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Featured Application

The analytical protocol presented in this study provides a practical diagnostic frame-
work for identifying and characterizing black crusts on historic lime mortars exposed
to urban pollution. In the local conservation context (Iasi and comparable Romanian
historic cities), it supports minimally invasive, evidence-based intervention planning by
linking rapid screening and cross-validated laboratory markers to treatment selection and
post-intervention monitoring.

Abstract

Black crusts are multilayered alteration products that develop on historic masonry exposed
to urban pollution. This study investigates the west enclosure wall of the XVII-century
Golia Monastery in lasi, Romania—located along a busy traffic corridor—and presents
multi-analytical results on two lime-based mortar fragments exhibiting well-developed
blackened surface layers. Both the exposed (blackened) finishes and protected verso areas
were analyzed using portable X-ray fluorescence (pXRF), scanning electron microscopy
with energy-dispersive X-ray analysis (SEM—-EDX), micro-FTIR spectroscopy, X-ray diffrac-
tion (XRD), CIE Lab colorimetry and optical microscopy (OM). The data reveal gypsum-rich
surface layers enriched in traffic-derived particles, including metal oxides and soot, with
marked contrasts relative to the minimally altered verso. Handheld XRF and SEM-EDX
indicate elevated sulfur and associated traffic-related elements within porous gypsum
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matrices, while FTIR and XRD consistently identify calcium sulfate as the dominant sec-
ondary phase. Colorimetric measurements additionally document pronounced lightness
loss and visible darkening on exposed surfaces. These results demonstrate the onset of
directional sulfation and black crust formation on mortars under urban pollution pressure
and establish an integrated analytical protocol for diagnosing black crusts on historic lime
mortars in urban heritage settings.

Keywords: black crusts; historic lime mortars; directional sulfation; portable X-ray
fluorescence (pXRF); CIE Lab colorimetry; urban air pollution; architectural heritage
conservation

1. Introduction

Stone-built architectural heritage is highly vulnerable to atmospheric pollution, and
black crusts formed on carbonate substrates are among the most characteristic expressions
of this interaction. These crusts typically consist of multilayered gypsum accumulations
incorporating carbonaceous particles, metal-rich aerosols and resuspended road dust; they
induce visible darkening, weaken the crust-substrate interface and may function as pas-
sive archives of urban atmospheric composition over decadal timescales [1-4]. This dual
role—as both a deterioration feature and a geochemical recorder—has been widely ex-
ploited to reconstruct past sulfur loads and to evaluate the effects of air-quality regulations
on monument surfaces. Recent studies further show that black crusts capture evolving
particulate mixtures in present-day cities, including traffic-derived metal oxides, secondary
nitrates and anthropogenic sulfates [1,3].

The development and persistence of black crusts are controlled by the composition of
air pollutants, substrate mineralogy and pore structure, surface micro-topography and local
microclimate. These factors govern whether crusts thicken in sheltered recesses, are period-
ically washed by runoff, or are reworked by splash water and wind-blown particles [1,5,6].
Within the broader research on historic mortars—emphasizing their conservation relevance,
bonding performance, and distinctive hygric/physico-chemical behavior [7-9]—the specific
issue of pollution-driven black-crust development on exterior mortar finishes (including
restoration mortars) remains a priority, even where crust occurrence is still at an early stage
and not yet visually advanced. Mortars, with higher porosity and binder heterogeneity,
may respond differently to pollutant inputs and moisture regimes, yet their alteration
pathways under urban exposure remain insufficiently documented.

Multi-analytical approaches are now standard tools for diagnosing black crusts and
surface soiling, combining portable X-ray fluorescence (pXRF), vibrational spectroscopy
and microscopy to relate elemental distributions, mineralogical phases and chromatic
shifts [1,5,10-12]. CIE Lab colorimetry provides quantitative assessment of soiling intensity,
perceptual color thresholds and the effects of cleaning treatments on stone and mortar
surfaces [5,11,12]. When integrated with X-ray diffraction (XRD), Fourier-transform in-
frared (FTIR) spectroscopy and scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM-EDX), such protocols allow reconstruction of the coupled chemical,
mineralogical and microstructural evolution of crusts and their substrates in complex
urban atmospheres.

The historic Golia Monastery in lasi (north-eastern Romania) provides a particularly
suitable case study. The west enclosure wall and its buttresses directly border a heavily
trafficked urban street and receive combined inputs from local vehicle emissions, resus-
pended dust and regionally transported “urban exotic pollution” [6]. A recent conservation
state assessment has documented widespread mortar deterioration, localized stone scaling
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and emerging black crusts along the enclosure wall, underscoring the need for spatially
resolved diagnostic work [13]. Complementary pXRF screening of limestone blocks on the
western buttress has shown strong enrichment in sulfur, chlorine, heavy metals and other
non-lithogenic elements in crusts relative to underlying stone, confirming the sensitivity
of this facade to present-day pollution episodes [14]. In contrast, the mortars of the same
enclosure wall and its buttresses—particularly the restoration mortars applied during the
2008-2010 conservation campaign—have not yet been analyzed in detail, despite visible
chromatic and textural contrasts between exposed and sheltered surfaces.

The multi-analytical diagnostic strategy adopted here follows recent developments
in conservation science, which emphasize integrated methodologies, interdisciplinary
interpretation and the harmonization of terminology for heritage materials [15-17]. These
approaches, together with recent contributions on innovative conservation materials and
advanced intervention procedures [18,19], provide a conceptual framework for assessing
the behavior of lime-based mortars under urban pollution exposure.

Against this background, the present study investigates two representative restoration
mortar samples taken from one western enclosure buttress of Golia Monastery, aiming
to capture the early stages (~15-17 years) of pollution-driven alteration in exposed joints.
The multi-technique results presented below show that alteration is already significant
within the outer millimeters, that it is strongly directional with respect to wall orientation
and prevailing traffic flows, and that these geochemical and chromatic gradients have
direct implications for conservation zoning and maintenance strategies along the Golia
enclosure wall.

2. Materials and Methods
2.1. Site Description and Sampling

The analytical protocol adopted in the present study combines site-specific sampling
with a series of complementary techniques applied to a limited number of representative
mortar fragments. The investigation focuses on a western buttress of the enclosure wall
of Golia Monastery, located along George Enescu Street in the center of lasi, Romania
(47°09'54.0" N, 27°35'17.9" E), directly facing a busy urban traffic corridor (Figure la—).
Two small lime-based mortar fragments detached from deteriorated and degraded joints on
this buttress were collected and labeled N (dark, black-crusted mortar) and A (light-colored
mortar). For each sample, three distinct surface types were investigated: (i) the exposed
faces bearing black crusts and directly facing the street (Nf, Af) (Figure 1d), (ii) the protected
verso surfaces oriented towards the interior of the wall (Nv, Av) (Figure 1e), and (iii) freshly
exposed fracture surfaces of the same fragments (N and A), revealing the inner mortar
core and used as reference zones (Nc, Ac) (Figure 1f). For objective reasons related to the
flattened geometry of the mortar fragments and technical constraints on positioning or
exposing the inner-core surfaces within the available analytical instruments, the Nc and Ac
inner-core areas were only investigated by CIE Lab colorimetry and optical microscopy
and were not subjected to pXRF, SEM-EDX, FTIR or XRD analysis. This sampling method
allows a direct comparison between pollution-exposed and sheltered micro-environments
within the same joints while still maintaining a non-destructive or minimally invasive
approach to the historic material.
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Figure 1. Site context of the investigated wall section at Golia Monastery (Iasi, Romania): (a) aerial
view of the Golia Monastery ensemble, showing the orientation of the west enclosure wall parallel
to George Enescu Street and the position of the cardinal directions (N-S-E-W) (source: Google
Earth) [14]; (b) street-level view of the western wall and its buttresses, with the roadway axis located
~4.90 m from the buttress base (47°09'54.0"" N, 27°35'17.9" E); (c) sampling area for the two collected
mortar fragments: light-colored mortar (sample A) and blackened mortar (sample N); (d) exposed
faces of the mortar fragments, directly facing the exterior environment and analogous to the buttress
front: left—Nf, right—Af; (e) verso surfaces (Nv, Av) corresponding to the backs of the same samples,
indirectly exposed to the environment and facing to the interior of the wall; (f) freshly exposed
fracture surfaces of the same fragments (N and A), revealing the inner mortar core; designated as
reference zones (Nc, Ac).

2.2. Analytical Techniques

The two samples were investigated by a multi-technique workflow: portable X-ray flu-
orescence (pXRF), scanning electron microscopy with energy-dispersive X-ray spectroscopy
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(SEM-EDX), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), CIE
Lab colorimetry and optical microscopy (OM).

2.2.1. Portable X-Ray Fluorescence (pXRF)

Portable X-ray fluorescence measurements were performed with a Bruker S1 TITAN
handheld spectrometer (Bruker Nano, Berlin, Germany) equipped with a rhodium-anode
X-ray tube (up to 50 kV, 4 W maximum power) and a 20 mm? silicon drift detector (SDD)
with a typical energy resolution of <145 eV at Mn K«. The instrument was operated under
the GeoExploration application using the factory Oxide three-phase calibration suitable
for silicate and carbonate matrices. All analyses were carried out in the laboratory using
the dedicated Bruker benchtop stand with safety interlocks: the spectrometer was fixed
in the stand, and each surface of the mortar sample was placed in direct contact with the
examination window inside the closed sample compartment, ensuring a constant geometry
and shielding from ambient laboratory conditions.

Each measurement consisted of a three-beam sequence at 15, 30 and 50 kV (tube
currents 8.75, 11.8 and 17 uA, respectively), with 30 s live time per beam (total acquisition
time 90 s). An 8 mm collimator was used throughout and the instrument was run in
“Blank” filter mode. Elemental concentrations for major and trace elements relevant to
crust formation (from Mg to Pb) were calculated and reported as weight percent (wt.%)
using the manufacturer’s fundamental-parameters algorithm. Measurements were non-
destructive. Instrument performance was routinely checked against the certified Bruker
reference sample supplied with the device.

2.2.2. Scanning Electron Microscopy with Energy-Dispersive X-Ray Spectroscopy (SEM-EDX)

SEM-EDX was performed using a VEGA II LSH scanning electron microscope (TES-
CAN, Brno, Czech Republic) equipped with a tungsten filament electron gun, coupled to
a QUANTAX QX2 EDX system (Bruker/Roentec, Berlin, Germany). The SEM provides a
nominal resolution of 3 nm at 30 kV, with a magnification range from 30 x to 1,000,000,
accelerating voltages between 200 V and 30 kV, and scan times from 200 ns to 10 ms per
pixel under high-vacuum conditions (working pressure < 1 x 10~2 Pa). Secondary electron
(SE) and backscattered electron (BSE) signals were used to document surface morphology,
microcracks and textural relationships in the mortar and crusts.

Elemental microanalysis was carried out with the third-generation X-Flash QUANTAX
QX2 EDX detector and provides faster acquisition compared with conventional Si (Li)
detectors. Small fragments were analyzed as received, without polishing or embedding,
in order to preserve their original surfaces; the procedure is therefore effectively non-
destructive at the sample scale.

2.2.3. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR measurements were carried out using a TENSOR 27 FTIR spectrometer (Bruker
Optics, Ettlingen, Germany) equipped with a standard DLaTGS detector, covering the
7500-370 cm ! spectral range at room temperature, and providing a typical spectral reso-
lution of 4 cm~! (down to 1 cm~! when required). The instrument incorporates a He-Ne
reference laser (633 nm, 1 mW) and a ROCKSOLID interferometer alignment system and is
fully controlled by the OPUS software v6.5 Build 20070524 (Bruker Optics, Ettlingen, Ger-
many). For micro-analytical work, the TENSOR 27 was coupled to a HYPERION 1000 FTIR
microscope (Bruker Optics, Ettlingen, Germany), allowing non-destructive measurements
on small solid fragments in reflection mode. The microscope is fitted with a liquid-nitrogen-
cooled MCT detector (operating at —196 °C), an objective with 15x magnification and an
adjustable sampling area optimized around 250 um in diameter, with a minimum spot
size of approximately 20 um. Spectra were acquired in the mid-IR region relevant for
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mineral and salt phases. Small samples were analyzed without embedding or mechanical
preparation, ensuring that the investigation remained non-destructive and that the surface
stratigraphy was preserved.

2.2.4. X-Ray Diffraction (XRD)

X-ray diffraction (XRD) analysis was performed with a Rigaku SmartLab diffractome-
ter (Tokyo, Japan) equipped with a Cu anode (X-ray wavelength of 1.5406 A) operating at
45 kV and 200 mA. Approximately 2 mm in depth of each sample face was collected and
ground into a powder prior to the analysis. Sample phase composition was identified using
Match! software v3.15i [20] and the Crystallography Open Database. The identified crys-
tallographic information files of quartz SiO, (COD entry no. 96-901-0147), calcite CaCOj3
(COD entry no. 96-900-9669) and calcium sulfate dihydrate CaSO,4-2H,0O (COD entry no.
96-500-0040) were used to calculate the theoretical diffraction patterns and compare them
to that of the measured samples.

2.2.5. Colorimetric Measurements (CIE Lab)

Colorimetric measurements were performed with a portable precision colorimeter
NR10QC (83Nh Technology Co., Ltd., Shenzhen, China). The instrument operates with an
8/d illuminating/viewing geometry (8° illumination, diffuse viewing), a 4 mm circular
measuring aperture and a silicon photoelectric diode detector. It uses an internal D65 LED
light source and reports color coordinates in several standard spaces, including CIE Lab,
and color-differences (AEgy) between pairs of surfaces were calculated with the standard
CIE DE2000 equation [21,22]:

AR — | (AL 2+ AC! 2+ AH' 2+R AC'\ [ AH'
0 kpSt. kcSc kySH "\ keSc ) \kuSu

CIE Lab measurements were carried out non-invasively by gently placing the measur-

ing aperture in direct contact with the mortar surfaces without any mechanical preparation,
coating or sampling.

2.2.6. Optical Microscopy (OM)

OM observations were carried out using a reflected-light microscope, Zeiss Axio
Imager Alm (Carl Zeiss, Microscopy, Jena, Germany), equipped with an Axiocam digital
camera (Carl Zeiss Microscopy, Jena, Germany) and dedicated Zeiss imaging software
AxioVs v4.7.1.0 (Carl Zeiss Imaging Solutions, Miinchen, Germany). The instrument was
operated in episcopic bright-field (Epi-BF) mode, which is suitable for the examination of
opaque building materials and surface coatings. Small mortar samples were mounted and
analyzed as received in order to preserve the original surface morphology; the procedure is
therefore effectively non-destructive at the sample scale. Overview images were acquired
mainly with a 5x objective (5x_3_Epi_BF setting), allowing the roughness and chromatic
heterogeneity of the investigated surfaces to be documented.

Each mortar surface (Nf, Nv, Af, Av, N¢, Ac) was documented through at least two
micrographs taken at slightly different focal planes to capture the roughness of the surfaces
or black crust.

3. Results
3.1. pXRF Results

Portable X-ray fluorescence (pXRF) analyses were performed on the four surfaces
of the two mortar fragments: Nf, Nv, Af and Av. For each of the investigated surfaces
Nf and Nv, three pXRF measurement points (spots) were selected, and each spot was
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measured in three replicates. For the Af and Av surfaces, which have slightly larger areas,
five measurement points (spots) were selected, with each spot likewise measured in three
replicates. In total, this resulted in 48 individual measurements, which are reported in Table
S1. This table includes both mean values and standard deviations. The pXRF analyses of
the Nf, Nv, Af, and Av surfaces of the two mortar fragments reveal compositional variations
correlated with exposure conditions and crust development (Table 1), in agreement with
the relevant literature [23-25].

Table 1. Mean + SD pXRF composition of the four analyzed surfaces.

Oxide/Element

Surface S Si0y Si0y
Si0y Aly03 Ca S Ca Ca Al O3 Fe Ti Zn Pb P cl
Ratio 1 Ratio 1 Ratio 1
Nf 48.81 +£0.22 4.43 +0.02 12.39 4+ 0.53 0.58 & 0.06 0.050 3.94 11.01 167 £0.17 0.15 + 0.01 0.03 & 0.00 0.00 0.11 £ 0.01 -
Nv 26.66 + 2.67 6.43 +1.07 25.55 4 3.87 0.29 +0.03 0.010 1.05 4.18 1.95 £ 041 0.15 + 0.04 0.01 4 0.00 0.01 & 0.00 0.11 £ 0.02 0.10 + 0.05
Af 2525 £5.09 2.10 £ 0.53 23.89 +4.31 0.25 4+ 0.08 0.010 1.06 12.25 0.68 +0.24 0.02 +0.01 0.01 4+ 0.00 0.00 0.05 + 0.01 0.20 +0.18
Av 25.82 +£3.39 4.93 +0.90 21.03 +1.88 0.57 +£0.35 0.030 124 5.36 140+0.25 0.09 +0.02 0.02 +0.01 0.01 + 0.00 0.11 + 0.01 0.08 + 0.03
! Calculated as the ratio between mean concentrations obtained from pXRF data.
All surfaces are characterized by a calcareous (lime-based) siliceous matrix with
variable Ca and SiO, proportions but with broadly consistent lithogenic elements such as
Fe and Ti. This confirms that all measurements refer to the same mortar system, sampled at
different depths and exposure states.
Technical Note on pXRF Sensitivity
Handheld pXRF instruments have reduced sensitivity to light elements such as Mg, Al,
Si, P and S due to the low fluorescence yield and the strong absorption of low-energy X-rays
by air and detector windows [26]. As a result, phosphate signals close to the detection limit
should be interpreted with caution, since they may reflect instrument limitations rather
than true chemical absence or presence in the material.
3.2. SEM-EDX Characterization
Scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy
(SEM-EDX) was employed to investigate the microstructural and elemental signatures
associated with crust development, surface alteration and mortar preservation. SEM-EDX
provides high-resolution imaging of surface textures (backscattered electrons—BSE and sec-
ondary electrons—S) (Figures 2-5) and quantitative elemental composition at the microscale
(Table 2).
Table 2. Elemental composition (wt.%) obtained by EDX on the four investigated surfaces. (Nf, Nv,
Af, Av, respectively zones 1 and 2).
Investigated Element (wt.%)
Area o Si Ca C Al Fe Mg Na K S Cl P Ti
N¢  Zonel 5726 2100 521 486 417 234 155 148 148 037 028 - -
zone2 5352  26.72 4.87 431 3.23 2.30 1.3 1.26 1.52 0.60 0.39 - -
N zonel 4264 1756 2492 0.99 4.83 2.81 1.53 0.70 3.07 0.37 - 029 030
v zone2  40.68 1576  28.10 0.71 4.88 3.32 1.51 0.84 3.01 0.43 - 038 0.39
ap Zomel 4471 2065 2513 007 209 238 167 058 241 023 009 - -
zone2 4413 1836  28.57 0.15 1.79 2.39 1.25 0.60 2.36 0.30 0.08 - -
A zonel 5022 2734 1175 150 336 169 100 072 191 053 - - -
v zone2  59.77 8.95 20.67 1.29 271 241 1.15 0.52 2.38 0.16 - - -

Notes: the symbo

“u_n

indicates elements below detection or not quantified.
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(a) (b)

fow eld: 2.26 mm WD 16,60 mm
SN Fv: 20,00V Det: BSE Detector 500

(c) (d)

Figure 2. SEM images (BSE and SE) of sample Nf at two magnification levels: (a,b) whole-sample
SEM imaging (BSE/SE), (c,d) microstructural detail in zone 1 (BSE/SE), (e,f) microstructural detail in
zone 2 (BSE/SE).

)
Figure 3. SEM images (BSE and SE) of sample Nv at two magnification levels: (a,b) whole-sample

SEM imaging (BSE/SE), (c,d) microstructural detail in zone 1 (BSE/SE), (e,f) microstructural detail in
zone 2 (BSE/SE).
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Figure 4. SEM images (BSE and SE) of sample Af at two magnification levels: (a,b) whole-sample
SEM imaging (BSE/SE), (c,d) microstructural detail in zone 1 (BSE/SE), (e f) microstructural detail in
zone 2 (BSE/SE).

(c) ‘ ] (d

G)
Figure 5. SEM images (BSE and SE) of sample Av at two magnification levels: (a,b) whole-sample

SEM imaging (BSE/SE), (c,d) microstructural detail in zone 1 (BSE/SE), (e,f) microstructural detail in
zone 2 (BSE/SE).
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3.3. FTIR Characterization

FTIR spectroscopy was employed to complement the elemental and microstructural
observations obtained by pXRF and SEM-EDX, offering molecular-scale information on
carbonate phases, sulfate species and organic residues associated with crust formation.
The technique is particularly sensitive to distinguishing unaltered carbonate mortar from
sulfated surface layers, consistent with previous studies on heritage materials [27,28].
The raw (as-acquired) FTIR spectra for Nv, Af, and Av are provided in Figure S1, whereas
Figure 6 presents the processed spectra with the main band positions highlighted /assigned.
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Figure 6. FTIR spectra acquired on the investigated surfaces (Nf; Nv; Af; Av). with bands
(4000-600 cm 1) and representative references.

https:/ /doi.org/10.3390/app16042080


https://doi.org/10.3390/app16042080

Appl. Sci. 2026, 16, 2080

11 of 30

3.4. XRD Characterization

X-ray diffraction was used to investigate the phase composition of each sample. The
analysis revealed that all the measured samples consist of a mixture of three phases
(Figure 7): quartz SiO; (COD entry no. 96-901-0147) [29], calcite CaCO3 (COD entry
no. 96-900-9669) [30] and calcium sulfate dihydrate CaSO4-2H,0O (COD entry no. 96-500-
0040) [31]. No additional crystallographic phase was detected in the analyzed powders.

—Nv
o — Nf
0-COD Entry_96-500-0040 CaSO, x 2H,0
0-COD Entry_96-901-0147 SiO, Quartz
0-COD Entry_96-900-9669 Calcite CaCO,

Intensity
(a.u.)

20 30 40 50 60 70 80 90
2theta (deg)

@)

Av
— Af

¢-COD Entry_96-500-0040 CaSO, x 2H,0
0-COD Entry_96-901-0147 SiO, Quartz
0-COD Entry_96-900-9669 Calcite CaCO,

S op <O

Intensity
(a.u.)

20 30 40 50 60 70 80 90
2theta (deg)
(b)

Figure 7. XRD patterns of the four mortar surfaces powder samples from the west enclosure wall of
Golia Monastery: (a) Nf and Nv; (b) Av and Af. Peak positions of gypsum (CaSOy4-2H;0), quartz
(Si0y), calcite (CaCO3) and are indicated.

3.5. CIE Lab Colorimetric Characterization of the Mortar Surfaces

Colorimetric measurements were performed on the six investigated mortar sur-
faces—Nf, Nv, Af, Av, and additional Nc and Ac—using the CIE Lab system in order
to quantify surface lightness (L*) and chromatic coordinates (a*, b*) at high precision. The
number of colorimetric spot measurements varied depending on the investigated surface,
as summarized in Table S2. Specifically, five spots were measured on Nf, four on Ny, three
on Af, three on Av, three on Nc¢, and four on Ac. Mean values and standard deviations
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were calculated for each surface based on these spot measurements. The raw measurement
set includes individual L*, a*, b* triplets for each point, while the processed dataset reports
averaged chromatic parameters for all six surfaces. A full AEyy matrix (6 x 6) was also
computed to document the chromatic distances between all possible surface pairs. CIE
Lab coordinates and AE color differences were calculated according to the CIE DE2000
definition of the CIE Lab space and Euclidean color distance [32]. The interpretation of
AEq values in terms of perceptibility thresholds follows published color-difference stud-
ies [21,22]. The results presented below summarize the mean CIE Lab values and the
corresponding color differences, providing a quantitative basis for the comparative analysis
among exposed, protected, and internal mortar domains (Tables 3 and 4).

Table 3. CIE L*a*b* colorimetric parameters (mean =+ SD) for the investigated mortar surfaces and
corresponding visual interpretation.

Investigateld Colorlmetrlc*Parameters ) Visual Interpretation
Surfaces a b
Nf 30.72 + 0.45 2.00 + 0.21 7.59 + 0.42 heavy darkening;
mature black gypsum-soot crust.
Nv 49.89 + 3.34 3744015 14.67 + 0.02 protected verso;
minimal alteration.
Af 42.90 + 0.04 4.48 + 0.02 14.11 + 0.07 partial soiling;
early-stage alteration.
Av 4521 + 1.06 355 + 0.09 12,51 + 0.07 slightly darker than Nv;
still unaltered.
Nc 5427 +1.07 410+ 035 15.07 + 0.95 unaltered lime mortar;
optical reference.
Ac 52.98 + 4.11 444 4035 14.79 + 0.62 unaltered lime mortar; confirms

shared mortar recipe.

1 Legend: Nf = exposed black-crusted face of sample N; Nv = verso; Af = exposed face of sample A; Av = verso;
Nc = inner core of sample N; Ac = inner core of sample A.

Table 4. Matrix (6 x 6) for AEy color differences between the six mortar surfaces.

Investigated AEy Color Differences

Surfaces Nf Nv Af Av Nc Ac
Nf 0 17.63 11.37 12.92 22.10 20.77
Nv 17.63 0 6.84 4.80 4.35 3.18
Af 11.37 6.84 0 2.53 11.33 9.96
Av 12.92 4.80 2.53 0 9.20 791
Nc 22.10 4.35 11.33 9.20 0 1.34
Ac 20.77 3.18 9.96 791 1.34 0

Lightness (L*) ranges from 30.72 for Nf to 54.27 for Nc, while a* values vary between
2.00 and 4.48 and b* between 7.59 and 15.07. All chromatic coordinates fall in the positive
a* — b* quadrant, corresponding to reddish—yellowish hues typical of lime mortars. The
AEy matrix in Table 4 shows the largest color differences between Nf and the inner-core
surfaces (N¢, Ac) and the smallest differences between Nc and Ac and between Nv and Ac.
For orientation, a standard observer sees the difference in color as follows [33]:
e 0 < AE < 1—the observer does not notice the difference;
e 1< AE <2—only an experienced observer can notice the difference;
e 2 < AE <3.5—an unexperienced observer also notices the difference;
e 3.5 < AE < 5—a clear difference in color is noticed;
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e 5 < AE—the observer notices two different colors.

3.6. Optical Microscopy (OM) of Mortar Microtextures

Optical microscopy (OM) provides direct visual evidence of microtextural variations
between exposed, partially exposed, and unexposed mortar surfaces, complementing
the chemical and structural information obtained through pXRF, SEM-EDX, FTIR, and
colorimetry. At the scale of several hundred micrometers, OM is particularly useful for
assessing (i) the presence and distribution of dark particulates (soot-like carbonaceous
deposits), (ii) early and advanced crystallization of alteration minerals (e.g., gypsum
microcrystals), (iii) binder-aggregate interactions and mortar integrity, (iv) biological
microfilms and surface contamination, and (v) differences between exterior faces, verso
faces, and inner core materials, in line with previous applications of optical microscopy to
historic lime mortars and masonry decay [34-36]. In the context of the two analyzed mortar
fragments (samples N and A), OM makes it possible to identify a clear morphological
alteration gradient between exposed faces (Nf, Af), protected faces (Nv, Av), and inner
core materials (Nc, Ac). The OM observations for Nf, Nv, Af, Av, Nc, and Ac are presented
below to enable a side-by-side comparison of microtextures and alteration markers (soot,

gypsum, porosity, biofilm) across exposed, protected, and core materials (Figure 8).

Figure 8. Optical microscopy (OM) panel of the four main mortar surfaces (Nf, Nv, Af, Av) and the
two inner-core reference surfaces (Nc, Ac). Each surface is shown through two micrographs captured
at slightly different focal distances: (a,b) Nf; (¢,d) Nv; (e,f) Af; (gh) Av; (i,j) Nc; (k1) Ac.

4. Discussion

The integrated analytical approach applied to mortar samples from the western en-
closure wall of the Golia Monastery provides a detailed picture of how urban pollution
influences the formation of crust on the surface of the material. The results obtained by
pXRF, SEM-EDX, FTIR, XRD, OM and CIE Lab colorimetry converge towards a consistent
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interpretation of the alteration gradient observed between the exposed faces (Nf, Af), the
protected reverse surfaces (Nv, Av) and the inner core references (Nc, Ac). In this section,
the results are interpreted in relation to established mechanisms of sulfation, particulate
deposition, and mortar decay.

4.1. pXRF Characterization of Black Crusts and Mortar Alteration
4.1.1. Major-Element Contrasts: Particulate Loading vs. Chemical Sulfation

The mean pXRF compositions (Table 1) highlight two partially decoupled surface
processes: (i) silicate particulate accumulation and (ii) surface-directed sulfation of the
carbonate binder.

(i) Silicate particulate accumulation (dust loading). A first signal is the accumulation
of silicate-rich particles on exposed faces, best tracked by the SiO,/Al,O5 ratio,
which is notably higher on the exposed surfaces (Nf = 11.01, Af = 12.25) than on
the protected/inner-facing surfaces (Nv = 4.18, Av = 5.36). Elevated SiO,/Al,O3
values suggest that the silicate fraction on exposed areas is comparatively quartz-rich
(relative to aluminosilicates), consistent with the deposition of mineral dust in a road-
side urban setting. This particulate input also contributes to higher absolute SiO,
contents on exposed faces, especially on Nf (SiO; = 48.81 wt.%).

(i) Surface-directed sulfation (chemical alteration of the binder). A second, distinct
signal is the chemical transformation of the carbonate binder, tracked by the strong
contrast in S/Ca. The black-crusted surface Nf exhibits the highest sulfur content
(S = 0.58 wt.%) and the highest S/Ca ratio (=0.050), whereas Nv and Af show much
lower values (both 0.010) and Av remains intermediate (0.030). Importantly, Nf is
also the most Ca-depleted surface (Ca = 12.39 wt.%), while the other surfaces show
substantially higher Ca contents (Nv — Ca = 25.55 wt.%, Af — Ca = 23.89 wt.%,
Av — Ca = 21.03 wt.%). This combination—Ca depletion + S enrichment + elevated
S/Ca—is consistent with preferential surface sulfation and partial conversion of
the original carbonate binder into a gypsum-rich alteration layer (CaSO4-2H,0), as
widely reported for black crusts on carbonate substrates exposed to SO;-rich urban
atmospheres [2,26].

Integrating the ratios: why Nf is different from Af.

The joint use of SiO, /Al O3 and S/Ca clarifies that particulate deposition and sulfation
do not scale identically across surfaces. Af shows a high SiO;/ Al,Oj ratio (12.25), indicating
substantial quartz-rich dust loading, yet its S/Ca remains low (0.010), suggesting only incip-
ient sulfation and the absence of a mature gypsum-rich rind. By contrast, Nf concentrates
both signals: high SiO,/Al,O3 (11.01) and the highest S/Ca (0.050), indicating that the
black crust reflects co-accumulation of particulate matter and advanced chemical alteration.
The SiO, /Ca ratio further summarizes this divergence: Nf reaches 3.94, while the other
surfaces remain near unity (Nv 1.05, Af 1.06, Av 1.24), consistent with a surface layer where
silicate-rich deposits are superimposed on—and coupled to—carbonate-binder depletion.

In this context, the buttress location along the heavily trafficked George Enescu Street
provides a plausible source of both particulate matter (driving the high SiO,/Al,O3 on
exposed faces) and Sox (driving high S/Ca on Nf). The marked contrast between the
strongly sulfated Nf and the weakly altered Nv/Af/Av is therefore interpreted as a traffic-
related pollution imprint, modulated by local exposure and airflow towards the west
enclosure wall of Golia Monastery, consistent with the use of gypsum-rich black crusts as
passive samplers of ambient air quality in other urban heritage sites [2,26].
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4.1.2. Trace Metals as Non-Diagnostic Indicators in This Case Study

Trace metals typically associated with urban emissions (Zn, Pb, Cu, Cr, Sn, V, Zr)
are consistently close to or below the detection limit of the applied pXRF configuration
(<0.03 wt.%) on all four surfaces. Within this analytical uncertainty, no systematic enrich-
ment of Zn, Pb or other metals is observed on the black-crust surface Nf relative to the
verso surfaces Nv and Av or to the less altered exposed face Af. Lead, for example, is
detected at 0.01 wt.% in some verso measurements, while remaining below detection on Nf
and Af.

These very low concentrations and the absence of a coherent spatial pattern suggest
that the recorded trace metals largely reflect a mixture of lithogenic background and minor,
diffuse anthropogenic inputs, rather than a focused accumulation within the black crust.
This behavior contrasts with a number of urban case studies in which black crusts incorpo-
rate appreciable amounts of heavy metals and carbonaceous particles and can be used as
archives of local industrial or traffic pollution [1,2]. By contrast, Fe and Ti display relatively
stable concentrations across the four surfaces (Fe = 0.68-1.95 wt.%, Ti = 0.02-0.15 wt.%),
supporting their predominantly lithogenic origin. The main alteration marker in this
case is therefore the sulfur enrichment and S/Ca ratio on Nf, rather than any distinctive
trace-metal signature.

4.1.3. Behavior of Chlorine (Cl) in the pXRF Datasets

Chlorine is detected at very low levels (generally 0.08-0.20 wt.%) and only at some of
the measured spots. A small but reproducible signal occurs on Af (mean Cl = 0.20 wt.%),
whereas Nv and Av show sporadic occurrences (0.08-0.10 wt.%), and Cl remains below
detection on the black-crusted Nf surface (Table 1).

Given these concentrations and the known limitations of handheld and portable XRF
instruments for quantifying halogens—especially Cl—under standard oxide calibrations,
the reported values must be regarded as qualitative rather than strictly quantitative [37,38].
The low but reproducible Cl on Af is consistent with minor chloride deposition or retention
at the exposed surface (e.g., urban aerosols, road-splash water or de-icing residues [6]),
while the scattered signals on Nv and Av may reflect partial internal redistribution within
the porous mortar.

Crucially, however, there is no evidence of Cl enrichment on Nf compared with the
other surfaces, and all values lie near the detection threshold. Chlorine can therefore be
considered a secondary, non-diagnostic component in this case: it does not appear to
exert a primary control on black crust formation, which is overwhelmingly governed by
sulfur-driven gypsum precipitation.

4.1.4. Behavior of Phosphorus (P) and Implications for Bioreceptivity

Phosphorus occurs at very low concentrations on all four surfaces, with mean values
between 0.05 and 0.11 wt.% (Table 1), i.e., close to the detection limit of the pXRF config-
uration used. This range is typical for lime-based mortars, where P is not an intentional
component and usually reflects minor impurities, occasional deposition of organic matter
or guano, or incipient biological colonization. No systematic difference is observed between
exposed (Nf, Af) and verso (Nv, Av) surfaces: P remains low and broadly similar on all
of them, indicating that phosphate-bearing phases do not control the chemical contrast
between black-crusted and non-crusted areas, in contrast to sulfur.

Nevertheless, the consistent, albeit weak, presence of P on all surfaces is compatible
with the development of early lithobiontic communities (e.g., microbial biofilms, fungi,
algae or lichens) on and within the mortar, especially when considered together with
microscopic evidence of biogenic films described elsewhere in this study. Phosphorus-
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bearing biominerals and organo-mineral coatings are increasingly recognized as part of
the wider family of alteration layers on stone monuments and as sensitive recorders of
local environmental change [38]. In this sense, the low but measurable P contents on the
Golia mortars may be viewed as a subtle signal of bioreceptivity under the present urban
microclimate—an additional “temporal fingerprint” of pollution-related change, superim-
posed on the dominant sulfur-related gypsum crust. Although P intensities remain close to
the handheld XRF detection limit, the weak but systematic enrichment of phosphorus on
the black-crusted faces can be tentatively linked to lithobiontic colonization and the trap-
ping of P-rich atmospheric particulates. Phosphorus is a key nutrient for microbial biofilms
on stone surfaces, which are known to benefit from ammonium and phosphate supplied by
atmospheric deposition, and Ca—phosphate particles have been repeatedly reported within
gypsum-rich urban black crusts as markers of anthropogenic pollution [1,39].

4.2. Discussion of SEM—EDX Results

Scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy
(SEM-EDX) was employed to investigate the microstructural and elemental signatures
associated with crust development, surface alteration and mortar preservation. SEM—
EDX provides high-resolution imaging of surface textures (secondary electrons, SE; back-
scattered electrons, BSE) and quantitative elemental data at the micrometer scale, thereby
complementing pXRF and FTIR observations on sulfation, gypsum formation, particle
deposition and binder degradation. Black layers and black crusts are widely recognized as
a typical alteration form on carbonate heritage exposed to polluted urban atmospheres and
commonly consist of gypsum with embedded carbonaceous and mineral particles [1,40,41].

Across the four analyzed faces (Nf, Nv, Af, Av), and for both SEM-EDX micro-areas
on each face (zone 1 and zone 2), the data reveal a consistent distinction between exposed
and protected surfaces, reflecting an alteration gradient driven by atmospheric pollution
and moisture-mediated reactions at the wall-air interface (Tables 2 and 5).

Table 5. SEM-EDX-based microstructural and chemical characterization of the four investigated
mortar surfaces. (Nf, Nv, Af, Av), summarizing key elements, diagnostic features, and inferred
alteration stages.

Surface Microstructure (SEM-SE/BSE)  Key Elements (EDX) Alteration Stage Diagnostic Features
particulate-rich
high O and Si; lower Ca blackened skin with
heterogeneous, porous surface; o
Nf than verso; minor S, Al, scattered gypsum
outer texture partly masked by advanced . .
(black-crusted . . Fe, K, Mg; . microcrystals; partial
dark particulates and bright alteration .
face) : carbonaceous masking of
Ca-S microcrystals .
aggregates binder-aggregate
contacts
clean, compact .ca1c1.t1c' matrix; high Ca, moderate Si lime-mortar texture
Nv open porosity; limited . . .
. and Al; S only at minor unaltered preserved; no
(verso of N) adherent particles; no .
. levels continuous crust
continuous secondary phases
. I incipient sulfate and
Af matrix cl.early VISﬂ.ﬂe’ scattered high Ca, moderate Si; dust deposition;
(exposed but particles and isolated very low S and CJ; early binder-aggregate
P microcrystals at pore edges; Y / alteration 8TeE

non-blackened)

early pore-mouth deposits

minor Al and Fe

structure largely
preserved

Av
(verso of A)

uniform calcitic texture; sharp
grain boundaries; local Si-rich
patches but no
continuous deposits.

Ca-rich mortar with
moderate Si; S present
only at minor levels

slightly altered /largely
unaltered verso

clean verso reference
for sample A, with only
limited dust
accumulation
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4.2.1. Nf—SEM-EDX of the Blackened Exposed Surface

The Nf surface displays a heterogeneous micro texture dominated by fine particulate
accumulations that coat the outer mortar. In SE images, both Nf zones show irregular dark
grains filling or bridging pore openings, whereas BSE imaging reveals a patchy network of
brighter high-Z spots associated with Ca- and S-bearing microcrystals. These clusters are
concentrated along pore walls and micro-cavities, indicating preferential nucleation sites at
the air-exposed interface.

EDX analyses for Nf zones 1 and 2 are characterized by high O and Si and clearly
reduced Ca contents compared with the verso surfaces, while S occurs only as a minor
but persistent constituent together with Al-, Mg- and Fe-bearing inclusions. The two
micro-areas reproduce this trend, with zone 2 slightly more Si- and S-rich, consistent with
a dust-rich pocket within the outer skin. Overall, the Nf face corresponds to a siliceous,
particulate-rich blackened layer embedding thin Ca-S micro precipitates rather than a
continuous massive gypsum crust. Such arrangements of Ca—S crystals intergrown with
soot and mineral dust are typical of urban black crusts described elsewhere [40,42].

4.2.2. Nv—SEM-EDX of the Verso (Protected) Surface

The Nv surface, corresponding to the verso of sample N, retains a more preserved
mortar fabric. SEM images of both Nv zones show a compact, light-toned calcitic matrix
with well-defined binder-aggregate contacts, open and largely unclogged porosity, and
clean grain boundaries with only scarce adherent particulates. No continuous secondary
phase is observed along the outermost pores.

EDX spectra for Nv zones 1 and 2 are dominated by Ca and O, with moderate Si and
Al associated with quartz and aluminosilicate phases, and only very low S contents close to
the detection threshold. This micro texture corresponds to a largely unaltered lime mortar,
in agreement with FTIR signatures dominated by calcite and with the higher L* values
obtained by colorimetry. Nv therefore behaves as an internal reference substrate for sample
N, representing the mortar prior to significant atmospheric alteration.

4.2.3. Af—SEM-EDX of the Exposed but Non-Blackened Surface

The Af surface exhibits intermediate features between the heavily polluted Nf face and
the preserved Nv verso. In SE and BSE images, the two Af zones show fine, scattered dark
particulates within pores and along microcracks, but these do not form a continuous film.
Sparse bright spots are visible in BSE mode and correspond to small Ca- and S-bearing
precipitates, which are much less abundant than on Nf. The mortar matrix remains clearly
recognizable, with binder-aggregate contacts largely intact and significant portions of the
pore network still open.

EDX data for Af zones 1 and 2 confirm Ca as a major constituent, together with
moderate Si and Al and only low S and Cl contents. This pattern indicates a carbonate
mortar that has incorporated limited atmospheric dust and incipient sulfate phases, but
without extensive decalcification or crust consolidation. Af thus represents an early stage
of sulfation and particulate accumulation, consistent with weaker FTIR sulfate bands and
moderate color shifts compared to the blackened Nf surface.

4.2.4. Av—SEM-EDX of the Verso Surface

The Av verso surface of sample A closely resembles Nv in both morphology and com-
position, although with slightly higher micro-scale variability between the two investigated
areas. SEM images show a clean calcitic matrix, sharp aggregate boundaries and open
porosity, with only isolated deposits along pore edges and no evidence of a continuous
secondary layer.
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EDX spectra for Av zones 1 and 2 confirm the dominance of Ca with moderate Si
and Al. Sulfur remains at minor levels, although one of the micro-areas shows slightly
higher Si and lower Ca, pointing to a thin Si-rich deposit superimposed on a Ca-rich mortar
substrate. As for Nv, the absence of well-developed sulfate crystals or pervasive particulate
infilling indicates a limited environmental impact on this protected face. Av therefore acts
as the internal reference for sample A, analogous to Nv for sample N.

4.2.5. Comparative Microstructural Synthesis (Nf, Nv, Af, Av)

Cross-comparison of SEM-EDX data for zones 1 and 2 on all four faces reveals a clear
surface-directed alteration gradient (Tables 2 and 5):

e  Strongly altered (Nf)—both zones show particulate accumulations and low bulk Ca,
with thin Ca-S micro precipitates and locally obscured binder-aggregate contacts
forming a heterogeneous blackened skin.

e  Moderately altered (Af)—scattered particulates and isolated sulfate microcrystals
occur in both zones, but the mortar matrix remains visible and no continuous crust
is observed.

e  Slightly altered /protected (Nv, Av)—zones 1 and 2 on the verso faces retain clean,
Ca-rich mortar textures with open porosity, limited dust deposits and only minor
S signals.

This microstructural gradient mirrors the pXRF S/Ca patterns and the relative intensity
of sulfate bands in FTIR spectra, providing a direct link between bulk-scale chemical
contrasts and microscale textural changes at the mortar surface.

4.2.6. Discussion of SEM-EDX Results

Overall, SEM-EDX indicates that alteration processes are predominantly surface-
confined, affecting only the outermost tens of micrometers of the mortar, with no evidence
for deep decalcification fronts in any of the investigated zones. The occurrence of Ca-S
microcrystals and minor S enrichment on the exposed faces (Nf, and, to a lesser extent, Af)
supports a sulfate-forming mechanism controlled by atmospheric SO and humidity cycles,
with precipitation preferentially located at pore mouths and along microcracks, in line with
mechanisms described for gypsum-rich black crusts on carbonate heritage [1,40].

The associated carbon-rich particulates observed on Nf are consistent with traffic-
derived soot and other combustion aerosols, as commonly reported in black crusts acting as
passive samplers of urban air pollution [1,2,42]. This interpretation agrees with the position
of the west enclosure wall of Golia Monastery along George Enescu Street, a corridor of
intense vehicular circulation.

By contrast, the verso surfaces (Nv, Av) and inner cores retain the textural and chemical
features of a lime-based mortar with only marginal sulfate signals, underscoring the strong
directionality of alteration and the primary role of exposure geometry and local micro-
climate in controlling crust development on the Golia wall. Similar exposure-controlled
gradients between blackened and sheltered areas have been highlighted in other urban
heritage sites, reinforcing the view that sulphation and soiling processes are tightly coupled
to pollutant pathways and moisture regimes at the stone—-atmosphere interface [41,43].

4.3. FTIR Results and Spectral Interpretation

The FTIR analysis provides a detailed molecular-scale view of the alteration processes
affecting the four investigated surfaces (Nf, Nv, Af, Av). The spectra cover the diagnostic
4000-600 cm ! region and enable clear distinction between carbonate-dominated unaltered
mortars, gypsum-bearing black crusts and surfaces at intermediate stages of alteration. The
principal vibrational features identified (Figure 6, Table 6) correspond to calcite, gypsum,
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hydrated phases and organic or soot-like residues, in agreement with FTIR characterizations

reported for historical mortars and atmospheric crusts.

Table 6. Summary of diagnostic FTIR bands (4000-600 cm ') with representative references.

Wavenumber (cm~—1) Assignment Interpretation Presence in Representative
Surfaces References
strong in Nf
~3400-3450 v(O-H) wul f;}:si;amdsum weak in Af [44]
&YP absent in Nv/Av
~2920, ~2850 V(C-H) soot-like organics visible in Nf [45]
aliphatic urban aerosols
combination indicator of strong in Nv/Av
~2515 overtone band (2v, + v3) well-crystallized & . [46]
. weakened in Nf
of calcite CaCOs
dominant in
2—
~1420-1450 V3 (CtQ3 t) i Carb"r(‘atf ]?tac)kbone Nv/Av/Af [47-49]
asymmetric stretc calcite subdued in Nf
2- strong in Nf
~1120-1150 v3(50477) hydrated gypsum/ weak in Af [44]
asymmetric stretch sulfate-rich alteration minimal in Nv/Av
B v2(CO327) . strong in Nv/Av/Af
872 bending carbonate matrix roduced in Nf [49]
B v4(CO327) o strong in Nv/Av/Af
712 bending calcite signature roduced in Nf [49]
- strong in Nf
- v4(S04*7) .
670 (bending) gypsum weak in Af [44]

minimal in Nv/Av

A comparative reading of the spectra highlights the contrast between protected verso
zones (Nv, Av) and exposed faces (Nf, Af), enabling a stratigraphic interpretation of deterio-
ration patterns, similar to approaches reported in urban heritage environments [1,40,50,51].

4.3.1. FTIR Analysis of Nf (Black-Crusted Surface)

The Nf spectrum shows the characteristic fingerprint of a gypsum-rich black crust. A
broad O-H stretching envelope (~3400-3450 cm ') [44] confirms the presence of hydrated
salts/sulfates, as typically observed in salt-rich crusts formed under polluted urban atmo-
spheres. The strong absorptions at ~1120-1150 em ™! v3(S04%7) and ~670 cm ! v4(SO427)
indicate abundant gypsum [44], in line with studies demonstrating the dominance of cal-
cium sulfate in mature black crusts. Weak but detectable C-H stretching bands (~2920,
~2850 cm 1) [45] point to the incorporation of soot and organic particulates, a recurrent
feature in traffic-exposed crusts. The attenuation of calcite bands further confirms surface
masking by sulfate accretions.

4.3.2. FTIR Analysis of Nv (Inner Reference Mortar)

The Nv verso spectrum is representative of an unweathered lime-based mortar domi-
nated by calcite. The CO32~ combination band at ~2515 cm ™! and the well-defined calcite
modes v3 (~1420-1450 cm™1), v, (~872 ecm™1) and vy (~712 cm™!) are consistent with
the spectral signatures of historical carbonate mortars. Only minimal sulfate signals are
detected, indicating negligible sulfation penetration—an expected behavior for protected
substrate zones.
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4.3.3. Comparative Interpretation: Nf vs. Nv

The superimposed spectra of Nf and Nv highlight the transition from an intact calcitic
substrate (Nv) to a gypsum-rich, pollution-derived crust (Nf). Nf shows intensified sulfate
peaks (~1120-1150 and ~670 cm~1!) and a reduction in carbonate intensities, mirroring the
crust-substrate relationships reported in urban-exposed monuments.

In contrast, Nv preserves the full calcite triplet with only trace sulfate presence.
The spectral divergence confirms a shallow, surface-confined sulfation process typical
of polluted fagades.

4.3.4. FTIR Analysis of Av (Verso Substrate)

The Av verso spectrum closely resembles Nv, with pronounced carbonate bands—vs3
(~1420-1450 cm™ 1), v, (~872 cm 1) and v4 (~712 cm~!)—and only weak or incipient sulfate
features. This reflects a well-preserved, largely unaltered mortar analogous to protected
zones reported in the literature [49]. The absence of significant O-H or C-H features
confirms minimal exposure to moisture fluctuations or organic pollutants.

4.3.5. FTIR Analysis of Af (Exposed but Non-Blackened Face)

The Af spectrum is primarily carbonate-dominated but displays subtle enhancement
of sulfate modes relative to Av. Slight broadening in the O-H region suggests moisture
retention and early-stage gypsum formation, indicative of an initial alteration front rather
than a fully developed crust. This pattern aligns with early atmospheric alteration in
exposed but non-blackened mortar surfaces.

4.3.6. Comparative Interpretation: Af vs. Av

Comparing Af and Av reveals limited but measurable atmospheric impact on Af. Ele-
vated sulfate signals, slight attenuation of carbonate peaks, and broader O-H absorptions
indicate incipient sulfation consistent with early alteration stages described in urban envi-
ronments. Av remains a clean carbonate reference, confirming that the observed changes in
Af derive from direct environmental exposure rather than intrinsic mortar variability.

4.3.7. Comparative Interpretation: Nf vs. Af (Crust vs. Exposed Non-Blackened Surface)

The contrast between Nf and Af provides insight into the progression from early
sulfation (Af) to fully developed gypsum crusts (Nf). While both surfaces exhibit sulfate
features, Af displays only moderate v3 (SO4%7) (~1120-1150 cm ™) intensities and retains
strong carbonate peaks, indicating partial surface alteration.

In contrast, Nf shows dominant sulfate absorptions, subdued carbonate modes, broad
O-H stretching, and detectable C-H bands—signatures characteristic of black crusts en-
riched in gypsum and organic particulates.

This spectral gradient mirrors the typical evolution of exposed calcareous mortars
under sustained atmospheric pollution: initial sulfate nucleation (Af), followed by progres-
sive gypsum accumulation, hydration, and incorporation of airborne particulates (Nf) as
documented in heritage facades across polluted cities.

4.4. CIE Lab—Colorimetric Signatures of Black Crust Formation and Mortar Alteration

The CIE Lab dataset reveals systematic color contrasts between the black-crusted faces,
the protected verso areas and the inner-core mortars (Tables 3 and 4). The exposed Nf
surface shows the lowest lightness (L* = 30.72) and the lowest b* value (7.59), indicating
a markedly darker and less yellow appearance than all other surfaces. In contrast, the
inner cores Nc and Ac exhibit the highest lightness (L* = 54.27 and 52.98, respectively) and
relatively high b* values (15.07 and 14.79), consistent with cream-colored lime mortars.
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Verso surfaces (Nv, Av) and the exposed face Af occupy an intermediate position in L*,
suggesting partial darkening but without the strong loss of chroma observed for Nf.

The AEgy (6 x 6) matrix further quantifies these contrasts. Color differences involving
Nf are systematically high, with AEy values of 17.63 (Nf-Nv), 11.37 (Nf-Af), 12.92 (Nf-Av),
22.10 (Nf-Nc) and 20.77 (Nf-Ac) (Table 4). According to commonly used perceptibility
ranges in CIE Lab space, when AE values are located between 1 and 2, only experienced
observers can notice the difference. Also, when AEg, varies from 3 to 5 units, a clear
difference in color is noticed, and when AE, > 5 units, the observer notices two different
colors [33]. The Nf surface therefore represents a chromatically distinct state relative to
both its verso and core counterparts. In contrast, the color difference between the two inner
cores (Nc—Ac, AE(yy = 1.34) falls below the threshold of clear visual detection, and pairs
such as Nv—-Ac (AEgy = 3.18) or Af-Av (AEy = 2.53) lie in the range of small but perceptible
shifts (Table 4).

These patterns are consistent with colorimetric signatures reported for black crusts and
pollution-related soiling on carbonate stone. Studies on architectural limestones exposed
to SO, attack and particulate deposition have documented decreases in b* and L* results
and modifications of chroma and lightness, particularly in the yellow component, as crusts
develop and dark particles accumulate [52]. Similarly, color-based analyses of black layers
on heritage limestones in Madrid have linked darker L* values and altered fagade color
patterns to successive episodes of air pollution and cleaning [53].

In a broader conservation context, colorimetric monitoring of architectural heritage
has shown that AEy, values above about 5 units are generally taken as an upper limit for
acceptable chromatic alteration induced by treatments or soiling, beyond which changes
become visually obvious to observers. Within this framework, the AEy, values measured
between Nf and the inner-core mortars (~20.77-22.10) place the black-crusted surface far
beyond typical acceptability thresholds used in stone conservation, whereas verso and
core zones remain chromatically close. The colorimetric indicates that the underlying
mortars retain color characteristics typical of fresh lime-based materials, with the alteration
restricted primarily to the exposed face. At the same time, the very low AEy, between
Nc and Ac indicates that both cores can serve as an internal chromatic reference when
evaluating future cleaning or replacement interventions on the Golia enclosure wall.

These colorimetric gradients mirror the chemical and microstructural contrasts dis-
cussed in Sections 4.1-4.4, reinforcing the interpretation of Nf as the most advanced stage
of pollution-driven alteration.

4.5. Optical Microscopy and CIE Lab Color Gradients in the Mortar Surfaces

Optical microscopy (OM) confirms that the chromatic contrasts quantified by the CIE
Lab dataset reflect distinct microtextural states of the investigated mortar surfaces. In line
with applications of OM to historic lime mortars, the micrographs resolve variations in
matrix brightness, particulate loading and pore visibility that can be directly related to
measured lightness (L*) and color differences AEyy between exposed, verso and inner-core
zones (Figure 8; Tables 3 and 4).

The exposed black-crusted face Nf displays a continuous darkened veneer with abun-
dant opaque particulates that partly obscure the underlying lime matrix and fill surface-
connected pores (Figure 8a,b). This microtextural darkening is consistent with the very
low L* (30.72) and reduced b* (7.59) values, as well as with the very large AEy, distances
between Nf and all other surfaces (~11.37-22.10 units), indicating a shift toward a distinctly
different color state. Similar combinations of strong lightness loss, decreased yellow chroma
and dense accumulations of pollution-derived particles have been reported for blackened
architectural limestones subjected to SO, attack and urban soiling [53].
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Verso surfaces (Nv, Av) (Figure 8c,d,g,h) and the exposed face Af (Figure 8e,f) show
more heterogeneous microtextures, with patchy darkened zones, localized accumula-
tions of fine particulates and areas where the bright binder and coarse aggregates remain
clearly visible. The partial masking of the matrix corresponds to intermediate L* values
(~42.90-49.89) (Table 3) and to moderate AE( values when these surfaces are compared
with the inner cores (=1.34-11.33 units) (Table 4), which fall in the range of small yet
perceptible chromatic shifts. These features are typical of surfaces affected by incipient
black crust development and non-uniform soiling, where colorimetric changes track the
progressive coverage of the original mortar by particulate-rich layers [52].

In contrast, the inner-core mortars Nc and Ac (Figure 8i-1) exhibit bright, relatively
homogeneous matrices with well-defined aggregate grains and open pores, and only minor
dark specks. This morphology is compatible with their high L* (54.27 and 52.98) and high
b* values (15.07 and 14.79) (Table 3), characteristic of cream-colored lime mortars, and with
the very small AEj) between Nc and Ac (1.34) (Table 4), below the threshold of clear visual
detection. Such protected or internal zones are widely used as chromatic references when
evaluating surface treatments and pollution-induced soiling on stone and mortar substrates,
as they preserve the closest approximation to the original hue and lightness [54,55].

Taken together, the OM observations and the CIE Lab parameters depict a coherent
alteration gradient: from a heavily darkened, particulate-rich crust on Nf, through partially
soiled and chromatically shifted verso and exposed faces (Nv, Av, Af), to relatively unaltered
inner-core mortars (Nc, Ac). The close correspondence between microtextural darkening
and decreasing L*, as well as between progressive masking of the matrix and increasing
AEqy, confirms that colorimetry provides a robust quantitative proxy for the visually
assessed state of crust development and soiling on the Golia mortar surfaces.

4.6. Synthesis and Integrated Interpretation: Black Crust Evolution and Conservation Implications

Comparable pollution-driven alteration patterns have been reported for other
historic masonry structures in lasi, where particulate deposition, surface darkening,
and micro-stratigraphic crust development were documented on various geomaterial
substrates [6,13,14,56]. These regional analogs reveal a consistent trend of pollution-
induced alteration across lasi’s historical architecture, thereby strengthening the inter-
pretive framework for the mortars of the Golia Monastery enclosure wall.

At the same time, the interpretative framework adopted here aligns with contemporary
artefactometric assessment principles, which advocate rigorous quantification and the
integration of multi-parameter diagnostic grids for evaluating deterioration processes in
cultural heritage materials [57].

4.6.1. Multi-Analytical Reconstruction of the Alteration Pathway

The combined pXRF, SEM-EDX, FTIR, XRD, CIE Lab colorimetry and OM results
converge towards a coherent picture of pollution-driven alteration affecting the restoration
mortars on one of the western enclosure buttresses of Golia Monastery, most likely applied
during the 2008-2010 intervention campaigns. At this relatively short exposure timescale
(15 = 17 years), the analytical evidence shows that the outer millimeters of the joints
have already experienced marked chemical, mineralogical, microstructural and chromatic
change, while the inner cores still preserve the features of a lime-based repair mortar.

From a chemical standpoint, pXRF points to a surface-directed sulfation pattern
centered on the blackened Nf face: higher S contents and elevated S/Ca ratios distinguish
Nf from Af, Nv and Av, in agreement with partial conversion of the carbonate binder into
sulfate phases at the air-mortar interface. Trace metals (Zn, Pb, Cu) remain close to or
below the detection limit and do not define a diagnostic pollution signature [1], whereas
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low but measurable P contents across all surfaces suggest early lithobiontic colonization
superimposed on the sulfur-driven crust, in line with recent discussions of phosphate-
bearing biofilms on stone monuments [58].

SEM-EDX and OM translate these bulk signatures into microstructural states. Nf is
characterized by a particulate-rich blackened skin, partial masking of binder-aggregate con-
tacts and locally sealed porosity. Af shows only scattered particulates and isolated sulfate
microcrystals, consistent with an early alteration stage (Figures 2 and 8a,b). By contrast,
Nv and Av retain bright, Ca-rich matrices with open pores and limited dust accretions, be-
having as largely preserved verso substrates for samples N and A (Figures 2 and 8c,d,g h).
These observations match typical micro textures reported for urban black crusts, where
gypsum and soot accumulate preferentially at exposed surfaces [59].

FTIR spectra for Nf provide direct confirmation of a gypsum-rich black crust, with
strong sulfate bands and O-H absorptions indicative of hydrated sulfates, accompanied
by weak C-H stretching bands that reflect soot and organic particulates. Nv and Av are
carbonate-dominated and act as spectral references for unaltered lime mortar, while Af
exhibits intermediate features consistent with incipient sulfation. This stratigraphic contrast
between Nf and Nv/Av reproduces crust—substrate relationships described for calcareous
facades in polluted environments [59].

Colorimetric data integrate these changes into a perceptual scale. Nf exhibits the
lowest lightness (L* = 30.72) and reduced b* (7.59), whereas Nc and Ac display high L*
(~=52.98-54.27) and high b* (=15), typical of cream-colored lime mortars (Table 3). AEy
values between Nf and the inner cores Nc and Ac (20.77-22.10) (Table 4) are far above
commonly adopted thresholds for strong visual differences in heritage contexts, while
AEg between Nv/Av/Af and the cores (~3.18-11.33) correspond to small to moderate,
yet clearly perceptible shifts. The near-identical color of Nc and Ac (AEg = 1.34) confirms
that both cores can serve as internal chromatic references for the original appearance of the
2008-2010 mortar.

Taken together, the multi-analytical dataset reconstructs an alteration pathway in
which a young restoration mortar has already evolved towards a dark, gypsum- and
particulate-laden surface state (Nf), under the influence of urban pollution and microcli-
matic exposure on the buttress, while verso and core zones preserve a carbonate-dominated,
chromatically stable substrate. This combination of rapid surface alteration and preserved
inner mortar is consistent with other urban case studies where lime-based repairs act as
sensitive recorders of local air quality [60].

4.6.2. Implications for Long-Term Performance Under Urban Stress

The observation that mortars applied only one to two decades ago already support
advanced black crusts on the exposed Nf face has direct implications for the expected
durability of lime-based repairs on the Golia enclosure wall and, more broadly, in polluted
historic centers. Even when compositionally compatible with historic masonry, such
mortars can undergo significant surface transformation over relatively short timescales
when subjected to persistent SOy /NOy, particulate matter and restricted natural washing.

Three groups of long-term risks emerge from the integrated interpretation:

(1) Hydric behavior and salt cycling.

The combined effects of gypsum precipitation, particulate clogging, and partial pore
sealing on Nf are likely to reduce surface permeability and promote shallow water retention,
thereby enhancing freeze—thaw stress and cyclic dissolution—crystallization of salts. This
interpretation is supported by the strong sulfate/gypsum FTIR bands on Nf (Table 6; e.g.,
~3400-3450, ~1120-1150, and ~670 cm’l), together with the elevated sulfur signal measured
by pXRF (Table 1). In contrast, on Nv and Av, the FTIR spectra are dominated by carbonate
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signatures and show only minimal sulfate-related features (Table 6), suggesting that sulfate
phases are not abundant at the analyzed surface layer. Nevertheless, S remains detectable
on Nv/Av by pXRF and EDX (Tables 1 and 2), which may indicate low-level sulfate
occurrence (e.g., finely dispersed phases, early-stage sulfation, or subsurface accumulation
below the FTIR effective sampling depth). Under fluctuating relative humidity, such
conditions can still favor episodic dissolution and re-precipitation within connected pore
pathways, with potential for sub-florescence-related damage if transport pathways evolve
over time [61-63].

(2) Mechanical decoupling and scaling.

SEM observations highlight a pronounced microstructural and textural contrast be-
tween the altered outer layer and the underlying lime mortar matrix, particularly on
the Nf surface (Figure 2). The outer surface exhibits a heterogeneous, particulate-rich
morphology, while the substrate appears comparatively mortar-like, implying a potential
mismatch in porosity, stiffness, and hygric response across the interface. Such contrasts are
known to favor stress concentration under wet-dry and salt-cycling conditions, increasing
susceptibility to microcracking and eventual flaking/scaling, especially along edges and
corners. Comparable gypsum—carbonaceous crust systems have been reported to detach in
scales, exposing fresh substrate to renewed pollutant input and repeating the alteration
cycle [64-66].

(3) Pollutant accumulation and bioreceptivity.

Although pXRF indicates no substantial enrichment in toxic heavy metals (e.g., Pb
and Zn) (Table 1), the investigated surfaces—particularly Nf—show a particulate-rich
altered layer in SEM (Figures 2-5) and aliphatic C-H bands at ~2920 and ~2850 cm ™!
consistent with carbonaceous/soot-like deposits (FTIR; Table 6). In addition, low-level
P by pXRF/EDX (Tables 1 and 2) may be interpreted as a proxy for nutrient. Together,
these features suggest that the altered surface can function as a pollutant- and nutrient-
retaining interface, which may become increasingly bioreceptive over time. In a broader
perspective, the evolution of contamination/patina-like surface layers has been discussed
as being driven by coupled pedological, chemical, and microbiological processes [58], while
established biological colonization is known to enhance moisture retention, promote local
acidification, and contribute to granular disintegration of carbonate-based mortars and
stones [55,67,68].

In this context, the inner cores Nc and Ac are not only material references but also
conservation benchmarks. Their colorimetric field defines the acceptable chromatic range
for the restoration mortar. Future cleaning or partial crust removal should ideally reduce
AEy between exposed surfaces and Nc/Ac to within the range of small to moderate
color differences (=3 —+ 5 units), as recommended in color-based assessments of stone and
mortar treatments [69]. The large present-day AEgg between Nf and the cores indicates
that the current crust state is visually incompatible with the original mortar and justifies
targeted intervention.

Moreover, the spatially resolved information suggests a zoning strategy for conserva-
tion on the buttress:

e  The heavily altered, chromatically shifted Nf surface should be prioritized for cleaning
tests, gentle gypsum reduction and monitoring;

e Af, which displays smaller chromatic deviations and more limited microstructural
overprinting, may be managed with more conservative or less frequent interventions,
focusing on preventive measures (runoff management, reduced splash, mitigation of
local pollutant sources) rather than aggressive cleaning.
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By combining pXRE, SEM-EDX, FTIR, XRD, OM and colorimetry in repeated cam-
paigns, the Golia mortars could be monitored as a time-resolved recorder of the local
urban microclimate, providing feedback both on conservation treatments and on broader
environmental changes affecting the monument.

4.6.3. Methodological Constraints and Perspectives for Multi-Analytical Monitoring

The present study also highlights several technical and methodological limitations
that need to be considered when interpreting multi-analytical datasets from stone and
mortar samples.

Portable XRF, although rapid and non-invasive, is constrained by relatively large
spot sizes, heterogeneous grain-scale compositions and reduced sensitivity to light ele-
ments (especially P and S) near the detection limit. The very low concentrations of some
elements must therefore be treated as semi-quantitative, and subtle enrichments require
cross-validation with micro-analytical data. In addition, only a limited number of pXRF
spots could be acquired on the small mortar fragments, which restricts the statistical
robustness of compositional gradients along the joint.

SEM-EDX and OM provide high-resolution insights into micro textures and phase
distributions but rely on destructive sampling and examine only small areas, which may
not fully capture the heterogeneity of crusts and mortars. Preparation steps can also bias the
representation of highly porous or soluble phases. FTIR and XRD, while powerful for phase
identification, are sensitive to issues such as orientation, peak overlap and detection limits
for amorphous or nanocrystalline components (e.g., soot, amorphous silica), which may
play important roles in crust development but remain under-represented in bulk spectra.

Colorimetry is a robust bridge between analytical signals and visual perception, yet
conventional contact instruments provide only point measurements that may miss small-
scale mottling and patterning characteristic of black crusts. Variations in illumination,
surface roughness and instrument geometry can further complicate inter-comparisons.
Recent advances in calibrated imaging and camera-based color mapping on stone and
mortars suggest promising avenues to complement spot-based CIE Lab measurements
with areal information.

Despite these constraints, the Golia case study demonstrates that a carefully integrated
interpretation of pXRE, SEM-EDX, FTIR, XRD, OM and CIE Lab color data can yield a
realistic and nuanced alteration model for a young restoration mortar subjected to urban
stress. In this model, the 2008-2010 joint mortar on the buttress behaves both as a vulnerable
geomaterial—already showing advanced surface alteration—and as an environmental
archive. Future work could extend this approach by:

e increasing the density of non-invasive measurements along vertical and horizontal
profiles on the wall;

e coupling material data with in situ atmospheric monitoring;

e and integrating additional techniques (e.g., Raman spectroscopy, micro-XRD, hy-
perspectral imaging) to refine the characterization of crust components and their
temporal evolution.

5. Conclusions

The multi-technique investigation of the west enclosure buttress at Golia Monastery
has shown that restoration mortars applied only one to two decades ago already exhibit a
marked gradient of pollution-driven alteration between exposed, protected and inner-core
domains. The combined pXRE, SEM-EDX, FTIR, XRD, OM and CIE Lab data consis-
tently indicate that the outer millimeters of the joints have evolved towards gypsum- and
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particulate-bearing black crusts on the most exposed face (Nf), while verso and core zones
still preserve the microstructural and chromatic features of a relatively unaltered mortar.

Geochemical and mineralogical signatures reveal that alteration is clearly directional
with respect to the geometry of the wall and buttress and to the orientation of the investi-
gated joint towards the traffic corridor on George Enescu Street. Sulfur enrichment and
elevated S/Ca ratios at the exposed face, together with gypsum-related FTIR and XRD
signals and quartz-rich dust accumulations, point to a surface-directed sulfation and soiling
process, externally fed by urban aerosols. At the same time, enhanced hydrated sulfates in
verso zones indicate partial inward redistribution and recrystallization of calcium sulfate,
so that external particulate deposition and internal sulfate storage form a coupled alteration
system on the Golia mortars.

The directional character of these changes is further controlled by the local microcli-
mate and hydric regime. The buttress is subjected to a persistent daily “atmospheric wake”
generated by road traffic, which favors the impingement of polluted air masses on the
wall, and to repeated splashing of meteoric and road wash water towards the joints during
wet periods. Under the climatic conditions typical of lasi and the north-eastern region of
Romania—characterized by alternations between prolonged drought and short episodes
of intense rainfall—these processes jointly enhance the frequency of wetting—drying cy-
cles, promote shallow gypsum precipitation and particulate clogging at pore mouths and
contribute to the rapid visual darkening quantified by the colorimetric data.

The exposed black-crusted face (Nf) has reached a chromatic state that is clearly
incompatible with the inner-core references (Nc, Ac), indicating the need for targeted
cleaning tests and monitoring if the visual integrity of the buttress of the western enclosure
wall is to be maintained.

Methodologically, the case study demonstrates that an integrated protocol combining
portable XRF, micro-analytical techniques (SEM-EDX, FTIR, XRD), optical microscopy
and CIE Lab colorimetry can reconstruct, with relatively limited sampling effort, the early
stages of black crust evolution on historic mortars under urban stress.
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Abbreviations

The following abbreviations are used in this manuscript:

pXRE Portable X-ray fluorescence

SEM-EDX  Scanning electron microscopy with energy-dispersive X-ray analysis
FTIR Fourier Transform Infrared Spectroscopy

XRD X-ray diffraction

CIE Commission Internationale de I’Eclairage

Lab three-dimensional (L*a2*b*) color space defined by the CIE

OM optical microscopy
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