). Terefore, 
we can conclude that signifcant diferences exist between the 
samples, where the Koshteh sample is the most hydrophilic, which 
is attributed to the predominance of the hydrophilic {010} facet. 
On the other hand, the Sottile sample was the most hydrophobic 
and low-strength plaster falling in the middle—with both pre-
dominantly being formed of needle-shaped crystals, with relatively 
smaller {010} facets. 
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Discussion 

Te results presented above reveal that the preparation protocol 
of gypsum plasters can lead to unique microstructural character-
istics. Low-strength plaster is characterized by randomly oriented, 
predominantly needle-shaped, gypsum crystals (Fig. 1A). In the 
case of the Gesso Sottile, the high-dilution and long reaction times, 
required for the Italian paste preparation method, promote a low 
number density of crystal nuclei growing at low supersaturations 
close to equilibrium. Under such conditions, crystals grow larger 
with long equilibration periods promoting the dissolution of 
smaller crystallites to feed the growth of larger ones (i.e., Ostwald 
ripening). Te optional water exchange step, as is also reported in 
the literature (13, 14, 16), would temporarily push the system 
into undersaturation, which should further promote the dissolu-
tion of smaller crystallites, and thus allow for the further growth 
of larger ones. High dilution conditions, on the other hand, can 
have a negative impact on the fnal strength of the solidifed mate-
rial. As such, the resulting material is rather loosely packed com-
pared with a regular gypsum paste, in which the fnal strength is 
associated with the interlocking of gypsum needles (2). 

Te most stark diference between the preparation of Gach-e 
Koshteh and a typical plaster of Paris is the mechanical treatment 
that takes place with this traditional recipe (Movie S1). However, 
it should also be noted that the water/plaster ratio (W/P) of 
Koshteh is at least twice that of a typical gypsum plaster. Te exten-
sive mechanical treatment during the hydration of Koshteh paste 
removes the interlacing network and breaks down the larger nee-
dle-shaped crystals predominantly along their elongated direction. 
Since these long needles also continuously grow in other direc-
tions, following specifc crystallographic directions of the fractur-
ing process guide them toward a more platelet shape of gypsum 
crystals (Fig. 1C). Hence, the interlacing network of gypsum 
needles, characteristic for a regular hardened gypsum plaster, is 
replaced by preferentially oriented platelets. Tis microstructure 
transformation is observable in the 2D difraction patterns of our 
time-resolved series, which exhibit the gradual transition from 
low-strength gypsum paste at the beginning to a Koshteh material 
at the end (Fig. 3). Te mechanical processing also leads to com-
pacting of the material evidenced by a ~22% decrease in porosity 
with respect to the frst sample of (0-min interval) similar to low-
strength plaster with a W/P equal to 1 (26) (SI Appendix, Fig. S3), 
which is further enhanced by the better-ftting platelet shape of 

the crystals. All this takes place continuously during the squeezing 
and smashing processes, breaking large and constantly growing 
crystals and disrupting the interlocking network, while forcing 
gypsum crystals to be laid on top of each other parallel to their 
{010} faces. 

Importantly, the engineering of the microstructure associated 
with Sottile and Koshteh results in a characteristic nanoscale topog-
raphy and directly impacts the wetting properties of the fnal 
material. AFM imaging showed that platelet-shaped crystals are 
preferentially oriented with their {010} faces parallel to the external 
plaster surface. AFS measurement on this surface revealed that 
Koshteh paste is more hydrophilic compared with regular paste 
and Sottile, both showing a much higher degree of randomly ori-
ented needle-shaped crystals. Tis link between crystal shape/ 
ordering and surface wetting properties is a direct consequence of 
the wetting behavior of the diferent crystallographic faces of gyp-
sum. Te {010} face displays the most hydrophilic character of all 
gypsum faces due to the double layer of structural water of the 
{010} face (50). In the case of Koshteh, this hydrophilic character 
is translated to the plaster surface via a double route: frst, the 
morphology of the crystals is tuned so that the area of the {010} 
face is maximized with respect to needle-shaped crystals forming 
regular plaster (Fig. 1), and second, the crystals are preferentially 
ordered in such a way that the {010} face is parallel to the external 
plaster surface (Figs. 2 and 3). 

We showed that for gypsum-based materials Koshteh and Sottile, 
intentional processing was required to engineer the crystal struc-
ture so that desired microstructural properties (size of crystals and 
their local orientations) would be manifested. People in the past 
did not have analytical tools that we employed to identify the 
microstructural diferences among the gypsum pastes, nor did they 
necessarily even consider the concept of a microstructure. 
Nevertheless, they were able to (partially) correlate the preparation 
method with the macroscopic properties of the fnal material. 
Koshteh was probably developed in the 13th-14th centuries AD 
to counter several problems faced by stucco masters in Persia when 
preparing a smooth substrate for mural paintings or developing 
some advanced stucco decoration techniques (28). Typical gypsum 
paste is quick setting if the W/P ratio is low (W/P = 30 to 50 wt%). 
However, in such a case, the obtained plaster cannot be used as a 
fnishing layer since it hardens too quickly without yielding the 
smooth fnishing surface necessary for posterior pigmentation. 
Te workability time of the plaster is increased if the W/P ratio is 
high (W/P = 100 to 300 wt%), which allows for a smooth surface 
to be prepared, although the resulting plaster is very weak and 
highly prone to mechanical damage. To resolve these issues, addi-
tional surface preparation for pigmentation was required to 
improve its smoothness and strength. One solution to this problem 
was to mix Sottile, or other white pigments, with a binder phase, 
usually animal glue, and use this composite material as a substrate/ 
primer for painting (16). In this regard, the approach in Koshteh 
is radically diferent, relying on the tailored microstructure of the 
plaster to provide the required smoothness and adhesion of layers, 
avoiding the use of any type of glue. While the aspect of improved 
adhesion of layers is not investigated in this work, it is often men-
tioned by traditional craftspeople (SI Appendix, Text 1). 

Te preparation of Koshteh is a labor-intensive process, in which 
a trained craftsperson is required to press and squeeze all parts of the 
paste simultaneously to ensure that crystallization comes to comple-
tion in all the parts of the treated volume simultaneously. Otherwise, 
one might produce a small volume of untreated stif paste, which 
would be detrimental to the fnal artwork. Processing becomes 
increasingly demanding toward the end of the plaster setting, and 
typically, in a single batch, approximately 2 to 3 kg of the Koshteh 
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paste can be produced by a stucco master (note: we made ~100 g in 
a single experiment). Te processing of our paste (Movie S1) is quite 
exothermic as occurs with the setting process of plaster of Paris (6). 
Te released heat has been used as an intrinsic indicator for stucco 
masters, which marks the onset of consecutive stages and their dura-
tion during the processing of Koshteh. Crucially, when the exothermic 
stage is over, the paste will start to cool down, and a thin layer of 
water will appear on the surface of the paste (SI Appendix, Text 1). 
Tis indicates the time at which the Koshteh paste is ready for use and 
is characterized by its slightly whiter appearance, soft texture, and a 
long-term workability with enhanced wettability. Te as-described 
mechanical treatment is also the origin of the Gach-e Koshteh name: 
so-to-speak “the alive and strong body” of gypsum plaster was “killed.” 
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Taking advantage of the characteristic microstructure of Gach-e 
Koshteh, we also investigated several historical stucco samples col-
lected from diferent monuments in Iran, two of them (StB-102, 
SI Appendix, Figs. S5, S7, and S8 C and D; and StB-27, SI Appendix, 
Figs. S6, S7, and S8 A and B), preserving certain microstructural 
Koshteh features after more than six centuries. Te walls of the dome 
chamber of the Sheikh Ahmad-e Jami mausoleum complex are cov-
ered by geometrical and foral wall painting from the 14th century 
AD, executed on a thin layer, 2 to 3 mm thick, of gypsum plaster 
covering more than 150 m2 of wall and presumed to be made of a 
Koshteh paste (27). Over the centuries, these wall paintings were 
exposed to environmental deterioration which was countered by 
several stages of conservation and restoration processes. Due to the 
consolidation of these wall paintings, the thin Koshteh underlayer, 
containing modern polymers, exhibits X-ray difraction patterns with 
the features of regular gypsum plaster (SI Appendix, Fig. S5A). 
Nonetheless, the typical microstructure of plate-like crystals, repre-
sentative of the Koshteh layer, could still be partially observable in 
SEM (SI Appendix, Fig. S5 A–D). Tis discrepancy is caused by the 
fact that SEM probes only a small volume of the sample, up to several 
hundred µm3, while XRD delivers average information from several 
mm3. Te edges of the crystals in most parts of the microstructure 
are damaged and/or rounded, which is expected since these parts are 
the most reactive sites of a crystal and more prone to, e.g., dissolution 
in water. Tere are, however, some parts of the historical plaster that 
survived without apparent sign of weathering (SI Appendix, Fig. 
S5D). Overall, the plaster shows a compact structure with a preferred 
orientation along the {010} faces of gypsum comparable with the 
microstructure of the Koshteh paste prepared in the laboratory. 
Additional evidence of the Koshteh recipe has survived through tra-
ditional masters from the Isfahan and Yazd region in central Iran 
(SI Appendix, Text 1). One of these stucco masters (Khalil Kargar) 
described the production process of Appliqué plaster decoration 
(Fetilehey) in the Sayyid Rukn al-Din mausoleum from the Ilkhanid 
period (28). According to this master, the stucco technique in Yazd 
required a half-Koshteh paste, which is most likely structurally com-
parable with ~2 to 4 min of our time-resolved series (Fig. 3). Te 
XRD from this paste again shows characteristics of regular gypsum 
plaster (SI Appendix, Fig. S6A), but the SEM micrographs 
(SI Appendix, Fig. S6 B and C) indicate that this sample has local 
orientation mixed with interlocked needle-shaped crystals of gypsum 
in the microstructure. Tis combination, which is also mixed with 
polysaccharide glue (plant-based glue similar to gum arabic), provides 
an example of soft paste with long workability (28), which does not 
lose its strength, even if deposited as a layer of up to ~20 mm in 
thickness. In addition, Khalil Kargar (SI Appendix, Text 1) also men-
tioned that in a half-Koshteh recipe, used for this decoration, the 
plaster of Paris was mixed with clay before being mixed with water. 
Indeed, SI Appendix, Fig. S7 shows that half-Koshteh StB-27 (from 
SI Appendix, Fig. S6) contains a clay admixture, in agreement with 
the testimony, where the clay has a basal spacing of 1.2 nm. However, 

it is important to highlight that in its essence the half-Koshteh method 
does not necessarily involve mixing with clay or polysaccharide but 
rather refers to the actual partially mechanical treatment. 

Te two presented historical examples of plausible applications of 
a Koshteh technique also highlight the difculties related to the une-
quivocal characterization and classifcation of gypsum-based archeo-
logical materials. Te laboratory-prepared replicas seem to constitute 
the best-case scenarios for the microstructural features present in 
gypsum and as such allowed us to establish a link between the prepa-
ration method, the morphology of the gypsum crystals, and expected 
properties such as wettability or porosity. However, gypsum is a rather 
soluble (2.0 to 2.5 g/l at 25 °C) and soft material (2 on the scale of 
Mohs for single crystals of gypsum) and is thus prone to alterations, 
especially at the microstructural level due to abrasion or partial disso-
lution. Tose changes can be very rapid, but at the same time, they 
may leave hardly any macroscopically observable indications that the 
material has been altered. Consequently, historical samples will typi-
cally contain only partial microstructural features pointing to a par-
ticular preparation technique. Moreover, the particular plaster 
microstructure, be it Sottile or Koshteh, serves its purpose, in the short-
term, only at the moment of preparation of a decoration when the 
gypsum material is deposited and soon after. Te long-term preser-
vation of the specifc microstructure of the gypsum plaster is unclear, 
but this was also not required in practical terms. In other words, the 
external appearance of various gypsum plasters is quite similar, but 
the early preparation stages do matter for interactions with, e.g., paints. 

Outlook 

Te physicochemical characterization of the properties of specifc 
gypsum plasters/substrates prepared through distinct methods is 
paramount to establishing efective conservation and restoration 
strategies of heritage objects containing calcium sulfate. Our 
research sheds light on the microstructure of three gypsum-based 
recipes and demonstrates their diferences in wettability, density, 
and crystallographic characteristics, which would dictate their 
behavior upon deterioration by water. On the other hand, in mod-
ern conservation techniques for cultural heritage, a wide variety 
of polymers, such as polyvinyl acetate, acrylic resins, e.g., Paraloid 
B72, or water-dispersed acrylic resins, e.g., Primal AC-33 (51), 
with diferent solvent and physicochemical characteristics, are 
applied to consolidate an object or a decoration. Te combination 
of our as-presented perspective on how the microstructure and 
wetting properties of the same material (gypsum) can change 
through application of a particular recipe in combination with a 
knowledge and practice on how various polymers/solvents might 
interact with gypsum-based objects can guide strategies to select 
the best conservation and restoration practices. Such strategies 
could deploy various polymers/solvents in accordance to how they 
may interact with specifc gypsum-based objects, potentially lead-
ing to more sustainable preservations. For example, the choice of 
a consolidation polymer that should be used in combination with 
Sottile or Koshteh would depend on matching hydrophobic/hydro-
philic interactions so that sufcient penetration and binding of 
the polymer with the gypsum crystals could be achieved. On a 
practical level, there is still a need for well-designed experiments. 
In this regard, our laboratory-based replicas constitute a relevant 
testing ground for the unrestricted assessment of such polymeric 
binders before an actual application of diferent polymers to val-
uable historical cultural materials. Te unraveling of these histor-
ical techniques is also potentially relevant for the development of 
the next generation of gypsum-based construction applications, 
such as plasterboards. In these materials, their strength, porosity, 
wettability, and overall durability could be tuned by alternating 
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the microstructure of consequent gypsum layers (i.e., to yield a 
pseudocomposite material). For example, by simple microstruc-
tural engineering, one could obtain plasterboards, which are more 
resistant to water damage, while at the same time, they could 
contain layers allowing for easy painting without the use of prim-
ers. Nevertheless, these hypothetical concepts indeed need further 
research and other microstructural aspects such as the infuence 
of porosity require in-depth consideration. 

Conclusion 

Te laboratory-reproduced gypsum plaster preparation methods 
constitute examples of microstructural engineering developed and 
implemented in the premodern era. Tey are highly unique in this 
respect because crystal engineering was applied to nonmetallic mate-
rials. In the course of material processing, we showed that the mor-
phology of the crystals can be adjusted so that either needles or plates 
are obtained. As a result of this morphology tuning, a shift in average 
nanoscale hydrophobic and hydrophilic interactions of plaster “sur-
faces” is induced. Te increase in hydrophilicity seen for plates with 
respect to needles was caused by the maximization of the {010} facets 
of gypsum, which is known to be more wettable. Tese subtle adjust-
ments to plaster microstructures are arguably difcult to observe 
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