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Abstract: This research aims at investigating the deterioration of limestone rocks due to the influ-
ences of thermal quenching and salt crystallization weathering tests and predicting their long-term
durability. Therefore, six types of limestones were quarried from different provinces of Egypt and
subjected to 50 cycles of thermal quenching and 25 cycles of salt crystallization weathering pro-
cesses. The porosity, Schmidt hammer rebound hardness, ultrasound pulse velocity, Brazilian tensile
strength, and uniaxial compression strength were determined before and after weathering processes.
In addition, the mathematical decay function model was developed to evaluate the degradation
rate of samples against weathering processes. Results proved that the cyclic salt crystallization
deteriorates the physico-mechanical characteristics of the studied limestone more strongly than the
thermal quenching cycles do. The decay constant and half-life indexes obtained here indicate that the
degradation rate differs for various limestone specimens under thermal and salt weathering processes.
This model also showed that the deterioration rate of the studied rocks was higher during cyclic
salt crystallization in comparison with thermal quenching. Therefore, the rock degradation rate and
or long-term durability under cyclic thermal and salt processes can be estimated accurately. These
results show that the studied limestones can be used as building stones in regions exposed to frequent
cyclic thermal and salty weathering conditions for long periods without degradation. However,
partial attention should be given to LSG limestone rocks characterized by increased porosity and
water absorption characteristics.

Keywords: limestone rocks; thermal quenching; salt crystallization; decay function approach; weath-
ering; long-term degradation
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1. Introduction

Natural rocks have been widely used as building and construction stones, especially
in historical structures and new engineering applications from the past up to the present
times [1-4]. The long-term durability of stones is defined as its resistance to environmental
conditions over an extended period of time [5]. Due to the long-term exposure to the
atmosphere, rocks are always suffering different recurrent types of weathering processes,
resulting in partial or full deterioration [6-9]. Temperature changes are among the major
reasons for rock damage in ancient and new engineering structures [10]. All building
materials expand when heated and shrink as they cool down. This process is named thermal
shock weathering. Thermal quenching is created by sudden changes in temperature and
leads to ‘catastrophic’” damage in the form of cracks, so the strength of rock material is
suddenly reduced [5].

Many studies have been carried out for investigating the effect of thermal quenching pro-
cess on the physico-mechanical characteristics of building stones [11-17]. Yavuz et al. [18]
performed thermal quenching cycles on carbonate rocks in the laboratory and established
a model for predicting the index properties of damaged rocks depending on the initial
property and number of thermal quenching cycles. Hale and Shakoor [19] analyzed the
variation in the compression strength for sandstone rocks against heating and cooling
cycles. Sousa et al. [20] studied the influence of thermal quenching action on granite
rocks and found that the compressional wave velocity of granite decreased after thermal
quenching test. Wang et al. [21] experimentally studied the influences of thermal shock and
freezing—thawing cycles on red sandstone rocks before and after accelerated tests. They
indicated an important decrease in the physico-mechanical properties of red sandstone
rocks after the thermal shock and freezing-thawing processes. Wang et al. [22] indicated
induced change of physico-mechanical characteristics of red sandstone after 10, 20, 30, and
40 thermal quenching cycles. Gokceoglu et al. [23] developed models for estimating the
weathering degree of granitic rocks from some parameters, including porosity, ultrasound
wave velocity, and unconfined compression strength. Mutluturk et al. [24] established a
decay function model for predicting the decrease in rock integrity against heating and
cooling. Similarly, salt crystallization is also the most powerful weathering process, espe-
cially in marine and mild environmental conditions [25]. Salt crystallization is also one
of the significant reasons for the degradation of rocks in nature and in stones used in
construction [26]. Crystallization pressure is the most critical damage mechanism during
the salt weathering action, which depends mainly on the pore size and super saturation
degree [27]. When the crystallization pressure reaches the tensile strength of the rock, new
microcracks are developed and the present ones are deepened and widened; thus, this
process leads to rock decay [28].

Different studies have been carried out to determine the rock degradation induced
by salt crystallization weathering [29-42]. Angeli et al. [43] investigated the impact of
temperature and salt concentration on the salt weathering process of a sedimentary rock
with sodium sulfate. Cultrone et al. [44] investigated the petro-physical and durability
tests on sedimentary rocks to assess their quality as building materials. Vazquez et al. [45]
measured the changes in the weight of sedimentary rocks used as building stones against
the salt weathering process. Yavuz and Topal [46] studied the impacts of thermal shock
and salt crystallization on different types of marble specimens from Western Anatolia,
Turkey. Benavente et al. [47] performed laboratory tests on five different kinds of porous
stones, concluding that the mechanical characteristics of rocks have a statistically significant
weight in the prediction of salt crystallization process, with a small contribution to water
transport and pore structure parameters. Yavuz et al. [48] investigated the durability of
green andesite rocks through aging weathering processes such as salt crystallization and
freezing—-thawing cycles. Ruedrich and Siegesmund [49] studied the physical weathering
processes under the crystallization of salt and ice in the pores of sandstone rocks. They
proved that these pores have a crucial influence on the behavior of rock damage.
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Despite the numerous studies conducted on this topic, few lead to the modeling of the
alteration phenomenon. Experimental investigations of rocks are essential for the thermal
and salt weathering processes, whilst it is also significant to develop damage models and to
estimate the degradation rate. Few damage models have been established for evaluating the
freezing-thawing and thermal quenching weathering processes [13,22,24,28,50,51], whilst
estimating deterioration models against salt crystallization process have not yet reported
and there are almost no damage models that take into consideration the mechanical strength
properties to evaluate the rock integrity loss due to the cyclic salt crystallization action.

The aims of this research are (1) to better understand the degradation of the selected
limestone rock specimens that occurred by the artificial weathering processes, including
thermal quenching and salt crystallization, and correlate it with their durability charac-
teristics; (2) to determine their response to the artificial weathering processes through
the assessment of their physico-mechanical characteristics described as porosity, Schmidt
hammer rebound hardness, ultrasound pulse velocity, and Brazilian tensile and uniaxial
compression strengths; and (3) to statistically assess and estimate the long-term durabil-
ity (integrity decrease rate) of the mechanical strength parameters for limestones against
cyclic thermal quenching and salt crystallization by use of a decay function model. In
general, this paper contributes to preliminary design stage, engineering structures, replace-
ment works, and safety or stability evolution of rock applications in mild or humid and
salty environments.

2. Materials and Methods
2.1. Materials

In this research, six types of limestone rocks were taken out from different localities in
Egypt, including South Sinai, Suez, El-Minia, Qena, Sohag, and Aswan (Figure 1). These
rocks are used in construction industries. Large blocks were extracted for each rock type
ranging in size from 0.3 m X 0.3 m x 0.35 m to 0.35 m x 0.4 m x 0.4 m. Cylindrical
and cubical rock samples were obtained in the laboratory for various experiments tests.
The tested rock samples were free of any discontinuities or joints to avoid the impact of
anisotropy on the measurements. The studied limestone samples were firstly examined un-
der the polarized optical microscope for petrographical analysis using the Eclipse EG00POL,
based on Nikon’s popular Eclipse E600 microscope, which features a 12-volt, 100-watt
internal tungsten halogen illumination system. The microscopic features of the studied
limestones are shown in Table 1. The main mineral constituent of all tested specimens
is calcite associated with some rare amounts of accessory and or opaque minerals. The
chemical analysis was carried out at the Central Laboratories Sector at the Egyptian Mineral
Resources Authority, Cairo, Egypt using a ZSX PRIMUS X-ray fluorescence spectrometer
(XRF). The ZSX Primus is a 3 or 4 kW WDXREF spectrometer with the thinnest end-window
tube (30 microns) and 6 auto-selectable diameters: 35, 30, 20, 10, 1, and 0.5 mm (sample
size). The chemical analysis of the studied limestones is presented in Table 2.

Table 1. Petrographic features of the tested limestone rocks.

Rock Type Code Locality Microstructure

Medium-grained calcite texture, oolitic, porous,
Limestone LSS South Sinai packstone, cemented, pores
filled with rare minerals
Fine—grained calcite texture, calcareous massive,

Limestone LSZ Suez .
slightly porous
Limestone LEM El-Minia Fine-grained calcite texture, slightly
hard stone, clastic
Limestone LQ Qena Very fine-grained calcite texture, clastic, compact,
marly, hard stone
Limestone LSG Sohag Coarse-grained calcite texture, porous, weak stone
Limestone LA Aswan Medium- to fine-grained calcite texture, semiporous,
pack stone
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Figure 1. Location map of the studied limestone specimens.

Table 2. XRF analysis of the studied limestones.

Rock type Locality CaO K,O MgO Al,O3 Na,O Fe, O3 SiO, LOI Total
LSS SS(;E;};- 55.06 0.05 0.30 0.11 0.09 0.15 2.07 42.09 99.92
LSz Suez 53.13 0.07 0.60 0.16 0.05 0.17 2.77 43.20 100.15
LEM El-Minia 51.87 0.04 0.43 0.09 0.04 0.11 3.28 44.25 100.11
LQ Qena 50.61 0.02 0.33 0.07 0.01 0.10 497 43.88 99.99
LSG Sohag 56.47 0.09 0.66 0.19 0.06 0.23 1.80 40.54 100.04
LA Aswan 53.39 0.07 0.61 0.15 0.05 0.20 3.78 41.68 99.93

Absolute error (%) 0.030 0.001 0.006 0.002 0.001 0.004 0.013 0.00
2.2. Methods

Laboratory experiments were carried out for determining the Physico-mechanical
properties including, the bulk density, absorption of water, apparent porosity, the compres-
sional wave velocity, the Schmidt hammer rebound hardness, the unconfined compression
strength, and the tensile strength (Brazilian). The physical properties, including the density,
absorption by weight, and porosity, were determined for rock samples of size (side 5 cm)
according to the test methods carried out by TS EN 1936 [52] and TS EN 13755 [53]. Five
specimens were tested for each limestone type and their mean values were obtained.

The mechanical properties including the unconfined compression strength and the
Brazilian tensile strength were determined. The unconfined compression strength test was
carried out on specimens of cubic form (side 10 cm) in accordance with the test methods
proposed by ISRM [54] and TS EN 1926 [55]. Five samples were tested for each limestone
type and their average values were obtained.

The tensile strength test (Brazilian) was applied in according with the test methods
proposed by ISRM [56]. This test was carried out on diametrically shaped samples of
5.0 cm, and the ratio of height to diameter was 0.5. The number of rock samples used in
this test was five, and the mean values were taken.
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The Schmidt hammer rebound hardness was performed according to the test proce-
dures suggested by ISRM [56] and Aydin [57]. The Schmidt hammer (N-Type) test was
carried out on samples of cubic shape (side 10 cm). Twenty individual impacts were per-
formed on each rock specimen. The highest and lowest rebound values were excluded and
then the arithmetic mean was taken.

The compressional wave velocity was determined using the ultrasonic system. This
test was carried out at the Housing & Building National Research Center (HBRC), Cairo,
Egypt. Cylindrical rock specimens with a diameter of 5.0 cm and the ratio of height to diameter
of 2.5 were prepared according to the procedures outlined by Martinez-Martinez et al. [58].
The number of tested rock specimens was five, and mean values were determined.

2.3. Artificial Weathering Processes

The thermal quenching weathering test was applied according to EN-14066 [59]
recommendations, and salt crystallization was performed in accordance with the general
procedures suggested by Rothert et al. [60] for studying the resistance of rock samples to
determine the physico-mechanical characteristics and change rates.

2.3.1. Thermal Quenching

A thermal shock weathering test was carried out on specimens of cylindrical shape
(5.0 cm). All studied limestone samples were subjected to fifty cycles of thermal quenching
weathering. The thermal quenching process consisted of two stages (Figure 2a). Firstly, all
limestone specimens were heated in an air-ventilated oven at 70 °C for 18 h. Finally, all
specimens were taken out from the oven, and rapidly saturated in distilled water at +20 °C
for 6 h. Each thermal shock cycle requires 24 h to be completed. All studied limestone
samples were dried to constant weight in an oven at 70 °C before and after cyclic thermal
quenching. In this research, two series of limestone rock specimens were prepared; one set
of these specimens was used to determine the initial physico-mechanical characteristics
before the thermal shock process (unweathered specimens). The second set of specimens
was subjected to 10, 20, 30, 40, and 50 cycles, and then the mechanical characteristics,
including unconfined compression strength and Brazilian tensile strength, were recorded.
Meanwhile, the porosity, the Schmidt hammer rebound hardness, and the ultrasound
compressional wave velocity were determined at the end of the 50th cycle.

100 —— Cyclic salt crystallization
100 — Cyclicthermal quenching 90 | Cy ry!
80 ! 80 1
8] i 18hr O 70 Breina i
k. : Heating Stage ?__h &0 4 rying stage
g ®! Bhr v 16hr
5 : L 50 -
1
E 40 7 Cooling T a0 4hr
a ! o 4hr
E. Stage g 30
g 20 E 20 -
= ol 10 _Saturation Cooling
o T T T T T T T T T T T T T T 1 0 Stag‘e - + : - - . + . . St‘agel . - 1
D2 & & 8 90:1% 98 16 15 30 2372 25 .28 30 0 2 4 6 8§ 10 12 14 16 18 20 22 24 26 28 30
Time / hr Time / hr
(a) (b)

Figure 2. The temperature-time schematic diagram: (a) thermal quenching; (b) salt crystallization.

2.3.2. Salt Crystallization

The salt crystallization weathering process was performed on cubic samples of 5.0 cm
by total saturation in a sodium chloride solution (10%). All rock samples were subjected
to twenty five cycles of salt crystallization. The salt weathering process consisted of three
stages (Figure 2b). Firstly (saturation), the clean and dried rock specimens were placed in a
container and saturated in the solution of sodium chloride for a period of 4 h. Secondly
(drying), the specimens were taken out from the solution and dried in an air-ventilated
oven at 60 °C for 16 h. Thirdly (cooling), the specimens were cooled at room conditions of
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20 °C for a period of 4 h. The cycle of the salt crystallization requires 24 h to be completed.
In this process, the uniaxial compression strength and the Brazilian tensile strength were
carried out at 5, 10, 15, 20 and 25 cycles, whereas the porosity, the Schmidt hammer rebound
hardness, and the ultrasound compressional wave velocity were obtained at 25 cycles.

3. Results and Discussions

As studied by many researchers, the long-term deterioration of rocks due to the
weathering processes is a function of their physico-mechanical characteristic. Consequently,
determination of these properties is significant for the assessment of the stone durability.
The mean values of the physico-mechanical properties and standard deviations of the
studied limestone rocks before the accelerated weathering processes (fresh samples) are
presented in Table 3. This table shows that the average values of dry densities for studied
rocks range between 2.44 for the LQ limestone samples and 2.63 for the LSG specimens. The
mean values of water absorption of these limestones range between 1.56% (LQ specimens)
and 5.5% (LSS samples). The average values of porosity range between 6.89% (LQ samples)
and 9.82% (LSS samples). The mechanical strength tests, including uniaxial compression
strength and Brazilian tensile strength, were investigated. Table 3 displays the mean values
of mechanical strength characteristics of studied rocks. This table indicates the highest
uniaxial compression strength of 73.77 MPa for LQ limestone samples in comparison
with the lowest (38.08 MPa) for LSS specimens. Similarly, the highest tensile strength of
5.83 MPa was recorded by the LQ limestone samples and the lowest of 3.19 MPa regarding
the LSS specimens. A nondestructive test including Schmidt hammer rebound hardness
and ultrasonic wave velocity was obtained. The average values of Schmidt rebound
hardness range between 30.5 for the LSS limestone samples and 40.7 for the LQ specimens.
Moreover, the mean values of ultrasound compressional wave velocity of these rocks range
between 3.33 Km/s (LSS limestone samples), and 5.02 Km /s for LQ samples (Table 3). Rock
strength is influenced by its pores and voids [61]; hence, permeability, which simplifies
the presence of water in the stone, is strongly affected by the value of the porosity [62]. As
rock specimens in the current research have porosity <10%, their permeability behavior
is determined by their porosity. Consequently, the porosity value is a critical physical
parameter that influences the rock characteristics and controls its durability [63]. It is
necessary to better understand the correlation between the porosity and the physico-
mechanical characteristics of studied rocks. Many studies investigate the relationships
between porosity and rock properties. Tugrul [64] and Diamantis et al. [65] determined
relationships between porosity and unconfined compressive strength of rocks. Figure 3
shows the correlation between the porosity and physico-mechanical properties of the
studied limestones. Figure 3b—e show an inverse strong linear relationship between porosity
and physical and mechanical properties. Therefore, the physico-mechanical characteristics
of the tested limestone specimens were influenced by their porosity. However, no important
correlation was found between porosity and dry density (R? = 0.0316) (Figure 3a). Based
on these results, the physico-mechanical properties of the studied limestone rocks decrease
with increased porosity. Figure 4 displays a three-dimensional view of the effect of porosity
(n) on the Schmidt rebound hardness (SCH), ultrasound pulse velocity (UPV), tensile
strength (TS), and uniaxial compression strength (UCS) for the tested limestone rocks.

Table 3. Average values of the physico-mechanical properties and standard deviations
of fresh specimens.

Pd W n UPV Ts ucs

Rock Type (g/cm?) (%) %) SCH (Km/s) (MPa) (MPa)
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
LSS 246 0.08 550 0.64 9.82 0.95 30.5 1.65 3.33 0.39 3.19 037 38.08 1.74
LSZ 2.61 0.11 226 041 799 1.17 36.9 0.99 4.67 0.65 5.15 0.62 5495 1.71
LEM 249 0.07 1.61 044 747 0.83 38.3 1.06 481 0.44 542 0.72 66.90 1.75
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Table 3. Cont.

Pd W n UPV Ts ucs

Rock Type (g/em®) (%) %) SCH (Km/s) (MPa) (MPa)
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
LQ 244 0.09 1.56 0.38 6.89 0.90 40.7 141 5.02 0.53 5.83 0.99 73.77 1.65
LSG 2.63 0.10 4.80 0.40 9.33 0.72 33.8 1.18 3.78 0.88 3.99 0.65 41.05 2.36
LA 252 0.06 430 0.52 8.80 0.91 354 1.13 4.02 0.75 419 0.60 4597 2.02

No of tested 5 5 5 5 5 5 5
specimens

(pp) Dry density, (W) water absorption, (n) porosity, (SCH) Schmidt hammer rebound hardness, (UPV) ultrasound
compressional pulse velocity, (Ts) Tensile strength, and (UCS) uniaxial compression strength. LSS (Limestone—
South-Sinai), LSZ (Limestone—Suez), LEM (Limestone—EIl-Minia), LQ (Limestone—Qena), LSG (Limestone—
Sohag), and LA (Limestone—Aswan).

42
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Y 40 -
26 -
18 | ® LEM
= 2.55 - LA R?*=0.0316 ® .15z
5 - T 36 .
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hEn 25 LE.M w0 LA
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Figure 3. Relationship between porosity, n (%) and (a) desity, p (gm/ cm?), (b) Shmidt hammer
rebound, SCH, (c) ultra sound pulse velocity, UPV (Km/s), (d) tensile strength, Ts (MPa), and
(e) uniaxial compression strength, UCS (MPa).
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Figure 4. Influence of porosity (n) on TS, UCS, UPV, and SCH for the tested limestone specimens.

3.1. Influence of Cyclic Thermal Quenching Weathering on Physicomechanical Characteristics

Table 4 shows the assessment of the physico-mechanical characteristics before and after
cycles of thermal quenching weathering. The porosity, Schmidt hammer rebound hardness,
and ultrasound pulse velocity are determined at the end of 50 cycles. Meanwhile, the tensile
strength and uniaxial compression strength are determined at 10, 20, 30, 40 and 50 cycles,
and then their mean values and standard deviations are presented in Table 4. Generally,
the tested limestone specimens did not indicate an important visual degradation after the
thermal quenching weathering process. There were no visible granular disintegrations and
edge fissures in the tested rock specimens after thermal quenching cycles. As can be seen in
Table 4, the results show that the porosity values increase for the tested rock specimens with
the number of thermal quenching cycles, whereas the Schmidt hammer rebound hardness,
ultrasound pulse velocity, Brazilian tensile strength, and uniaxial compression strength
decrease. As seen in this table, after the end of the 50 cycles, the LSG limestone samples
exhibit the highest increase in porosity value, while the lowest was for LQ specimens.



Minerals 2022, 12,

1393

Table 4. Mean values and standard deviations of the physico-mechanical properties under cyclic
thermal quenching.

Cyclic Number LSS LSZ LEM LQ LSG LA
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
n (%)
0 9.82 0.95 799 1.17 747 0.83 6.89 0.90 9.33 0.72 8.80 0.91
50 9.94 0.99 8.14 1.12 755 0.95 6.95 0.99 9.51 0.66 8.97 1.07
SCH
0 30.51 1.65 36.90 0.99 38.44 1.06 40.71 141 33.8 1.18 354 1.13
50 29.11 1.09 35.05 1.11 3710 1.27 39.70 1.33 319 1.29 33.7 1.28
UPV (Km/s)

0 3.23 0.39 4.67 0.65 4.81 044 5.02 0.53 3.78 0.88 4.02 0.75

50 3.10 0.44 453 0.77 470 0.62 495 0.50 3,56 1.04 3.82 0.80

Ts (MPa)

0 3.19 0.37 5.15 0.72 542 0.62 5.83 0.99 3.99 0.65 419 0.60

10 295 0.39 5.03 0.77 5.26 0.78 575 1.10 3.65 0.66 3.98 0.50

20 2.83 0.28 4.83 0.80 5.10 0.80 5.69 1.04 340 0.70 3.57 0.67

30 256 0.44 4.55 0.96 499 0.77 5.55 0.90 3.12 0.98 3.33 0.89

40 2.35 0.50 428 091 472 0.84 5.33 0.95 2.75 091 2.88 0.70

50 2.30 0.45 3.80 0.76 441 093 5.07 0.87 225 0.84 2.59 0.99

UCS (MPa)

0 38.08 1.74 5495 1.71 66.90 1.75 73.77 1.65 41.05 2.32 4597 2.02

10 36.55 2.10 51.15 1.66 65.11 2.12 73.02 1.59 37.36 2.55 4157 222

20 33.82 2.04 4710 1.77 63.50 1.80 71.89 1.87 34.56 223 36.54 243

30 31.75 1.99 45.15 2.05 60.14 1.98 69.18 2.14 31.23 2.67 33.70 2.30

40 28.65 1.67 4298 1.99 56.84 1.95 66.65 2.23 26.66 2.11 30.54 225

50 27.83 1.89 4129 1.85 559 2.02 65.99 1.77 25.00 1.99 29.32 261

The main reason for degradation in the thermal shock process is the difference in
the thermal shrinkage and contraction of the inside and outside area of the mineralogical
composition of the samples [15]. Heating water in the micro-fractures during the thermal
shock test reduces the rock structure through moving the soluble minerals toward the stone
surface [19]. Therefore, changes in the porosity value related to variations in mineralogical
and chemical composition, especially the percentage of calcite, which has a higher tendency
to shrinkage and contract than other minerals. It can also be seen that after 50 cycles, the
LQ limestone specimens show the lowest decrease in the Schmidt hammer rebound, while
the highest was for LSG samples. Table 4 also shows that after 50 cycles, the LSG and
LA limestone samples exhibit the highest reduction in ultrasound pulse velocity, while
the lowest was for the LQ and LEM specimens. This is due to the thermal quenching
process producing new internal cracks that lead to a decrease in ultrasound wave velocity.
Therefore, it can be said that the studied limestone specimens, namely LQ and LEM, are
less sensitive to the devastating influence of thermal quenching.

Generally, it can be concluded that the change in porosity values for the studied
limestones is less sensitive to the influence of cyclic thermal quenching compared to the
Schmidt hammer rebound and ultrasound wave velocity values. Figure 5 shows a three-
dimensional view of the influence of the number of thermal quenching cycles on the tensile
strength and uniaxial compression strength for the tested limestones. This figure shows
that an increase in the thermal quenching cycles decreased Brazilian tensile strength and
uniaxial compression strength values.

Table 4 and Figure 5 show that after 50 cycles, the LSG limestone samples have the
lowest values of Brazilian tensile strength and uniaxial compression strength, while the
highest values were for LQ specimens. Due to the cyclic thermal quenching, the loss of
tensile strength and unconfined compression strength are related to porosity and/or micro-
fissures. Therefore, these specimens were more affected than those LQ specimens due to
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having the highest increase in porosity. Overall, it is concluded that the limestone speci-
mens, namely LQ and LEM, exhibited the highest durability under the influence of thermal
quenching cycles, whilst the lowest durability was for the LSG and LA rock specimens.

Thermal quenching process
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Figure 5. Relationship between TS and UCS values and number of thermal quenching cycles.

3.2. Influence of Cyclic Salt Crystallization Weathering on Physicomechanical Properties

Table 5 presents the mean values of the physico-mechanical characteristics before and
after the salt crystallization cycles. The porosity, Schmidt hammer rebound hardness, and
ultrasound pulse velocity were determined after the end of 25 cycles. The tensile strength
and uniaxial compression strength were determined at 5, 10, 15, 20 and 25 cycles, and then
their average values and standard deviations are displayed in Table 5. As seen in this table,
the results show that the porosity values increased with the number of salt crystallization
cycles, whilst the Schmidt rebound hardness, ultrasound pulse velocity, Brazilian tensile
strength, and uniaxial compressive strength decreased. As observed in this table, at the end
of 25 cycles, the LSG limestone specimens showed the highest increase in porosity, while
the lowest was for LQ samples. The changes in porosity values under salt crystallization are
linked to the variations in the size of the pores size within the rock specimens. Therefore,
different degradations may occur.
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Table 5. Average values and standard deviations of physico-mechanical properties due to salt
crystallization cycles.

Cyclic

Number LSS LSZ LEM LQ LSG LA
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
n (%)
0 9.82 0.95 799 1.17 747 0.83 6.89 0.90 9.33 0.72 8.80 0.91
25 10.03 1.11 8.24 1.30 7.67 0.90 7.05 1.04 9.64 1.0 9.08 1.20
SCH
0 30.51 1.65 36.90 0.99 38.44 1.06 40.71 141 33.80 1.18 3543 1.13
25 28.00 1.77 33.80 1.09 36.60 1.13 39.34 147 30.20 1.11 32.10 1.29
UPV (Km/s)
0 323 0.39 4.67 0.65 481 0.44 5.02 0.53 3.78 0.88 4.02 0.75
25 3.02 0.49 444 0.73 4.62 0.55 486 0.76 348 097 3.76 0.66
Ts (MPa)
0 3.19 0.37 5.15 0.72 542 0.62 5.83 0.99 3.99 0.65 419 0.60
5 294 0.44 490 0.88 5.18 0.85 574 1.02 3.55 0.87 3.86 0.65
10 2.77 0.50 4.65 0.90 5.01 0.90 5.63 1.11 3.25 0.73 3.29 0.75
15 241 041 426 0.88 4.88 0.80 540 0.92 295 0.90 2.99 0.78
20 4217 0.70 390 1.05 456 0.66 529 0.96 245 0.88 2.62 0.59
25 2.03 0.66 3.35 1.11 430 0.78 495 0.77 1.86 1.10 225 0.81
UCS (MPa)

0 38.08 1.74 5495 1.71 66.90 1.75 ;gg 1;5) 41.05 2.32 4597 2.02
5 35.90 227 49.85 1.89 64.55 2.14 70'79 1'94 35.16 2.40 39.88 2.16
10 3299 214 46.12 1.75 61.88 1.99 68.22 2'01 30.66 2.15 3412 222
15 30.15 1.90 4355 222 59.24 1.86 65.25 2'10 27.67 2.60 31.07 2.07
20 2712 199 39.58 1.80 56.77 1.90 ’ ’ 23.02 243 27.89 228
25 24.65 2.18 3712 1.99 54.02 222 6398 1.99 21.22 2.70 26.64 2.35

Based on the degree of disintegration, the development of minute fissures at the
corners and surfaces was observed in the LSG specimens after the salt crystallization
cycles. Similarly, the LSG limestone samples had the highest decrease in Schmidt rebound
hardness, while the lowest was for the LQ specimens. As also seen in Table 5, at the end
of 25 cycles, the LSG limestone specimens had the highest decrease in ultrasound pulse
velocity, while the lowest was for LQ samples. The compressional wave velocity depends
on porosity, pore space, strength, and degree of disintegration [66]. The micro-fissures and
pores are the most crucial parameters for decreasing the ultrasound wave velocity. This is
evident in LSG limestone specimens. Therefore, it can be said that the loss of ultrasound
wave velocity for limestone specimens after the salt crystallization cycles is related to the
dilation and enlargement of pores and fractures. Figure 6 presents a three-dimensional
view of the effect of the number of salt crystallization cycles on the tensile and uniaxial
compression strengths for the studied limestones. As seen in this Figure, the progression
of the number of salt crystallization cycles caused a reduction in the values of Brazilian
tensile strength and uniaxial compression strength. Table 5 and Figure 6 show that after 25
cycles, the LSG limestone specimens had the lowest values of uniaxial compression and
Brazilian tensile strengths, while the highest values were for LQ samples.

It is said that the variation of tensile strength and unconfined compressive strength
values is due to the widening and dilation of pre-existing micropores during the salt
crystallization process affecting the mechanical behavior of limestone specimens [15].

Previous studies proved that porosity and water absorption are the most significant
parameters affecting the behavior of rocks and durability control against the salt weathering
test [63]. Therefore, it can be believed that the limestone rocks with the highest increase
in porosity will be subject to a high level of disintegration and result in lower durability
compared to rocks with the lowest increase in porosity. Therefore, it is said that the

11



Minerals 2022, 12, 1393

limestone rock samples, namely LSG, exhibited the highest level of degradation against
the salt crystallization weathering cycles, whereas the lowest level of deterioration was
for LQ rock samples. The major reason for such disintegration of the physico-mechanical
parameters against the cyclic salt crystallization process is the high pressure caused by
precipitation of salt crystals within the pores and discontinuities of rock specimens. Hence,
new microcracks were developed, and finally, the rock was damaged [67].

Salt crystallization process
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Figure 6. Relationships between TS and UCS values and number of salt crystallization cycles.

The results show that the limestone samples of LSG have the lowest durability against
the salt crystallization cycles due to having the highest reduction in the values of tensile
strength and uniaxial compression strength, whereas the LQ and LEM rocks have the
lowest decrease concerning these properties (Figure 6).

Overall, it is concluded that the change of physico-mechanical properties of the studied
limestone rocks is more sensitive to the destructive influences of cyclic salt crystallization
weathering than the thermal quenching process.

Brazilian tensile strength and uniaxial compression strength are the most sensitive
parameters against the influences of thermal quenching and salt crystallization weathering
tests, so their rates of variation are obtained after the end of every ten cycles of the thermal
process and after the end of every five cycles of the salt weathering process. The variation
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rate determines the degree of rock material deterioration. Figure 7 shows the relationship
between the change rate of tensile and uniaxial compression strengths (ATS % and AUCS
%) against the cyclic thermal quenching and salt crystallization weathering processes. As
seen in Figure 7, after the end of the cyclic weathering processes, there was a high decrease
in the change rate of tensile strength and uniaxial compression strength for limestone
samples, namely LSG, while LQ specimens showed the lowest decrease compared to other

rocks.
Thermal quenching Salt crystallization
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Figure 7. Change rate of TS and UCS values due to the cyclic thermal quenching and salt crystallization.

As this Figure shows, after the end of 50 cycles of thermal quenching, the highest
percentage decreases in uniaxial compression strength and tensile strength were 39.1%
and 43.6 %, respectively, for LSG limestone specimens, whilst the lowest percent reduction
was for LQ samples (10.5% and 13%, respectively). Similarly, for the salt crystallization
process, it is seen that after the end of 25 cycles, the highest percentage decreases in uniaxial
compression strength and tensile strength were 48.3% and 53.4%, respectively, for LSG
limestone specimens, whereas the lowest percent decrease was for LQ samples (13.3%
and 15.1%, respectively). Therefore, it is observed that limestone rocks, namely LSG have
low durability under the influence of accelerated weathering processes compared to other
rocks, whereas limestone rocks, namely LQ and LEM, have the highest resistance and
durability to the effect of weathering processes. Based on these results, it is concluded that
the studied limestone rock specimens are more sensitive to the destructive effect of the salt
crystallization process than the thermal quenching. In general, it is said that the change
limits of the data obtained for the LSG and LA limestone samples are high, so these types
cannot withstand cyclic weathering processes compared to other rocks. Therefore, these
stones may not be suitable for construction purposes in humid and salty environments.
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3.3. Degradation Model of the Mechanical Strength Parameters

Thermal quenching and salt crystallization weathering processes in the lab are sig-
nificant for obtaining the necessary data on rock decay, yet insufficient to assess the
long-term deterioration.

Mutlutiirk et al. [24] postulated the decay function model by using a decay constant
(A) and half-life (N; /o) parameters as Equation (1) to express the degradation rate of rock
under cyclic freeze—thaw and heat—cool weathering tests, which could also be expressed
in an exponential model as Equation (2) by integrating Equation (1) between the initial
integrity (Ip) and the integrity after N cycles (Iy). To determine the long-term durability of
rock, the decay constant (A) indicates the mean relative decrease in rock integrity by the
work of any single cycle, and the half-life (N /») refers to the number of cycles required to
decrease the rock integrity to its half-value, which is obtained as Equation (3) by replacing
(In/2) with I in Equation (2):

—(dI/dN) = AN (1)

In=Ipe ™ ()

N2 = 0.6930/A ®3)

where e~ is the decay factor, which shows the proportion of the remaining integrity after

number of cycles, i.e., (In /Ip); I is the rock integrity; N is the number of cycles; (dI/dN)
is the standard for the degradation rate. The model postulated by Mutlutiirk et al. [24]
considered only the physical parameters, and other mechanical properties were ignored.
Therefore, in our study, for investigating the model validity and evaluating the model
parameters, laboratory tests of Brazilian tensile strength and uniaxial compression strength
of limestone rocks for predicting the integrity decrease rate due to cyclic thermal quenching
and salt crystallization were performed. A simple regression analysis method was used
to determine the decay constant (A). According to the model, the data obtained from
the laboratory investigations of tensile strength and uniaxial compression strength were
exponentially fitted. The degree of fit to this model (curve) can be measured by the value of
determination coefficients (R?), which measure the proportion of variation in the dependent
variable [68]. The high values of the determination coefficients indicate that the proposed
model fits the data well and facilitates the prediction of the rock sample’s properties after
any cycle of artificial weathering processes. The fitted curves and experimental data results
of tensile strength and uniaxial compression strength for the different limestone rocks
against cyclic thermal quenching and salt crystallization weathering processes are illus-
trated in Figure 8. Based on the previously mentioned experimental results of the Brazilian
tensile strength and uniaxial compression strength for the limestone rock types against the
cyclic thermal quenching and salt crystallization (Tables 4 and 5), the values of the decay
constant (A) are determined graphically in Figure 8 and listed in Tables 6 and 7; in addition,
the half-life (N /») values obtained from Equation (3) are detailed in Tables 6 and 7.

3.3.1. Decay Constant (A)

Figure 8 and Tables 6 and 7 show the decay constant values and the determination
coefficients (R?) obtained from the results of mechanical strength parameters, including
Brazilian tensile strength (Ts, MPa) and uniaxial compression strength (UCS, MPa) of the
studied limestone rocks due to the effect of thermal quenching and salt crystallization
cycles. As seenin Figure 8, the integrity loss of the uniaxial compression strength and tensile
strength show relatively high values of the decay constant and a rapid integrity decrease
rate (rapid durability rate) of the studied rocks, especially in the salt crystallization process.
It can also be seen that the high values of the determination coefficients indicate that the
proposed model fits the data well and is reliable for predicting the loss of mechanical
strength parameters and/or long-term durability of the studied limestone rock specimens
after any thermal quenching and/or salt crystallization cycle.
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Figure 8. Determining decay constant (1) based on TS and UCS data against cyclic thermal and
salt weathering.
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Table 6. Decay constant (1), half-life (N /), and coefficient of determination (R?) of tensile strength
parameter due to cyclic thermal shock and salt crystallization.

Tensile Strength TS (MPa)

Thermal Quenching Salt Crystallization
A INEY3 R? A Ny R?
LSS —0.007 99.0 0.9796 —0.019 36.5 0.9877
LSZ —0.006 115.5 0.9385 —0.017 40.8 0.9571
LEM —0.004 173.3 0.9562 —0.009 77.0 0.9768
LQ —0.003 231.0 0.9200 —0.006 115.5 0.9438
LSG —0.011 63.0 0.9589 —0.029 239 0.9459
LA —0.010 69.3 0.9827 —0.025 27.7 0.9936

Table 7. Decay constant (A), half-life (N1 /»), and coefficient of determination (R?) of uniaxial com-
pression strength parameter due to cyclic thermal shock and salt crystallization.

Uniaxial Compression Strength UCS (MPa).

Thermal Quenching Salt Crystallization
A Ny R? A Ny R?

LSS —0.007 99 0.9840 —0.018 38.5 0.9928
LSz —0.006 1155 0.9799 —0.015 46.2 0.9953
LEM —0.004 173.3 0.9753 —0.009 77 0.9979
LQ —0.002 346.5 0.9584 —0.006 115.5 0.981
LSG —0.010 69.3 0.9880 —0.027 25.7 0.9931
LA —0.009 77.0 0.9823 —0.022 315 0.9735

It is concluded that the sedimentary rocks of the same kind provide good information
about their long-term deterioration against the impact of cyclic weathering processes.
For example, as seen in Table 6, one of the highest durable limestone samples (LQ) and
also one of the least durable specimens (LSG), due to the influence of thermal quenching
process (i.e., showing the lowest and highest decay constant values, (A = —0.003 and
—0.011, respectively), are of the same rock type. In fact, the tensile strength value of the LQ
specimens decreased by 0.3% compared to their initial value, on average, after one thermal
quenching cycle, whereas the LSG specimens decreased by 1.1%. Therefore, the integrity
decrease rate (degradation rate) of LSG limestone specimens is 3.7 times more than that of
the LQ specimens. Similarly, for the cyclic salt crystallization, some of the highest durable
samples (LQ) and the least durable specimens (LSG) (i.e., exhibiting the lowest and highest
decay constant, (A = —0.006 and —0.029, respectively). Indeed, the LQ specimens lost only
0.6% of their main tensile strength value, on average, after one cycle of salt crystallization,
while the LSG specimens decreased by 2.9%. As a result, the integrity loss rate of the LSG
specimens is 4.8 times more than that of the LQ specimens (Table 6). Therefore, according to
the presented results in Tables 6 and 7, it can be said that the studied limestone specimens
exposed to the salt crystallization cycles exhibited the highest values of the decay constant
compared to the thermal quenching process.

3.3.2. Half-Life (N /»)

The values of the half-life (Nj,;) of the loss of tensile and uniaxial compressive
strengths of the studied limestones due to the cyclic thermal quenching and salt crystal-
lization are also listed in Tables 6 and 7 and graphically illustrated in Figures 9 and 10,
respectively. Based on the results of the tensile strength under the cyclic thermal quenching
presented in Table 6 and Figure 9, the limestone specimens, namely LQ, have the longest
half-life (231 cycles), whilst the LSG samples have the shortest half-life (63 cycles). For
the cyclic salt crystallization, it can also be seen that the LQ samples exhibit the longest
half-life (115.5 cycles), while the shortest half-life is for LSG specimens (23.9 cycles). Simi-
larly, according to the data of the uniaxial compression strength against the cyclic thermal
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quenching listed in Table 7 and Figure 10, the LQ limestone samples show the longest half-
life (346.5 cycles), whilst the LSG specimens have the shortest half-life (69.3 cycles). For the
salt crystallization process, it can also be seen that the LQ samples exhibit the longest half-
life (115.5 cycles), while the shortest half-life is for LSG specimens (25.9 cycles). As shown in
Figures 9 and 10, the half-life values based on the tensile strength and uniaxial compression
strength parameters, respectively, are similar in some of the studied limestone specimens.
The half-life values have no meaningful pattern with respect to the rock kind. Actually,
rocks linked to the same origin can indicate a clear variation in long-term deterioration
due to the various weathering processes in some cases. Therefore, the type of rock alone
cannot provide sufficiently useful information related to the durability of rock specimens
under the artificial weathering processes. Eren and Bahali [69] measured the reduction in
weight of two different types of limestone under cyclic freezing—thawing. They noticed
that the rocks regarding the same origin could indicate clearly different behaviors under
freezing—thawing action, and this is due to change in their porosity. Mutluturk et al. [24]
measured the shore hardness changes of some various rock types against freezing—thawing
cycles. They showed that the rock type alone does not give a clue for the half-life of rocks

due to cyclic freezing—thawing.
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Figure 9. Half-life values of tensile strength of limestones under cyclic thermal and salt weathering.
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Figure 10. Half-life values of uniaxial compression strength of limestones under the thermal and

salt weathering.

According to the current results, it is seen that the half-life values of the integrity loss
of the strength properties (Ts and UCS) for the studied limestone rock specimens due to
the impact of salt crystallization cycles are lower than those the thermal quenching process.
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Overall, it can be concluded that studied limestones were more sensitive to deterioration
under the salt crystallization process than thermal quenching.

4. Conclusions

Rock deterioration subject to various physical weathering conditions was assessed
by performing the laboratory’s cyclic thermal quenching and salt crystallization tests and
using the decay function model parameters (decay constant and half-life) to provide helpful
information for the assessment of their durability. In addition, the studied limestone rock
specimens were also subjected to a series of laboratory experimental tests for determining
their physico-mechanical characteristics. In this study, the cyclic thermal quenching and
salt crystallization weathering processes were carried out on six different limestone types
used for construction purposes in Egypt to evaluate their long-term degradation. In general,
the present results show the strong impact of salt crystallization cycles on the rock physico-
mechanical characteristics compared to thermal quenching. Therefore, the major following
findings can be drawn from the current work:

1. The studied limestone rocks are more sensitive to the destructive effect of the salt
crystallization action than the thermal quenching weathering process. The tested
limestone rock samples, namely LSG, showed the most significant increase in porosity
(3.30%) and the highest percentage decrease in uniaxial compression strength and
tensile strength (48.3% and 53.4%), respectively, after the cyclic salt crystallization
compared to the other limestone samples. Therefore, the thermal quenching process is
not very destructive to the tested limestone samples with high strength and durability
compared to salt crystallization. After the end of the cyclic salt crystallization, a slight
disintegration was observed at the edges and corners of the LSG samples. Therefore,
the studied limestone samples can be used as building stones in mild or humid and
salty areas for a long time without degradation. Nevertheless, partial attention must
be given to the LSG limestone type.

2. The lowest deterioration level was recorded for the LQ rock samples due to their
low porosity and water absorption capacity. Therefore, these specimens were more
resistant to weathering processes than other samples.

3. The tested rock specimens under cyclic thermal quenching showed low variations
in their physico-mechanical properties. The major reason for these changes is the
presence of calcite mineral that leads to anisotropic pressures. These pressures may
reopen micro-fractures or pores and finally damage the rock. Overall, the cyclic salt
weathering process deteriorated the physical and mechanical characteristics of the
rock samples compared to the thermal quenching action.

4. An exponential decay model is applied for predicting the integrity loss characteristics
(disintegration rate) of the mechanical strength properties for the tested limestones
following cyclic thermal quenching and salt crystallization weathering. This model
exhibited a higher sensitivity of limestone rock samples to the cyclic salt weathering
process. High values of the decay constant were attained under salt crystallization
weathering in comparison with the thermal quenching action, so this model is capable
of predicting the degradation rate (integrity loss) of limestone rock specimens without
performing any testing and is appropriate for rocks quarried from the same type.

After investigating the artificial weathering processes of the studied rocks, the infor-
mation attained may be very useful in new engineering applications and restoration works.
According to the current results, the tested limestone specimens may be appropriate for
use in areas exposed to frequent thermal and salt weathering action. However, future
work should investigate the impact of weathering processes on different types of rocks
for obtaining a complete evolution of the rock deterioration characteristics. Furthermore,
the decay function model used here to estimate the rock durability characteristics in pro-
jected future constructions might be usefully applied on various rocks against weathering
conditions for use in other studies. Therefore, the subsequent studies must select more
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than one appropriate model and compare their durability changes. This might give a good
impression of overall model performance and compare the results of these intermodal.
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Abstract: The studied copper ore deposit is located in Miedzianka Mountain (Swietokrzyskie Moun-
tains, central Poland). This deposit was exploited from the 13th century to the 1950s; therefore
numerous historical adits are currently present. One of these is Teresa adit (established in 1805),
consisting of underground mining corridors and natural cave developed in the Upper Devonian
limestones, partially transformed by mining works. Samples of copper- and rock-forming minerals in
limestones collected at seven sites within the richest copper-bearing mineralisation in this adit were
studied with petrographic investigation of thin sections, micro-area chemical analysis (EDS), and
XRD. This study shows the presence of various minerals: (a) Cu-Fe sulphides (relics of chalcopyrite)
and Cu sulphides (covellite, chalcocite), (b) Cu-Fe oxides (cuprite and hematite), (c) Ca and Cu
carbonates (calcite, azurite, and malachite), (d) clay minerals (Fe-Mg illite), and (e) micro-crystalline
silica (quartz). For the first time in the studied deposit, we described chalcopyrite relics in cuprite
pseudomorphosis, hematite with admixture of vanadium in pinkish-creme veins in limestones, and
the presence of an admixture of Fe-Mg illite and microcystaline silica within cracks of limestones. In
addition, for the first time, unit cell parameters of malachite and azurite from Miedzianka Moun-
tain were determined, indicating very low substitutions of atoms other than Cu in their structures.
We suppose that the minerals studied were formed during three types of copper mineralisation
processes: (a) hydrothermal (relics of chalcopyrite), (b) secondary weathering (chalcocite, covellite,
cuprite, hematite), and (c) adsorptive mineralisation (azurite, malachite). The latter stage is related
to residuum, which consists of a mixture of Fe-Mg illite and micro-crystalline quartz, which was
formed during the dissolution of limestones in karst processes in some crevices. We proposed a
model of the formation of copper carbonates in the adsorption stage of the copper-bearing min-
eralisation in Miedzianka Mountain deposits. Two generations of calcite veins (older—red calcite
and younger—creme-pinkish calcite) were also detected. Mineralogical-petrographical studies of
samples revealed a high scientific and educational value. Due to the fact that the Teresa adit is
planned to be made available to geotourists, this work is worth presenting to the public either in the
adit and/or in a local museum in Miedzianka village.

Keywords: Miedzianka Mountain deposit; mining heritage; copper minerals; azurite; malachite

1. Introduction

Miedzianka Mountain is located in the southeastern part of Poland, about 20 km
west of Kielce (Figure 1). The massif lies in the southwestern part of the Swietokrzyskie
Mountains, in the northwest part of the Checiriski range. It consists of two rocky peaks:
the eastern one, the higher of the two, 354 m above sea level, and the lower, western
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one, 350 m.a.s.l.,, separated by a mountain pass (Figure 2a,b). At the foot of Miedzianka
Mountain lies Miedzianka village.

Figure 1. Position of Miedzianka Mountain in Poland.

Figure 2. Field photos showing historical mining activities in Miedzianka Mountain: (a) the summit

of the mountain with shallow morphological depressions, which are the remains of collapsed mining
excavations (funnels); a view towards the northwest; (b) peak of Miedzianka Mountain, with visible
excavation remnants; a view towards the east; (c) an exposition of rocks, mining instruments, and
machines in the Museum Chamber of Ore Mining in Miedzianka; (d) abandoned Devonian limestone
quarry on the southeast slope of Miedzianka Mountain, showing the entrance (yellow arrow).
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Miedzianka Mountain was a thriving centre of ore mining (copper, silver) since the 13th
century [1]. Currently the deposit has not been exploited since 1958, when the Miedzianka
Mountain Reserve was formed in the mountain and adjacent area. The history, geology,
tectonics, and mineralogy of Miedzianka Mountain deposit have been studied for almost
200 years, e.g., [1-7]. Forty minerals have been found in this deposit so far [8]. Two adits
named Teresa and Zofia located on Miedzianka Mountain are planned to be opened for
tourists [9]. Recent exploration of the Teresa adit has shown that it has unique geological,
mining, mineralogical, and historical features [10]. This work is a comprehensive study
of the minerals in the Teresa adit, which could constitute an important educational and
scientific contribution, especially when this adit is made publicly available.

The aim of this study was mineralogical and petrographical investigation of cop-
per and accompanying minerals at selected points in the Teresa adit. A comprehensive
documentation of the minerals in the Teresa adit is presented in the context of making
it available to tourists and constructing the mineralogical museum’s collection. For the
first time in this adit, in situ samples were collected from seven selected points with the
richest mineralisation, and then studied using petrographic investigation of thin sections,
micro-area chemical analysis (EDS), and XRD analysis. The results presented in this study
are a significant supplement to the information for the proposed geotourist route in the
Teresa adit [10,11].

2. Outline of the History of Mineral Investigation in the Miedzianka Mountain Deposit
2.1. Exploitation of the Deposit

Historical sources indicate that Miedzianka Mountain was an important source of cop-
per and silver in Poland through the centuries [1]. For example, according to Czarnocki [5],
from 1820 to 1840 almost 18 thousand (17.623) tons of Cu ores were excavated here. The
copper content in this deposit was 1%—4% [5]. Later data showed that from 1915 to 1918
about 1360 tons of copper ore were extracted [5]. At present, numerous traces of old mining
activity, including buried shafts, mine craters, and heaps, are observed on Miedzianka
Mountain (Figure 2a,b). There are also three adits: Zofia, Teresa, and Laszczynscy, as well
as the Austrian shaft. The Teresa and Zofia adits were actively operated from the beginning
of the 19th century to the 1920s and are currently unavailable.

Due to the historical importance of this place, its legal protection was planned from
the 1950s. Finally in 1958 Miedzianka Mountain was granted the status of an inanimate
nature reserve. The area of the Miedzianka Mountain Reserve is approx. 0.25 km?. There is
also the Museum Chamber of Ore Mining in Miedzianka, where, among other exhibits, the
old mining machines (Figure 2c) and the Piotr shaft tower are presented. This reserve is
located in the Kielce-Checiny Landscape Park and is one of the most beautiful points of the
Swietokrzyski Archaeological and Geological Trail. Already in the 19th century, there were
plans to open the adits for tourism. In 2017, preliminary research on making underground
workings available for geotourism (geotouristic path) were published [9]. Miedzianka
Mountain is also one of the geological sites located in the Swietokrzyski Geopark (Holy
Cross Mountains Geopark) which in the 2021 was granted UNESCO Global Geopark status.

2.2. Minerals Described from the Deposit

The first general descriptions of the Miedzianka Mountain deposit and copper miner-
alisation were made by Stanistaw Staszic [2], who is named the father of geology in Poland,
due to his precursor geological and deposit research in Poland. In 1841, a monograph
on the deposits and their exploitation was published [12]. From the mid-19th century,
the copper ore deposit on Miedzianka Mountain was abandoned for economic and po-
litical reasons. At the beginning of the 20th century, operations were resumed by the
mining company of the Laszczyniski brothers. In the first half part of the 20th century
three new phases were described by Morozewicz: “staszicite” [3], “lubekite” [4], and
“miedziankite” [13]. They were not accepted by IMA CNMNC (International Mineralogical
Association, Commission on New Minerals, Nomenclature and Classification). Detailed
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studies in the 21st century showed that the “staszicite” is a zincian variety of conichalcite
(fomula: CaCu(AsOy4)(OH) [14], “lubeckite” is an admixture of a cuprian—cobaltoan wad
(formula: (Mn,Cu,Co)xOy) [8], whereas “miedziankite” is Zn-rich tennantite-Cu (formula:
(Cu,Zn)12(As,Sb)4S13) [15]-

Mineralogical studies on minerals in the Miedzianka Mountain deposit were later
carried out by Laszkiewicz [16]. In 1928, Czarnocki [17] described the relationship between
tectonics and copper mineralisation. After the Second World War, the research was con-
tinued; however, in the 1950s it was decided that the Miedzianka Mountain ore was not
suitable for mining for economic reasons. Despite the fact that the ore deposit is no longer
exploited, mineralogical, geochemical, and geological studies are still being carried out
e.g. [1,6-8,10,11,18-23].

Recently, for the purposes of mineralogical and geochemical research, samples are
usually taken from heaps, but occasionally from underground adits, e.g., [8,18]. Forty
minerals from this deposit have been described so far [8] and references therein. They are
mainly copper ore minerals (sulphides, sulphosalts, oxides, and carbonates), but also very
rare minerals (such arsenates, vanadates, and phosphates) [6,7,18,19,24-27].

2.3. The Origin of the Deposit

The origin and age of mineralisation in the Miedzianka Mountain deposit were dis-
cussed in many papers. It is assumed that the Miedzianka Mountain deposit has a hy-
drothermal origin, related to migration of low-temperature fluids (epithermal) [6,28] or
high-temperature ones [7]. Kozlowski [8] suggested the primary mineral assemblages
are of meso- to (mostly) epithermal origin; many of the mineral assemblages are of the
tele-thermal type. The deposit was probably formed during the Variscan movements in the
Lower Permian [29] and before the Upper Permian because there is no copper mineralisa-
tion in the Buntsandstein sandstones and Zeichstein conglomerates. The ore concentration
in the oxidation and weathering zone of the primary copper deposit was described by
Urban [30] as impregnations in tectonic zones and/or vein ores.

Ore mineralisation in the Miedzianka Mountain deposit is described as a complex
process consisting of three stages [6]. According to Rubinowski [6], the first hydrothermal
stage of the formation of primary copper ore in Devonian rocks is associated with hy-
drothermal solutions. The presence of such solutions was associated with the intrusion of
diabase and lamprophyre glands into the Cambrian and Lower Devonian rocks in the area
of the Swietokrzyskie Mountains [6,31-33]. Based on the geological position of these rocks
in the exposures and drill cores, it was assumed that their intruded age and the formation
of ore-bearing hydrothermal solutions are Upper Carboniferous/Lower Permian [31,33,34].
This primary mineralisation is related to the older longitudinal fault parallel to the axis of
the Checiny anticline [28] and forms a vein deposit located in the tectonic fractures. New
data [35] using K-Ar and Ar-Ar methods for diabases and lamprophyres showed that these
rocks are between 391.7 and 254.5 Ma (Lower Devonian—-Permian).

The formation of secondary copper sulphides and the second stage of ore mineralisa-
tion were linked by Rubinowski [6] with the processes of primary deposit weathering and
called the weathering stage. The third adsorption stage [6] was related to the “capture” of
copper ions by the clay and carbonate residue resulting from the karstification process of
Devonian limestones, which led to the formation of copper carbonates.

Minerals that occur in the primary ore zone belonging to the primary paragenesis are
chalcopyrite (CuFeS,), Zn-rich tennantite-Cu [(Cu, Zn)» (As,Sb)4S13], and galena (PbS) [7].
“Miedziankite” oxidises quickly, and the unoxidised mineral phase can only observed at
the mining site on the sides of the adit tunnels [18]. The “Miedziankite” phase is also called
grey copper ore (so-called “szaromiedniak”) [36].

Koztowski [8] also included native gold as a primary mineral of the Miedzianka
Mountain deposits. It was probably also an admixture of sulphides (chalcopyrite) or
Cu-sulphosalts (tennantite series). Chemical weathering of primary ores resulted in the
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release of gold from their crystal lattice and its secondary accumulation in hypergenic
minerals—Fe oxides and hydroxides and malachite [7,8,37,38].

Secondary minerals related to the oxidation zone described in the Miedzianka Moun-
tain deposit [6-8,39] are copper carbonates (malachite and azurite), chalcocite (Cu,S), cov-
ellite (CuS), bornite (CusFeSy), cuprite (CuyO), tenorite (CuO), and iron oxides. Secondary
minerals are found in veins/veinlets as well as in karst funnels into Devonian limestones.

In the primary zone of the deposit, there is also chalcocite (Cu,S), which, according
to Rubinowski [6], is the dominant mineral in the Miedzianka deposit. The origin of this
mineral is still under discussion. Rubinowski [6] described that this chalcocite occurs in a
rhombus-shaped modification (the so-called 3-chalcocite) and its formation was associated
with the weathering process of the deposit. On the other hand, Balcerzak et al. [7] suggested
that chalcocite occurs in veins in the zone of primary ores, but it cannot be ruled out that
these veins were formed as a result of chalcocite migration from the ore zone changed by
distention solutions. These authors reported that chalcocite occurs in two overgrown forms
that are crystallographically related and do not take up relics of bornite and chalcopyrite.

Gold found in some minerals, i.e., hematite and malachite, was also described from
this copper deposit [3,7,8,38,40]. As suggested by Balcerzak et al. [7] gold was formed
during the hypergenic processes and is located in the lower part of weathering ores. In
the 16th century, gold and silver were extracted from malachite and other Cu-bearing
minerals that were mined at Miedzianka Mountain. Extracted gold was used to make the
golden dome of Sigismund’s Chapel (a funerary chapel for the last kings of the Jagiellonian
dynasty) in the Wawel Cathedral in Krakow, Poland [41].

3. Study Area

Miedzianka Mountain is located in the Swietokrzyskie Mountains (Kielce zone) in
the south wing of the Checiny anticline (Czarnocki vide Konon [42]). It is composed of
Devonian massive organogenetic limestones (Upper Givetian, Frasnian) and plate lime-
stones (Frasnian—-Famennian [6]). On the southern slopes there are Triassic sediments
that inconsistently lie on the Palaeozoic formations [21]. In the east part, clay-mudstone
Cambrian rocks occur, and build the core of the Checiny anticline (Figure 3). The contact
between the Palaeozoic series is tectonic because the Devonian rocks are overlapped by the
Cambrian rocks [6].

Miedzianka Mountain

? 1§|0m

Pleistocene (sands)

- Triassic (sandstones and mudstones)

- Upper Devonian (limestones)
- Middle Devonian (limestones)

- Cambrian (mudstones and sandstones)
[ Faults
Figure 3. Geological cross-section of Miedzianka Mountain [28], simplified.

Our investigations were carried out in the Teresa adit, which is located on the eastern
slope of Miedzianka Mountain. It is hollowed out within the Upper Devonian (Frasnian—
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Famennian) limestones, which are cut by cherry, marly shales (Famennian) [6]. The entrance
is located in the eastern part an abandoned quarry (Figure 2d). The Teresa adit is a 523 m
system of underground corridors including 270 m of natural karst caves, altered by mining
works (Figure 4). There are also two shafts that are inaccessible. Detailed descriptions of
the Teresa adit are included in a paper published by Ciurej et al. [10].

20,0 y 0.0
40.0 40.0 q f} § 1|2 1|6 I20 m

20.0 40.0
P3 {
P

—20.0 ( V P6

€ T

—20.0 0.0 20.0 40.0 60.0 80.0

N

Figure 4. Simplified map of the cave in the Teresa adit inside Miedzianka Mountain [43], with the
location of the studied sites and samples collected for mineralogical studies. X—location of studied
sites and E—entrance.

4. Research Methods

The Teresa adit is not publicly available and it was necessary to obtain permission
in order to explore and collect samples from the Regional Director for Environmental
Protection in Kielce. The study of the Teresa adit took place during winter 2018/2019, by
a team of specialists in the fields of geology and speleology. Exploration covered 150 m
of the adit’s natural caves, corridors, and underground galleries. Two shafts were not
examined, because they are collapsed and their exploration could be associated with high
risk. Seven representative sites with symbols P1-P7 were selected for detailed examination
and laboratory studies (Figure 4). For detailed descriptions of the studied sites see Ciurej
et al. [10]. In total, twenty-three rock samples were obtained. The samples were chipped
(detached) with a hammer and also drilled using a core drill with a diameter of 2.5 cm and
5 ecm (Figure 5). Twenty-four petrographic, uncovered thin sections of about 5 cm x 3 cm
size were made. All thin sections were observed with a Nikon Eclipse LV100N POL (Japan)
polarizing optical microscope with a photographic camera and NIS-Elements BR (ver. 4.30)
software located at the Department of Geology, Pedagogical University in Krakow.
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Figure 5. Sampling procedure: (a) drilling a sample with a core drill in dead end walkway;, site P7;
(b) sample P3A1-2 drilled in the sidewalk wall, site P3; (c) pulling out the core of sample P7A1-1
from the sidewalk wall, site P7; (d) core of sample P6A1-1 obtained by using a core drill, note distinct
deep blue colour of azurite mineral dispersed in rock, site P6.

The chemical composition of ore minerals was determined using the SEM-EDS method.
Ten selected samples, including thin sections and rock chips of about 5 cm x 3 cm size, were
examined. Carbon-coated polished thin sections and rock chips of the studied samples
were analysed using a HITACHI S 4700 (Japan) microscope with a Vantage (NORAN EDX)
spectrometer. The time of analysis was 100 s for point at an acceleration voltage of 20 kV.
The ZAF correction algorithm was used. The study was carried at the Laboratory with Field
Scanning Emission Microscopy and Microanalysis at the Institute of Geological Sciences of
the Jagiellonian University, Krakow, Poland.

The mineralogy of five selected samples was determined on randomly oriented pow-
der specimens. The material was precisely extracted with a dental scalpel and the aim
was to obtain information on minerals from selected crusts. The samples were then milled
in an agate mortar. X-ray diffraction measurements were carried out using a Bruker D8
diffractometer (USA) located in the Clay Minerals Laboratory in the Institute of Geological
Sciences, Polish Academy of Sciences, Krakow, Poland. Diffractograms were recorded
with Co radiation in the range of 4-85° 2 ®, with a step size of 0.014°, registered every 3 s.
BGMN/Profex (ver. 4.3) software was used for quantitative analysis. The range below 8°
or 10° 2 © was excluded from fitting due to high background at lower angles and artificial
peaks caused by diffraction of X-rays that were not fully filtered by Fe foil. Peak posi-
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tions were corrected by assuming sample displacement. All major phases were calculated
with corrections for crystallite sizes, microstrain, as well as preferred orientation. A LaBg
crystallite size standard (SRM 660a) was used as a test for correct instrumental function
calculation. Unit cell parameters of the identified Cu-bearing phases were determined
and compared with parameters of these minerals from the American Mineralogist Crystal
Structure Database (AMCSD).

The samples are archived at the Institute of Geography, Geology Department, Pedagog-
ical University of Krakow, Podchorazych 2, 30-084 Krakow, Poland; Collection reference:
Gora Miedzianka, 2019/ P1-P7.

5. Results

Devonian limestones with calcite (Figure 6a) and copper (Figure 6b) mineralisation
were collected for this study. The presence of secondary copper minerals—secondary
copper sulphides, copper oxides— and carbonates—malachite (Figure 6¢c) and azurite
(Figure 6d)—as well as iron minerals (Fe-oxides) and a mixture of Fe-Mg illite with micro-
crystalline quartz/silica (in karst fractures) were found.

Figure 6. Devonian limestone with various styles of mineralisation in the Teresa adit: (a) fine-grained
micrite limestones with different-colour calcite (rosa-like calcite type) vein: old—red (red arrow) and
young—creme-pinkish (blue arrow) generations, sample P3A3-1; (b) breccia of Devonian limestones
cut with veins of red calcite and malachite, sample P1A1; (c) underground photo showing the mala-
chite (green colour) and black mineralisation in creme-pinkish calcite vein, site P7; (d) underground
photo showing the nest azurite (blue colour) mineralisation in creme-pinkish calcite vein, site P6.
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XRD tests showed the presence of the above mentioned minerals (Figure 7, Tables 1 and 2).
The determined unit cell parameters show that azurite is within precision, practically iden-
tical to the one from the database, indicating a lack or small substitutions of Cu in the
structure. For malachite the unit cell parameters are also very close to those from the
database, but the a and b parameters are slightly lower, while c is slightly higher than in
the AMCSD.

— experimental

theoretical

! % h \ } P7 A2-1 green

oo b ik ' P7 A2-1black

? | | PEA2-1blue

8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80
2 theta

Figure 7. Comparison of experimental (black) and calculated (red) diffractograms of selected samples.
C—calcite, Q—quartz, A—azurite, M—malachite, [IS—mica/illite, H—hematite.

Table 1. Quantitative composition of precisely extracted crusts. Optimised unit cell parameters of
copper-bearing phases are expressed in A and degrees. For sample P4A2-1, unit cell parameters are
not shown because of the low content of this phase, and thus its low precision. Unit cell values in
brackets are from the AMCSD database [44,45].

Sample Quartz  Calcite Azurite Malachite Mica/lllite Hematite Siderite SUM
P4A2-1 8.1 40.3 0.8 47.7 2.5 0.6 100.0
P6A2-1 calcite 2.5 97.5 100.0
8.8
a =5.0150 £ 0.0063 (5.011)
P6A2-1 blue 0.4 85.5 b =5.8482 £ 0.0092 (5.850) 5.3 100.0
¢ =10.349 4+ 0.012 (10.353)
3 =92.48° +0.10 (92.41)
10.8
a =9.492 £ 0.027 (9.502)
P7A1-1 green 1.3 87.9 b =11.946 + 0.025 (11.974) 100.0
¢ =3.2441 + 0.0082 (3.240)
3 =98.56° + 0.20 (98.75)
8.0
a =9.493 £ 0.038 (9.502)
P7A1-1 black 3.0 89.0 b =11.943 4+ 0.033 (11.974) 100.0

¢ =3.243 £ 0.012 (3.240)
B =98.55° = 0.30 (98.75)
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Table 2. Reflections used for qualitative analysis of copper-bearing phases.

Relative

Phase 2 Theta (Co) Intensity D-Spacing hkl
Malachite 17.18 48.11 5.9870 020
20.41 67.53 5.0484 120
28.02 68.15 3.6948 220

36.51 100.00 2.8556 —201

37.57 43.29 2.7777 —211
Azurite 19.92 61.54 5.1719 002
20.23 29.12 5.0921 011

28.17 55.14 3.6753 —102
29.33 100.00 3.5336 111
41.14 26.31 2.5460 022

Malachite was found in both samples: P7 green and P7 black, based on XRD analysis
(Figure 7, Table 1). The black mineralisation in the sample P7 black was not detected
by XRD. The difference in colour in both samples can be related to admixtures of other
minerals; sample P7 black can contain cuprite, that is below the sensitivity of XRD.

5.1. Characteristics of Devonian Limestones

Ore mineralisation occurs in host Middle Devonian limestones. The limestones are
light grey to grey, fine-grained (Figure 6a), and contain fauna (e.g., Amphipora sp.; Stromato-
pora sp., Megalodon sp., Lexonema sp., Tetracorallia sp.) [11,46]. The studied limestone was
described as biolithite/boundstone and biostrome [47,48]. The calcite in the limestone is
fine-grained and occurs in the micrite variety (Figure 8a). Micro-area chemical analysis of
the micrite calcite showed that it is a calcite with an admixture of magnesium (MgO from
0.6 to 0.5 wt.%) (Figure 9a—sample P6A1).

The limestones are strongly tectonically fractured and cut by numerous veins and
veinlets (0.5-0.1 cm). The veins and veinlets are of various colours (white, pink, black,
brown, blue, and green—Figures 6a,b and 9b) because they are filled with different
minerals—white and creme: pinkish calcite (Figures 8a and 9c¢); black: Cu oxides (tenorite?)
(Figure 8b) and cuprite (Figure 8c,d); blue and green: Cu carbonates—azurite (Figure 8e)
and malachite (Figure 8f); red-brown, red Fe hydroxides (Figure 8f) and oxides (hematite)
(Figure 8g,h).

In thin sections, the studied limestones are micritic (Figure 8a) with stylolite seams
(Figure 8b). The rocks are cut by numerous veins and veinlets. The carbonates from white
and pink veins and veinlets contain sparitic, colourless calcite (Figure 8a). In transmitted
light, this mineral has variable relief, low to high (n., = 1.640-1.660, n¢ = 1.86), high
birefringence (6 = 0.154-0.174) [49], and high-order interference colour. In fine-grained
aggregates (micritic aggregates), the rhombohedral cleavage is not observed, while in the
veins, rhombohedral cleavage is visible in the sparitic calcite crystals (coarse grains) as well
as polysynthetic lamellar twinning in two directions (Figure 8a). These twins form as a
result of relatively low mechanical stress during the tectonic deformation of rocks.

In karst nests, which were formed due the weathering processes in the Permian/Early
Triassic, the Fe-Mg illite blasts and micro-crystalline quartz grains occurred. The presence
of these minerals in the studied limestones was confirmed by the XRD data (Figure 7—
sample P4A2-1, Table 1) as well as the EDS investigations (Figure 9d—f—sample P6A1).
The small broadening of ~10° 20 peak of illite indicates a low percentage of the smectitic
component (10%—-20%).
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Figure 8. Minerals in optical microscope views: (a) host micritic Devonian limestone (right part) cut
by veinlet of sparite, creme-pinkish calcite (left part), sample P1A1 (transmitted light XPL); (b) stylolite
impregnated by the so-called “black/tarry copper ore” (green arrows), sample P3A1 (transmitted light
PPL); (c) cuprite (cochineal red colour, green arrow, left) in azurite nests (blue colour) in the centre of
the pseudomorphosis chalcopyrite relics (black), sample P6A1-1 (transmitted light PPL); (d) cuprite
(bluish white colour, green arrow) in azurite nests (light gray). In the centrecan be observed yellow
chalcopyrite relics (blue arrows), which are replaced by cuprite, sample P6A1-1 (reflected light, PPL);
(e) fibrous azurite (deep blue) locally turns into malachite (red arrow), sample P6A1-1, (transmitted
light PPL); (f) fibrous malachite (green colour) nests/veinlets (left) and secondary Fe-hydroxide
(geothite) (brown colour), on the right side, sample P6A1-1 (transmitted light PPL); (g) hematite
(red-brown colour) pseudomorphosis (called “kidney ore”) after primary sulphides, sample P1A1
(transmitted light PPL); (h) greyish-white hematite (blue arrows) in pseudomorphosis after primary
sulphides, sample P1A1, enlarged from (g) (reflected light, PPL).
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Figure 9. SEM images of secondary minerals in the oxidised zones: (a) host Devonian
limestones—calcite with admixture of magnesium, sample P6A1; (b) azurite nest (white) in limestone
(gray), (black is an artefact), sample P7A1; (c) scattered hematite crystals with admixture of V,05
0.6 wt.% (limit detection for EDS + 0.05) in creme-pinkish calcite, sample P3A3; (d) host Devo-
nian limestones—Fe-Mg illite nests (blue arrow) and scattered Fe oxides (light) in calcite, sample
P6A1; (e) Mg-Fe illite nests (blue arrow) in calcite (green arrow), sample P6A1; (f) calcite with Fe-
Mg illite nests (blue arrow); blue arrow also marks the EDS analyses, shown in (g), sample P6A1,
(g) microprobe analyses of Fe-Mg illite, taken from site marked with blue arrow in (f).

5.2. Characteristics of Minerals from the Teresa Adit
5.2.1. Primary Minerals—Ore Mineralisation

In the samples studied from the Teresa adit only relics of primary chalcopyrite are
visible in sample P6A1-1 (Figure 8c,d). This mineral has a yellow colour in reflected light.
In the other samples (P1A1, P3A3, P7A1), the pseudomorphoses after primary sulphides
are filled by Fe oxides (hematite), calcite, Fe-Mg illite (Figure 8g,h (sample P1A1) and 10a
(sample P3A3)), as well as azurite (Figure 10b sample P7A1).
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Figure 10. SEM images of primary and secondary sulphide minerals in the oxidised zones: (a) pseu-
domorphosis after primary sulphide (pyrite) (marked by yellow arrow) filled with a mixture of calcite,
hematite, and Fe-Mg illite is present in cracks (blue arrows), sample P3A3; (b) pseudomorphosis
after primary sulphide (pyrite) filled with azurite, sample P7A1; (c) pseudomorphosis (right side)
after primary sulphide (pyrite) and sulfosalt (Zn-rich tennantite-Cu) filled with a mixture of Fe oxide
and conichalcite. Covellite (yellow arrows), calcite (green arrow), sample P7A1; (d) replacement
of Cu sulphide (chalcocite) by azurite, enlarged in (e), sample P6A1; (e) enlarged view from (d) of
replacement of Cu sulphide (chalcocite, green arrows) by azurite (yellow arrows), sample P6A1;
(f) secondary sulphide relics (covellite, green arrows) in azurite (blue arrows) pseudomorphosis and
host calcite (yellow arrows), sample P6AL.

5.2.2. Secondary Minerals in the Oxidised Zones

During the research performed in the present study the minerals Cu sulphide minerals
chalcocite (Cu,S) and covellite (CuS) were detected. They were identified in the studied
samples (P6A1-1 and P7A1) using micro-area chemical analysis (Figure 10c—f). The size of
these minerals is small (a few microns to 10-25 um). They appear as relics in the secondary
Cu carbonates (mainly azurite). We have to remark here that the primary or secondary
origin of chalcocite in this Miedzianka deposit is still under debate (see Section 2.3).

Cuprite—Cu;O. This mineral forms octahedral crystals or less often cubic crystals;
more common are massive, compact varieties (Figure 8c,d). Its colour is dark red to
cochineal red, sometimes black; compact varieties are brown-red. In transmitted light, thin
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and small crystals of cuprite are translucent and have cochineal red colour (Figure 8c). It has
exceptionally high relief (n = 2.849), is isotropic, and has no birefringence but sometimes
exhibits anomalous birefringence [47]. Its colour in reflected light is bluish-white with
internal blood-red reflections (Figure 8d). Cuprite is commonly formed as an oxidation
product of copper sulphides in the upper zone of veins. In the studied samples it is often
associated with azurite (Figure 8c). In the Teresa adit this mineral occurs in sample P6A1-1.
Earthy and massive clusters of cuprite with Fe hydroxides formed the so-called “orange-red
(brick colour) copper ore” [50], while the mixture of earthy clusters of cuprite, tenorite,
and Fe oxide and hydroxide with silica formed the so-called “black (tarry colour) copper
ore” [50] (Figure 8b).

Azurite—Cu3(CO3)2(OH);. This mineral is typically found as tabular to prismatic
crystals of a deep blue (“azure blue”) colour [18]. In the Teresa adit it occurs as fine-
grained massive aggregates or earthy clusters (Figure 8c) as well as fibrous aggregates
(Figures 8e and 10d). In transmitted light, azurite is transparent or translucent and has
a blue colour (Figure 8c,e). The mineral has high surface relief (n, = 1.730, ng = 1.758,
n, = 1.830) and high birefringence (6 = 0.108). Its pleochroism is visible in blue tones
(in plane-polarised light) [49]. Azurite often fills pseudomorphoses after primary and
secondary sulphides (Figure 10d—f) and secondary Cu oxides (Figure 8c). This mineral also
occurs in veinlets (Figure 8e). XRD data of azurite (the sample P6A2-1 blue) are presented
in Tables 1 and 2, and Figure 7. Optimized/calculated unit cell parameters of azurite from
the Teresa adit (sample P6A2-1 blue) follow, and are identical to the parameters of the
standard from the AMCSD database:

a =5.0150 £ 0.0063
b =5.8482 + 0.0092
¢ =10.349 £ 0.012
3 =92.48° +£0.10

These data indicate a lack of significant atomic substitutions in the mineral structure.

Malachite—Cu,(CO3)(OH),. Similar to azurite, malachite is formed as a result of
the oxidation of copper ore. In the samples studied from the Teresa adit, malachite is
rare compared to azurite. This mineral occurs as massive, compact, or earthy clusters in
veinlets in Devonian limestones (Figure 8f). Crystalline, radiate clusters of malachite are
uncommon in the studied samples. Small crystals are rarely observed [6]. In transmitted
light it is transparent and has a green colour (Figure 8f). Pleochroism is visible: X—nearly
colourless, Y—yellowish green, Z—deep green. Surface relief is very high (ny = 1.655,
ng = 1.875, ny, = 1.909); birefringence is also very high (6 = 0.254) [49].

XRD data of malachite (samples P6A1-1 green and P6A1-1 black) are presented in
Tables 1 and 2, and Figure 7. Calculated unit cell parameters of malachite from the Teresa
adit (samples P7A2-1 green and P7A2-1 black) are as follows:

Sample P7A2-1 green: Sample P7A2-1 black:
a=9492 4 0.027 a=9.493 £ 0.038

b =11.946 & 0.025 b =11.943 £ 0.033

¢ =3.2441 + 0.0082 c=3.243 £0.012

3 =98.56° £ 0.20  =98.55° £ 0.30

Both are very close to the standards from AMCSD. Small admixtures of bigger atoms
of Ag or Au in the structure can lead to slight deformations of the unit cell and thus a
decrease in a and b parameters with an increase in the ¢ parameter in comparison to the
values from AMSCD.

Hematite—Fe,O3. Fe oxide is an opaque mineral that has brown to reddish-brown
colours (Figure 8g,h). This mineral occurs as fibrous masses, sometimes radiating or in
reniform masses with a smooth fracture “kidney ore” (Figure 8g). It is frequently in earthy
masses in veinlets or in stylolite seams in Devonian limestones. Hematite has very high
surface relief (n,, = 3.150-3.220, n, = 2.870-2.940) and high birefringence (6 = 0.280) [49].
In transmitted light, pleochroism is weak from brownish-red to yellowish-red (Figure 8g).
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In reflected light this mineral is white to greyish-white with a bluish tint (Figure 8h).
The mineral filled the pseudomorphoses after primary sulphides and occurs in veinlets
(Figures 8g,h and 10a). It also occurs in the pseudomophoses after primary sulphides
accompanied by primary sulphide pyrite and sulfosalt Zn-rich tennantite-Cu (historical
name “miedziankite”) Figure 10c. XRD investigations showed the presence of hematite
in sample P4A2-1 (Table 1, Figure 7). Very small crystals of hematite are scattered in
limestones (sample P6A1,Figure 9d) and in creme-pinkish calcite veinlets (sample P3A3,
Figure 9c). Sometimes, hematite has the admixture of V,05 0.6 wt.% (limit of detection for
EDS =+ 0.05) as shown in the microprobe chemical analysis of sample P3A3.

[llite flakes occur in nests in Devonian limestones (Figure 9¢,f). They are very small in
size, up to 3 um. Illite together with calcite and micro-crystalline quartz/silica is found
in fractures in limestones (Figure 10a). XRD investigations showed the presence of illite
in sample P4A2-1 (Table 1, Figure 7). Based on the microprobe chemical analysis, it was
found that the composition of this mineral includes FeO 3.3 wt.% (limit of detection for
EDS =+ 0.03) and MgO 3.0 wt.% (limit of detection for EDS =+ 0.04). The occurrence of this
mineral in nest and karst fractures in Devonian limestones is connected to the weathering
processes and the development of karst on the exposed limestone surface during the
Permian/Early Triassic.

6. Discussion

The Teresa adit is one of the oldest adits in Miedzianka Mountain. It was hollowed in
1805 by the Austrians, then expanded many times and was finally connected to the natural
cave system. A preliminary description of the Teresa adit exploration was presented by
Borowiecki et al. [9], which focused on technical issues related to safety and adaptation for
tourism purposes. Furthermore, in the work of Ciurej et al. [10] there is a description of the
adit, itspavements, and the natural corridors of the cave.

In the Miedzianka Mountain copper deposit, 40 minerals, both primary and secondary,
have been described [8]. Paragenesis of primary ore minerals was described in the works of
researchers for over 100 years [6,7,22,24-27,33,37] and include the chalcopyrite, tennantite
variety (“miedziankite”), and galena.

In the samples collected in the Teresa adit, only one mineral of this paragenesis was
found, unfortunately in the form of relics of the primary chalcopyrite in a pseudomorphosis
filled with secondary cuprite (Figure 8d). Relics of primary chalcopyrite surrounded by
cuprite in the Miedzinka deposits was for the first time described in this paper. In this
study, the copper sulphides covellite (Figure 10f) and chalcocite (Figure 10e,d) were found.

The origin of the chalcocite is still not clear, whether it is a primary or secondary
mineral, as was mentioned in Section 2.3. According to Rubinowski [6,51], the formation of
these minerals is related to the stage of weathering of the primary deposit, the so-called
weathering stage. Balcerzak et al. [7] described that chalcocite occurs in the veins in the
primary zone, which could suggest its primary origin, although they do not exclude the
possibility of the formation of this mineral as a result of chalcocite migration from the altered
ores (oxidised and karstic secondary ores) and by distention solutions. Balcerzak et al. [7]
determined that chalcocite was formed at a temperature not higher than 103 °C. Chalcocite
is formed in reducing conditions as the first sulphide mineral in the secondary sulphide
cementation zone [41]. Covellite is also related to the secondary sulphide paragenesis, but
it is formed later during cementation processes.

During this stage, apart from the formation of secondary copper sulphides, copper
oxides, mainly cuprite, were formed, which was described in our work. In sample P6
(Figure 8c,d) a pseudomorphosis filled with cuprite with relics of primary chalcopyrite was
found. Cuprite is formed at a lower partial pressure of O, than tennorite [41].

The release of iron during primary chalcopyrite weathering is indicated by the pres-
ence of veins of goethite (Figure 8f) and hematite (Figures 7 and 8g,h) in the limestones.
Also, the two generations of rosa-like calcite (older (red) and younger (creme-pinkish)
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veins) found in limestones are coloured with diffused hematite pigment (Figures 8a and
9¢).

Copper carbonate mineralisation (azurite and malachite) is visible in many thin veins
(Figure 6¢,d), and can also be found in the creme-pinkish veins of calcite (Figure 6d). The
formation of these minerals is related to the last stage of cupriferous mineralisation—the ad-
sorption stage [6,51]. Then, the clay residue, formed after the dissolution of the limestones
in the karsting process, became a medium carrying copper ions, which was facilitated
by the network of cracks in the limestones. It was then that nests were created in un-
changed/partially karstic Devonian limestones filled with copper carbonates (azurite and
malachite—Figure 6c,d). Azurite forms in the oxidation zone initially. This mineral precipi-
tates under slightly acid conditions (pH ca. 6.95 [52]), and then locally turns into malachite.
We can observe such a process in Figure 8e. Malachite forms under neutral to slightly basic
pH conditions [52] during the neutralization of acidic supergene solutions by Devonian
limestones. In samples taken from the Teresa adit it can be observed that azurite not only
forms nests in the limestones (Figure 6d), but also occurs in pseudomorphoses, where relics
of copper sulphides can still be observed: chalcocite (Figure 10d,e) and covellite (Figure 10f)
as well as the copper oxide cuprite (Figure 8c). Malachite, similarly to azurite, occurs in the
form of fibrous aggregates (Figure 8e,f).

Devonian limestones in the Miedzianka Mountain deposit are strongly tectonically
fractured and cut by numerous veins of different colours (Figure 6a). Fragments of red veins
strongly stained with hematite can be observed (Figure 6a,b). Calcite veins with hematite
in limestones and their mechanism of formation were described by Bak et al. [53] and Bak
et al. [54]. Rubinowski [6] described two generations of veins. The oldest generation of
calcite is of a rosa-like calcite type. Creme-pinkish calcite veins can be observed in the
studied Devonian limestones from the Teresa adit (Figures 6a and 8a), and belong to the
younger generation of calcite [6]. According to Migaszewski et al. [55], it is the so-called
younger post-Variscan mineralisation. This calcite is the most common in the Miedzianka
Mountain deposit and was formed in conditions typical of the terrestrial environment,
characterised by strongly developed karst processes, as determined by isotope studies (C,
O, and Sr) carried out by Migaszewski et al. [55]. Micro-area chemical analysis of the calcite
from the creme-pinkish vein revealed the presence of scattered very small grains of hematite
with V,0s5 admixture. The presence of hematite containing vanadium, which occurs in
creme-pinkish calcite veins in Devonian limestones, was for the first time described in this
paper. The colour of calcite is related to various amounts of disseminated hematite. The
oxidation of iron minerals in limestones occurs during the processes of weathering and
karsting, and results in the appearance of a red colour in limestones and veins caused by
the presence of small grains of hematite [56].

Rubinowski [6] described the occurrence of clay residuum in Devonian limestones in
the Miedzianka Mountain deposit, and suggested that it was a medium that transferred
copper ions into fractured Devonian limestones and was responsible for the formation of
copper carbonates. This author also believed that this process was related to the adsorption
stage in the evolution of the copper deposit on Miedzianka Mountain [6]. During our study
of Devonian limestones we managed to find the clay residuum in limestone microcracks,
and we have defined its mineral composition. Our research showed that the residuum,
formed after the dissolution of limestones during the karsting process, is composed of
a mixture of Fe-Mg illite and micro-crystalline quartz/silica (Figures 7, 9f and 10a). In
addition, isolated azurite nest was found in limestones (Figure 10b), which might be
evidence of the transfer by clay minerals (illite) of copper ions in the limestones. Taking
into account Rubinowski’s hypothesis [6] concerning the adsorption stage of copper-bearing
mineralisation as well as our results, we proposed a model of the formation of copper
carbonates in the adsorption stage of copper-bearing mineralisation in the Miedzianka
Mountain deposit, presented in Figure 11.
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Figure 11. Scheme of formation of azurite nests, Fe-Mg illite, and fine crystalline silica within
microcracks in Devonian limestones in the adsorption stage (see [6]). Not to scale. (a,b)—stages of
dissolution of limestones during karstification; (c,d)—stages of adsorptive mineralisation. Legend:
1—microcracks in limestones; 2—Kkarst voids with residuum of clay minerals and microcrystalline
silica; 3—microcracks with residuum of clay minerals (illite) + solution with ions of Cu* and Fe?*;
4—Fe-Mg illite and microcrystalline silica in microcracks (see Figure 10a); 5—nests of azurite (see
Figure 9b).

7. Summary

Our investigation of the Teresa adit shows that mineralisation occurs as veins of
irregular shapes with various minerals. The minerals detected in the studied samples are
copper minerals (primary and secondary) and rock-forming minerals.

The primary minerals occurring only as relics of chalcopyrite were developed during
hydrothermal mineralisation (the first stage of mineralisation). Secondary minerals are
developed during: (a) weathering and karstification processes (the second stage of mineral-
isation), namely, secondary copper sulphides, copper oxides, and iron oxides including
chalcocite, covellite, cuprite, and hematite; and (b) adsorptive mineralisation (the third
stage of mineralisation), namely, azurite and malachite.

Our investigations show for the first time the presence of secondary cuprite with
relicts of primary chalcopyrite in the studied deposit. Moreover, the disseminated hematite
with admixture of vanadium, which occurs in younger creme-pinkish calcite veins, was not
described previously in this deposit. Although clay minerals (illite) are common minerals
in sedimentary rocks, it has not been described in limestones in the Miedzianka deposit
previously. We found Fe-Mg illite together with fine-grained silica in cracks in limestones
(Figures 9f and 10a). We proposed a model of the formation of copper carbonates in the
adsorption stage of copper-bearing mineralisation in the Miedzianka Mountain deposit
(Figure 11). In addition, for the first time unit cell parameters of malachite and azurite
from Miedzianka Mountain were determined. The data indicated very low substitutions of
atoms other than Cu in their structures (Table 1), probably silver and gold.
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The presence of the minerals described in the Miedzianka deposit suggest that it is
a deeply weathered deposit of copper sulphide with Pb-Zn hydrothermal veins. These
minerals’ parageneses are known from the Mississippi Valley deposit types.

The collected samples together with the detailed results described in this paper will
be donated to the Museum Chamber of Ore Mining in Miedzianka located in Miedzianka
village. The aim of our work was to enlarge the museum’s collection of mineralogical
specimens from the Teresa adit in the Miedzianka Mountain deposit. We are convinced
that the set of samples collected in the Teresa adit and studied in this paper will certainly
enrich the scientific and educational activity of this public institution.

The described minerals from samples in situ collected at seven points in the Teresa
adit may constitute the basis for the graphic design of information boards in the planned
underground geotourist route in the Teresa adit on Miedzianka Mountain [9].

Our research leads to the conclusion that, despite the fact that the Miedzianka Moun-
tain deposit is already exhausted and not exploited, and has been studied in various aspects
for almost 200 years, it still has great scientific potential. Findings of paragenesis of various
minerals in heaps and in adits are still being described. Therefore, the study of old deposits
usually extends knowledge with new scientific aspects, as presented in many works on
various ore and historical deposits in Europe, e.g., Lavrion Mines in Greece [57], the Sulcis,
Sardinia, Italy [58], Eastern Liguria, Italy [59], Wieliczka Salt Mine [60], Jachymoc, Czech
Republic [61], Freiberg, Germany [62], and Zemplin, Slovakia [63].
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Abstract: Archaeometry can help archaeologists in many ways, and one of the most common
archaeometric objectives is provenance analysis. Volcanic rocks are often found in archaeological
sites as materials used to make grinding tools such as millstones and mortars or as building materials.
Petrographic characterization is commonly applied to identify their main mineralogical components.
However, the provenance study of volcanic stones is usually undertaken by comparing geochemical
data from reference outcrops using common descriptive statistical tools such as biplots of chemical
elements, and occasionally, unsupervised multivariate data analysis like principal component analysis
(PCA) is also used. Recently, the use of supervised classification methods has shown a superior
performance in assigning provenance to archaeological samples. However, these methods require the
use of reference databases for all the possible provenance classes in order to train the classification
models. The existence of comprehensive collections of published geochemical analyses of igneous
rocks enables the use of the supervised approach for the provenance determination of volcanic stones.
In this paper, the provenance of volcanic grinding tools from two archaeological sites (Iulia Libica,
Spain, and Sidi Zahruni, Tunisia) is attempted using data from the GEOROC database through
unsupervised and supervised approaches. The materials from Sidi Zahruni have been identified as
basalts from Pantelleria (Italy), and the agreement between the different supervised classification
models tested is particularly conclusive. In contrast, the provenance of the materials from Iulia
Libica remained undetermined. The results illustrate the advantages and limitations of all the
examined methods.

Keywords: archaeometry; volcanic stone; grinding tools; provenance studies; supervised methods;
machine learning; clustering; XRF

1. Introduction

Among the vast field of archaeometry, provenance studies stand out [1]. These studies
involve the analysis of artifacts, raw materials, and geological sources to determine the
origin and movement of ancient objects [2]. Provenance studies help unravel the mysteries
of human history, trade, and cultural exchange. This type of research has been developed
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on a number of materials (see [2] and references therein), including pottery (and their
corresponding clays) [3,4], stones [5-7], metals (e.g., [8,9]), mortars/plasters (e.g., [10,11]),
glasses [12], glazes (e.g., [13,14]) and pigments (e.g., [15,16]). The strategy to trace the
source of the corresponding raw materials is specific to every type of material. Importance
can be focused on specific mineral inclusions, relevant chemical compositions, isotopic
ratios, etc. The most convenient and useful characterization techniques vary depending on
the material under study and the tracing strategy.

In the particular field of stone provenance studies, there is also a large diversity of
approaches that simply reflect the variety of rock types [17-22]. Marbles and volcanic rocks
are probably among the materials whose provenance has been most frequently investigated,
and this is for both archaeological and analytical reasons. Obsidians (volcanic glasses) aside,
volcanic rocks had specific uses. They were often used as grinding tools like millstones
and mortars [23-25] or as building materials such as vault stones [26,27]. The number of
plausible volcanic sources can be delimited by using geological, geographical and historical
data. In some cases, the analyzed materials can bear a particular chemical and mineral
content, enabling the ability to trace them back to a specific origin among the possible
sources [28-31]. These provenance studies are of capital importance to infer trading routes
and to assess the status of a given archaeological site.

In the present paper, we petrographically and geochemically characterize volcanic
stones retrieved from two Roman archaeological sites. We explore and compare conven-
tional and new strategies to infer their corresponding volcanic sources. The novelty lies
(i) in the exhaustive quantification of petrographic data as opposed to the common non- or
poorly quantified petrographic descriptions and, (ii) more importantly, in the innovative
use of supervised machine learning algorithms instead of the common unsupervised ex-
ploratory geochemical data analysis to tackle the provenance of the characterized materials.
The studied materials were retrieved from Iulia Libica, a Roman municipium (2nd-3rd
century CE) located in the Eastern Pyrenees (between Spain and France) and Sidi Zahruni,
a non-excavated late Roman large pottery center (5th—-7th century CE) located in northern
Tunisia (Figure 1a). The two sites have been selected for their role as trading centers [32,33]
and their proximity to a known geological source of volcanic stone (Olot Volcanic Field and
Pantelleria island, respectively).

SidZahruni

AFRICA i

500 km
40 cm :

Figure 1. (a) Location of the archaeological sites of Iulia Libica (Spain) and Sidi Zahruni (Tunisia).

(b) The three sampled millstones from Iulia Libica. (c) The seven small volcanic samples retrieved
from Sidi Zahruni.
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2. Materials and Methods
2.1. Archaeological Materials
2.1.1. Three Roman Millstones from Iulia Libica (Eastern Pyrenees)

The Roman city of Iulia Libica (currently Llivia) was placed in the most important
route crossing the Eastern Pyrenees, at more than 1200 m high. Its most splendorous period
was during the 1st and 2nd centuries CE. Archaeological research in the area started in
the 1970s, and regular excavation campaigns have been carried out since 1997. Since 2013,
one of the excavated areas has been confirmed as the central square (forum) of the Roman
city [34]. In 2019, excavation campaign works focused on the external part of the eastern
wall of the forum reaching its foundations. Within the infilling material of a ditch that
runs parallel to the eastern wall, abundant construction materials (tegulae and imbrices)
and pottery were retrieved, with the latter indicating a chronology around the change of
era. Also, within this ditch, three rotary millstones were retrieved along with a terracotta
artifact interpreted as a small sundial [35].

The three millstones (Figure 1b) correspond to three thin catilli, the biconical funnel
that rotates on a fixed bell-shaped millstone (meta) in rotary hand-mills. The morphology
of the millstones corresponds to type Lattes B2g, dating from the last decades of 1st century
BCE to the late 1st CE [36]. Most of the similar millstones found at Lattes and other sites in
Southern France were produced from local basalts.

Small chips from every retrieved millstone were carefully collected from fracture
surfaces using a small hammer and a chisel. The three samples (labeled L1, L2 and L3)
were split into two parts, one to be used for thin-section preparation and the other one to
be pulverized for chemical analysis.

2.1.2. Volcanic Stone from Sidi Zahruni (Nabeul, NE Tunisia)

Sidi Zahruni is a non-excavated site located near the modern town of Beni Khiar, 6
km northeast of Nabeul (ancient Neapolis), one of the best-documented amphora produc-
tion areas in Roman Africa Proconsularis. The site covers an area of 13 ha and hosts a
huge pottery center where amphorae, in particular African Keay 25 type, were massively
produced [37], as attested by the tilled fields containing an excessive number of pottery
shards. In 2012, a systematic surficial survey was performed on the site to determine the
different levels of shard concentration and their corresponding identifiable pottery typolo-
gies [38]. The chronology of the site, largely based on the known periods of production of
the identified pottery typologies, can be placed within the 5th—7th centuries CE.

Apart from pottery shards, marble, volcanic scoria, mosaic and cocciopesto mortar
fragments were also occasionally found. These were interpreted as evidence of at least two
areas with luxurious houses. Regarding the vesiculated volcanic scoria blocks, they are
clearly non-local stones but part of the archaeological site. The volcanic blocks on site were
fragmented and irregular, with the larger ones having an approximate volume of 3 dm3. A
curved surface on some of them indicated a probable use as millstone, though other uses
cannot be excluded. Pottery fragments, including small embedded volcanic chips, were
also found, indicating their use as mortarium.

Seven small samples of highly vesiculated volcanic scoria (labeled Z1 to Z7) were
obtained in the form of irregular fragments from the largest blocks found on the surface
of the site, using a small hammer and a chisel. Similarly to the samples from Iulia Libica,
the seven samples from Sidi Zahruni were split into two parts to be used for thin-section
preparation and chemical analysis, respectively (Figure 1c).

2.2. Characterization Methods

Standard thin sections of the samples were prepared at the Laboratori de Preparacio
de Lamines Primes, Universitat Autonoma de Barcelona (UAB). Petrographic descriptions
were performed using a Nikon Eclipse E400POL microscope; pictures in plane-polarized
light (PPL) and cross-polarized light (XPS) modes were taken using a DS-Fi2 high-definition
color camera head mounted on the microscope. Thin section observation was used to deter-
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mine the fabric, to identify the mineralogy of phenocrysts and to describe their shapes and
features. High-resolution (4800 ppp) full scans of the analyzed thin sections were obtained
using an EPSON 4990 scanner, including both PPL and XPL modes. The scans were treated
with image processing software Image] [39] to quantify porosity, matrix and phenocryst
ratios, including discrimination between the different minerals that appear as phenocrysts.
The modal relative proportions of the components were formally measured as area per-
centages. However, the relative surface measurements are representative of the volumetric
relative proportions, considering that the analyzed samples are relatively isotropic and
fine-grained. The different phenocryst compositions were analyzed separately using the
“analyze particles” command within Image]J to obtain size-frequency distributions. The
crystals were fit to ellipses, and several shape parameters were computed; among others,
circularity (C) defined as 47r-area/ (perimeter)?.

Petrographic information was complemented with elemental point-composition mea-
surements on the phenocrysts imaged using a Merlin Field Emission Scanning Electron
Microscope (FE-SEM) (Zeiss, Oberkochen, Germany) equipped with an energy-dispersive
X-ray spectrometer (EDS) at the Servei de Microscopia (UAB). Average elemental composi-
tion over different areas of the microcrystalline matrices was also measured. Measuring
conditions were accelerating voltage of 15 kV, 1 nA beam current and an overall counting
time of 60-100 s.

Multielemental bulk analysis was accomplished by means of energy-dispersive X-ray
fluorescence (EDXRF) for the largest remaining sample parts after thin-section preparation.
For EDXRF sample preparation, 5 g of previously powdered sample was mixed with
0.4 g of a binding agent (Elvacite™) and then homogenized in an agate mortar [40]. The
mixture was pressed at 10 tons to achieve a homogeneous pressed powder pellet of 4 cm
in diameter. Different pellets were produced for the three samples from Iulia Libica
and five of the Sidi Zahruni samples (Z1, Z2, Z4, Z5, Z7). The pellets were analyzed
using a benchtop spectrometer S2 Ranger EDXRF system (Bruker AXS, GmbH, Karlsruhe,
Germany) with a Pd X-ray tube (max. power 50 W) and XFLASHTM Silicon Drift Detector
(SDD) with a resolution of <129 eV Mn-Kal at 100,000 cps. Samples were evaluated
under vacuum at different excitation voltage conditions to properly excite elements of
low, medium and high atomic number. Multielemental quantitative determination for Si,
Al, Fe, Mg, Ca, Na, K, Ti, P, Mn, V, Cr, Ni, Cu, Zn, Rb, Sr, Y, Zr and Nb was made using
a calibration designed for volcanic rocks and operated with the SPECTRA.EDX package
(Bruker AXS, GmbH, Karlsruhe, Germany). These elements were always present above
detection limits in all the analyzed samples. Nine certified reference materials (CRMs) were
used, comprising several basalts (BR-CRPG, BE-N-IWG-GIT, BHVO2-USGS, DC73303-
NCS), an andesite (AGV-1-USGS), a diorite (DR-N-ANRT), a dolerite (WSE-IWG-GIT),
a microgabbro (PM-S-IWG-GIT) and a syenite (STM-1-USGS). Calibration lines indicate
very good correlation (r? > 0.997) between measured and expected concentrations, with
absolute errors ranging from 2 to 9% for all the elements. Achieved precision is higher than
the intrinsic compositional variation of the analyzed rocks.

Reference geochemical data corresponding to volcanic materials were extracted from
the GEOROC database [41]. A starting dataset was obtained by setting a query by ge-
ography (latitude from 25° N to 54° N and longitude from 12° W to 45° E) to cover the
Mediterranean Basin, North Africa and a great part of Europe and then selecting only
the records that declare the rock name as basalt, excluding modern eruptions. This pro-
duced a database of around 3600 records that was additionally restricted to chemical
analyses that really correspond to the basalt area in a total alkali-silica (TAS) diagram [42]
(with data recalculated on an anhydrous basis). Data regarding Fe were standardized,
and all the analyses were recalculated to total iron as Fe;O3. This left 1855 records that
were further reduced to smaller homogeneous datasets containing a given set of analyzed
chemical elements. This produced datasets G90, G60 and G30, containing roughly 90%,
60% and 30% of the original records. The data were labeled into different classes accord-
ing to the corresponding tectonic setting and location (Figure 2). The original database
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(Table S1) and the three reduced datasets (Tables S2-54) can be downloaded from the
Supplementary Materials section.
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Figure 2. Map of the Mediterranean area, including the location of all the selected data from the
geochemical database GEOROC, colored or labeled according to the corresponding data group. The
archaeological sites where the studied basalts were retrieved have also been highlighted.

Several statistical methods were applied combining both the geological reference
geochemical values as well as the data obtained from the analyzed archaeological materials.
Firstly, principal component analysis (PCA) was used to check the structure of the data.
This method, widely used in provenance studies, reduces the number of relevant variables
by defining new variables (or components) as a linear combination of the original ones (i.e.,
the compositional variables). The two components that accumulate the largest percentages
of variance (PC1 and PC2) were represented in a biplot to investigate if any clustering
appeared and to check if the clusters correlate with any of the reference fields. As usual,
data were standardized to zero mean and unit variance before computing the analysis. PCA
is categorized as an unsupervised method, meaning that the procedure does not consider
the class labels. In contrast, supervised machine learning methods use labeled reference
datasets to train models to predict the class of unlabeled data (i.e., the archaeological
samples). Training is usually performed using 80% of the reference data, and then the
performance of the trained model is tested using the remaining 20%. The split between
train and test subsets is made by using a random seed. This procedure is well-known in
machine learning, but to our knowledge, it has never been applied to provenance analyses
of grinding stones. All the compositional values were divided by the SiO, concentration as
a way to standardize them. Different 8:2 splits were tested (using different random seeds)
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following the train—test approach. The supervised approach was performed using the
“Supervised Provenance Analysis” R Markdown files from Anglisano et al. [43], including
different classification models: generalized linear models (GLM), random forest (RF),
artificial neural network (ANN), weighted k-nearest neighbors (kkNN), linear discriminant
analyses (LDA) and a stack of all these models as described in [44]. Four additional
classification models were tested using Python code (see Supplementary Materials section)
under the Jupyter Notebook interactive computing platform: gradient boosting (GB),
Gaussian process classifier (GPC), Gaussian naive Bayes (GNB) and linear support vector
machine (LSVM).

3. Results
3.1. Petrography

The three millstone samples from Iulia Libica exhibit a porphyritic to glomerophyric
and vesiculated texture with rather idiomorphic phenocrysts of two compositions embed-
ded within a microlitic groundmass (Figure 3a). The most abundant and largest phenocrysts
correspond to clinopyroxene (cpx), with augite composition as analyzed by SEM-EDS, see
Figure 4 and Table 1. Cpx often appears as clusters of polygonal idiomorphic crystals, some
of them exhibiting occasional hourglass sector zoning (Figure 3b).

Figure 3. Petrographic images of the samples from Iulia Libica illustrating their volcanic origin and
basaltic composition. (a) PPL (left) and XPL (right) micrograph of the same area, showing abundant
clinopyroxene (cpx) and olivine (ol) phenocrysts within a microlitic, vesiculated groundmass. (b) XPL
micrograph of a cpx aggregate including hourglass sector zoning crystals. (¢) XPL micrograph of a
subhedral, corroded ol crystal, including an iddingsite alteration rim. (d) XPL micrograph including
a basal section of cpx showing typical two cleavage directions at near 90° (left) and a corroded and
altered ol crystal (right).
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Figure 4. Pyroxene ternary diagram [45] showing the compositions of the pyroxene phenocrysts in
samples from Iulia Libica (blue) and Sidi Zahruni (red).

Table 1. Average structural formulae of the analyzed (SEM-EDS) clinopyroxenes calculated on the
basis of six oxygens. Eight augite crystals were measured for L samples and Z samples, as well as a
single additional augite—aegirine crystal, which was found in sample Z6.

Tulia Libica (L) Samples Sidi Zahruni (Z) Samples
Augite Augite Augite—Aegirine
Si 1.85 £ 0.05 1.87 £ 0.05 2.03
Ti 0.04 £ 0.01 0.04 £ 0.01 0.01
Al 0.17 +0.03 0.16 £ 0.06 0.02
Fe 0.33 £0.03 0.38 £ 0.05 0.55
Mn n.d. n.d. 0.03
Mg 0.78 = 0.04 0.82 +0.05 0.57
Ca 0.76 £ 0.01 0.74 +0.07 0.75
Na 0.03 £ 0.01 0.01 £0.01 0.12

Smaller phenocrysts of olivine (ol) are also very common in the three samples. These
are anhedral (often rounded and occasionally corroded, showing that they partly dissolved
into the liquid now solidified as the groundmass). The ol phenocrysts systematically exhibit
an iddingsite alteration rim, made of iron oxides and clay minerals, resulting from post-
magmatic hydrothermal alteration (typical for olivine in many volcanic rocks) (Figure 3c,d).
The fresh olivine composition measured by SEM-EDS is Foys 1, while the obtained compo-
sition in the altered rims is still essentially olivine but with larger Fe contents (19-29 wt%
instead of 18 wt%). Possibly, the measured spectra, even if focused on the rims, have
contributions from iddingsite and nearby olivine. Small amounts (<1 wt%) of Ca and
Al are also occasionally detected in the altered rims. The groundmass is a fine-grained
matrix formed by mostly unoriented lath-shaped plagioclase microlites, clinopyroxene and
opaque equidimensional minerals (possibly ilmenite and Ti-bearing magnetite).

All the collected samples from Sidi Zahruni exhibit a porphyritic and vesiculated
texture with anhedral to idiomorphic phenocrysts and microphenocrysts within a microlitic
groundmass (Figure 5). The mineral association is uniform and consists of the following;:
(i) Zoned and twinned plagioclase (pl) crystals with rectangular and quadratic sections
(Figure 5a). SEM-EDS analyses indicate that they have compositions ranging from 46 to
78 An% (labradorite and bytownite). (ii) Clinopyroxene (cpx) with a slight brown color
(augite as analyzed by SEM-EDS; see Table 1 and Figure 4). These augite crystals appear
particularly idiomorphic, exhibiting mainly hexagonal sections or octagonal basal sections
(Figure 5e), often showing the diagnostic two cleavage directions at nearly 90° angles.
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Hourglass sector zoning also appears in some crystals (Figure 5f). (iii) Olivine (ol) with rare
polygonal sections and more common rounded shapes (Figure 5g), sometimes significantly
corroded. Its composition by SEM-EDS is Foy; 14. Apart from these, in one of the samples
(26), a large green-colored (PPL) rounded crystal was spotted (Figure 5h). The SEM-EDS
analysis revealed Na- and Fe-rich clinopyroxene, a member of the aegirine—augite solid
solution (see Table 1). The different phenocrysts are also embedded in a fine-grained
matrix mainly formed by lath-shaped plagioclase crystals, clinopyroxene and opaque
equidimensional minerals (possibly ilmenite or Ti-bearing magnetite).

Figure 5. Petrographic images of the samples from Sidi Zahruni illustrating their volcanic origin and

basaltic composition. (a—d) General aspect of representative samples showing plagioclase (pl) phe-
nocrysts (a) and microphenocrysts (a—d), vesicles (mostly on ¢,d), olivine (ol) and clinopyroxene (cpx)
microphenocrysts (mostly on a,d) within a microlithic groundmass viewed in XPL. (e) Basal section
of a cpx microphenocryst, PPL. (f) cpx hourglass sector zoning microphenocryst, XPL. (g) Detail of an
ol microphenocryst, XPL. (h) Section of a sodic, partly corroded, cpx macrocryst showing a brighter
reaction rim with the groundmass, PPL.

The treated images from the scanned petrographic thin sections (e.g., Figure 6) allowed
the discrimination between porosity, matrix and the different types of phenocrysts and their
quantification. Porosity is around 24%-39% for Iulia Libica (L) samples and usually lower
(6%-30%) for Sidi Zahruni (Z) samples, although, for sample Z5, it exceeds 50%. Pore-size
histograms reveal that small pores (with areas below 1 mm?) are the most abundant in all
the analyzed samples (Figure 7). The three samples from Iulia Libica display a wide range
of pore sizes similar to some of the samples from Sidi Zahruni. However, samples Z3 and
Z4 have narrower pore size distributions. The circularity of the pores is within the range of
0.9 to 0.5 for all the samples, and the mean circularity values are around 0.7 or a bit lower
for the samples with irregular or elliptic pore shapes (L2, Z2, Z6 and Z7).
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Figure 6. (a) L3, Iulia Libica, and (b) Z3, Sidi Zahruni, thin section images. To the left are the
original XPL scans, and to the right are the corresponding colored images, including porosity (red),
clinopyroxene (green), olivine (blue), plagioclase (black) and the microcrystalline matrix (white).

The mineral part of the samples is mainly formed by the fine-grained microlitic matrix
in all the samples, and the phenocrysts are only a minor component (3%-12%), see Table 2.
The matrix/phenocrysts content ratio is higher for the Sidi Zahruni samples (constituting
20 £ 8) compared to the Iulia Libica samples (8 £ 3).

The two types of phenocrysts that appear in Iulia Libica samples have a relative
content ratio of about 2:1 between clinopyroxenes (cpx) and olivine (ol). In contrast, in the
basalts from Sidi Zahruni, the abundance of these components is reversed and surpassed
by plagioclase (pl) phenocrysts (Table 2). The pl:ol:cpx relative ratio in samples from Sidi
Zahruni is around 4:1.5:1. The quantification of the crystals indicates that regardless of the
sample and considered a mineral, the frequency of sizes increases towards small values
forming a continuous range of sizes that connect the microphenocrysts (area < 0.25 mm?)
to the microlites of the matrix (Figure 8). The area of the phenocrysts only rarely reaches

values above 1 mm?.
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Figure 7. Porosity size histograms from the samples from Iulia Libia (top) and Sidi Zahruni (bottom).
Next to each histogram, an inset shows the treated image with pores in black.

Table 2. Quantification of the different components identified in samples from Iulia Libica (L) and
Sidi Zahruni (Z). Average values are also shown. Percentages were measured as area %, but they can

also be read as vol%.

Sample Phenocrysts Matrix Porosity
cpx (%) ol (%) pl (%) (%) (%)
L1 7.5 4.6 0.0 64.3 23.6
L2 3.4 1.9 0.0 56.1 38.6
L3 5.8 24 0.0 66.3 25.5
L 6£2 3+2 - 62+6 29£38
Z1 1.3 2.1 3.5 86.9 6.2
z2 0.5 1.4 41 64.1 29.9
Z3 1.1 1.1 3.6 81.0 13.2
74 0.5 0.7 1.4 78.9 18.5
z5 0.5 0.5 2.2 46.0 50.8
z6 0.7 0.8 3.0 76.5 19.0
77 0.4 0.7 1.5 74.0 234
Z 07+04 1.0£05 3+1 73+ 14 23+ 14

The distribution of clinopyroxene and olivine crystals is less biased towards small
crystals for the basalts from Iulia Libica, while the distribution corresponding to clinopyrox-
ene exhibits a secondary peak centered around 0.7 mm? for these basalts. The distribution
corresponding to olivine is relatively similar for all the samples, and there are also (re-
gardless of the archaeological site provenance) hints of a secondary peak for sizes around
0.4 mm?. The crystal size of plagioclase crystals (only present as phenocrysts in samples
from Sidi Zahruni) is possibly the one that fits better to a monotonous exponential decay
(to a second-order exponential decay function, to be precise).

Another quantified parameter (circularity) indicates higher mean values (<C>) for
clinopyroxenes and olivine crystals for Sidi Zahruni samples. However, plagioclase phe-
nocrysts from these basalts deviate markedly from circularity consistently with their com-
mon lath-shaped morphologies (see <C> in Figure 8).
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The petrographic characterization indicates that all the investigated samples (L and Z)
are volcanic rocks exhibiting basaltic compositions and are classifiable as such according to
the international classification of igneous rocks [46].
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Figure 8. Crystal size (area) histograms for phenocrysts and microphenocrysts in basalts from (a) Iulia
Libica (L) and (b) Sidi Zahruni (Z): the quantified minerals are clinopyroxene and olivine for L and Z,
and plagioclase for Z samples. <C> indicates the average circularity values of the phenocrysts.

3.2. Geochemistry

The average bulk composition of the analyzed basalts is shown in Table 3. Each set of
samples has a homogeneous composition in agreement with the observed petrographic
texture and mineralogical composition. All the analyzed samples have a similar amount of
silica (~46%—48%). In contrast, there are slight but significant differences between L and
Z samples regarding the concentration of the other elements. For instance, L samples are
richer in K, Fe and P and poorer in Al, Ca, Na and Ti. However, the sum of alkali oxides
(NapO + K;O) is similar for both types of samples, so all of the investigated samples can be
classified as basalts (Figure 9) according to the TAS diagram [42]. The higher concentration
of Al, Ca and Na in Z samples is the consequence of a magma richer in these elements
and where plagioclase crystallized earlier, forming the pl phenocrysts only observed in the
basalts from Sidi Zahruni. In contrast, the amount of Fe is slightly higher in the samples
from lulia Libica (~14% compared to ~12%). Finally, the trace element proportions are
also dissimilar for both types of basalts. Those retrieved in Iulia Libica are richer in trace
elements, except for the amount of V, which is higher in the basalts from Sidi Zahruni.

The tectonic setting of volcanic lavas can sometimes be geochemically inferred us-
ing certain compositional ratios (e.g., Zr vs. TiO, or Zr vs. Zr/Y) [47,48]. According to
these criteria, the measured geochemical values indicate that the samples (both from Iulia
Libica and Sidi Zahruni) correspond to intraplate basalts, which could help determine
the provenance of the samples. However, the classification of volcanic districts as in-
traplate can be challenging for complex tectonic settings like those of some Mediterranean
volcanic districts.
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Table 3. Average composition (m) and corresponding standard deviations (o) from N specimens
from L and Z samples of the investigated archaeological basalts, including major (wt%) and trace
elements (ppm).

L1 L2 L3 71 72 74 Z5 77
N 3 2 3 5 5 5 5 5
Statistics m o m o m o m o m o m o m o m o
SiO; (%) 4763 025 48.01 0.11 4704 021 4759 0.08 48.06 0.10 4750 0.17 4643 022 46.76 0.24
Al,O3 (%) 1473 0.10 13,51 024 1354 0.09 16.61 0.11 16.13 0.08 16.02 0.04 1558 0.12 1521 0.17
Fe, O3 (%) 1473 0.10 13,51 024 1354 0.09 11.82 0.03 11.89 0.03 12.89 0.04 1230 0.12 12.32 0.06
MgO (%) 561 017 560 040 623 010 559 0.02 611 005 510 005 499 0.03 479 0.08
CaO (%) 948 0.08 974 021 1024 021 11.89 0.02 1157 0.06 1090 0.03 11.79 0.06 10.81 0.03
NayO (%) 280 014 274 008 230 004 347 0.04 328 0.03 380 005 339 003 342 0.03
Ky,0 (%) 177 003 177 006 164 003 102 001 101 001 1.06 001 092 0.01 101 0.01
TiO, (%) 237 002 227 0.05 231 004 263 001 255 0.01 301 0.02 269 005 283 0.01
Pr05 (%) 076 001 08 001 072 001 051 001 051 0.00 060 0.00 055 001 061 0.01
Mn (ppm) 1376 14 1415 47 1686 89 1324 9 1352 9 1440 5 1332 20 1385 8
V (ppm) 268 11 266 18 277 18 333 17 316 19 379 22 364 23 358 22
Cr (ppm) 201 1 221 13 337 27 136 4 128 8 82 6 95 3 84 5
Ni (ppm) 181 2 204 9 280 11 83 0 88 0 57 0 61 0 56 0
Cu (ppm) 60 2 68 3 59 5 33 2 84 2 38 3 54 1 65 2
Zn (ppm) 123 2 126 7 133 9 85 1 96 1 97 1 91 2 96 1
Rb (ppm) 43 2 42 3 39 1 14 1 13 1 15 1 14 1 13 1
Sr (ppm) 898 7 938 60 849 41 496 1 59 1 471 1 500 2 476 2
Y (ppm) 29 0 31 2 31 1 22 0 22 1 27 0 23 1 27 1
Zr (ppm) 239 1 252 15 227 12 135 1 136 1 148 1 151 1 150 1
Nb (ppm) 79 3 80 8 71 3 30 3 31 1 32 4 25 3 30 3
14
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Figure 9. TAS diagram according to the IUGS classification scheme [42] showing the data plots for
Iulia Libica (blue) and Sidi Zahruni (red) sample analyses.

3.3. Geochemical Comparison with Reference Materials
3.3.1. Elemental and PCA Biplots

Provenance determination using geochemical data is commonly undertaken using
two-variable scatterplots that examine the relations between two chemical elements (or
two simple chemical ratios). In the same plot, several reference variation fields are also
depicted. The choice of the two elements (or chemical ratios) is arbitrary, and usually, the
only criterion is to find a combination of variables that allows discrimination between the
different possible provenances.
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In Figure 10, several examples of biplots are shown. When only a few possible
provenances are considered (Figure 10a), and the analyzed samples lie within a given
reference field, the provenance seems well-determined. For instance, looking at Figure 10a,
the geological provenance of the samples from Sidi Zahruni appears to be attributable to
the Pantelleria island (strait of Sicily) and those from Iulia Libica to the Hyblean Plateau
(southeastern Sicily). In contrast, for samples not lying within any reference field, it would
be assumed that they do not belong to any of the considered provenances or, alternatively,
that the reference fields perhaps are not well defined due to a lack of a fully representative
set of reference samples. For instance, one of the samples from Sidi Zahruni strictly is not
within any reference field.
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Figure 10. Average compositions of samples from Iulia Libica (black dots) and Sidi Zahruni (open
dots) plotted in different discrimination diagrams: (a) Sr vs. TiOy; (b) Nb vs. TiOy; (c) Zr/Nb vs.
TiO,. Reference compositional fields from [28,49,50].

When the number of possible provenances is increased, the degree of overlap between
reference fields increases inevitably, and it becomes very unlikely that the analyzed sam-
ples will be unambiguously assigned to a given provenance. Looking at Figure 10b, the
basalts from Sidi Zahruni could have been quarried in Pantelleria but also in Sardinia,
and those from Iulia Libica, apart from the suggested Hyblean Plateau, could also belong
to the Southern France basalts or those from the Middle Atlas (Morocco). Also, using
different biplots, divergent provenances are sometimes suggested. Using the biplot from
Figure 10c, the samples from Sidi Zahruni appear more scattered within the reference fields
of Pantelleria and partially within the Hyblean Plateau and Spanish basalts reference fields.
On the other hand, the samples from Iulia Libica are now plotted within the reference fields
of Middle Atlas, Southern France and Spain basalts but, strictly, not within the Hyblean
Plateau reference field.
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Using two-variable plots, a large number of compositional parameters are disregarded.
Multivariate statistical analyses extend the examination of the data to all the analyzed
elements. In particular, PCA condenses the relevant information in a few principal com-
ponents that can also be represented in biplots. There are a few precedents of the use of
this statistical tool in stone provenance studies (see, e.g., [30,51,52]). However, one major
difficulty is to have a uniform set of data. The reference data from the GEOROC database is
heterogeneous since samples were prepared using different methods and measured using
different equipment [53]. The analyzed elements are not always the same set; in particular,
the minor and trace elements can vary.

Two PCAs were computed using two different sets of data. For the PCA shown in
Figure 11, a total of 1702 records (G90 dataset) from the preselected GEOROC database
were combined with the 25 individual analyses from Sidi Zahruni samples and the 8 from
Iulia Libica. To obtain this homogeneous dataset, the number of considered compositional
variables was restricted to the most represented within the preselected database (SiO,,
TiO,, Al,O3, CaO, MgO, Mn, K,0O, NayO and P,0s), all of them being main components of
the basalt samples (both geological reference and archaeological materials). This allowed
us to consider samples from 26 different sites/geological settings. The first two principal
components have a joint explained variance ratio of ~50%. The obtained PCA reveals a
positive correlation between SiO, and Al,O3; and a negative correlation between them
with Mn, P,Os5 and TiO,. These variables are the main contributors to the first principal
component (PC1). On the other hand, there is also a very good positive correlation between
K,0O and CaO, and both are negatively correlated with Na,O. Both Sidi Zahruni and
Iulia Libica samples appear in a similar area of the biplot with slightly negative PC1
values. Concerning the PC2 values, they are slightly positive for Sidi Zahruni samples
and almost zero or slightly negative for Iulia Libica samples. However, the degree of
overlap between different provenances observed in the two main components biplot is
very high; therefore, it is not possible to conclude on the origin of the analyzed samples.
The samples from the most represented provenance (Anatolia, see yellow dots in Figure 11)
spread, covering almost all the point cloud formed by the G90 dataset. Reference samples
that are geographically close to Iulia Libica (L), such as those labeled Catalonia, Calatrava
and Massif Central, are plotted near the L samples, but individual samples from many
other reference sites are plotted in the same area. Instead of assigning provenances, it
perhaps appears more clearly that some of the considered reference provenances can be
excluded. Specifically, the Aeolian arc, the Campanian and the Lazio basalts seem to bear
compositions that have no affinity with those sampled at Sidi Zahruni and Iulia Libica. The
Aegean arc, Algeria, Alps—Sardinia—Corsica and Etna provenances could also be discarded,
except for some occasional individual samples. Most of the discarded provenances agree
with the fact that both Z and L basalts are intraplate. From the discarded volcanic districts,
only Algeria is considered intraplate.

An additional PCA was computed (Figure 12) with a much more complete set of
compositional variables (20, including, besides the previously considered, Fe;O3, Cr, V, Ni,
Cu, Zn, Rb, St, Y, Zr and Nb). In this case, the preselected GEOROC database was reduced
to 550 records from 18 different geological sites, constituting dataset G30. In this newly
computed PCA, the degree of overlap between different classes is not as strong as in the
previous PCA. Moreover, the samples from Sidi Zahruni (Z) and Iulia Libica (L) appear in
a marginal area of the point cloud, and therefore, some provenances can be discarded with
better confidence, especially for Iulia Libica basalts, which appear with higher PC1 values
(see X symbols in Figure 12). Namely, the Aegean, Gibraltar and Tyrrhenian arcs form
clusters without intersecting either the Z or L clusters (as expected since these volcanic arcs
are not in an intraplate tectonic setting), and from the Aeolian arc samples, only one is in
the area of Z and L samples; the Campanian, Etna, Liguria and North Anatolia samples are
also far from the Z and L clusters, but these provenances contain very few samples in the
processed database. Considering that Z and L clusters plot relatively close to each other,
some provenances match the position of both clusters. This is the case for Catalonia, Egypt,
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PC2 (18.4%)

U
N

Atlas and Sicily Channel Rift clusters (all of them considered intraplate volcanic districts).
Additionally, the samples from the Suez Rift province match particularly well with those
from Sidi Zahruni. Moreover, other provenances cannot be completely excluded. Also,
there are a number of issues that should be considered: the joint PC1 and PC2 explained
variance ratio is only ~44%, some reference volcanic districts are underrepresented (e.g.,
<6 samples) within the G30 database (see Table S4), and they could be non-statistically
representative of their location, and some potential provenance locations have actually
disappeared from the PCA because GEOROC does not contain any analyzed sample
including all the considered compositional variables.
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Figure 11. PCA biplot of factor scores for the first two principal components for the selected data
from GEOROC (G90 dataset), Iulia Libica and Sidi Zahruni sample analyses have also been plotted.
Inset: PCA biplot of the original variables.
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Figure 12. PCA biplot of factor scores for the first two principal components for the selected data
from GEOROC (G30 dataset), Iulia Libica and Sidi Zahruni sample analyses have also been plotted.
Inset: PCA biplot of the original variables.
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3.3.2. Supervised Classification Methods

The supervised approach [43,44] was applied to the reference data obtained from the
GEOROC database. Three different databases were tested (G90, G60 and G30, as described
in Section 2.2). Datasets G30 and G60 only differ in two features (Cu and Zn values are not
considered in G60; compare Tables S3 and S4). From the different classes (i.e., provenances)
defined for the data in these three databases, only those bearing at least nine samples were
considered. Classes with a smaller number of samples cannot be properly trained and
predicted by the machine learning algorithms. As one of the classes relevant to the present
study contained very few samples, additional basalt analyses [54,55] were added to the
database to keep the corresponding provenance into consideration. Indeed, this class (X8),
labeled Catalonia, corresponds to the Olot volcanic field, only about 50 km southeast of
Iulia Libica. An additional reason to retain this class is that the corresponding provenance
was, in fact, suggested from the results of some of the computed PCAs. Finally, 18, 16 and
12 different classes were considered from G90, G60 and G30 datasets, respectively.

Tables 4-6 present the results corresponding to individual runs of the supervised
classification models using G90, G60 and G30 datasets, respectively. The tables display
the classification accuracy of three different random test sets for each trained classification
model and the overall classification predictions for the ensemble of Z samples and L sam-
ples. The results appear very consistently homogeneous and point to a given provenance
for the Z samples. In contrast, for the L samples, the results are less monotonous, and a
variety of provenances is suggested.

Table 4. Accuracies computed using the predictions of the trained models on three different test
subsets (from dataset G90) and corresponding average probabilities of predicted class for Sidi Zahruni
and Iulia Libica samples.

Model Seed Accuracy Class ! Predictions
Sidi Zahruni Samples Tulia Libica Samples
1 0.6049 X21 (80%) X5 (20%) X5 (62.5%) X1 (25%) X15 (12.5%)
GLM 2 0.6292 X21 (68%) X5 (32%) X5 (50%) X1 (37.5%) X15 (12.5%)
3 0.5957 X21 (60%) X5 (40%) X5 (50%) X1 (25%) X6 (12.5%) X15 (12.5%)
1 0.7629 X21 (100%) X5 (75%) X6 (25%)
RF 2 0.7508 X21 (100%) X5 (62.5%) X6 (37.5%)
3 0.7447 X21 (100%) X6 (50%) X5 (37.5) X15 (12.5%)
1 0.6292 X21 (100%) X15 (50%) X5 (37.5%) X1 (12.5%)
ANN 2 0.5805 X21 (96%) X5 (4%) X13 (75%) X21 (25%)
3 0.5745 X21 (56%) X5 (44%) X1 (62.5%) X13 (25%) X5 (12.5%)
1 0.7660 X21 (100%) X5 (75%) X8 (12.5%) X21 (12.5%)
kkNN 2 0.7264 X21 (100%) X5 (37.5%) X8 (?g255/2/) ))(15 (12.5%) X21
3 0.7508 X21 (100%) X5 (62.5%) X8 (37.5%)
1 0.5653 X21 (60%) X5 (40%) X5 (87.5%) X15 (12.5%)
LDA 2 0.5593 X21 (52%) X5 (48%) X5 (62.5%) X1 (25%) X15 (12.5%)
3 0.5471 X21 (52%) X5 (48%) X5 (75%) X15 (12.5%) X21 (12.5%)
1 0.7538 X21 (100%) X5 (100%)
Stack 2 0.7295 X21 (100%) X5 (87.5%) X15 (12.5%)
3 0.7204 X21 (100%) X5 (87.5%) X6 (12.5%)
1 0.6770 X21 (92%) X5 (8%) X5 (62.5%) X15 (37.5%)
GB 2 0.6794 X21 (88%) X10 (12%) X13 (50%) X15 (37.5%) X5 (12.5%)
3 0.6914 X21 (80%) X5 (16%) X10 (4%) X13 (62.5%) X8 (25%) X5 (12.5%)
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Table 4. Cont.

Model Seed Accuracy Class ! Predictions
Sidi Zahruni Samples Tulia Libica Samples
1 0.6733 X21 (100%) X5 (50%) X15 (50%)
GPC 2 0.6962 X21 (92%) X5 (8%) X5 (50%) X15 (37.5%) X21 (12.5%)
3 0.6962 X21 (100%) X5 (50%) X15 (50%)
1 0.8254 X21 (100%) X5 (50%) X15 (50%)
GNB 2 0.8014 X21 (100%) X5 (50%) X15 (50%)
3 0.8014 X21 (100%) X5 (50%) X15 (50%)
1 0.5670 X21 (80%) X5 (20%) X1 (37.5%) X5 (37.5%) X8 (25%)
LSVM 2 0.5861 X21 (96%) X5 (4%) X17 (87.5%) X1 (12.5%)
3 0.5981 X21 (100%) X8 (37.5%) X5 (25%) X17 (25%) X6 (12.5%)

1 Class key: X1: Adria Domain; X5: Anatolia; X6: Atlas; X8: Catalonia; X10: Egypt; X13: Hyblean Plateau; X15:
Lybia; X17: Massif Central; X21: Sicily Channel Rift.

Table 5. Accuracies computed using the predictions of the trained models on three different test

subsets (from dataset G60) and corresponding average probabilities of predicted class for Sidi Zahruni

and Iulia Libica samples.

Model Seed Accuracy Class ! Predictions
Sidi Zahruni Samples Iulia Libica Samples
1 0.7282 X21 (88%) X5 (12%) X6 (62.5%) X13 (37.5%)
GLM 2 0.7538 X21 (80%) X5 (20%) X6 (87.5%) X13 (12.5%)
3 0.7795 X21 (88%) X5 (12%) X6 (50%) X13 (50%)
1 0.8359 X21 (100%) X6 (87.5%) X13 (12.5%)
RF 2 0.8256 X21 (100%) X6 (100%)
3 0.8718 X21 (100%) X6 (100%)
1 0.6974 X21 (100%) X6 (62.5%) X13 (37.5%)
ANN 2 0.7538 X21 (100%) X6 (100%)
3 0.7590 X21 (100%) X6 (100%)
1 0.8205 X21 (96%) X5 (4%) X5 (50%) X8 (37.5%) X13 (12.5%)
KKNN 2 0.8154 X21 (100%) X5 (50%) X8 (37.5%) X13 (12.5%)
3 0.8718 X21 (96%) X5 (4%) X5 (50%) X8 (37.5%) X21 (12.5%)
1 0.6564 X21 (100%) X13 (100%)
LDA 2 0.7231 X21 (100%) X13 (100%)
3 0.7231 X21 (100%) X13 (100%)
1 0.8359 X21 (96%) X5 (4%) X5 (50%) X6 (37.5%) X13 (12.5%)
Stack 2 0.8205 X21 (100%) X5 (50%) X6 (37.5%) X13 (12.5%)
3 0.8718 X21 (96%) X5 (4%) X5 (50%) X6 (37.5%) X21 (12.5%)
1 0.8135 X21 (80%) X5 (20%) X13 (62.5%) X6 (37.5%)
GB 2 0.8016 X21 (80%) X5 (20%) X13 (100%)
3 0.7619 X21 (80%) X5 (20%) X13 (75%) X6 (25%)
1 0.7500 X21 (100%) X21 (50%) X5 (37.5%) X15 (12.5%)
GPC 2 0.7381 X21 (100%) X21 (62.5%) X5 (25%) X10 (12.5%)
3 0.7302 X21 (100%) X5 (37.5%) X10 (37.5%) X21 (25%)
1 0.8413 X21 (100%) X5 (37.5%) X10 (37.5%) X21 (25%)
GNB 2 0.8690 X21 (100%) X5 (37.5%) X10 (37.5%) X21 (25%)
3 0.8651 X21 (100%) X5 (37.5%) X10 (37.5%) X21 (25%)
1 0.6825 X21 (100%) X6 (87.5%) X1 (12.5%)
LSVM 2 0.6786 X21 (100%) X6 (50%) X8 (37.5%) X13 (12.5%)
3 0.6666 X21 (100%) X6 (50%) X8 (37.5%) X13 (12.5%)

1 Class key: X1: Adria Domain; X5: Anatolia; X6: Atlas; X8: Catalonia; X10: Egypt; X13: Hyblean Plateau; X15:
Lybia; X21: Sicily Channel Rift.
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Table 6. Accuracies computed using the predictions of the trained models on three different test
subsets (from dataset G30) and corresponding average probabilities of predicted class for Sidi Zahruni
and Iulia Libica samples.

Model Seed  Accuracy Class ! Predictions
Sidi Zahruni Samples Iulia Libica Samples
1 0.8416 X21 (100%) X13 (75%) X8 (25%)
GLM 2 0.8614 X21 (100%) X15 (50%) X8 (37.5%) X13 (12.5%)
3 0.8614 X21 (96%) X5 (4%) X15 (87.5%) X8 (12.5%)
1 0.8713 X21 (100%) X6 (62.5%) X5 (12.5%) X13 (12.5%) X21 (12.5%)
RF 2 0.8416 X21 (100%) X6 (87.5%) X21 (12.5%)
3 0.8713 X21 (100%) X6 (100%)
1 0.8119 X21 (100%) X6 (75%) X5 (12.5%) X15 (12.5%)
ANN 2 0.7525 X21 (100%) X6 (100%)
3 0.8317 X21 (100%) X8 (50%) X6 (37.5%) X5 (12.5%)
1 0.8911 X21 (92%) X5 (8%) X5 (37.5%) X6 (25%) X8 (12.5%) X13 (12.5%) X21 (12.5%)
kkNN 2 0.8812 X21 (92%) X5 (8%) X6 (50%) X5 (12.5%) X8 (12.5%) X13 (12.5%) X21 (12.5%)
3 0.9010 X21 (92%) X5 (8%) X5 (62.5%) X6 (25%) X13 (12.5%)
1 0.7921 X21 (100%) X13 (100%)
LDA 2 0.7723 X21 (96%) X22 (4%) X13 (100%)
3 0.8317 X21 (100%) X13 (100%)
1 0.8713 X21 (100%) X5 (37.5%) X6 (37.5%) X13 (12.5%) X21 (12.5%)
Stack 2 0.8416 X21 (92%) X5 (8%) X6 (50%) X5 (12.5%) X8 (12.5%) X13 (12.5%) X21 (12.5%)
3 0.8812 X21 (92%) X5 (8%) X5 (62.5%) X6 (25%) X13 (12.5%)
1 0.8271 X21 (80%) X5 (20%) X6 (50%) X5 (25%) X10 (12.5%) X15 (12.5%)
GB 2 0.8272 X21 (80%) X5 (20%) X6 (50%) X5 (25%) X10 (12.5%) X15 (12.5%)
3 0.7894 X21 (80%) X5 (12%) X22 (8%) X15 (62.5%) X5 (37.5%)
1 0.759%4 X21 (100%) X5 (37.5%) X15 (37.5%) X21 (25%)
GPC 2 0.7368 X21 (100%) X15 (62.5%) X5 (37.5%)
3 0.7820 X21 (100%) X15 (62.5%) X5 (37.5%)
1 0.8571 X21 (100%) X15 (62.5%) X5 (37.5%)
GNB 2 0.8947 X21 (100%) X15 (62.5%) X5 (37.5%)
3 0.8571 X21 (100%) X15 (62.5%) X5 (37.5%)
1 0.7669 X21 (100%) X6 (50%) X8 (37.5%) X13 (12.5%)
LSVM 2 0.7444 X21 (100%) X6 (62.5%) X8 (37.5%)
3 0.6617 X21 (100%) X6 (37.5%) X8 (37.5%) X13 (25%)

1 Class key: X1: Adria Domain; X5: Anatolia; X6: Atlas; X8: Catalonia; X10: Egypt; X15: Lybia; X21: Sicily Channel
Rift; X22: Suez.

The different models tested, regardless of the database used, indicate a very high
probability that the samples from Sidi Zahruni (Z) come from the Sicily Channel Rift (i.e.,
Pantelleria island), which is not far from the archaeological site (~115 km). Using the G90
database and combining all the Z samples and all the trained models, the overall probability
for class X21 (Sicily Channel Rift) reaches 88.4%, and only two more classes are suggested,
Anatolia (X5) with 11.1% and Egypt (X10) with only 0.5%. Using the G60 database, only two
provenances are suggested: X21 captures an overall probability of 96%, and X5 captures
the remaining 4%. Finally, using G30, class X21 holds almost all the probability (96.4%)
again, and the rest splits between Anatolia (X5) with 3.3% and Suez (X22) withonly 0.3%.

Contrastingly, the different models do not show a similar agreement to assign prove-
nance to the samples from Iulia Libica (L), and there are even significant differences using
different seeds to define the train/test splits (see, for instance, L-sample predictions using
the ANN model in Table 4). In any case, using the G90 database and combining all the
results, the probability spreads into eight different provenances, including Anatolia (X5),
50.4%; Libya (X15), 17.5%; Adria Domain (X1), 7.9%; Hyblean Plateau (X13), 7.1%; Catalonia
(X8), 5.8%; Atlas (X6), 5.0%, Massif Central (X17), 3.8%; and Sicily Channel Rift (X21), 2.5%.
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One could think that at least one of the classes (X5) captures a bit more than 50%. However,
after checking the results obtained using G60 (Table 5), we see that the predominance of
class X5 is lost. The overall results using the G60 database indicate even more fractionated
probabilities: Atlas (37.1%); Hyblean Plateau (25.4%); Anatolia (17.1%); Sicily Channel Rift
(7.9%); Catalonia (6.3%); Egypt (5.4%); Adria Domain; and Libya (both 0.4%). Finally, using
the database containing the highest number of compositional variables (G30), the overall
probabilities spread again among different provenances: Atlas (30.8%); Anatolia (19.2%);
Hyblean Plateau (17.1%); Catalonia (9.2%); Sicily Channel Rift (3.3%); and Egypt (0.8%).

4. Discussion

Regardless of the properties or techniques used, the attribution of provenance to
archaeological volcanic samples requires accurate quantification of a set of parameters and
a dataset containing the same quantification for a representative collection of reference
geological samples.

In this paper, a quantification effort has been undertaken for both petrographic and
compositional properties. Some of the quantifiable petrographic properties could arguably
not be representative of a given provenance, e.g., the porosity or the shape of the pores
could vary enormously even within the rocks of a given volcanic eruption. However, the
petrographic characterization has possibly the potential to combine a set of discerning ele-
ments, including mineralogy of the phenocrysts, relative ratios, size, morphology, presence
of alterations, texture/mineralogy of the matrix, etc. The problem with petrography is that,
presently, there is a lack of large reference datasets that should comprise a standard set
of quantified parameters. Therefore, the petrographic approach is not ready to fulfill the
requirements to be applied as a routine technique for provenance determination. However,
it has the potential to be developed as such. In any case, for well-delimited cases such
as a binary classification problem, the petrographic approach can be applied because the
self-production of the required reference dataset is feasible. Besides this, the petrographic
characterization is also very helpful to determine whether the set of sampled materials
from a given archaeological site is homogeneous (likely from a single provenance) or
not. It is worth mentioning that a set of volcanic samples that are mineralogically and
petrographically different could exhibit chemical homogeneity.

In the present investigation, the samples from Sidi Zahruni (Z) appear petrographically
homogenous, indicating a single geological supply of volcanic materials, and the same can
be said for the three millstones from Iulia Libica (L). The minerals that have been identified
are those common in basalts, such as plagioclase (absent as phenocryst in L samples),
clinopyroxenes and olivine. The absence of plagioclase phenocrysts (as the absence of
leucite in both L and Z samples) could help to constrain the provenance. Other particular
petrographic features that could be helpful are the alteration rims of olivine (L samples) or
the occasional occurrence of green aegirine—augite (Z samples). Alteration rims in olivine
are actually a common feature in many olivine basalts worldwide and have many potential
provenances, including Sardinia, Agde (to the south of Massif Central), Olot (Catalonia),
Ustica (Italy) and Middle Atlas (Morocco) basalts [56]. The presence of aegirine-augite
crystals has been described in volcanic rocks from Pantelleria and is typical of more felsic
rocks from this island [57], with which the basalts are intimately associated [58].

The chemical approach is currently much more ready than the petrographic approach
to determine the provenance of archaeological volcanic materials. The quantification of
the chemical composition is routinely applied by many researchers who publish their data,
and some initiatives have been undertaken to systematically collect these data to create
huge geochemical reference databases like GEOROC. However, some difficulties arise from
the use of different equipment and sample preparation methods by the contributors to the
reference database. Nevertheless, part of the solution is to build larger and larger datasets,
which contributes to reducing random errors (improving precision), and the average of
different systematic errors from different laboratories could also increase accuracy. Also,
an extra complication of large datasets is that the geochemical data can be expressed in
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different ways (as oxides or elements, wt%, ppm, including volatiles or not, assuming a
given valence state for elements like Fe or distinguishing different states, etc.). All these
points could imply additional transformation steps before using the data, but they should
not represent a real issue for well-managed databases.

Despite carefully selecting and standardizing relevant sets of data, the limitations
of the common geochemical classification tools have been illustrated. On the one hand,
biplots representing only two chemical elements (or two chemical elemental ratios) can
be misleading because they disregard data that could be relevant. On the other hand,
multivariate data analysis methods like PCA, despite considering all the features (i.e.,
the analyzed chemical elements), reveal that as the number of considered predefined
classes increases, it is more likely that they form overlapping clusters. For the studied
archaeological samples retrieved from Iulia Libica (L), the suggested provenances using
certain biplots are the Hyblean plateau, Middle Atlas, Southern France and Spain. For
those retrieved in Sidi Zahruni (Z), the suggested provenances are Pantelleria (recurrently),
Sardinia and also the Hyblean Plateau. PCA can also be used to discard some of the
multiple considered provenances. Provenances that can be discarded both for the samples
from Iulia Libica and Sidi Zahruni include the basalts from the Aeolian, Aegean, Gibraltar
and Tyrrhenian arcs and those from Campania, Lazio and possibly Algeria, Alps-Sardinia—
Corsica and Etna. The fact that the suggested provenances correspond to those of intraplate
basalts (intraplate nature was also geochemically deduced for L and Z samples) and that
the discarded reference sites are essentially those linked to volcanic arcs (i.e., linked to a
subduction zone) attest the robustness of both GEOROC database and the PCA method.
However, PCA is not really useful in deciphering which, among the suggested intraplate
provenances, is the most probable.

Finally, the supervised machine learning models are also multivariate methods that
take into consideration a high number of compositional variables, but they have the
additional advantage of being designed to discriminate the different predefined reference
classes (i.e., the provenances). The capacity to discriminate between different classes can
be measured using different statistical metrics computed using the test sets. Along this
line, as was previously stated in a methodologically similar study [43], using supervised
models is very important to check for the convergence between the results using different
classification models and training several times using different splits. Reliable provenance
determination requires a significant agreement between the results using these different
strategies. In the present research, besides different models and splits, three different
reference databases have been used (G90, G60 and G30) with accuracies ranging from
0.55-0.80 (using G90) to 0.66-0.90 (using G30).

In the case of the Sidi Zahruni (Z) samples, the results point very monotonously to
the Sicily Channel Rift (X21 class) as the most probable provenance. This means that the
Z basalts were extracted from Pantelleria or Linosa volcano islands, which are made of
ocean island basalts known to have been exploited in antiquity for the manufacture of lava
grinding tools like millstones [25,59]. This origin (especially Pantelleria) had appeared
recurrently among the provenances suggested by the common geochemical classification
tools (biplots and PCA). Moreover, the petrographic properties of Z samples also agree
with those exhibited by the Pantelleria basalts, e.g., weakly porphyritic texture, mineralogy
and relative abundance of the phenocrysts with pl > ol > cpx [59-61]. From the two basalt
types described in Pantelleria [59], those with a higher affinity with the samples retrieved
from Sidi Zahruni are the younger basalts with relatively low TiO, and P,Os5 contents [60].

In contrast, for the samples from lulia Libica, there is no agreement between the
prediction models, and the predicted provenance usually appears statistically divided into
different classes that hold fractions of provenance probability. Up to nine different classes
(i.e., provenances) are suggested by the models, and, in general, the probability average
percentages combining all the predictions are very scattered (the highest value is 50.4% for
class X5 (Anatolia) using database G90). According to [43], this heterogeneity indicates
that the provenance attribution is not robust. Indeed, in some cases, even the results from
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a given classification algorithm vary significantly when using different trained models
(i.e., different train—test sets). Some classes (among others, incidentally X5, Anatolia) are
overrepresented within the reference databases and may spread out, covering most of the
point cloud in the corresponding PCA (e.g., yellow dots in Figures 11 and 12). Therefore, it
is not surprising that such classes could capture substantial fractions of the provenance
probability. Using geographical proximity as a criterion, classes X17 (Massif Central) and
especially X8 (Catalonia) are the nearest locations to Iulia Libica. The models assign to these
classes rather low probabilities, and both classes have a very low amount of data within
the reference databases. Even if training is enabled, a low number of data may not be fully
statistically representative of the class. In fact, class X17 has only been considered by the
models using database G90 because the number of X17-class data in the other datasets was
too low to train the models to discriminate this class. The same would have occurred for
class X8 if we had not supplemented the original database (produced using GEOROC) with
additional data for this class. Ideally, all classes with a low number of reference samples
should be supplemented. In particular, it would have been interesting to increase the
reference samples for class X17, as the Massif Central (in particular cap d’Agde) is the
presumed origin for the basaltic millstones produced in Lattes [36], typologically similar
to those found in Iulia Libica. Such a trading route would be consistent with the presence
of pottery from the southern Gaulish area in Iulia Libica [32]. With the available data and
comparing with the results obtained for Sidi Zahruni, the conclusion is that the provenance
of ITulia Libica samples has not been successfully determined, and this implies that it
corresponds to a class imperfectly represented or absent from the reference databases used.

To summarize, supervised machine learning methods have a number of advantages
over other statistical methods. Conceptually, they are designed to learn the best way to
discriminate the different classes. However, they are not foolproof, and they are subject
to limitations linked to incomplete reference databases (unbalanced, underrepresented or
missing classes). Despite the good indicators of overall performance (see accuracies in
Tables 4-6) obtained after testing the trained models, a model will obviously never be able
to predict a class not described in the training database and the performance of the model to
predict underrepresented classes can be far from appropriate. One of the statistical metrics
used to check how well a model performs for a particular class is sensitivity, which is
defined as the ratio between well-predicted samples and the total samples within the class.
For instance, from the confusion matrices obtained during the test step, it could be seen that
classes X8 (Catalonia) and X17 (Massif Central) exhibit low average sensitivities per model
(usually below 0.5 and sometimes even 0). Specifically, for class X8, the highest average
sensitivity values are 0.78 and 0.69 using LSVM and kkNN models, respectively, and
incidentally, these two models are the ones that statistically attribute higher provenance
probabilities to class X8 compared to other models (see Tables 4-6). As for class X17
(only considered in runs using database G90), the highest average sensitivity is only 0.23,
obtained using the LSVM model, and this is actually the only model that assigns a certain
probability to this provenance.

5. Conclusions

Statistical approaches to establish the provenance of volcanic rock tools require quan-
tification of a set of properties and a large reference database. The quantified properties
could be geochemical, mineralogical, or petrographic. However, currently, only large
reference geochemical datasets are available. Implementing the statistical approach to pet-
rographic properties would first require an agreement on the parameters to be quantified
and a collective effort to produce the corresponding datasets.

The limitations of the common geochemical and statistical classification tools have
been illustrated. On the one hand, biplots using a few variables can be misleading because
relevant data could be omitted. As a result of this, different biplots can suggest different
provenances. On the other hand, multivariate data analysis methods, like PCA, often
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exhibit a single point cloud and not separated clusters, and then it is difficult to assign a
given provenance to the unlabeled archaeological data.

The supervised machine learning approach applied to geochemical data has proven to
be a powerful tool for discerning different reference clusters, and this enables provenance
prediction for unlabeled samples. Among the 18 different considered provenances, the
models assign systematically to all the samples from Sidi Zahruni a very high provenance
probability to the class representing the basalts from the Sicily Channel Rift. The prove-
nance of Sidi Zahruni samples has been successfully established, not only because of the
strong agreement between the different supervised models but also because of the high
petrographic consistency between the studied samples and the known characteristics of
the Pantelleria basalts. Additionally, this provenance was among those suggested using
common geochemical classification tools, and it lies only ~115 km from the archaeological
site of Sidi Zahruni.

In contrast, the models assign different provenances to the samples from Iulia Libica,
and this suggests that the corresponding provenance was missing in the considered ref-
erence datasets or that it was incompletely described within them. This highlights the
limitations of the supervised approach and the need for a statistical approach making use
of different sister samples, different trained models and different classification algorithms
to be able to identify a homogeneous and, therefore, robust provenance prediction.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/min14070639/s1. Table S1: Database contains 1855 records obtained by
selecting analyzed basalt rocks within the area contained within latitude [25° N-54° N] and longitude
[12° W to 45° E] from GEOROC database [41]. Table S2: Dataset G90 contains all records from
Table S1, which includes the following set of analyzed elements: Si, Ti, Al, Ca, Mg, Mn, K, Na and
P. Table S3: Dataset G60 contains all records from Table S2, which also includes the following set
of analyzed elements: V, Ni, Rb, Sr, Y, Zr and Nb. Table S4: Dataset G30 contains all records from
Table S3, which includes additional analyses on the Cu and Zn contents. The Python code for this
study is attached: [https:/ /www.mdpi.com/article/10.3390/min14070639/s1].
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Abstract: Mortars are among the most important materials in building construction. They are
generally obtained by mixing aggregates with an inorganic binder. The identification of mortar con-
stituents, particularly the binder type in historic buildings, is one of the essential aspects of building
conservation, considering that the new conservation materials must be chemically, mechanically,
and physically compatible with the old masonries. Among other techniques used to characterise
binders, those related to optical and electronic microscopy are particularly important. Microscopy
and combined techniques may be the key to this identification since the classic mineralogical and
chemical-based identification approaches are not conclusive enough in investigating the types of
hydraulic binders in mortars. This work presents an analysis procedure to identify mortar binders by
combining EDS microanalysis and petrography. Mortar samples of known composition were used
as a reference for analyzing mortars from historic buildings. The proposed methodology made it
possible to identify the type of binder or a mixture of binders based on the identification of the binder
features by petrography together with analysis of the chemical composition of the paste by X-ray

microanalysis under a scanning electron microscope.

Keywords: petrography; SEM-EDS; mortars; binders; characterization

1. Introduction

Mortars are an essential part of the construction of built structures and have become
more sophisticated over time, evolving in close connection with manufacturing technolo-
gies and construction techniques.

Mortars have various functions, such as rendering walls, repointing and joints, cover-
ing and bedding masonry elements, or bonding ceramic tiles.

Over time, the functions assigned to mortars have mostly stayed the same. They are
generally composite materials technologically characterized by a mixture of aggregates
with one or more types of binders, water, and additions. The most typical traditional
binders could be based on clay, lime, and gypsum [1,2]. The innovative changes were
related to the binders” production technology, the mix’s formulation, and the incorporation
of different materials that granted characteristics or performances that increased durability
and strength. Regarding innovation in formulation, pozzolanic materials in Roman times
stand out, namely replacing volcanic ashes with crushed or powdered ceramic fragments
when the former was unavailable [3]. Mortars with ceramic fragments (cocciopesto) were
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preferred for water-bearing structures and moisture protection, often used in baths, canals,
and aqueducts [3-8]. This innovation in mortar production aligns with modern sustainabil-
ity and recycling themes. Studies [9,10] indicate that the ceramic fragments in cocciopesto
differ in optical activity (birefringence), petrographic characteristics, and texture. This
diversity implies that they were made from recycled materials from various ceramic pro-
ductions, potentially representing one of the earliest instances of reuse and recycling in
history [9,10].

There have been considerable changes throughout history in the manufacture of
binders, especially since the 18th century, when technologies were discovered that made
it possible to produce various types of hydraulic binders and expand the application of
hydraulic mortars in construction.

Lime mortars can be divided into air lime mortars and hydraulic lime mortars, de-
pending on whether air or hydraulic lime is used. Compounds can also be incorporated
to make mortars hydraulic (e.g., natural or artificial pozzolans, crushed bricks, silica, and
amorphous alumina) even without a hydraulic binder.

Hydraulic mortars can also be based on natural or artificial types of cement, such as
Portland cement. Hydraulic lime is obtained from a burnt natural rock (siliceous/argillaceous
limestone or calcareous marl) below the sintering temperature (800-1200 °C). It must contain
enough free CaO to be slaked with water and be capable of setting under water. The calcined
product must contain a minimum amount of free CaO to reduce the entire mass to a powder
when slaked [1].

Natural cement, also known as Roman cement, was patented by James Parker in England
in 1796 [11]; its hydraulicity is due to the raw material used. Parker used calcareous nodules
(septarian nodules) found in the London clay beds on the Isle of Sheppey, England, and calcined
them in his domestic fire. He then ground the resulting clinker and mixed it with water. This
process led to the creation of a quick-drying, nut-brown-colored cement [11-13].

Despite implied links to the Roman binders, Parker’s ‘Roman cement” was a proper
hydraulic cement very different from the hydraulic binders used by the Romans in which
pozzolanic materials, not cementitious in themselves, had combined with lime in the
presence of water to form insoluble compounds possessing cementing properties [12].

The standardization of technological processes has led to the manufacture of various
types of binders with characteristics that are now known in more recent historical periods.
Air lime can currently be classified according to standard EN 459-1:2015 [14], which divides
lime into calcium (CL) or dolomitic (DL), considering its chemical composition. The same
standard also establishes the classification of natural hydraulic lime (NHL), which differs
chemically and mineralogically, leading to different compressive strength ranges.

Air lime is divided into fat and lean. Fat air lime is derived from almost pure limestone
with at least 99% carbonate content. Lean (generally greyish) is derived from limestones
with clay and other impurity contents between 1 and 5% [15].

Roman cement is a type of cement made from marl or septaria that contains 25% or
more clay. This cement is considered “natural” because all the necessary components, such
as lime, silica, and alumina, are found in a single source material, unlike Portland cement,
which is made from different sources [13].

Although they are natural hydraulic binders, according to Koztowski (2010) [12], natural
cements are distinct from hydraulic limes in that they have low levels of free lime, which means
they need to be ground instead of slaked. They are also different from Portland cements due to
their different chemical composition, resulting in significantly lower calcination temperatures.
The primary hydraulic phase in natural cements is C;,S (dicalcium silicate or belite), whereas
in ordinary Portland cement, it is C3S (tricalcium silicate or alite).

Although both Roman cement and natural hydraulic lime are calcined at low temper-
atures, they differ in that the cement hardens quickly, usually in less than 15 min. Both
materials contain substantial amounts of belite and have a prolonged strength develop-
ment profile. Roman cements can be differentiated from Portland cements by the presence
of residual quartz and calcite and the absence, or residual content, of tricalcium silicate

68



Minerals 2024, 14, 844

(C3S—alite), which is responsible for the substantial strength development in Portland
cements [12].

Historical cementitious or highly hydraulic mortar binders exhibit a lesser degree of
chemical definition than their contemporary counterparts. Consequently, comprehensive
characterization of these binders within mortar specimens requires meticulous examination
of the residual unhydrated particles within their structural framework. This endeavor is
optimally facilitated through microscopic techniques, potentially augmented by chemical
point analysis [16].

As some authors recognize [16-18], instrumental bulk analyses such as X-ray diffrac-
tion or chemical analysis are less capable of tracing the binder constituents than imaging or
microscopical analytical tools.

This study proves innovative as it combines elementary chemical analyses with polar-
ized light microscopy. It aims to group different mortar types according to their binders,
distinguishing mortars made with hydraulic binders, namely 20th-century Portland ce-
ment, natural cement (from the late 19th century) and NHL. Although NHL mortars were
widely used in construction until the 19th century, the mass production of Portland cement,
combined with its performance, likely meant that hydraulic cementitious binders were the
choice of binders in the 20th century buildings studied. In order to cover the various types
of binders, NHL mortar samples produced in the laboratory were also investigated.

It should also be mentioned that the ageing of hydraulic binders, such as Portland
cement involves several chemical processes that can affect their long-term durability and
performance. One critical process is carbonation, which involves the reaction of carbon
dioxide (CO;) from the air with the hydrated phases of the binder. The carbonation leads
to calcium carbonate (CaCO3) formation and subsequent decalcification, where calcium
ions are leached out of the material [19]. Thus, the Si/Ca and Al/Ca ratios can increase
with time.

Since the main factors in obtaining the various types of mortar binders depend on the
raw material and the temperature of calcination and/or sintering, the latter depending on
the manufacturing technology available at the time. The applied methodology and the
results obtained can be used to characterize mortars from other historical periods.

The aspects identified above are even more critical regarding material compatibility.
This greatly impacts conservation and restoration interventions, which must respect the
original materials” physical, mechanical, and chemical characteristics [20,21] as much as
possible to prevent future decay phenomena.

2. Materials and Methods
2.1. Samples and Analytical Background

Fifty-one samples were investigated from buildings constructed throughout the 20th
century in Lisbon (Portugal), whose characteristics and sampling setup can be consulted
elsewhere [22], as part of a thoroughly characterization study. Additionally, two natural
cement samples were analyzed from cast decorative elements in Barcelona buildings
(Spain), built between the end of the 19th century and the beginning of the 20th century [23].

Table 1 presents the type of binder and the binder-to-aggregate (b:a) ratio of the
analyzed render and plaster samples and their construction or application period. The b:a
ratio was relevant to investigate if this ratio would impact the chemical analysis results.

For lime mortars, the b:a ratio was calculated using the insoluble residue (IR) values
obtained by wet chemical analysis and the CO; content obtained by thermogravimetry
(TGA-DTA) [22]. The insoluble residue (IR) corresponds to siliceous aggregate content
after acid dissolution of the binder by a nitric acid solution. The samples are previously
ground until they completely pass through a 106 um sieve. The samples are quartered until
2g is obtained and then etched with HNO; until the release of CO, stops. The IR is then
determined by gravimetry. In contrast, the binder content was calculated from the CO,
content (obtained by TGA-DTA in the weight loss range between 500-900 °C). The amount
of CO; correspond to the amount of calcium carbonate in the binder, which can then be

69



Minerals 2024, 14, 844

converted to Ca(OH), [24], considering that all of the CO;, came from the decomposition of
carbonated lime (CaCO3). For cementitious mortars, regardless of whether they contain
other binders, the Portland cement content was obtained according to Arliguie’s (2007)
method [25]. This method does not consider the use of mineral additions in the binder, so
the calculations of Portland cement as a binder were performed by default.

Table 1. Mortars from Lisbon (Portugal) and Barcelona (Spain) buildings.

. . s s . Binder to Aggregate
Sample ID Construction Period Case Study/Building Type of Building Binder Type Ratio by Weight (b:a)
CVTIB AL 1:5.4
CVT (1903)/ . .
CVT1C 1902-1903 P . Resid: 1 AL 1.7.8
CVT3B Ventura Terra building (Lisbon) esidencia AL 1:4.3
AR49-2B AL (©
AR49-6C AL 1:5.8
AR49-7B AL 1:3
AR49-8A AR49 (1923)/ . . AL 1:29
AR49-8B 1920-1923 Luiz Rau building (Lisbon) Residential AL 1:11.2
AR49-11B AL 1:6.7
AR49-15B AL 1.71
AR49-15C AL 1:7.9
IRF1B AL+OPC
IRF2A AL
IRF2B AL
IRF3A IRF (1938)/Nossa Senhora de AL
IRF3B 1934-1938 Fatima church (Lisbon) Church AL
IRF4A AL+OPC
IRF7A AL+OPC
IRF7B AL+OPC
CBP1A AL
CBP4B (d) CBP (1939)/Bernardo da Maia . . OorC
CBP6B 1938-1939 house (Lisbon) Residential AL
CBP7B AL
DN9A orC
DN10A OPC
DN11A orC
DN11B orC 4.
DNI12A L . orC 1:12.9
DN12B 1936-1940 PN (féﬁzi/if "’(rfi)s‘ffoi]f tictas Office and service AL+OPC 1:2.1:15.1
DN12C & OPC 1:4.2
DN12D AL 1:4.3
DN19B PCC 1:25.2 (a)
DN19C orC 1:8.9
DN19D AL+PCC 1:1:6 (a)
AAC1A AL+OPC 1:0.2:6.1
AACIB AL+OPC 1:0.2:7
AAC2A () AAC (1944)/ Cristino da Silva . . AL+WPC 1:0.3:1.0
AAC2B 1942-1944 building (Lisbon) Residential OPC 1245
AAC3A () orc 1:3.0
AACHA (c) orC 1:1.9
LIP1A LIP (1954)/Laboratories of OPC 1:7.6
1955-1957 Pasteur Institute of Lisbon Laboratory and services .
LIP9A (Lisbon) orcC 1:6.6
EUA53-2A (c) WPC (e) 1:3.7
EUA53-2B OPC 1:6.7
EUAS53-3A (c) 1966-1969 EUAS3 (1970)/ America building Residential and WPC (e) 1:19.1
EUA53-3B a (Lisbon) commercial OPC 1:4.9
EUAB53-4A (c) WPC 1:11.1
EUA53-4B orC 1:11.5
FCG (1975)/Calouste Gulbenkian Office and cultural
FCG4A 1963-1969 Foundation Headquarters and s orcC 1:10.2
. facilities
Museum (Lisbon)
JRP (1987)/Jacob Rodrigues . . .
JRP2A 1984-1987 Pereira Institute (Lisbon) Educational /academic PCC 1:4.9 (a)
UNL3A 2000-2002 UNL (2002)/New University of g, 20l /academic oPC 1:10.2
Lisbon Rectory (Lisbon)
0-NC 1887 Hivernacle (Barcelona) Greenhouse NC (b)
1-NC 1900 Villarroel (Barcelona) Residential NC (b)

Legend: AL—air lime; OPC—ordinary Portland cement; WPC—white Portland cement; PCC—Portland composite
cement; NC—natural cement; (a)—overestimated aggregate content, due to the presence of mineral additions
(GGBS—samples DN19D and JRP2; FA—sample DN19D); (b)—not assessed; (c)—stone-imitating mortars; (d)—
mortar with ceramic aggregates; (e)—stone imitating mortar with limestone filler.
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The b:a ratio was obtained by point counting in thin sections for mortars with car-
bonate aggregates, according to RILEM Technical Committee TC167-COM recommenda-
tions [26].

The samples analyzed have the following binders: air lime (AL), natural hydraulic lime
(NHL), natural cement (NC), ordinary Portland cement (OPC), Portland composite cement
with mineral additions, like fly ash (FA) or ground granulated blast furnace slags (GGBS),
and blended air lime and Portland cement (with OPC or white Portland cement—WPC).
To investigate the different types of binders, a methodology involving a series of comple-
mentary analytical procedures was previously used, namely mineralogical investigation
by XRD to characterize the overall and the binder-rich fraction and microstructural and
optical microscopy analysis (SEM-EDS and petrography) in accordance with specialized
literature to identify the key features of each type of binder [16,24-29].

In addition, mortar specimens formulated in the laboratory were also analyzed. These
specimens were used as a control and a reference for elemental analysis. They were
mainly formulated in the laboratory for previous research work and used in the present
context [30-32]. Their formulations can be found in Table 2.

Table 2. Composition of laboratory formulated mortar specimens.

Specimens ID Mortar Formulation Binder Type b:a (a)
CA-Sb-CP-360d CL90-S air lime mortar with sﬂlgeous sand, 360 days AL 11
laboratory curing
CA-AL-CP-360d CL90-S air lime mortar with washed. siliceous sand, 360 days AL 111
laboratory curing
CH-AL-CP-360d NHL 3.5 @ mortar with washed S%liceous sand, 360 days NHL 1:5.6
laboratory curing
(Y] ith sili
CH-Sb-CP-360d NHL 3.5 ) mortar with 5111ce9us sand, 360 days laboratory NHL 1:5.6
curing
CEMI (42.5) Portland cement mortar (CEM I 42.5) Wlth siliceous sand, 180 OPC 13
days laboratory curing
CEMI (52.5) Portland cement type mortar (CEM I 52.5? with siliceous OPC 13
sand, 180 days laboratory curing
Blended mortar with air lime and Portland cement (CEM I
Li310-Ref-fib 42.5) with siliceous sand and organic fibers, 360 days AL+OPC 1:2.6:26.3
laboratory curing
. Blended mortar with air lime and Portland cement (CEM I o
Li310-Ref 42.5) with siliceous sand, 360 days laboratory curing AL+OPC 126263
CA-AL-CP-720d CL90-S air lime mortar with washeq siliceous sand, 720 days AL 11
laboratory curing
CH-AL-CP-720d NHL 3.5 O mortar with washed siliceous sand, 720 days NHL 1:5.6
laboratory curing
124A Blended mortars with air lime and white Portland cement AL+WPC 1:1.3:19.7
134A (CEM 1 42.5) with siliceous sand, 4 years laboratory curing AL+WPC 1:0.9:17.5

Legend: AL—air lime; OPC—ordinary Portland cement; WPC—white Portland cement; NHL—natural hydraulic
lime; AL+OPC (or WPC)—blended air lime and ordinary Portland cement or white Portland cement; (a)—binder
to aggregate ratio; () The commercial SECIL NHL 3.5 is rated according to CEN EN 459-1:2015 [14].

2.2. SEM-EDS and Principal Component Analysis

Scanning electron microscopy with energy dispersive X-ray spectrometry (SEM-EDS)
was performed in a TESCAN MIRA 3 field emission microscope (Tescan Group, a. s.,
Brno—Kohoutovice, Czech Republic) combined with a BRUKER XFlash 6 | 30 EDS system
(Bruker Corporation, Billerica, MA, USA). Polished flat specimens or thin sections from
each mortar sample were prepared as described in the following section and were analyzed
in backscattered electron mode, with a chamber pressure of 20 Pa and 20 kV accelerating
voltage, with an absorption current circa 300 pA, using a magnification over 500 % in paste
areas.
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Over 50 EDS spot areas (<10 um?) were captured in each specimen, being the oxygen
calculated by stoichiometry [33] and rejecting the values for Al/Si and Ca/Si atomic ratios
higher than 10% of the coefficient of variation.

Principal component analysis (PCA) was performed using the results of the EDS
analysis processed with OriginPro 9.0 software. PCA was performed to test and explore
a mortar type’s clustering structure to help understand how clusters are distributed and
whether they are well-separated or overlapping.

2.3. Optical Microscopy—Petrography

The thin section technique, a significant advancement in the field of petrography, was
developed by 19th-century geologists. It initially aided in studying rocks and minerals, and
its application later expanded to include construction materials like concrete and mortar by
the 1920s [34]. Today, this versatile technique is widely employed across various materials,
including brittle substances like concrete and mortar. The samples were stabilized through
embedding in epoxy resin, enabling cutting and grinding to a final thickness of 20-30 pm.

Petrographic observations were then conducted on thin sections using an Olympus
BX60 (Tokyo, Japan) petrographic microscope featuring magnification lenses of 5x, 10x,
20x, and 40 x. Residues within the mortar matrix necessitate microscopic tools to pinpoint
the binder type [27], especially when distinguishing between the various hydraulic binders,
which is why it became essential to apply this technique. It should be noted that petrogra-
phy was only used to distinguish between mortars with hydraulic binders whenever the
SEM-EDS methodology was inconclusive. Both methods (SEM-EDS and petrography) are
complementary but should be used together.

3. Results and Discussion
3.1. SEM—EDS and Principal Component Analysis

EDS analysis and observations in backscattered mode were performed to mark out
and group each type of binder used in terms of chemical composition. The analyses
helped detect whether there were significant chemical differences between blended air lime
Portland cement mortars and the other mortar types, considering the variability in the mix-
design properties that could influence the composition, namely the binder-to-aggregate
ratio.

The chemical compositions obtained by EDS were used to calculate the Al/Ca and
Si/Ca atomic ratios (Table 3).

The hydraulicity of binders is highly variable [35] and was first determined by Louis
Vicat (1818) [36] using the Hydraulicity Index. Vicat synthesized the available knowl-
edge and directly linked hydraulicity to the SiO, and Al,O5 content. Subsequently, Eckel
(2005) [37] introduced a novel index known as the Cementation Index. This index incorpo-
rates the influence of Fe,O3 and MgO on hydraulicity, presuming that all available SiO;
combines with CaO to produce C35 (Cas5iOs) and that all Al,O3 combines to produce C3A
(CazgAl,Op). MgO is equated with CaO and Fe, O3 with Al,Os.

Nevertheless, this representation oversimplifies matters, as the mineralogy of hy-
draulic binders is more intricate than assumed [35]. The combustion temperature and
duration indirectly influence the hydraulic characteristics, impacting the product’s min-
eralogy [38]. Despite acknowledging this observation, the selection of Al/Ca and Si/Ca
elemental atomic ratios is rationalized due to the importance of the CaO-5iO,—Al,O3
system in evaluating the hydraulicity of mortars and binders, as evidenced by Mertens
et al. 2008 [39], who scrutinized the composition of historical calcareous hydraulic binders
within that chemical system.

Figure 1 shows an expected increase in hydraulic binders’ Si/Ca ratio, while the
Al/Ca ratio is variable within the specified clusters. Although there are few laboratory
test specimens, finding a chemical composition concordance between them and the other
analyzed samples is possible. The only discrepancy found is the composition of the mixed
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mortars, which has such a dispersion that some compositions are encompassed in the
cluster of cement mortars or even at the limit between natural cement and NHL mortars.

Table 3. Al/Ca and Si/Ca atomic ratios obtained by EDS of the mortars from the buildings analyzed
and of laboratory formulated test specimens.

Sample ID Case Study Binder Type Al/Ca Si/Ca
CVTIB AL 0.03 0.11
CVTIC CVT (1903) AL 0.06 0.19
CVT3B AL 0.02 0.15

AR49-2B AL 0.05 0.13
AR49-6C AL 0.05 0.12
AR49-7B AL 0.02 0.10
AR49-8A AL 0.03 0.11
AR49-8B AR49 (1923) AL 0.05 0.19

AR49-11B AL 0.07 0.16

AR49-15B AL 0.05 0.14

AR49-15C AL 0.05 0.17

IRF1B AL+OPC 0.12 0.28
IRF2A AL 0.04 0.09
IRF2B AL 0.04 0.12
IRF3A AL 0.06 0.12
IRF3B IRF (1938) AL 0.05 0.14
IRF4A AL+OPC 0.11 0.35
IRF7A AL+OPC 0.13 0.32
IRF7B AL+OPC 0.11 0.30
CBP1A AL 0.07 0.20
CBP4B OPC 0.23 0.44
CBP6B CBP (1939) AL 0.03 0.13
CBP7B AL 0.09 021
DN9A bﬁ;fé’;n . OPC 0.11 0.39
DN10A & OPC 0.09 0.34
DN11A OPC 0.10 0.40
DN11B OPC 0.10 0.33
DN12A OPC 0.12 0.44
DN12B DN (1940) AL+OPC 0.13 032
DN12C OPC 0.12 0.45
DN12D AL 0.05 0.15
DN19B PCC 0.23 0.41
DN19C OPC 0.07 031
DN19D AL+PCC 0.13 037
AACIA AL+OPC 0.05 0.24
AACIB AL+OPC 0.09 027
AAC2A AL+WPC 0.05 0.22
AAC2B AAC (1944) OPC 0.09 0.36
AAC3A OPC 0.10 031
AAC4A OPC 0.09 0.34
LIP1A OoPC 0.13 035
LIP9A LIP (1954) OPC 0.07 0.32

EUA53-2A WPC 0.05 0.22

EUA53-2B OPC 0.09 0.30

EUAS53-3A WPC 0.03 021

EUAS53-3B EUAS53 (1970) OPC 0.08 032

EUA53-4A WPC 0.08 0.30

EUAS53-4B OPC 0.09 032
FCG4A FCG (1975) OPC 0.11 0.33
JRP2A JRP (1987) PCC 0.17 0.49
UNL3A UNL (2002) OPC 0.08 027
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Table 3. Cont.

Sample ID Case Study Binder Type Al/Ca Si/Ca
CA-Sb-CP-
360d AL 0.06 0.11
CA-AL-CP-
360d AL 0.05 0.07
CH-AL-CP-
360d NHL 0.15 0.26
CH-Sb-CP-
360d NHL 0.12 0.21
CEM (42.5) OPC 0.09 0.33
CEM I (52.5) OPC 0.08 0.45
Li310-Ref-fib Laboratory formulated test AL+OPC 0.05 0.25
Li310-Ref sgecimens AL+OPC 0.05 0.27
CA-AL-CP-
720d AL 0.06 0.17
CH-AL-CP-
720d NHL 0.12 0.28
124A AL+WPC 0.04 0.21
134A AL+WPC 0.08 0.27
0-NC NC 0.12 0.23
_— Barcelona buildings
1-NC NC 0.16 0.35

Legend: AL—air lime; OPC—ordinary Portland cement; WPC—white Portland cement; PCC—Portland composite
cement; AL+OPC (or WPC, or PCC)—blended air lime and Portland cement (for each type); NHL—natural
hydraulic lime; NC—natural cement.
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e o
0.20 - AAL -
ANHL
[ ] -
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© AAL+PC
n ® O J
Q A\ 4 ® q
< 0.10 o ®o .. ANC
' A > Qe B e o AL
C » 0.0 A -BS
0.0 e YT 0AL+PC
E1
0.00
0.00 0.10 0.20 0.30 0.40 0.50
SilCa

Figure 1. Si/Ca vs. Al/Ca plot of laboratory test specimens (LS) and building samples (BS) with
clustering. Group A: air lime mortars (AL). Group B: NHL mortars (B). Group C: blended air lime
Portland cement mortars (AL+PC). Group D: natural cement mortars (NC). Group E: Portland cement
mortars (PC). Sub-group E1: Portland cement stone imitating mortars with limestone filler. Sub-group
E2: Portland cement mortars with mineral additions or with pozzolanic additives. PC includes all
types of Portland cement.

The presence of limestone filler in the paste of stone-imitating mortars reduced both
ratios, as can be seen in cluster E1. Cluster E2 stands out from the others as it includes
binders with mineral or pozzolanic additions rich in silica or alumina.

For comparative purposes and to attempt to improve the discrimination of this group
of samples, principal component analysis (Figure 2) was carried out considering the ana-
lytical results presented in Table 3. The by-mixed mortars have high dispersion, and their
cluster overlaps with the PC cluster. However, the air lime and Portland cement mortars
were distinctively separated. A plot in the plane of the two principal components (PC1
and PC2) is shown in Figure 3. PC1 explains 43.73% of the variation and is controlled
in the positive sense primarily by the contents in O, Si, Al, and Fe (somehow related to
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hydraulicity, which depends primarily on the clay content of the raw material) and in the
opposite sense by the content in Ca (air lime binder’s main element) and Cl. PC2 explains
16.38% of the variation and is controlled in the positive sense primarily by the contents
in Ca and Na; in the opposite sense, no element has influence (as seen in the loadings
plot of Figure 3). Although Cl may derive from the composition of the epoxy resin, which
cannot be proved for all the analyzed samples, the influence of Na (PC2) raises questions
regarding the contamination by salts and their possible influence on the analytical results

of the binders.
J AR49-6C
AR49-11B
34 A i ®FCGIA
J AR49-28 E
2 ACEM| (425)
] AR49-7B wEres p— ©DN10A
@ EUAS3-28
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NL3Ag FUAS3-4B
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DN 12
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SEARE e C [amcia® TAACIA DN1ep
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CA-AL-CP-360d IRE2A VTG 53-3 1-Sb-CP-360d E1
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cvTiB ‘34*" CH-AL-CP-3600dA ®aAAC2B
J 1oap  LiB10-Ref-nofi> ® i ACEMI(525)
2 s AACRA
EUAS32 B
L]
CBP7B
-4 T T T T T T T T

Figure 2. Score plot of the PCA of the analyzed samples, including the laboratory test specimens.
Legend: Group A: air lime mortars (AL). Group B: NHL mortars (B). Group C: blended air lime
with Portland cement mortars (AL+PC). Group D: natural cement mortars (NC). Group E: Portland
cement mortars (PC). Sub-group E1: Portland cement stone imitating mortars with limestone filler.
Sub-group E2: Portland cement mortars with mineral additions or with pozzolanic potential. PC

includes all types of Portland cement.
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Figure 3. Loadings plot of the PCA of the experimental and the laboratory test specimens.

PC1 (43.73%)
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Counts

Almeida et al. (2023) [22] characterized the binder-rich fraction by X-ray diffractometry
(XRD) of the Lisbon mortars, which was obtained by extracting the fines, passing through
a 106 pm sieve directly from the bulk mortar. They also obtained the overall fraction
corresponding to the samples as collected, obtained by crushing and grinding to pass
through a 106 um sieve and then analyzed by XRD. XRD detected Halite (NaCl) in samples
CVTI1C, CVT3B, AR49-7B, and AR49-11B (Figure 4), though only AR49-7B and AR49-11B
are influenced by both contents. Nonetheless, sodium may be derived from the sodium
feldspars (i.e., albite) from the aggregates, as the same authors stated elsewhere [22] (see
Figure 4).

Counts

10000

2500

[ cvric-oF
[~ CVT1C-BRF

[— CVT3B-OF
[ CVT3B-BRF

10000

250 M g

Counts

Counts

10,000

2,500

[ AR49-78-OF
[~ AR49-7B-BRF

]
il

[ ARag-11B-OF
|~ AR49-11B-BRF

10000

2500

Position [*2Theta] Position [*2Theta]

Figure 4. XRD patterns of the samples CVT1C, CVT3B, AR49-7B, and AR49-11B. Notation: OF—
overall fraction; BRE—binder-rich fraction; M—muscovite; G—gypsum; Q—quartz; Fna—albite;
Fk—microcline; C—calcite; Ha—halite; Eu—eugsterite; Th—thenardite; K—kaolinite.

Similarly to Figure 1, Figure 2 shows a cluster (E1) of samples with mineral additions
and pozzolanic material and another, cluster E2, which refers to stone imitating mortars
with limestone filler. As an outlier, sample CBP7B has a high influence of sulfur derived
from gypsum in the binder [22]. Figure 5 shows a detail of the binder paste of this sample,
confirming the presence of gypsum (needle-shaped crystals), in which can be seen the
distribution of the elements Ca and S. This sample stands out from the others since it is a
supporting mortar of a crown molding plaster element [22]. The incorporation of gypsum
must, therefore, be related to the construction technique.

According to the EDS results (see Figures 1 and 2), mortars in which lime has been
mixed with Portland cement are chemically similar to cement mortars. The plot in Figure 6
shows no tendency for the Si/Ca ratio to increase as the binder content (in this case,
Portland cement) increases. This finding has significant implications, as it suggests that
the Portland cement content in the mix does not considerably influence the chemistry of
the paste, which can be explained by the fact that the pastes were poorly mixed or there
may be an influence from the composition of the raw materials from different origins to
contribute to this compositional variability.
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MAG: 600 x HV: 20.0 kV WD: 10.4 mm MAG: 600 x HV: 20.0 kV WD: 10.4 mm

Figure 5. Backscattered scanning electron images of the binder of the sample CBP7B. (a) Needle-shape
gypsum crystals forming a loose-like binder network; (b) X-ray map of elements K (red), Ca (green),
and S (blue); X-ray maps of elements Ca (c) and S (d).
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Figure 6. Si/Ca to Portland cement content (from b:a ratio) in the lime-mixed Portland cement
mortars. Legend: LS—laboratory mortar specimens; BS—building mortar samples.

3.2. Optical Microscopy—Petrography

Considering the elemental analysis results, more specifically the Si/Ca ratio vs. Al/Ca
ratio, there is a noticeable overlap between groups B (NHL mortars) and D (natural ce-
ment mortars) and between C (blended air lime Portland cement mortars), E (Portland
cement mortars), and E1 (Portland cement stone imitating mortars with limestone filler).
A complementary approach is needed to identify the binders unequivocally. A literature
review shows that each type of binder has its characteristics with its compounds. Much of
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the identification using optical microscopy is carried out to find residues resulting from
the manufacturing process, i.e., ‘fossil’ traces of the raw material, residues (or ‘relicts’) of
the binder that have not produced chemical and physical reactions, or even neoformation
products resulting from interaction with the binder matrix.

Air lime, which has been extensively studied, is often characterized by the presence of
lumps. Lime lumps are fragments macroscopically showing a whitish color and sometimes
an inconsistent appearance [40-43]. Among several authors, Cantisani et al. 2022 [42],
observing the thin section of lumps under a polarized light microscope, stated that the
presence of lime lumps is fundamental to recognize the lime binder nature, allowing
information about the stone used to produce lime. According to Pavia and Caro (2007) [28],
binder properties, including reactivity, shrinkage, cohesion, and fineness, can also be
analyzed with petrographic microscopy, providing essential clues on lime calcination and
slaking. The same authors point out that the accumulation of lime lumps often appears
fractured under the microscope because pure calcium lime is a non-hydraulic binder with a
high retraction coefficient. Other authors state that the presence of lime lumps can indicate
incomplete calcination [44], poor mixing [45], or the practice of “hot lime mixing” [46]
when they are abundant. Regarding the mortars in this study, particularly those from the
Lisbon buildings, the lime binders are clearly identified by the presence of the lime lumps,
as shown in Figure 7. In the case of blended binders, i.e., Portland cement with a lime
mixture, the identification of lime lumps also makes it possible to conclude that lime was
used in the mortar formulation (Figure 8b).

Figure 7. AR49-6C (a) and IRF2B (b) thin section micrographs in transmitted cross-polarized light,
showing lime lumps (llu).

Figure 8. Thin-section micrograph of EUA53-4A in transmitted cross-polarized light (a), and thin
section micrograph of IRF4A in transmitted cross-polarized light (b). Legend: unhydrated white
Portland cement clinker grains (yellow arrows) showing no C4AF phase in the residual cement
grains; lime lump (llu) and Portland cement clinker grains (red arrows) coexisting in the same sample,
indicating air lime with mixed ordinary Portland cement as binders.
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When employing appropriate petrographic techniques, there is minimal risk of con-
fusing a lime with Portland cement. Therefore, we can confine ourselves to the differences
between the various types of hydraulic binders, as they present chemical overlaps in the
elemental relationships studied and recognized by other features.

Whether in hot-mixed lime, fat lime putty, or eminently hydraulic lime, the essential
constituent of the raw material remains calcium hydroxide. The manufacturing procedures
involved are notably distinct from those of Portland cement. A limestone of varying
purity undergoes a process known as “calcination”, which is heated to a temperature
sufficient to expel the carbon dioxide in the original limestone. This temperature threshold
is significantly below the clinkering point, usually below 1000 °C. The primary output is
calcium oxide or free lime; however, this compound is unstable, necessitating an additional
step known as slaking [27].

The most eminent difficulty is the differentiation between NHL, natural cement,
and air lime mixed with materials that promote hydraulicity, such as natural or artificial
pozzolans. That difficulty is due to several factors, such as the optical similarity between
natural cement and natural hydraulic lime. As far as natural cements are concerned, the
poor quality of the milling technology means that the calcined marl fragments remain
unhydrated during the setting process, making it easier to identify unhydrated belite
crystals inside the lumps [23].

Table 4 compiles some key compounds according to several authors, and it is intended
to be a guide for identifying the hydraulic binders from the compounds observed. Given the
affinity between the NHL binder and the hydraulic mortars, both materials are combined
in the exact identification batch. Despite using a transmitted light microscope, it should be
kept in mind that using reflected (incident) light is beneficial for observing some of these
components. Incident light microscopy proves helpful for mortars containing Portland
cement (Figure 9), while polarized microscopy in transmitted light is advantageous for all
types of hydraulic mortars [16].

Figure 9. Polished section micrograph of Li310-Ref test specimen in incident light, dark field (a),

and thin section micrograph of JRP2A sample in transmitted plane polarized light (b). Legend:
unhydrated Portland cement clinker grain (red doted circle) containing C3S (elongated), C,S (rounded
crystals) and a brownish phase corresponding to C4AF; GBFS grains in a Portland cement matrix,
showing typical orange to red hydration rims (red arrows).

Figures 8-10 show some key characteristics described in Table 4 and found in the
samples studied, except the NHL mortar samples due to the inexistence of thin sections.
The images show the presence of compounds that indicate different types of hydraulicity
according to the binder used.
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Figure 10. 0-NC thin section micrographs. Legend: (a)—fragments of calcined marl from the natural
cement sample in incident light, dark field. These fragments are characterized by a hydrated outer
ring (red arrows); (b)—detail of marls with non-hydrated belite inside lumps (red arrows); residual,
under-burned relicts exhibiting low reactivity (white arrows) and the original rock texture observed
in transmitted cross-polarized light.

4. Conclusions

The main conclusions of this work are:

The interval ranges for the chemical compositions of the binders were obtained with
precision through EDS analyses. The following interval of elemental ratios Al/Ca
and Si/Ca were established for the types of binders identified in Table 5, ensuring the
accuracy of the results.

Table 5. Ranges for chemical composition ratios (Al/Ca and Si/Ca) of binders.

Al/Ca Si/Ca

Binder Type Min. Max. Min. Max.

Air lime 0.02 0.09 0.09 0.20

Natural hydraulic lime 0.12 0.15 0.21 0.28

Natural cement 0.12 0.16 0.23 0.35

Blended air lime and Portland cement

(including ordinary, white, and 0.04 0.13 0.21 0.37

Portland composite cement types)

Portlanc} cement (including ordinary 0.03 0.23 021 045

and white types)

Portland composite cements 0.17 0.23 0.41 0.49
°

PCA analysis did not significantly refine the clusters because the samples have similar
representations of the principal components. This suggests that PCA should not
be applied to samples with elements that exhibit the same weight in their chemical
composition.

When dealing with overlapping grouped chemical results, optical microscopy is a
critical step in identifying the key compounds of the binder. When consistently
applied by a skilled petrographer, this practice ensures the accuracy and reliability of
the results.

Of the key compounds mentioned above, some stand out in helping to distinguish
between historical hydraulic binders, such as: natural cement binders (calcined marl
fragments, under-burned, well-burned, and over-burned marl fragments, presence
of unhydrated C,S crystals and the absence (or minimal presence) of alite); NHL
binders (presence of small dark inclusions (non-hydrated relicts of C;S), hydration
rims around individual hydraulic phases, presence of gehlenite); and portland cement
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binders (large size of the unhydrated C3S crystals in historic Portland cement and
ubiquity of C3S in all types of Portland cement).

e Inblended mortars, the pastes” homogeneity, or compositional variability, which may
be attributable to the influence of the raw materials” composition, varying according
to their provenance, points to being influential in EDS analyses.

e  Although some of the samples analyzed were manufactured in the laboratory, namely
the natural hydraulic lime, Portland cement, and air lime mixed with Portland cement
test specimens, the chemical results can be extrapolated to these types of binders, his-
torically applied in other periods, since the raw materials and calcination temperatures
are similar to those obtained in the past, even though today there is greater quality
control in the manufacturing processes.
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Abstract: Developments in scanning electron microscopy (SEM) have introduced instant live coloured
SEM images based on elemental composition. Here, we use a technique utilising a Unity BEX detector
system, with collection speeds up to 100 times faster than typical standard energy-dispersive X-ray
(EDX) analysis systems, to obtain large area backscattered and elemental composition maps of heavy
mineral (HM) suites from a sample from an Oligocene fluvio-deltaic system in the Central Myanmar
Basin. The fast X-ray collection rate and a high-resolution backscattered (BSE) detector allow for rapid
imaging of polished blocks, thin sections, and stubs. Individual HM species can be rapidly classified,
allowing for the subsequent collection of compositional and morphological metrics. In addition, the
identification of grains such as zircon and apatite allow for further analysis by cathodoluminescence
(CL) to identify and record the presence of growth zonation, which is critical for further U-Pb
geochronology and thermochronology, using fission track analysis of apatite, zircon, and titanite.
The sample used in this study contains a diverse heavy mineral suite due to the complex tectonic
history of Myanmar, juxtaposing multiple metamorphic basement terranes alongside volcanic arcs
and obducted ophiolites. This, along with the textural and mineralogical immaturity of the sediments
themselves (governed by short transport systems and the rapid weathering of the sources), means
that a wide variety of heavy mineral species can be identified and tested using this new technique,
which provides a time-efficient method in comparison to traditional optical techniques. As the
Unity BEX detector is located at the polepiece, it is relatively insensitive to working distance; in
addition, the geometry of paired X-ray detectors on either side of the polepiece (at 180°) means that
the system is also capable of fully characterising individual particles, on uncut and unpolished grain
mounts, without artefacts such as particle shadowing. The development of a more comprehensive
heavy mineral EDX database (library) will improve the accuracy of this new technique, as will the
correlation with other techniques such as Raman spectroscopy.

Keywords: automation; rapid mapping; heavy minerals; BEX

1. Introduction

Heavy minerals (HM) are those with a density greater than 2.8 to 2.9 g/m? [1] and
commonly form around 1% of siliciclastic sediments. They are particularly useful in
provenance studies [2-4] and can provide additional information on weathering, sediment
transport, sediment mixing, and the degree of sediment recycling [3,5,6]. In such cases,
heavy mineral species are typically paired (e.g., apatite/tourmaline (ATi), garnet/zircon
(GZi), rutile/zircon (Ru/Zi) monazite/zircon (MZi) and chrome spinel/zircon (CZi)) and
used as indexes for provenance, weathering, transportation, and degree of diagenetic alter-
ation [7]. They also provide a method for dating sediment sources through the separation
and study of mineral phases such as zircon and apatite [8-11] using SHRIMP or LA-ICP-MS
U-Pb geochronology and fission track analysis [12-14]. Additionally, in some cases, high
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concentrations of HMs can be mined as valuable reserves of critical metals such as Nb, Ta,
Sn, Zr, and Ti [15,16].

Due to the relative scarcity of heavy minerals in sediment, they normally require sepa-
ration and concentration [16-19] and are traditionally sorted, hand-picked, and identified
using optical microscopy [20-22]. The latter is time-consuming and requires a specialised
knowledge of mineral optical properties. In recent years, it has been identified that optical
analysis can produce varied results and occasionally introduce operator bias [23], which
techniques for automated mineralogy can reduce. Combined SEM-EDX has been employed
in the characterisation and composition of HM phases [15,17], which has included the use
of automated SEM-EDX analysis using QEMSCAN [24], as well as more novel applications
with machine learning applied to HM SEM-EDX data [25]. Other authors have used Raman
spectroscopy [3,9,26,27] and ICP-AES [21].

Here, we illustrate a fast and efficient method that utilises SEM and BEX (combined
backscattered electron and X-ray). This method can quickly collect high-resolution images
(for size, shape, and distribution of heavy minerals) at the same time as elemental com-
position data. Once collected, data such as spatial distribution can be further extracted
and used as the basis of additional analysis for Raman spectroscopy, cathodoluminescence,
microprobe studies, and ICP analysis. The pros and cons of this technique are discussed, as
are potential future improvements that would make automated HM analysis a valuable
routine method.

2. Materials and Methods

The sample heavy mineral separate utilised herein was collected from the Oligocene
fluvio-deltaic Padaung Formation from the Central Myanmar Basin (MCM-18-004). The
Central Myanmar Basin (Figure 1) is an elongate basin containing ~15 km of Cenozoic
sediment; it is bound by the Sino-Myanmar ranges (Jurassic to Eocene medium- to high-
grade metamorphic rocks) in the east and the Indo-Myanmar ranges (Triassic to Eocene
schists, turbidites, and ophiolitic rocks) in the west [9].

The methodology is illustrated in the form of a flow chart (Figure 2) and follows
standard mineral separation processes [16-19,28]. Five hundred grams of medium-grained
sandstone were partially disaggregated using a mortar and pestle before being milled using
a Fritsch Pulverisette tungsten carbide mill (Fritsch, Idar-Oberstein, Germany) with a plate
separation of 0.10 mm. The loose sediment was then sieved to a 63 pm to 250 pm fraction
using a Fritsch Analysette 3 Spartan wet sieve (Fritsch, Idar-Oberstein, Germany) and
cleaned using a sodium hexametaphosphate solution combined with sonic agitation. This
63 pm to 250 um aliquot was then hydrodynamically separated into light, intermediate, and
heavy fractions using a Holman-Wilfley 800 Laboratory Table (Holman-Wilfley, Redruth,
UK) set to an angle of 15° with low amplitude vibrations. The retained heavy mineral
fraction underwent an acetic acid bath to remove any carbonate content before using a
hand magnet to remove any highly magnetic minerals. Eighty grams of the remaining
sample was then separated using lithium heteropolytungstate (LST), a heavy liquid with
a density of 2.89 & 0.02 g/mL, to separate the heavy minerals. The concentrated HM
separate was embedded into pucks using Araldite AY 103 resin and HY 956 hardener
(Huntsman Advanced Materials, The Woodlands, TX, USA) and hand-polished for bulk
SEM elemental analysis. In addition, individual HM grains were mounted onto a standard
aluminium SEM stub to observe phases in their natural states. Both sample types were
coated in gold, using an Emitech K550 gold sputter coater (Emitech Ltd., Ashford, UK),
and analysed in high-vacuum mode with a Quanta 650 FEG scanning electron microscope
(SEM) (FEI, Hillsboro, OR, USA) equipped with an Oxford Instruments X-Max" 150 mm
energy-dispersive X-ray (EDX) detector (Oxford Instruments, Abingdon-on-Thames, UK)
in combination with an Oxford Instruments Unity backscattered electron and X-ray (BEX)
system (Oxford Instruments, Abingdon-on-Thames, UK) (Figure 3). AZtec 6.1™ BEX
Mapping software was utilised to collect raw data and construct elemental maps; the
parameters used during scanning are given in Table 1. AZtecFeature and AZtecMatch were
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also tested to extract numerical data for individual grains and identify mineral phases
within the HM suite, respectively.

9
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Figure 1. Digital elevation model (DEM) of Myanmar, showing the main geological terranes, along-
side principal convergence zones and faults (left), alongside Oligocene lithostratigraphy of the
Central Myanmar Basin, including the Padaung Formation (right). Modified from [29].

Table 1. Parameters used in mapping the surface of polished block and stub.

Polished
Block Stub
Total number fields 164 84
Width per field (mm) 2.88 1.79
# pixels per field width 1024 1024
Montage pixel resolution 5560 x 5466 7413 x 7678

Scan time per field (s) 33 10
Magnification 145 233
Total scan time (h) 1.5 0.25
Dwell time (us) 9.81 2.59

Operating voltage (kV) 20 20

Aperture strip position 1 1

Spot size 4.5 4.5

Working distance (mm) 9.6 10
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Figure 2. Schematic workflow of the methodology applied herein. R = repeat if required. Red
outlined boxes at the bottom of the workflow respectively illustrate the BSE image, composite layered
map, and elemental map for Fe, all for the same location. * Machine polishing will produce better
images, but hand-polishing is adequate for most purposes. ** Samples can also be imaged and
analysed under low-vacuum conditions (0.83 Torr), in which case no sputter coating is required. Solid
red box indicates the potential for additional techniques (e.g., AZtecFeature, AZtecMatch, Raman

microscopy, cathodoluminescence, in situ U-Pb geochronology, etc.).
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Figure 3. (A) Side view of relative position of the Unity BEX (BEX) detector and the X-MaxN 150 mm
detector (EDX) within the SEM chamber. (B) View of the underside of the SEM polepiece within the
chamber, showing both BEX and EDX detectors.

3. Results

Both the polished block and stub were successfully scanned in a circular-shaped
grid pattern (Figure 4A,B). In both cases, a range of grain types can be seen, illustrated
by variations in the false-colour layered images produced by overlaying elemental data
and backscattered (BSE) images (Figure 4). In addition, many grains are composite in
nature (Figure 4C,D), and some particles have a complex interlocking texture (Figure 4D).
Examples of elemental composition maps (Figure 5) collected from the polished block are
shown for specific elements. From these, zircon grains can easily be identified from maps
for Zr (Figure 5A). Identifying the occurrence and distribution of other indicative HM
phases is also possible, including with titanite and rutile using iron and titanium maps
(Figure 5B,C), for minerals high in calcium (Figure 5D) such as apatite and calcite, and for
other silicate minerals using silica and aluminium maps (Figure 5E,F).

The collected elemental maps were imported into AZtecLAM (large area maps), where
they were successfully differentiated into six separate phases (Figure 6A-F). These phases were
further investigated with AZtecMatch. This uses a traffic light system to indicate the degree
of confidence for any given match, with green representing a good match, yellow a more
tentative suggestion, and red a low probability. Zircon, titanite, and apatite were automatically
identified, showing good matches (green traffic light) with individually tested particles
(Figure 7A—C). However, it should be noted that some particles in the third phase (Figure 6C)
could also be calcite (green traffic light). The fourth phase (Figures 6D and 7D) was identified
as epidote, but with less confidence (yellow traffic light), with other alternatives including
andradite, grossular garnet, bytownite, lawsonite, anorthite, and zoisite/ clinozoisite. The fifth
and sixth phases were far less certain in their identification (red traffic light) with siderite,
goethite, magnesium almandine (fifth phase, Figures 6E and 7E), and one possible olivine
(fayalite, yellow traffic light), while the sixth phase was potentially identified as chromite
(Figure 7F). The percentage coverage as part of the illustrated field of view (Figure 6A-F)
was zircon = 0.11%, titanite = 4.73%, apatite = 0.89%, epidote = 15.23%, siderite = 0.55%, and
chromite = 0.39%.
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Figure 4. (A,B) stitched overview layered images of a polished block (A) and stub with natural grain
surfaces (B). Images are a combination of backscattered (BSE) images and elemental maps for P, Nd,
Ce, Zr, Fe, Cr, Al, Ti, and Si. (C) Zoomed image of area in (A), showing details of compositional
variation within and between individual grains. Simple grains (red arrows), composite grains (white
arrows). Composite grains with multiple phases indicate a degree of textural immaturity. Note that
for all three images, colour variation indicates the occurrence of different mineral phases. (D) Detail
of individual polished grain from (A), showing complex elemental distribution. Elemental spectrums
can be further extracted from each grain or sub-areas within grains (see Figure 7).

AZtecFeature was successfully tested to extract physical information from a test area
on the polished block (Figure 8), with representative numerical data for 20 grains presented
here (Table 2). As shown, a range of useful data was extracted, which included the area,
aspect ratio, breadth, length, equivalent circular diameter (ECD), perimeter, and shape
(Table 2). Data also recorded the mean grey level of each individual particle and, in this
case, a redundant measurement of grain orientation (direction, °). From the limited dataset,
the aspect ratio and shape indicated a range of morphologies from equant rounded grains
to elongated grains, with the size range of the exposed axes of these grains ranging from 24
to 242 um.
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Figure 5. (A-F) Individual maps for the elements Zr, Fe, Ti, Ca, Si, and Al, respectively, from the area
in Figure 4C. Note that Zr clearly indicates the occurrence of zircon, as does Ti for the presence of
Ti-enriched phases, some of which also correlate with Fe bearing phases.
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Figure 6. Elemental phase maps of selected area from polished block in Figure 4A. (A-F) Maps for
six differentiated elemental phases (1-6) made using AZtecLAM (large area maps).
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Figure 7. X-ray spectra, and identification of different mineral phases using AZtecMatch, from
their corresponding elemental phase maps (Figure 6A-F). (A) zircon, (B) titanite, (C) apatite, and
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potentially (D) epidote, (E) siderite, and (F) chromite. Numbers refer to phase maps in Figure 6.

Table 2. Representative values recorded from 20 heavy mineral particles from the polished block,

using AZtecFeature.

Area (um?) Aspect Ratio Bfﬁ?::)t h Direction (°) ECD (um) Length (um) Mef:vslrey Pe:::;e)ter Shape

1035 4 20 176 36 79 13,809 166 2
245 1 17 35 18 24 9824 64 1
2718 4 31 177 59 132 15,247 276 2
1343 3 31 8 41 80 12,253 190 2
2892 4 39 3 61 152 14,422 326 3
316 2 17 162 20 27 12,874 66 1
1027 2 31 158 36 61 14,641 136 1
1533 2 34 166 44 58 13,776 144 1
379 1 22 135 22 28 12,616 75 1
743 3 28 139 31 70 14,185 164 3
1446 1 39 38 43 54 11,803 143 1
6186 3 73 3 89 208 14,042 553 4
490 9 10 42 25 88 14,088 171 5
948 4 22 34 35 95 15,642 202 3
837 3 20 51 33 62 14,931 135 2
1991 2 42 121 50 66 12,733 167 1
14,316 3 96 3 135 242 17,370 572 2
1296 1 41 45 41 60 12,621 151 1
13,202 2 101 11 130 197 12,396 486 1
158 4 11 143 14 42 16,341 85 4
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Figure 8. Selected area from stub sample, with grains highlighted to show separate features (particles)
using AZtecFeature. The physical data (size, shape, aspect ratio, etc.) derived from these particles are
shown in Table 2.

4. Discussion

The Unity BEX system can be up to 100 times faster than existing EDX systems. In this
study, the Unity BEX system was directly monitored, registering as 18 times faster than the
installed X-Max" 150 mm EDX detector and recording an output rate in the region of 900 K
cps. Other modern EDX detector systems may approach this improved analytical speed,
especially in the case of multi-detector installations. However, improvements in the Unity
BEX system are not limited to speed but also include the lack of shadowing artefacts in 3D
grain mounts (Figure 9); significantly, it can be operated at a broader range of operational
working distances (WD) and is not restricted to a single useable analytical WD.

The workflow shown here is ideal for the rapid location and distribution mapping of
important mineral species such as zircon, apatite, titanite, and other heavy mineral phases.
Zircon can be easily identified through maps of the element Zr, allowing for the possibility
of later relocation for cathodoluminescence imaging (Figure 10), which is important for the
recognition, imaging, and eventual dating of different growth zones [30]. Furthermore, if
the resin mounting and machine polishing workflow (Figure 2) is followed, then this also
allows for the in situ U-Pb geochronology of key minerals using LA-ICP-MS (e.g., zircon,
apatite, titanite).
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250 um

Figure 9. (A) BSE SEM image of grains on stub. (B-D) elemental maps for O, Al, and Ti over the
same area as in (A). Note that (B-D) were taken using traditionally mounted X-MaxN 150 mm EDX
detector and, hence, show shadowing effects (dashed line and arrow) resulting in areas that have no
X-ray signal. (E) Similar composite BSE/elemental image of grains on stub, but taken with Unity BEX
detector, which does not exhibit shadowing artefacts due to the dual X-ray detectors placed at 180°
to each other directly under the polepiece.

The combined backscattered electron and X-ray data produced by the Unity BEX also
allow for the rapid identification of interlocking and complex chemical (mineralogical)
textural relationships within single grains (Figure 4C,D). These complex chemical-textural
relationships cannot be deconvolved using other mineral identification techniques (e.g.,
Raman spectroscopy [23]) and can be important for the interpretation of sediment maturity,
which is dependent on the distance of transportation and the degree of weathering of

HM suites or may indicate sedimentary recycling (e.g., lithic grains, surface corrosion,
etc.) [3,5,6].
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Figure 10. Typical SEM CL images of zircon, illustrating zones within the grains. Fast elemental
mapping can be used to map out the locations of zircons (and other zoned mineral phases), allowing
for further in situ analysis such as CL or U-Pb geochronology using LA-ICP-MS.

Despite these advantages in the rapid mapping and identification of heavy mineral
phases, the Unity BEX system possess areas that require future optimisation. For example,
the system cannot detect elements lighter than Na and can only produce qualitative results
for the other elements. Light element analysis and full quantification can be achieved
through integration with pre-existing standard EDX-type detectors, but this requires anal-
ysis to take place at a static working distance set for the EDX detector (e.g., 10 mm). In
addition, results will vary depending on the type and age of the EDX detector partnered
to the Unity BEX system. Newer and faster large-windowed EDX detectors will improve
quantitative results, especially for lower atomic number elements (e.g., carbon and oxygen),
and crucially allow for the reduction in scan times, increasing sample throughput without
compromising on quality.

In addition, neither AZtecFeature nor AZtecMatch can currently take advantage of
data derived through BEX and are restricted to utilising EDX spectral data, in this case
from an X-Max" 150 mm detector system. For example, in AZtecFeature, although it is
possible to threshold the BSE images obtained through BEX and, therefore, extract data
on particle physical parameters (Table 2), it is not currently possible to utilise either BEX
or EDX spectral data within the programme. In the case of AZtecMatch, it is possible to
utilise the EDX data. However, the superior BEX spectra with higher count rates cannot be
used for mineral matching.

The optimisation and integration of BEX spectra with AZtecMatch will be the key to
developing automated heavy mineral identification using SEM-Unity BEX into a standard
sedimentary provenance technique. Current quantitative techniques for automated heavy
mineral identification such as Raman spectroscopy have been in use for a longer period
and, as such, have well-developed and tested neural networks in place to identify a wider
range of heavy minerals with high accuracy (e.g., [31]). A separate aliquot of the sample
tested in this present study (MCM-18-004) has also been analysed using a Horiba XploRA
Raman 532 um laser coupled to an Olympus polarising microscope with a lens set at x50
objective [32]. The heavy minerals assemblage identified using Raman spectroscopy shows
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a dominance of epidote (58.4%) and garnet (13.6%). There are minor amounts of titanite
(8.8%), amphibole (7.4%), apatite (3.9%), zircon (1.6%), and rutile (1.1%), along with a lower
content of tourmaline (0.8%), chloritoid (0.6%), anatase (0.4%), chlorite (0.3%), and spinel
(0.1%), with “Other” heavy minerals representing 3%.

The Unity BEX and AZtecMatch data and mineral identification presented here cor-
relate well with this (Table 3), except for the abundant garnet signature (although it is
noted that the abundant epidote can also be interpreted as magnesium almandine based
on AZtecMatch data). Some of the differences may be due to the small sample size used
for AZtecMatch. However, the complex interlocking nature of many of the grains, as well
as the limitations of the factory library, have also influenced the results. It is worth noting
that chromite from this present study may in part equate to spinel sensu stricto, as it also
contains Mg and Al (Figure 7F). Separating forms of “spinel” is not easy, even with other
techniques such as Raman spectroscopy (see [33]). Some material identified as chromite
may, in part, also be garnet. In addition, the phase identified in AZtecMatch as siderite
(yellow traffic light) may at least in part contain a proportion of a Ti-bearing mineral
such as titanite, rutile, or anatase, as some EDX spectra contain up to 7 atomic% of Ti
(Figure 7E). SEM-BEX is a powerful tool for rapid in situ mineral location and identification
and provides crucial textural data that other techniques, such as Raman or QEMSCAN,
cannot. However, the AZtecMatch database requires additional building and training to
deconvolve complex heavy mineral assemblages fully.

Table 3. Comparison of heavy minerals observed by Raman spectroscopy and SEM-EDX for the
same sample.

Mineral Raman SEM-EDX *
(%) (%)
Epidote 58.4 69.60
Garnet 13.6
Titanite 8.8 21.62
Amphibole 7.4
Apatite 3.9 4.07
Zircon 1.6 0.5
Rutile 1.1 251+t
Tourmaline 0.8
Chloritoid 0.6
Anatase 0.4
Chlorite 0.3
Spinel 0.1 1.78 ¢
Other HM 3

* note values from phases 1-6 normalised to 100%. t identified as siderite by AZtecMatch, but also contains up to
7 atomic% Ti. § “Chromite” but with Mg and Al (spinel).

5. Future Workflow Optimisation

Based on the initial workflow development and testing of heavy mineral population
identification using multiple analytical techniques (SEM-BEX and Raman spectroscopy),
some recommendations can be made to improve future analysis.

The improved sample preparation and maximisation of particle concentration through
the placement of multiple samples onto densely packed and machine-polished thin sections
will increase productivity and data quality (Figure 11).
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Figure 11. Future idealised workflow using subsets of heavy minerals on polished thin sections to
increase efficiency in acquisition and implementation of phase identification. Note that the same
workflow can equally be applied to grain mounts (unpolished samples). The workflow can also

Utilise AZtecMatch:

ID individual mineral phases
by name (e.g., zircon, apatite,
ilmenite, titanite, garnet etc.)

Unity-BEX
data suite

Load into AZtecFeature:
Extract datasets on elemental
composition and size and shape
parameters

include other techniques such as Raman spectroscopy.

Fuller integration between the AZtec software options (i.e., BEX, AZtecFeature, AZtec-
Match) and the integration of phase analysis from AZtecLAM into BEX would also greatly
improve and optimise the workflows on heavy mineral suites. Therefore, some software
development from Oxford Instruments would greatly improve usability and enhance
semi-automated or automated interaction between the AZtec options (Figure 11). In the
case of AZtecFeature, this would allow for the measurement of a range of shape and size

97



Minerals 2024, 14, 950

parameters (see example in Table 2), as well as the elemental spectral characterisation of
each particle from Unity BEX maps. Such compatibility is possible between AZtecLAM
and AZtecFeature but is not currently available under the Unity BEX analysis package. The
combination of fast elemental mapping through Unity BEX, including on grain mounts,
with comprehensive particle analysis would be particularly useful in the study of heavy
minerals, as well as in other fields of investigation. The partial use of AZtecMatch herein,
which could only utilise X-rays captured by the X-MaxN 150 mm EDX detector, illustrates
the potential to leverage the benefits of faster, more in-depth elemental data from Unity
BEX. This would greatly benefit from full integration with AZtecMatch, allowing the
construction of fast maps with particle analysis based on named mineral distributions.

AZtecMatch can utilise the user-defined libraries of mineral X-ray spectra. These can
be collected under specific SEM conditions optimised for data collection (i.e., high-vacuum
gold-coated, low-vacuum uncoated, High kV, low kV, etc.). The future development of
such data libraries, specifically for heavy mineral suites, will help improve accuracy and
allow better speciation of heavy mineral assemblages.

Recent developments in scanning electron microscopy (SEM) now allow for the in-
tegration of Raman spectroscopy within SEM. We highly recommend that this current
proposed workflow (Figure 11) be modified to include an additional Raman spectroscopy
step where appropriate.

6. Conclusions

This proposed workflow demonstrates that automated HM analysis using fast elemen-
tal X-ray mapping in conjunction with BSE imaging (Unity BEX) is practical and has the
potential for the direct identification of mineral phases as well as the characterisation of
several other physical parameters (size, shape, etc.) that are important for comprehensive
provenance analysis. Further automation and integration of options within AZtec software
(e.g., AZtecMatch) can only improve these possibilities. Such workflows are faster than
traditional techniques that use optical microscopy or Raman spectroscopy, have the poten-
tial to be fully automated, and do not rely on the availability of personnel with specialist
knowledge in heavy mineral grain identification.
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Abstract: This study evaluated non-fibrous Mg-clays as potential adsorbents of emerging contami-
nants (ECs) from water. The materials were characterized, and their textural and structural properties
were related to their ability to remove two model EC molecules: ciprofloxacin (CPX) and lidocaine
(LID). The results showed that Ad-6 and Ad-7 are mixed-layer kerolite/stevensite, while Ad-5 and
Ad-8 are mainly composed of smectite minerals like stevensite and saponite, respectively. Ad-8
exhibited the highest CPX-adsorption capacity (0.91 mmol-g~ clay), likely due to its saponite content.
Mixed-layer materials also performed well, with Ad-6 and Ad-7 achieving an adsorption capacity of
0.8 and 0.55 mmol-g~! clay, respectively. Adsorption studies suggested that CPX is adsorbed through
ion exchange in materials with high smectite content (Ad-8 and Ad-5), while interstratified materials
showed enhanced retention due to kerolite presence, which improves their porous structures. Similar
findings were observed for LID, indicating a cationic-exchange mechanism for LID adsorption in all
the materials and suggesting that the molecular size of the EC could regulate the removal capacity
of these materials. This work showed that the studied Mg-clays could be effectively used for the
removal of pharmaceutical pollutants, expanding their commercial possibilities.

Keywords: Mg-clays; emerging contaminants; removal from water; adsorption

1. Introduction

The large production of medicines worldwide (around 4000 types in the order of
200,000 tons per year) is a major cause of the progressive increase in pharmaceutical
contaminants that are released to the environment with undervalued consequences on
ecosystems and water quality [1-6]. The greatest concern of releasing antibiotics to aquatic
environments, either directly or indirectly by surface runoff or soil leaching, is related to
the evolution of antimicrobial resistance genes and antimicrobial-resistant bacteria, which
reduces the therapeutic potential against human and animal pathogens [7-10].

Ciprofloxacin (CPX) and lidocaine (LID) are considered contaminants of emerging concern
due to their presence in wastewater effluents, surface waters, and groundwaters [6,8,11]. CPX
is one of the most widely used antibiotics in human health [12,13]. This compound is highly
soluble in water (about 1.35 mg-mL ') under different pH conditions and highly stable in
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wastewater and soil [14]. Meanwhile, lidocaine is a topical local anesthetic of the amide
type with immediate onset of action. Both humans and animals metabolize LID to various
metabolites. Its n-octanol/water partition coefficients indicate a tendency to remain in the water
phase instead of accumulating in sewage sludge or in aquatic organisms [1,11,15].

Several methods have been put in place for the sequestration of pharmaceutical pollu-
tants from their aqueous environment. Conventional methods like lime softening, reverse
osmosis, distillation, and sedimentation were determined to be not efficient in removing
antibiotics from wastewater completely [16-18]. Other methods different from conven-
tional procedures, like membrane separation, electrodialysis, ozonation, and advanced
oxidation processes, were also evaluated [19]. However, some of these methods produce
toxic by-products, which are even more harmful than the original contaminants [20]. Com-
pared to other remediation methods, adsorption has several benefits, such as simplicity,
reliability, low energy requirement, and easy recovery of the adsorbent [21]. The two
types of adsorptive processes used for the removal of antibiotics from water or wastewater
are the Batch process and the Continuous process, either of which can be utilized using
different adsorbents like Activated Carbons, Biochars, clay minerals, Carbon Nanotubes,
ion-exchange resins, and Zeolites [20].

Clay minerals occur as large deposits worldwide, which guarantees their continuing
abundance and availability for numerous applications due to their relatively low cost.
These phyllosilicates differ in the arrangement of the tetrahedral and octahedral sheets
and the distribution of surface electric charge. They exhibit special properties such as high
adsorption, ion-exchange capability, or swelling behavior, resulting from their nonpareil
structure, the presence of surface OH groups, and weak electrostatic interactions between
layers and/or sheets and the exchangeable cations [22,23].

Several types of clay minerals, such as montmorillonite [24], halloysite [25], kaolin-
ites [26], sepiolite [27], and palygorskite [28], have been investigated for the removal of
pollutants in aqueous media. Particularly, montmorillonite-rich bentonites have proven
to be effective adsorbents for a variety of drugs, such as antibiotics, anti-inflammatories,
and anesthetics, among others [29-31]. Also, in the search for adsorbent materials that are
both natural and versatile in retaining such molecules or their analytes, alternative clay
minerals have gained attention [27,32-39].

The magnesian clays consist of mostly 2:1 clay minerals that are differentiated as non-
fibrous clay minerals (kerolite, stevensite, and saponite) and fibrous clay minerals (sepiolite
and palygorskite). Saponite and palygorskite contain more aluminum than stevensite, kerolite,
and sepiolite. Kerolite (turbostratic talc for the IMA), Mg-smectite, and sepiolite form a clay
assemblage found in Neogene continental deposits of the Madrid Basin (Spain) that originated
in saline-alkaline lacustrine-palustrine environments [40,41]. Kerolite-Mg-smectite clays from
the Madrid Basin deposits show exceptional suitability as adsorbent material in biotechnology
processes, including as adsorbent for mycotoxins [42,43]. Moreover, pesticide removal from
water has also been observed [44]. Bentonites from the Madrid Basin are characterized by
the fact that they consist of magnesian smectites, mainly saponite. These bentonites have a
large number of applications, which mainly include pet litter, drilling muds, and foundry
sands, but also as oil and grease absorbents, agricultural pesticide carriers, and clarifying and
decolorizing agents [45].

Adsorption studies on stevensite for the removal of different types of contaminants
from water, such as heavy metals, methyl violet, and tetracycline, have been
reported [39,46,47]. Kerolite has been tested for removing pesticides and herbicides from an
aqueous solution [44,48,49]. Saponite has been evaluated in photocatalytic and adsorption
processes for water treatment [38].

Several references can be found on CPX adsorption on natural and modified clays such
as bentonite, kaolinite, or pillared clay [14,29,30,50-52]. However, neither CPX nor LID ad-
sorption on Mg-clays has been documented. Unlike smectite, the surface characteristics of
non-fibrous Mg-clays remain underexplored for its potential application in environmental
remediation. Thus, the aim of this work was to evaluate four non-fibrous Mg-clays as novel
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materials for the removal of ciprofloxacin and lidocaine compounds, which are considered
emerging contaminants. Their adsorptive behavior was explained on the basis of their
composition and textural properties. In this way, promising clay materials are presented
for the removal of pharmaceutical pollutants.

2. Materials and Methods
2.1. Raw Mg-Clays

Four samples of raw Mg-clays (Ad-5, Ad-6, Ad-7, and Ad-8) of industrial interest
were selected from the Esquivias—Batallones quarries located in the Madrid basin Neogene
deposits [53]. Hand specimen observations are described below. Ad-5: compacted clay-
stone, with intraclastic morphologies of different sizes enclosed by cementing clay. It shows
some morphologies with concentric structures and burrower fillings. The large number of
small circular pores (<0.2 mm) is noteworthy. Predominantly greenish in color, although
locally pinkish tones are observed (5GY 6/1). Ad-6: clay-clast intrarenite of moderate
compactness, massive, and with evidence of burrowing activity and small perforations
with fillings. Staining of black Mn-Fe oxides and waxy films on surfaces. Pinkish gray in
color (5YR 8/1). Ad-7: clay-clast intrarenite, consisting of crumbly granular morphologies
with local cementing clayey material and abundant pore roots. Pinkish gray in color (5YR
8/1). Ad-8: compacted and massive claystone, showing slickensides with striations and
staining of black Mn-Fe oxides. It presents a yellowish-green color (5Y 7/2).

Structural and Physicochemical Characterization of Raw Mg-Clays

The four samples were subjected to mineralogical analysis by means of X-ray diffrac-
tion (XRD) in a Bruker D8 with Lynxeye XE-T detector equipment (Bruker, Billerica, MA,
USA) using CuK« radiation (40 kV, 20 mA) and a scanning speed of 1° 20/min. The
powdered whole-rock samples were used to determine bulk mineralogy. After clay fraction
separation (<2 pm), sample mounts were prepared from suspensions oriented on glass
slides. The identification of clay minerals was carried out on the samples air-dried (AD),
with ethylene glycol solva-tion (EG), and heated at 550 °C. The mineral intensity factors
(MIF) method was applied to XRD reflection intensity ratios normalized to 100% with cali-
bration constants for the quantitative estimation of mineral content [54]. In the mixed-layer
samples formed by mixed-layers, X-ray diagrams modeled using the NEWMOD program
were used as a reference [40,41].

The thermal analyses (DSC/DTA /TGA Q600 of TA Instruments) (TA Instruments, Inc.,
New Castle, DE, USA) of the samples were performed using 10 mg of powdered clay sample
in a Pt sample holder at an average heating rate of 10 °C/min with an alumina reference. The
infrared spectroscopy (FTIR) (Bruker IFS 66v standard) (Bruker, Billerica, MA, USA) spectra
were recorded with a spectral resolution of 2 cm ™! in transmission mode in the region of
400-4000 cm 1. The samples were examined in KBr pellets (3 mg-300 mg ! KBr). Samples
were examined under scanning electron microscopy (SEM) using an S-3000N microscope with
an ESED detector (Hitachi, Chiyoda, Japan) attached to an Oxford Instruments EDX analyzer
(Oxford Instruments, Abingdon, UK), model ICAx-sight. The surface of the fractured sample
was coated with a 10 nm gold film.

Chemical analyses were carried out using sample fusion and inductively coupled
plasma atomic emission spectroscopy (ICP-AES) at the ACTLABS laboratory (Canada).
The detection limits for analyses were between 0.01 and 0.001 wt.% for major elements.

Cation-exchange capacity (CEC) was measured using the copper triethylenetetramine
[Cu(trien)]?* method [55]. Textural properties were studied by nitrogen adsorption—
desorption isotherms at —196.15 °C. These were measured using a Micromeritics ASAP2020
manometer (Micromeritics Instrument., Norcross, GA, USA) on degassed samples at 200 °C
for 12 h. The apparent specific surface area was calculated by the Brunauer, Emmet, and
Teller (Spgr) method. Micropore volume (V) was calculated by applying the o-plot
method [56]. The total pore volume (V) was calculated by applying Gurvich’s rule at
a relative pressure of 0.98, and the mesopore volume (Vimp) was calculated by using of
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BJH method [57]. Pore classification used was the one proposed by IUPAC [57], which
states that pores whose size exceeds 50 nm are macropores, pores whose size is between 2
and 50 nm are considered mesopores, and pores whose size is less than 2 nm are called
micropores. The water vapor isotherms were obtained at 20 °C using the technique de-
scribed by [30]. Hydrophilicity and water adsorption capacity were estimated from these
isotherms. Natural humidity content (NH) was obtained by calculating the difference
between the initial mass of the natural sample and its mass at 0% relative humidity. The
amount of water adsorbed at relative humidity (RH) values (15%-20%) was also calculated.
This value correlates well with the monolayer coverage on the surface of clay minerals and
allows determining the amount of adsorbed water measured in mmol-g’1 (9ads) and the
monolayer surface area (S) in samples at 16.3% RH samples to be determined [58,59].

2.2. Adsorbates

The organic molecules selected as models were an anesthetic (LID) and an antibiotic
(CPX), two pharmaceutical compounds with a high environmental impact. The CPX
is usually used as ciprofloxacin hydrochloride (CPX.HCI), but its molecule exhibits a
nearly planar structure, lacks chiral carbons, and, therefore, does not display optical
isomerism. Nevertheless, the presence of protonable carboxyl, carbonyl, and amino groups
in its structure imparts amphoteric behavior, leading to the formation of different species
depending on the physical state or pH of the solution in which it is present [60]. Physically,
it is a white crystalline solid with a melting point of 75 °C, exhibiting high stability under
various pH values and temperature conditions [61]. LID can exist as a lidocaine base,
meaning it is neutral and therefore insoluble in water, or its more soluble form as lidocaine
monohydrate hydrochloride (LID.HCIL.H;O) [62]. Chemically, the LID molecule features an
amide group and an amino group; the latter can be protonated—deprotonated, depending
on the pH of the contacting medium, leading to the generation of different species in
solution [63]. The structural and chemical properties of CPX and LID are shown in Table 1.

Table 1. General characteristics of organic molecules studied.

Ciprofloxacin Lidocaine
OH O
F OH NH__~ o~
Structure \ﬂ/\N
(N N o
Chemical formula C17H18FN303 C14H22N20
Molecular weight (g.mol—") 331.45 288.80
Molecular dimensions (nm) 1.30 x 0.30 x 0.70 [60] 1.04 x 0.60 x 0.59 *
pKa pKaj =5.90; pKa, = 8.90 pKa=7.92

* The dimensions of the molecule were calculated by using Avogadro software (1.1.1 version, 2013).

2.3. Adsorption Experimental Procedure

CPX and LID were employed in their hydrochloride forms as adsorbates. CPX.HCl,
sourced from Magel S.A., and LID.HCL.H,O, obtained from Parafarm (Parapharm Phar-
maceuticals Group, Athens, Greece), were used, both with a purity of 99.9%. Adsorption
studies were conducted under conditions previously reported by the research group for
other materials [30,50,51]. All adsorption tests were carried out using 20 mg of adsorbent in
contact with a drug solution at a ratio of 2.5 g-L~!. These studies were conducted at 20 °C,
without initial pH adjustment (pH values of around 5-6), and in all cases, separation was
achieved through centrifugation at 8000 rpm for 20 min using a SOVALL ultracentrifuge
(Thermo Fisher Scientific, Waltham, MA, USA).
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Initial concentrations of 0.3 mM for CPX and 1.69 mM for LID were used for kinetic
studies. Adsorption isotherms were obtained with concentrations ranging from 0.15 to
3 mM for CPX and 0.2 to 5 mM for LID, allowing the system to reach equilibrium over a
24-h contact period, both in accordance with previous works [30,51].

CPX and LID concentrations were quantified using a UV-Vis T60 spectrophotometer
at their respective maximum wavelengths, and the adsorbed quantity was calculated by
Equation (1).

(Ci — CE) xV

=" )

where C; and C, are the initial and equilibrium concentrations (mM), V is the solution
volume (L), and w is the mass of adsorbent (g).

The experimental data were fitted to the widely used theoretical models of Langmuir,
Freundlich, and Sips in order to calculate the maximum adsorption capacity of the samples
under the studied conditions.

3. Results and Discussion
3.1. Characterization of Mg-Clays

XRD analyses indicated that samples Ad-6 and Ad-7 showed a high phyllosilicate
content (>98%) with traces (<5%) of quartz and potassic feldspars (Figure 1A, Table 2). In
the bulk sample, the powder patterns showed a band between 2 and 10° 26, characteristic
of an irregular kerolite/Mg-smectite mixed layer [40,64], which was corroborated by
the existence of reflections typical of this material. In particular, the dggp reflection at
approximately 1.527 A supports the trioctahedral character of the constituent clay minerals.
The study of the clay fraction with different treatments indicated the presence of both a
swelling and a non-swelling phase in Ad-6, but almost exclusively non-swelling in Ad-7
(Figure 1B). The use of the NEWMOD program to model the interstratification showed in
sample Ad-6 a predominance of Mg-smectite (80%-90%), while in Ad-7, a predominance
of kerolite (80%) was observed. These results were coherent with those reported in other
papers [40,41].

In sample Ad-5, phyllosilicates are the main constituents (99%), with minor amounts
of quartz and potassic feldspar (<5%). In the bulk sample, two reflections at 15 A and at
around 10 A can be observed. Also, the dgg value indicated the presence of trioctahedral
clay minerals. Oriented samples showed the presence of a swelling phase (87%) and illite
(13%) (Figure 1B).

Sample Ad-8 was also predominantly composed of phyllosilicates at 14-15 A (96%),
with traces (<5%) of quartz and feldspars (both potassic and plagioclase). The dygg spacing
was predominantly trioctahedral (1.533 A), although a minor reflection at 1.502 A was also
identified, indicating the presence of dioctahedral phases (Figure 1A). In the clay fraction,
predominantly smectite (97%) and a low content of illite (3%) were identified. This material
can be considered as a bentonite.

Table 3 shows the chemical composition of the raw Mg-clays. The results were
consistent with the mineralogy of the samples. Thus, the kerolite/Mg-smectite mixed layer
samples exhibit the highest percentages of MgO and the lowest percentages of Al;O3. The
510, /MgO molar ratio is the lowest, between 1.25 and 1.46. MgO content in Ad-5 is also
significant, although this clay has a higher Al,O3 content than the kerolite/Mg-smectite
mixed layer samples. Bentonite has the highest Al,O3 content but the lowest MgO content,
resulting in a 5i0,/MgO molar ratio of 2.25. The levels of aluminum and titanium in Ad-5
and Ad-8 correspond to the illite phase, which is absent in the other samples.
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Figure 1. Powder X-ray patterns of the Mg-clays: (A) X-ray patterns of <2 pm grain size fractions,
oriented ethylene glycol solvated samples (B) Phy: phyllosilicates; Sme: smectite; Qz: quartz; Kf:
potassium feldspar; Pl: plagioclase; K/St: kerolite-stevensite mixed layer. St: stevensite; I11: illite.

Table 2. Bulk (% w/w) and clay mineralogy (% w/w) of the Mg-clays determined by XRD. Phy:
phyllosilicates, Qz; quartz; Kf: potassium feldspar; Pl: plagioclase; Sme: smectite; K/St kerolite—
stevensite mixed layer; IlI: illite. Tr: trace.

Bulk Mineralogy Clay Fraction
Samples
Phy Qz Kf Pl Sme 11 K/St

Ad-5 99 <1 <1 - 87 13 -
Ad-6 99 1 Tr - - - KpoStgo
Ad-7 98 2 - - - - KgpStag

Ad-8 96 2 1 1 97 3 -

Table 3. Major element chemistry of studied non-fibrous Mg-clays.

Chemical Analysis (%) Ad-5 Ad-6 Ad-7 Ad-8

SiO, 50.15 51.43 53.17 48.23

ALO; 4.96 2.54 1.27 9.37

Fe, O3 1.92 0.63 0.46 3.03

MnO 0.025 0.013 0.006 0.045

MgO 23.09 24.79 27.09 14.37

CaO 0.54 0.96 0.38 0.87

Na,O 0.09 0.08 0.06 0.22

K,O 0.91 0.6 0.34 1.11

TiO, 0.233 0.115 0.058 0.363

P,Os 0.08 0.03 <0.01 0.07

LOI 18.15 17.34 16.09 20.57

These results, together with the test conducted [65] to differentiate between the differ-
ent magnesian smectites, allowed us to identify a predominance of stevensite in sample
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Ad-5 and in the kerolite /Mg-smectite mixed layer, while the composition of the Mg-smectite
present in the bentonite is a saponite.

The infrared spectra of the samples formed by stevensite and kerolite/stevensite
mixed layer encompassed a broad band in the range of 3000-3400 cm ! with maximum
absorption at 3451 cm ™!, presenting a small shoulder at a somewhat higher frequency
corresponding to the OH-stretching bands of adsorbed and interlaminar water, respectively
(Figure 2). The presence of an absorption band at 3677 cm ™! is characteristic of trioctahedral
minerals and corresponds to the OH-Mg-Mg stretching band [66]. At lower frequencies, an
intense absorption band at 1019 cm ! is typical of silicates (Si-O stretching band), while the
band at 667 cm ™! confirms the presence of trioctahedral minerals, as it corresponds to the
5i-O-Mg deformation band (Figure 2). The presence of quartz was observed in all samples
(around 784 cm™1), which is in line with the XRD results.

Ad-8 |

Ad-7

Transmitance (%)

| | | | | FI |
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™ ")

Figure 2. FT-IR spectra of the bulk samples of Mg-clays. Wavenumber peaks are indicated.

The infrared spectrum of the bentonite sample was very similar to that of the stevensite
and kerolite/stevensite mixed-layer samples. Between 2000 and 4000 cm~!, the large
absorption band at 3428 cm~! in Ad-8 coincides with that present between 3431 and
3434 cm ™! in the other samples (Figure 2) [66]. The presence of the effect at 3617 cm ! was
indicative of the presence of Al in the octahedral layer. Between 2000 and 450 cm ™!, the
absorption bands around 1636 cm ™! and the intense one at 1017 cm ™! coincide, as well
as those at 667 cm ! and 469-470 cm~!. A small absorption peak at 590 cm ! and the
existence of a small band at 658 cm ! with a shoulder at 687 cm ! stood out in Ad-8, which
contrasts with a better-defined peak at 667 cm ™! in the other samples (Figure 2).

From the point of view of thermal behavior (Figure 3), the samples formed by the
stevensite and kerolite/stevensite mixed layer behaved similarly. The first endothermic
peak was observed at low temperatures (66-74 °C), which is attributed to the loss of
zeolitic water: water adsorbed on the surface and hydration of the exchange cations [67].
The second endothermic peak at high temperatures (803-810 °C) can be attributed to
dehydroxylation followed by an exothermic peak (828-830 °C) due to the formation of a
high-temperature phase. The total weight loss of the samples had a variation between 15
and 20%, with the sample with the highest loss featuring a mineralogy with a predominance
of stevensite (Ad-5).
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Figure 3. DTA (dotted lines) and TG (full lines) curves of the bentonite (Ad 8) and one representative
kerolite/stevensite mixed layer (Ad 6).

The bentonite sample showed three endothermic peaks. One was at a low temper-
ature (<90 °C), which is attributed to dehydration, loss of adsorbed water on external
surfaces, and hydration of the exchange cations [67]. Another was at medium temperature
(477 °C), assigned to dehydroxylation of the remaining coordination water and hydroxyls
or structural water [68]. Finally, at high temperatures (813 °C), a third possibly corresponds
to the residual dehydroxylation of the silanol groups [69]. The exothermic peak (828 °C)
represents the destruction of the structure and formation of a high-temperature phase [69].
The total weight loss value of the sample is 20%.

The microfabric characteristics of the four Mg-clays studied are described below. The
terminology for the microfabric type is that proposed by [70].

Ad-5. Matrix-skeletal microfabric with complex distribution of constituents and
different types of porosity. Some morphologies with coatings and scattered mineral grains
(Figure 4a). In wrinkled morphologies, there are abundant pores with diameters generally
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less than 10 um. The particle size is small (<0.5 um), and morphological features are
characteristic of smectites.
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Figure 4. (a) Ad-5. Matrix-skeletal microfabric showing the presence of granules embedded in a
clayey mass (matrix) with small pore sizes (up to 80 um) related to bioturbation. (BSE); (b) Ad-6.
Porous coatings on the clayey mass and granules showing a honeycomb microfabric, with some
mica grains included. (BSE); (c) Ad-7. Spongy aggregates have been observed coating porosities
or enveloping morphologies (granules and intraclasts) with wrinkled shapes on the surface. (BSE);
(d) Ad-8. The clay has a turbulent laminar micro-fabric, where the micro-laminae are less than 5 pm
thick and may envelop detrital grains. (BSE).

Ad-6. Matrix-skeletal-type microfabric, where granular morphologies of variable size
and porous coatings on surfaces can be recognized. Different textural types are identified in
the clayey material: one is massive with a clastic appearance, another has a large wrinkled
appearance, and a third has smaller wrinkles made up of a very porous microfabric with
face-edge and edge-edge (honeycomb) arrangements (Figure 4b). This sample presents
laminar morphologies characteristic of smectite with sizes smaller than 2 um that may be
accompanied by sepiolite fibers.

Ad-7. Matrix-skeletal to sponge-like microfacies in areas where dense morphologies,
detrital grains, and spongy clay films are recognized. The spongy aggregates show a high
porosity of small size. Locally, there are thin clayey films formed by fibrous aggregates
coating dense morphologies and spongy aggregates (Figure 4c). The sample presents
very small morphologies (<0.5 um) together with other more wrinkled morphologies of
larger size.

Ad-8. A matrix-type microfabric, although locally, it may show a turbulent laminar
microfabric formed by dense aggregates of lamellar particles that may show incipient
fiber growth (Figure 4d). There are laminar morphologies of small size (0.5 um) forming
aggregates, characteristic of smectite. Locally incipient sepiolite fibers are observed.

CEC values were related to the expansible clay mineral content of the analyzed
samples. The highest value was found in the bentonite sample (saponite, Ad-8), followed
by the sample with a predominance of stevensite (Ad-5) (Table 4). In these two smectitic
samples, CEC behavior was in agreement with saponite’s higher layer charge with regard to
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stevensite. The kerolite/stevensite mixed layer showed values of 38.4 cmol(+)-Kg~! (Ad-7),

48.6 cmol(+)-Kg~! (Ad-6), evidencing a proportional relationship between the stevensite
content and the increment in cation-exchange capacity.

Table 4. Physicochemical and textural properties of Mg-clay.

Ad-5 Ad-6 Ad-7 Ad-8
CEC (cmol(+).Kg™1) 53 48.6 38.4 90.86
Sger (m%.g™1) 240 244 280 203
Sext (m2.g~1) 195 201 245 116
V7 (ecm3.g~1) 0.24 0.31 0.35 0.17
Vyp (em3.g™1) 0.02 0.02 0.01 0.03
Vinp (cm3.g™1) 0.18 0.24 0.31 0.10

Figure 5 shows the N adsorption—desorption isotherms at —196.15 °C. The isotherms
were classified as type Il according to the IUPAC classification, although the hysteresis
cycles exhibit different classifications. Mg-clays Ad-5 and Ad-8 exhibit a type H4 cycle,
which is associated with the presence of lamellar particle aggregates, common in smectite
clays, whereas Ad-6 and Ad-7 display type II b cycles, characteristic of structures with
interconnected pores, some of which are blocked during desorption [57]. This difference
can be related to the presence of kerolite, given that its content in the mixed layer structure
increased from 20% to 80%. The desorption behavior in samples with kerolite suggests
greater pore interconnection. This observation is in agreement with the textural properties
shown in Table 4, where these samples are predominantly mesoporous.
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Figure 5. N, adsorption-desorption isotherms at —196.15 °C of Mg-clays.

The presence of kerolite appeared to enhance the specific surface area (Spgr) and
mesoporosity, the latter closely related to the total pore volume. Moreover, the increasing
amount of kerolite correlated well with changes in hysteresis loop patterns, suggesting that
kerolite promotes interconnectivity within the mesoporous structure of the Mg-clays. The
bentonite Ad-8, predominantly made up of trioctahedral smectite of saponite composition,
exhibited textural properties typical of such minerals, with hysteresis cycles indicating
mesopores accounting for 80% of the total pore volume.
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When comparing these results across the four Mg-clays, the specific surface area (Spgr)
values are notably higher for the kerolite/stevensite mixed layer compared to bentonite.
Stevensite sample Ad-5 had an Sggt value higher than the saponite but lower than the
kerolite/stevensite mixed-layer samples. This difference underscores how the presence
of kerolite enhances porosity. The results obtained for Sggt values are in line with those
previously reported for similar samples [46,71,72].

The water vapor adsorption isotherms are shown in Figure 6, with corresponding
parameters detailed in Table 5. All Mg-clays display a water vapor adsorption behavior
similar to that observed in swelling clay minerals. At low relative humidity (RH), Ad-7,
which contains the highest proportion of kerolite, exhibited the lowest water adsorption.
This can be attributed to the limited capacity of kerolite to retain water within its structure,
unlike conventional clay minerals.
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Figure 6. Water adsorption isotherms at 20 °C of Mg-clays.

Table 5. Parameters calculated from water adsorption isotherms for the four samples.

Ad-5 Ad-6 Ad-7 Ad-8

NH (%) 5.10 3.56 3.05 3.58
Qads (mmol.g™1) 1.41 1.47 1.17 1.72
S (m2.g~1) 90.2 93.6 74.8 109.5

However, the bentonite Ad-8 displayed the highest water adsorption across the entire
range studied, owing to its elevated smectite content of saponite composition [59]. An
analysis of the parameters derived from the water adsorption isotherms revealed a di-
rect relationship between the natural humidity content (NH) of kerolite/stevensite clays
and the proportion of stevensite present. NH values had a high correlation with Sggr,
suggesting that water vapor adsorbs not only to the interlayer space but also to the meso-
porous structure. The amount of water adsorption and the surface area calculated at 16.3%
RH demonstrated that Mg-clays containing equivalent amounts of magnesian smectite
(stevensite) exhibit similar characteristics.

Bentonite Ad-8 showed the highest total water adsorption, although its HN value
was not the highest due to its swelling nature, which causes a significant portion of the
total water to be interlayered (absorbed). Additionally, the monolayer surface areas of
all materials correlated with the amount of smectite present: Ad-8 exhibited the highest
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surface area, followed by Ad-5 and Ad-6 (both containing similar amounts of stevensite),
with Ad-7 displaying the lowest.

This reverse order observed in the nitrogen adsorption—desorption isotherms indicates
that while the presence of kerolite impacts the porous structure of the Mg-clays, it decreases
their affinity for polar molecules such as water.

3.2. Adsorption Studies

The kinetic studies for both CPX and LID on Mg-clays are shown in Figure 7. The ad-
sorption processes quickly achieved equilibrium removal at 120 min in all analyzed systems.
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Figure 7. Kinetic studies for CPX and LID on Mg-clays at 20 °C.

The results showed that for CPX, the adsorbed amounts were similar in the four
Mg-clays. Conversely, the amount of LID adsorption varied among the analyzed Mg-clays,
the bentonite being the sample with the lowest values. This could suggest an influence of
porous structure on LID molecule adsorption. This information indicated that all adsorption
data obtained in this study can be considered obtained under equilibrium conditions.

In order to explain the adsorption results, it is important to consider that both CPX
and LID are molecules with protonable groups and are pH-dependent in a solution [60,63].
In the studied conditions, the solutions were maintained at pH values close to 5, causing
the predominant species of CPX to be the cationic form (CPX"), with a minor fraction
existing as the zwitterion (CPX*), whereas for LID, the predominant species was its
cationic form (LID™).

Figure 8 presents the experimental results and fitted isotherms for CPX and LID
adsorbed on the Mg-clays. It was observed that CPX adsorption isotherms were L-type
(Langmuir) for Ad-5 and H-type (high-affinity) for the other materials [73]. The L-type
classification for Ad-5 suggests that the predominant species of CPX present in solution
were adsorbed onto surface sites until saturation. On the other hand, H-type isotherms
indicate that the predominant CPX species in solution exhibits a strong affinity toward the
surface, evidenced by a much higher slope at initial concentrations. Both L- and H-type
isotherms are associated with the adsorption of ionic solutes on materials and suggest that
there is no significant competition among CPX species and the solvent for the available
sites on the surface.

The Langmuir, Freundlich, and Sips isotherms were used to model the experimental
data (Table 6). The Freundlich model correlated better with the experimental data of Ad-5
and Ad-7 samples, while the Sips model was the best fit for the experimental data of
Ad-6 and Ad-8 samples. In any case, these models suggested that adsorption occurred in
heterogeneous systems.

111



Minerals 2024, 14, 966

1.0

Ad-5 Ad-6 Ad-7
/; osd 1 g *i ..............
S I
c 1 T 00— L .
o 06 { ......... 3 [ m— —_
E e IE - P S e TR RS0 -
L e l P ]
£ *; oo Jra— T W
o 4 4
1 s
| | | | | | | | | | | I | |
1 2 3 4 5 1 2 8 4 5 1 2 3 2 3 4 5
C,(mM) C, (mM) C, (mM) C, (mM)
Figure 8. Adsorption isotherms of CPX (full points) and LID (empty points) at 20 °C on Mg-clays
and their best fits.
Table 6. Langmuir, Freundlich, and Sips parameters for CPX and LID adsorption on Mg-clays.
Ad-5 Ad-6 Ad-7 Ad-8
CPX LID CPX LID CPX LID CPX LID
dm (mmol g’l) 0.52 0.41 0.56 0.48 0.65 0.37 0.76 0.45
Langmuir k(L mmol’l) 13.5 16.4 479 8.22 11.9 19.3 75.4 3.00
R? 0.79 0.87 0.80 0.87 0.83 0.86 0.92 0.99
ki (Lg™)) 0.45 0.38 0.53 0.41 0.55 0.33 0.74 0.35
Freundlich n 6.34 6.92 6.18 5.93 6.11 7.63 6.01 2.34
R? 0.99 0.89 0.92 0.90 0.99 0.88 0.92 0.95
m (mmol g~ 1) 1.81 0.41 0.80 0.48 126 0.57 0.91 0.51
Sips b (L mmol 1)l/n 0.01 16.4 10.2 8.22 0.34 3.96 32.1 257
n 4.39 1.00 3.01 1.00 4.07 3.40 1.95 1.09
R? 0.96 0.99 0.96 0.99 0.98 0.84 0.99 0.98

The Ad-8 bentonite exhibited the highest CPX-adsorption capacity, at 0.911 mmol-g 1,
equivalent to its CEC value (0.909 mmol-g~!). In coherence with this, it also exhibited
the highest smectite content of saponite composition, which may have favored CPX*
adsorption mainly through cationic exchange, which is the main adsorption mechanism
reported for other smectite clay minerals [74].

For the kerolite/stevensite mixed layer, CPX adsorption was higher for Ad-6 than
Ad-7, exhibiting adsorbed amounts exceeding their CEC values (Table 6). This would
evidence that kerolite content favored CPX removal from the solution, which could be
explained by two interrelated effects. As previously observed, kerolite/stevensite clays
developed mesoporosity in their structure, potentially increasing the availability of surface
sites such as broken edge sites for adsorbing the zwitterionic species of CPX in solution.
The CPX™ species presented a protonated amino group in its structure, while the carboxyl
group was deprotonated, resulting in a neutral total charge that decreased its adsorption
on the negative structure. The presence of the deprotonated carboxylate group could
favor CPX interaction with the broken edge groups on the surface to form inner-sphere
complexes, increasing the total amount adsorbed for these Mg-clays [39,52]. This was also
observed by other authors in similar systems using pillared clays as adsorbents, which are
characterized by a micro-mesoporous structure that favors CPX adsorption [30,50,51]. This
suggests that in these non-swelling clay minerals, CPX could be adsorbed both as cation
species on the negative charged surface and in zwitterion form on reactive sites located
on the broken edge of the 2:1 structure. However, more specific determinations, such as
the effect of pH and ionic strength on adsorption, are needed to elucidate the adsorption
mechanisms of these clays.

112



Minerals 2024, 14, 966

Stevensite sample Ad-5 presented the lowest adsorption capacity. This could be
explained by a much lower CEC than the bentonite Ad-8 and the absence of a kerolite
phase that could have enhanced the adsorption, as explained above.

Adsorption isotherms for LID adsorption on Mg-clays were L-type (Langmuir) in
Ad-5, Ad-6, and Ad-8 samples, while in the Ad-7 sample, these were H-type according to
the classification proposed by Giles et al. [73]. Again, this would be evidence that ionic
species adsorption, in this case, LID", occurred without competing with water for the solid
surface sites.

The adsorption parameters of Freundlich, Langmuir, and Sips models are presented in
Table 6. The quadratic correlation values indicated in the good adjustment of samples Ad-5
and Ad-8 point to the Langmuir model and, in the case of Ad-6 and Ad-7, to the Freundlich
model. These results suggest that in the Mg-clays with a higher smectite content, LID*
adsorption took place in reactive sites of the same nature, while in the clays with kerolite
content, adsorption occurred on reactive sites of a different nature.

The maximum adsorption capacity (4,;) for LID* on the analyzed clays, and therefore
their removal efficiency, followed the order Ad-8 > Ad-6 > Ad-5 > Ad-7. Except for
the bentonite Ad-8, the adsorbed amounts g, obtained were equivalent to their CEC,
suggesting that cation exchange is the main adsorption mechanism. In the case of the
bentonite Ad-8 (97% saponite), the qm value was lower than its CEC, suggesting that the
LID molecule could occupy more than one available site in the saponite interlayer space,
thus decreasing the number of sites. However, additional studies of Ad-8-LID adsorption
complexes are needed in order to corroborate this.

All the samples showed a higher affinity and adsorption capacity for CPX than for
LID in the studied conditions. This can be explained by considering the morphology and
the size of the analyzed molecules as well as the Mg-clays properties. In the first place,
CPXis a flat-shaped molecule with a lower thickness than LID. In addition, the positive
charge of the CPX is located in its amine group situated at one end of the molecule, which
would facilitate the interaction with the solids’ surface. Meanwhile, in the LID molecule,
voluminous carbon chains surround the protonated group, hindering interaction with the
solid surface. Additionally, at the analyzed pH, the zwitterionic form of CPX is also present
and therefore can be adsorbed on different surface reactive sites.

Taking all of this into account, bentonite Ad-8 exhibited the highest adsorption capacity
for both CPX and LID under the studied conditions, which may be attributed to its higher
smectite content of saponite composition and CEC value. This suggests that the primary
mechanism of CPX and LID adsorption on the studied Mg-clays was cation exchange.
This adsorption is likely facilitated by electrostatic forces between the positively charged
CPX and LID molecules and the negative charge of the smectite component in the clays
(saponite and stevensite).

However, in the case of CPX adsorption, the kerolite/stevensite mixed layer (Ad
6 and Ad-7) showed qm values higher than their CEC values. In this case, the results
suggested that CPX* present could be adsorbed through another type of interaction, such
as inner-sphere complexes or hydrogen bonds involving its deprotonated carboxyl group
and -5i-OH or -Mg-OH groups exposed in broken edge sites. Such sites are associated with
the porosity generated by the presence of kerolite in those samples, thereby increasing their
adsorption capacity relative to their CEC values.

Finally, for a comparative performance assessment of the studied materials for CPX
adsorption from aqueous media, the reported adsorption capacities for other natural clays
are summarized and presented in Table 7. According to other authors, kaolinite clays
feature the lowest adsorption capacities, followed by montmorillonite clay minerals (Na
and Ca type). The studied Mg-clays in samples Ad-5 and Ad-7 presented values similar to
montmorillonite types, but the values obtained in samples Ad-6 and Ad-8 surpassed them.
This suggests that the composition of the mixed layer Kyq/Stgy of Ad-6 adsorbed as much
as a bentonite clay (Ad-8) with high purity (97% saponite).
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Table 7. Adsorbed reports for CPX on natural clays.

Adsorbent dm CPX (EH) Adsorbenf dosage Reference
(mmol.g—1) (gL 1
kaolinite 0.02 (5-6) 0.2 [75]
Na-Bentonite from Turkey 0.44 (4.5) 2.5 [76]
Na-Montmorillonite from Argentine 0.42 (6) 2.5 [60]
Ca-bentonite 0.49 (6.5) 0.2 [12]
Clay 4 (Na-montmorillonite type) 0.58 (6-7.6) 1.0 [77]
Clay 2 (Kaolin type) 0.09 (6-7.6) ’
Ad-5 0.44
:g:g 822 2.5 This work
Ad-8 0.91

The LID adsorption capacities were not included because no values have been previ-
ously reported for this molecule.

4. Conclusions

In this study, four Mg-clays were evaluated as potential adsorbents for the removal
of two pharmaceutical pollutants: CPX and LID. Mineralogical analysis revealed that two
of the clays are composed of a kerolite/stevensite mixed layer, the third is predominantly
stevensite, and the fourth is classified as a bentonite with 97% saponite as its primary
mineral component. Physicochemical characterization showed a strong correlation be-
tween the percentage of swelling clay minerals and the cation-exchange capacity (CEC)
values. Textural properties indicated a significant influence of kerolite content, with a close
relationship observed between the amount of kerolite and the percentage of mesoporosity.

Batch adsorption tests demonstrated that all materials are suitable for CPX and LID
removal from water under the studied conditions. The results showed that for smectitic
samples (saponite and stevensite), CPX adsorption primarily occurs through ionic exchange.
Conversely, for samples containing kerolite, porosity plays a critical role by providing
additional reactive sites within the porous structure and at the broken edges of clay particles.
LID adsorption also appears to occur via ionic exchange, but due to the molecular shape of
LID, this EC is more effectively accommodated in samples containing kerolite due to its
higher pore volume.

This study not only underscores the potential of non-fibrous Mg-clays as adsorbents
for emerging contaminants but also establishes a link between their composition, textu-
ral properties, and contaminant retention capacity. This understanding is essential for
optimizing their application in various industrial contexts.
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Abstract: Polymetallic enrichment layers are commonly found at the base of the Lower Cambrian
and extensively distributed across the Upper Yangtze Platform, yet their genetic models remain
controversial. This study systematically collected samples from a typical section in the southeastern
Chongging region for mineral, organic, and inorganic analyses. It investigates the relationship
between the abundance of various trace metal elements and organic matter at the base of the
Niutitang Formation, as well as the vertical distribution characteristics of organic carbon isotopes
and organic matter features. The results indicate that the Niutitang Formation shale exhibits a
distinct three-part structure from bottom to top. Various metal elements are enriched in the lower
interval, showing a close correlation between the abundance of polymetallic elements and the carbon
isotopes of shale organic matter. The middle interval contains the highest TOC value and the lowest
Ti/ Al ratio, while the upper interval shows a significant decrease in organic matter abundance,
with a clear positive correlation between the excess silicon content and Ti/ Al ratio. Additionally,
the mixing effect of deep-sea upwelling is the primary control on the formation of polymetallic
enrichment layers in the lower interval, followed by the adsorption of organic matter under anoxic
conditions. The sedimentary environment of the upper interval of the Niutitang Formation trends
toward oxidation, with paleoclimate shifting toward colder and drier conditions, exhibiting aeolian
sedimentary features that are unfavorable for the enrichment of trace metal elements. Consequently,
upwelling is a key factor in the enrichment and mineralization of trace metal elements at the base of
the Lower Cambrian in the Upper Yangtze region.

Keywords: Upper Yangtze region; Niutitang Formation; shale; polymetallic; upwelling; 513C0rg

value; excess silicon

1. Introduction

The Niutitang Formation, a Lower Cambrian unit in southern China, is a widely
distributed, thick, and highly mature marine shale formation [1,2] in the Upper-Middle
Yangtze Platform. The organic matter in the shale primarily originates from lower aquatic
organisms and algae, classified as Type I organic matter [1,3-5]. The Niutitang Formation’s
abundant organic content makes it a key target for shale gas exploration and development.
In terms of lateral distribution, it can be compared to the Qiongzhusi Formation in other
regions and the Hetang Formation in the lower Yangtze region [6].

The Lower Cambrian Niutitang Formation is known for its abundance of polymetallic
sulfides and rare metal elements, such as nickel, molybdenum, vanadium, and uranium [7,8].
This Formation has the potential to be a low-grade uranium deposit [9], as well as hosting other
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valuable metal deposits. Previous research has suggested that the enrichment of rare metal
elements can be attributed to hydrothermal fluids brought by upwelling ocean currents [7,10],
which also contribute to the accumulation of organic matter in the basin [9,11]. As a result,
there is a positive correlation between the abundance of organic matter and rare metal elements
in the shale of the Niutitang Formation [9].

One distinctive feature of the Niutitang Formation shale is the presence of “excess
silica”. However, the source of this excess silica is still a subject of intense debate. Some
researchers argue that it is derived from hydrothermal processes [3,9,12,13], while others
propose that it originates from biogenic sources [14-16]. The variability in the source of
excess silica may also be influenced by co-deposition processes and subsequent tectonic
activities. Previous studies have shown that Ti/ Al may be closely related to aeolian deposits:
Ti is often found in heavy minerals and serves as a parameter for arid climatic conditions.
The positive correlation between the two in the Qiongzhusi Formation has been explained
as a result of aeolian deposits bringing in more Ti and excess silica under relatively cold and
dry climatic conditions [17,18]. Additionally, it can also serve as a parameter for sediment
input from offshore distances under relatively humid climatic conditions.

813Cqrg depletion has been associated with the expansion of microbially mediated car-
bon cycling processes in modern eutrophic lakes, high-productivity marine environments,
and ancient sediments with high TOC deposited under euxinic conditions [19]. Similarly,
negative 5'3Cory excursions have been reported in sediments from the Yangtze Platform
and other global locations during the same period. This evidence points to the presence
of bottom anoxic conditions on the Yangtze Platform during the late Cambrian Stage 2 to
early Cambrian Stage 3 [20,21].

This study aims to analyze the variations and correlations of different parameters
with depth along the profile of the Lower Cambrian Niutitang shale samples through
relevant tests. By considering the paleogeographic location of the Lower Cambrian within
the profile, the characteristics of the shale will be discussed, with a focus on the impact of
upwelling events on sedimentary environments, trace metal elements, and organic matter
characteristics.

2. Sample and Experiments
2.1. Geological Setting and Sample Details at the Sampling Site

The Danquan Profile is located in the Youxiu Fold Belt on the southeastern margin
of the Sichuan Basin. It is characterized by open anticlines and tight synclines with
compartmentalized folds. The profile is situated between two large-scale faults in the
basin, creating a stable tectonic environment with rock layers that have gentle dip angles
(Figure 1B).

During the Early Cambrian period in the Yangtze region, there was a notable gradation
of sedimentary environments extending from northwest to southeast. This gradation
began with shallow-water platform facies, transitioned through intermediary facies, and
culminated in deep-water continental shelf and basin facies [22-24]. Notably, the shallow
water platform facies emerged as the dominant environment. The chosen sampling site is
strategically positioned in proximity to the transitional zone of the continental shelf slope
(as depicted in Figure 1), a location that is particularly sensitive to sea-level fluctuations.

The underlying formation of the Niutitang Formation is the Maidiping Formation,
which also belongs to the Lower Cambrian. This Formation consists of limestone with
phosphatic nodules and is associated with a significant phosphogenesis event known as
the Meishucun Period.

Mining activities in the area have led to the excavation of phosphate conglomerates
from the Maidiping Formation, which are integrated with the base of the Niutitang Forma-
tion. This indicates that the lower part of the Niutitang Formation is fully exposed, and the
collected samples are relatively fresh. A total of 31 samples were collected from the base of
the Niutitang Formation, with a sampled thickness of 44 m. However, the uppermost part
of the Niutitang Formation was not observed to be exposed in the area.
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2.2. Organic Geochemistry and Mineralogy Experiments

TOC

The particle size of the samples is crushed to smaller than 100 mesh and then dried
for 24 h at 60 °C. The accurately weighed samples are placed into a permeable crucible,
and the total weight is recorded. Slowly add approximately 5% dilute hydrochloric acid,
allowing the reaction to proceed for over 12 h. Subsequently, place the crucible with the
samples onto a tray and immerse it in an 80 °C water bath for 1 h to ensure the complete
removal of inorganic carbon from the shale samples. After heating, thoroughly rinse the
samples with deionized water until the pH paper indicates neutrality. Additionally, rinse
the tray, sample holder, and crucible to neutralize them. Once the samples are dried, add a
tungsten-tin alloy combustion aid and iron powder to the surface of the treated samples in
the crucible. The total organic carbon (TOC) content of the samples will be measured using
the ELTRA CS 800 carbon-sulfur analyzer, ensuring a relative error of less than 2%.

Total sulfur (TS)

Before testing, the shale samples are cleaned, crushed, and ground to a particle size of
200 mesh (less than 74 um). After drying, the powdered samples are wrapped in tin boats
and placed into a VARIO EL cube elemental analyzer to obtain data with a precision of
+0.5%.

Organic carbon isotope (613C0rg)

The sample amount is calculated to ensure a net carbon content of approximately
40 pg according to the TOC value. Then, the samples are wrapped in tin boats and
measured using a Thermo Quest Finnigan DELTA plus XL isotope ratio mass spectrometer
(IRMS) from Thermo Scientific, Waltham, MA, USA. The results are referenced to the VPDB
standard, with an analytical error of £0.5%..

X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis of shale can provide semi-quantitative information
about the mineral content of the sample. The specific analysis method involves weighing
a sample with a particle size of 200 mesh and vacuum drying it at 70 °C for 24 h. The
dried sample is then analyzed for mineral content using a Bruker D8 Advance X-ray
diffractometer (Bruker Corporation, Billerica, MA, USA).
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The analysis is performed under the following conditions: a working voltage of 40 kV
and a current of 30 mA. The scanning range is set from 26 = 3° to 85° with a slit width of
1 mm, and the scanning rate is 4° /min. The mineral content is calculated using the Lorenz
polarization method, which corrects for peak areas of different minerals. This calculation
provides semi-quantitative information about the minerals present in the sample.

2.3. Analysis of Major and Trace Elements

Analysis of Major Elements using Fusion Method: Approximately one gram of sample
(with a particle size above 200 mesh) is weighed and incinerated at 1000 °C to eliminate
organic matter. The remaining residue is then mixed with a flux containing lithium nitrate
and other components, thoroughly blended, and subjected to high-temperature fusion.
The molten material is poured into a platinum mold to form a flat glass slide, which is
subsequently analyzed using a PANalytical PW2424X X-ray fluorescence spectrometer
(Malvern Panalytical, Worcestershire, UK). The precision relative deviation (RD) is <5%
and the accuracy relative error (RE) is <2%.

Trace element testing is conducted using two different methods: the dissolution
method with HNO3-HCIO4-HF-HC1 and the fusion method with LiBO2/Li2B407.

Two dried samples of shale, each weighing 0.5 g and with a particle size above 200
mesh, are prepared.

In the dissolution method, one sample is digested using concentrated nitric acid, hy-
drochloric acid, and hydrofluoric acid. The mixture is then evaporated to near dryness and
dissolved in diluted hydrochloric acid to a specific volume. The analysis is performed using
an Agilent VISTA inductively coupled plasma emission spectrometer (Agilent Technologies,
Santa Clara, CA, USA) and a Perkin Elmer Elan 9000 inductively coupled plasma mass
spectrometer (PerkinElmer Corporation, Waltham, MA, USA).

In the fusion method, the other sample is mixed with a flux consisting of lithium
metaborate and lithium tetraborate. The mixture is melted in a furnace at a temperature
above 1025 °C, cooled, and then dissolved in nitric acid, hydrochloric acid, and hydrofluoric
acid to a specific volume. The analysis is carried out using an inductively coupled plasma
mass spectrometer.

Both instruments used in the analysis have a precision relative deviation (RD) of less
than 10% and an accuracy relative error (RE) of less than 10%. This ensures reliable and
accurate results in the trace element testing of the shale samples.

3. Results

After comparing various parameters, the Niutitang shale samples were divided into
three intervals based on the Ti/ Al and U/Th ratios. The lower and middle intervals exhibit
relatively high U/Th values, with the lower interval displaying high Ti/ Al values, while
the middle interval shows noticeably lower Ti/ Al values. In contrast, the upper interval
has a significantly low U/Th value (Figure 2). The three intervals are roughly distributed
from bottom to top at 0-8 m, 8-26 m, and 26—44 m.

Minerals: The mineral composition of the Lower Cambrian Niutitang Formation shale
in the Danquan section is mainly composed of quartz, feldspar, and clay minerals. In the
lower and middle intervals of the Niutitang Formation, which spans from 0 to 26 m, there
are small amounts of pyrite and dolomite present. However, above 27 m from the bottom,
pyrite and carbonate minerals are essentially absent (Figure 3A,B).

613C0rg, TOC, and TS values: The lower interval of the Niutitang Formation is dis-
tinguished by negative 5!°Cyrg values, which show a gradual increase from —32.6%. at
the base to —31.0%0 towards the top. In the middle interval of the formation, 613C0rg
values demonstrate relative consistency, fluctuating within a narrow span from —31.4 %o
to —31.1%o. Progressing to the upper interval, the 613C0rg values vary from —31.7 %o to
—31.0%o, overall exhibiting a positive trend with increasing depth (Figure 3C).

121



Minerals 2024, 14, 978

0.07 -
0‘ 0. o
0.06 - ° [ . .
L4
“
=< ] (]
= 0.05 '. - S
[ |
| L
|
0.04 -
¢ Upper part
B Middle part
® Lower part
003 T T T T T 1
0.0 2.0 4.0 6.0 8.0 10.0 12.0
U/Th

Figure 2. Correlation between Ti/ Al and U/Th of Niutitang shale samples in the study area.

Figure 3. Mineral, 513C0rg,TOC and elemental content variations with depth in the Niutitang
Formation profile of Youyang. And the minerals are dolomite (A); pyrite (B); indices related to organic
matter are 613Corg (C) and TOC (D); indices related to elements are total sulfur (E); aluminum (F)
and excess silicon (G).

In the Danquan section of the Niutitang Formation, the distribution of organic matter
within the black shale displays marked stratigraphic variations. The middle to lower
interval is characterized by a high concentration of organic matter, in contrast to the upper
interval, which presents a comparatively lower abundance, as depicted in Figure 3D. These
observations are consistent with the findings of Pi [7] and corroborate the stratigraphic
division into the organically rich Niu2 interval and the organically lean Niu3 interval, as
defined by Tan [3]. Additionally, the basal Niul interval, which is notable for its low total
organic carbon (TOC) content, correlates with the underlying phosphatic dolomite-rich
Maidiping Formation, providing a foundational context for the Niutitang Formation in this
stratigraphic profile.

The variation trends of total sulfur content are similar to that of the TOC and pyrite

content (Figure 3E), which indicates that sulfur is tightly associated with organic matter.

The differences in TOC and total sulfur abundance are mainly attributed to the anoxic
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environment rich in sulfur in the lower-middle interval of the Niutitang Formation and the
oxygen-deficient environment with low sulfur in the upper interval [7].

Aluminum element: The elevated aluminum concentrations, varying from 6.57% to
7.28% in the lower interval and from 4.83% to 7.88% in the upper interval, indicate a
substantial terrestrial clastic contribution (Figure 3F). Conversely, the aluminum levels are

primarily confined to a narrower range of 3.8% to 5.91% throughout the middle interval,

with a modest peak of 7.08% at its uppermost portion, pointing to a reduced impact of
terrestrial clastic influx in this section.

Excess silicon: The origins of silicon in shale can be categorized into three types:
terrigenous silicon, hydrothermal silicon, and biogenic silicon. To calculate the excess
silicon content (Si_excess), One must subtract the content of terrigenous detrital silicon using
the formula:

Si excess = Sis — [(Si/Al)bg x Als]

@

Here, Sis represents the silicon element content in the sample, Als represents the
aluminum element content in the sample, and (Si/Al)bg is 3.11 (the average content in
shale) [27].

The silicon dioxide (S5iO,) content in the Niutitang Formation shale in the lower
Cambrian of the DanQuan section in Youyang ranges from 51.4% to 71.1%. The Si_excess
varies from 5% to 22%. The lowest Si_excess content is observed in the lower section of the
Niutitang Formation, gradually increasing from 5.54% to 9.56% over a 5-m interval. The
middle and upper sections show relatively higher Si_excess content, ranging from 8.63% to

20.32% and from 10.69% to 21.99%, respectively (Figure 3G).

Trace elements: In the lower section, the concentrations of most trace metal elements,

including arsenic (As), molybdenum (Mo), nickel (Ni), rhenium (Re), antimony (Sb), sele-
nium (Se), and uranium (U), progressively diminish toward the upper part (Figure 4A-G).

This trend is succeeded by a pronounced enrichment of metallic elements in the base of the
middle interval. Conversely, the upper section shows a marked depletion of these
trace elements.
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Figure 4. Trace elemental content variations with depth in the Niutitang Formation profile of

Youyang. The trace elements are arsenic (A), molybdenum (B), nickel (C), rhenium (D), antimony (E),

selenium (F) and uranium (G).
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4. Discussion
4.1. Characteristics of the Sedimentary Environment of the Niutitang Formation Shale
4.1.1. Redox Conditions of Water Bodies

The U/Th ratio is a parameter used to assess the reducing conditions of water bodies,
with higher U/Th values indicating stronger reducing capabilities of the water. This
relationship has been established in previous studies [28-30].

In the lower interval of the Niutitang Formation, the samples generally exhibit anaero-
bic conditions, and most of the U/Th values are higher than 4 (except for the sample with a
U/Th value of 2.4 at 3.6 m). Additionally, as the reducing conditions of the water increase,
the abundance of U also increases. There is a positive correlation between total organic
carbon (TOC) and U/Th (Figure 5A), indicating that stronger anaerobic conditions favor
the enrichment of organic matter at middle intervals. However, in the lower interval, there
is no correlation, which may be attributed to the influence of U from upwelling mixing
sources on the U/Th ratio.
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Figure 5. Correlation between TOC and U/Th ratio (A), sulfure content (B), and Fe content (C).

Previous studies have suggested that U/Th ratios greater than 1 indicate the influence
of hydrothermal deposition during shale sedimentation [31,32]. This suggests that the
lower and middle intervals of the profile may commonly be affected by hydrothermal
fluids through the upwelling event, while the upper section of the Niutitang Formation
shows a significant decrease in hydrothermal fluid influence.

In the lower interval of the Niutitang Formation shale, there is a weak positive correla-
tion between TOC and total sulfur (R? = 0.32) and iron (R? = 0.28) (Figure 5B,C), indicating a
rough genetic relationship between organic matter enrichment and pyrite. This relationship
is attributed to the processes of anoxic sulfidation and deep-sea ironization resulting from
hydrothermal mixing. Additionally, the negative correlation observed between §!°Cyrg
values and TS (Figure 6A), Fe (Figure 6B) in the lower section suggests that a decrease in
hydrothermal 613Corg mixing leads to a gradual reduction in the abundance of S and Fe,
supporting the theory that pyrite in this section is primarily of hydrothermal origin. On
the other hand, the correlation between TOC and sulfur and iron in the middle section of
organic-rich shales and the upper section of organic-poor shales is weak, suggesting that
sources of S and Fe in these sections are not genetically linked to organic matter enrichment.

4.1.2. Terrestrial Input

The ratio of Ti/ Al elements can be used to indicate the distance of the deposition zone
from the coastline, with a higher Ti/ Al ratio suggesting closer proximity to the coastline
and vice versa [28,33]. Previous studies indicate that the Ti/ Al ratio may be closely related
to eolian sedimentation, and Ti is often found in heavy minerals and serves as a parameter
for arid climate conditions [34]. The highest aluminum (Figure 7A) and titanium (Figure 7B)
contents of the lower interval show that the palaeoenvironment of the lower interval is
closest to the coastline. The middle interval exhibits a sharp decrease in the Ti/ Al ratio at
higher levels (Figure 7C), indicating a large-scale transgression event. The Ti/ Al ratio is
generally higher in the upper interval but still lower compared to the lower interval, with
only the highest two samples showing a distance from the coastline and sea level similar to
the bottom of the lower section.
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The phosphatic dolomite of the Lower Maidiping Formation at the base of the Niu-
titang Formation was predominantly formed in a tidal flat environment. At the base of
the Niutitang Formation, the mixing of polymetallic-rich fluids and ancient seawater, trig-
gered by crustal extension, resulted in the deposition of abundant trace metal elements.
The anaerobic conditions arising from this mixing, along with volcanic activity, led to the
enrichment of polymetallic elements and the formation of shale with high TOC values. As
a large-scale marine transgression followed, creating anaerobic conditions in the bottom
water, the enrichment of organic matter played a crucial role in the adsorption of metal
elements from seawater, serving as the primary factor in the enrichment of trace metal
elements. Subsequently, during a marine regression, the shale in the upper section of the
Niutitang Formation formed with relatively lower TOC and trace metal element content.

4.2. The Relationship between Negative Excursion of 513 Corg Values and Enriched Polymetallic
Elements in Lower Interval

Similar to previous studies [21], this study indicates no direct correlation between
513C0rg and TOC (Figure 8A). However, strong correlations are observed be’fween613Corg
and Mo/TOC, Ni/TOC, V/TOC, As/TOC (Figure 8B-E) as well as Sb content (Figure 8F),
suggesting a close relationship between §'3Cory and syngenetic polymetallic elements.
In normal euxinic sediments, the Ni/TOC values are generally below 50 [7,35,36]. The
extremely high Ni/TOC ratios in the samples of this study (ranging from 1114 to 8840)
indicate the presence of enrichment mechanisms beyond normal biological accumulation.
This mechanism could involve the release of nickel from hydrothermal sources into sulfide-
rich bottom waters, leading to the direct formation of nickel sulfide precipitation [7]. Nickel
is an important trace nutrient in water bodies and is transferred to sediments through
microbial processes [7]. The correlation between Ni/TOC and 613C0rg (R% = 0.88) suggests
a direct causal relationship between nickel element enrichment and the 613C0rg.
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Figure 8. Correlation between 613C0rg value with TOC and metallic parameters. The correlation
between the 613C0rg value and TOC is shown in (A), along with the polymetallic/TOC ratios:
Mo/TOC (B), Ni/TOC (C), V/TOC (D), and As/TOC (E). (F) The correlation between the §'*Cyrg
value and antimony concentration.

The previous studies suggest a connection between the enrichment of As and Sb
elements and hydrothermal fluids in the lower section of the Niutitang Formation in
Guizhou and many other areas [24,37]. Similarly, in the profile of the Niutitang Formation,
there is a strong correlation between the increasing 5!Cqrg values from the bottom and
the decreasing ratios of As/TOC (R? = 0.89) and Sb content (R? = 0.92). This correlation
indicates that the negative 613C0rg values are attributed to the influence of deep-seated
hydrothermal fluids.

The «513C0rg value of the lower section of the Niutitang Formation in the study area
is —32.6%0, which is significantly lighter than the 5'3Cqg value (—34.4%0) of the same
stratigraphic level in the Songlin area of Guizhou [38]. This difference may be attributed to
the proximity to the hydrothermal vent. The Songlin profile, located near the hydrothermal
vent, exhibits a strong influence on hydrothermal activity, as evidenced by the presence
of hydrothermal vent communities [39]. In contrast, the southeastern Chonggqing profile
shows a relatively weaker influence of hydrothermal mixing. Furthermore, the impact of
hydrothermal activity gradually decreases from the bottom to the top of the southeastern
Chonggqing profile, ultimately becoming relatively stable in the middle section.

The occurrence of hydrothermal events and the release of methane and CO; gases
have had a significant impact on Earth’s climate and biogeochemical cycles. These events
have led to changes in nutrient availability, with elements like phosphorus, nickel, iron,
and vanadium being provided [40]. Metallic elements such as molybdenum, zinc, vana-
dium, and uranium are also released. Additionally, these events create a highly reducing
environment in the bottom waters.

These hydrothermal activities have caused a notable negative shift in the 313Cppp values
of carbonate cement, with values as low as —48%o being recorded. This shift in carbon
isotopes has contributed to global warming [41,42]. The biogeochemical processes, particularly
bacteria-mediated carbon cycling, play a crucial role in transforming inorganic carbon from
hydrothermal sources into biogenic organic carbon. As a result, shale organic matter found in
hydrothermally influenced shales exhibits significantly lighter 613Corg values.

The extensive outflow of deep-reducing hydrothermal fluids during the Ediacaran to
Cambrian transition zone, which is rich in silicon and depleted in '>C, can cause a negative
anomaly in the carbon isotopes of organic matter. This process leads to the preservation of
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large quantities of organic matter in anoxic environments, giving rise to the formation of
organic-rich shales.

Previous studies have revealed that there is a widespread occurrence of 613C0rg value
shifts in the lower part of the Lower Cambrian shale in the Yangtze Platform [21,43,44].
Furthermore, this negative shift in carbon isotopes observed in the Lower Cambrian of the
Yangtze Platform can be globally correlated [45], as evidenced by similar observations in the
Birmania Basin of northwestern India. In the Birmania Basin, the development of phosphorite
is accompanied by a negative shift in organic carbon isotopes, followed by a subsequent
positive shift near the Pc/C boundary, resulting in relatively heavier §'3Cyy, values [46]. The
findings of this study align with the observed evolutionary trend of 5"*Cor, values.

From a tectonic perspective, during the late Cambrian’s second stage, the Yangtze
Block and the South China Block underwent rift activity as a result of the Rodinia super-
continent’s breakup. This extensional tectonic activity in the Lower Cambrian allowed
deep-seated hydrothermal fluids to enter the ocean basin through extensional fractures
and subsequently ascend to the continental shelf [40]. Previous research has also indicated
that the late Neoproterozoic to early Cambrian period was characterized by the breakup of
Rodinia, leading to significant polar wander events across major continents on Earth [47,48],
which led to intense extensional tectonic activity within the continents. As a result, the
mixing of hydrothermal fluids exhibits a global consistency.

4.3. Relationship between Polymetallic Elements and Si_excess

The most vigorous polymetallic enrichment occurs at the bottom of the Niutitang shale,
coinciding with the lowest levels of Si excess (Figure 9A), indicating that the polymetallic-
enrich fluid originating from the depths is silicon-poor. Approximately 5 m above the base,
there is a noticeable increase in Si_excess content as the carbon isotopes in the organic matter
become heavier, and the two exhibit a closely positive relationship (R? = 0.71) (Figure 5A)
in the lower intervals. This trend suggests that moving upwards from the base, the mixing
with polymetallic-rich fluids progressively weakens while the contribution of biogenic
Si excess gradually increases. Accompanying this process is a reduction in the concentrations
of hydrothermal-derived elements such as Ni, P, S, Se, and Re (Figure 9B-F).
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Figure 9. Correlation between Si excess With 613Corg value and concentration of elements. The
correlation between the Si_excess and 513Corg value is shown in (A), along with the polymetallic
concentrations: nickel (B), phosphorus (C), sulfur (D), selenium (E) and rhynium (F).
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Previous studies have suggested that the Si_excess content in Early Cambrian South
China ranges from 20% to 30%, reaching up to 50%, with the Si excess primarily derived
from hydrothermal fluids [9]. Contrary to the Lower Cambrian strata in South China as a
whole, the Si_excess content in this section is notably lower, and there is no clear correlation
between TOC and excess silica. This suggests that the enrichment of organic matter is not
directly linked to the Si excess content. In the western Hubei region, there is a significant
positive correlation between Si excess and TOC in the Lower Cambrian shale, indicating
that the Si_excess is predominantly of biogenic origin [14].

4.4. Sources of Polymetals and the Migration Mechanisms Controlled by Upwelling

During the transition from the Neoproterozoic to the Cambrian, oceanic hypoxia led to
the production of large amounts of organic matter and hydrogen sulfide (H,S) in the ocean.
When high-salinity brines reached the seafloor, rapid changes in Eh-pH conditions caused
the accumulation of metals at the sediment-seawater interface, a process further enhanced
during diagenesis [49,50]. Some studies suggest that multiple sources, including seafloor
hydrothermal and biological contributions, may have contributed to the formation of
polymetallic nickel-molybdenum-precious metal (PGE) mineralization in the black shales of
the Lower Cambrian Niutou Formation in southern China [51,52]. Other research indicates
that the deposition of vanadium-rich black shales in the Yangtze platform slope basin
results from upwelling in deep-water basins, which first passes through mildly reducing,
organic-rich North Sea Anoxic Seawater (NSASW), where vanadium (V) is reduced to
vanadium (IV) and preferentially removed from seawater through the formation of organic
metal complexes [53].

During the early Cambrian, hydrothermal and upwelling processes in the Upper
Yangtze region affected the abundance of organic matter and the migration of trace metal
elements [33,51,54,55]. In contrast, the weak upwelling in the western Sichuan region is
associated with not only low organic matter abundance but also relatively low trace metal
element abundance [56]. Upwelling under transgressive conditions is closely related to
organic productivity. Furthermore, hydrothermal processes result in silica-rich fluids that
concentrate trace metal elements. The negative correlation between the abundance of trace
metal elements and excess silica in the lower section of the Niutitang Formation in the
study area suggests that trace metal elements do not originate directly from hydrothermal
sources but are more likely derived from upwelling migration.

The Cogp*Mngr parameter is considered an effective indicator for assessing upwelling;
values greater than 2 suggest a restricted marine sedimentary environment, while values
below 0.5 indicate a clear influence of upwelling.

Xep(X) = (X/ Aljsample / (X/ Al)uce, where Xgp is the enrichment factor of element X,
(X/ Alsample is the ratio of element X to Al in the sample, and (X/Al)ucc is the ratio of
element X to Al in the average upper continental crust (UCC) [57].

Previous studies on the same profile in the research area also indicate that the lower
section of the Niutitang Formation is significantly influenced by upwelling [58]. In this
study, the Cogp*Mngr values for the lower section of the Niutitang Formation range from
0.4 to 1.3 (Figure 10), indicating that it was affected by upwelling during sedimentation
and was situated in a restricted basin environment. The influence of upwelling is most
pronounced in the upper interval of Niutitang shale.
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Figure 10. Correlation between aluminum content with Cogr*Mngr of Niutitang shale.

5. Conclusions

1.

Based on the Ti/Al ratio, accompanied by 613C0rg values and TOC characteristics
of the shale, the Danquan Niutitang shale section in the Youyang area of Southeast
Chonggqing in the Upper Yangtze region can be divided into three intervals: a lower
interval with highest Ti/ Al ratio and lightest 613C0rg values over approximately 8 m
from the base; a middle interval rich in organic matter with lowest Ti/ Al ratio and
relatively stable 5°Cyrg values from 8 to 27 m; and an upper interval above 27 m with
moderate Ti/ Al ratio and low TOC and TS values;

The negative offset of the 5'3Corg values in the lower interval of the Niutitang shale in
the study area, along with the strong negative correlation with Ni/TOC, Mo/TOC,
V/TOC, U/TOC, as well as P and S, indicates that the mixing of upwelling fluids
with anoxic sedimentary environment is the controlling factor for the negative drift of
513Corg values and the enrichment of trace metal elements in the lower interval of the
Niutitang Formation;

From the bottom to the top of the lower interval of Si_excessNiutitang Formation, as the
influence of hydrothermal mixing weakens, the Si excess content gradually increases,
suggesting that Si_excess is primarily biogenic in origin rather than sourced from the
hydrothermal fluids which are not silicon-rich;

Previous studies and the present research both indicate that the mixing of upwelling
and local marine sediments is the primary factor for the enrichment of polymetals in
the lower section of the Niutitang Formation shale in the study area.
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Abstract: As challenges in precious and base metal exploration intensify due to the diminishing
availability of high-grade ore deposits, rising demand, energy costs, and stricter regulations towards
net-zero carbon activities, advanced techniques to enhance exploration efficiency are becoming in-
creasingly critical. This study demonstrates the effectiveness of quantitative X-ray diffraction (QXRD)
with Rietveld refinement, coupled with multivariate statistical analysis (including agglomerative
hierarchical clustering, principal component analysis, and fuzzy analysis), in characterizing the
complex mineralogy of strata-bound volcanic-associated limestone-skarn Zn-Pb-Ag-(Cu-Au)-type
sulphide deposits (SVALS). Focusing on 113 coarse rejects from the Gumsberg project located in
the Bergslagen mining district in central Sweden, the research identified five distinct mineralogical
clusters corresponding to polymetallic base metal sulphide mineralization, its proximal alteration
zones, and variably metamorphosed host rocks. The results reveal significant sulphide mineralization,
ranging from disseminated to massive occurrences of sphalerite, pyrrhotite, pyrite, and galena, with
trace amounts of secondary minerals like anglesite in certain samples indicating weathering processes.
The study also identifies rare minerals such as armenite, often overlooked in traditional geological
logging. These findings underscore the potential of QXRD to enhance resource estimation, optimize
exploration strategies, and contribute to more efficient and sustainable mineral exploration programs.
The accuracy of QXRD was cross-validated with geological logs and geochemical data, confirming its
reliability as a mineralogical discrimination tool.

Keywords: quantitative XRD; Rietveld; cluster analysis; principal component analysis; HighScore
Plus; polymetallic ore deposits; massive sulphides; precious metals; armenite; Gumsberg

1. Introduction

Accurate mineralogical characterization is the key to understanding the geological
history and processes that led to the formation of mineral deposits, thereby guiding ex-
ploration strategies and optimizing resource extraction. This detailed analysis can reveal
valuable information about the concentration of economically important minerals and the
quality and quantity of ore. Furthermore, precise mineral quantification supports metal-
lurgical processes by determining the best methods for mineral extraction and processing,
ultimately enhancing the efficiency and profitability of mining operations.

Quantitative X-ray diffraction (QXRD) using the Rietveld method has emerged as
a mineralogical characterization tool offering several advantages over traditional meth-
ods like optical microscopy and floor-standing SEM-EDS (Scanning Electron Microscopy—
Energy Dispersive X-ray Spectroscopy) or MLA (Mineral Liberation Analyzer) [1-6]. Unlike
optical microscopy, which depends heavily on the operator’s expertise and visual judgment,
QXRD provides objective and reproducible identification and quantification of mineral
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phases by analyzing diffraction patterns against extensive reference libraries. Compared to
floor-standing SEM-EDS or MLA, QXRD allows the rapid processing of multiple samples.
Additionally, the sample preparation for XRD is simpler, and the system operation requires
minimal training [4-6]. Additionally, compact XRD systems are affordable and can be easily
accommodated by most mining sites or exploration companies. It is important to note
that, XRD, despite being a powerful mineralogical tool, has limitations when it comes to
identifying specific mineral sub-members. While the closest matching structure is selected
to explain certain peaks in the XRD pattern, the identified mineral names from supergroups
(e.g., amphiboles, chlorite, biotite, zeolite) generally represent the broader group rather
than specific sub-members. This limitation arises due to gaps in XRD databases, which
often lack full structural coverage of the entire compositional range of these minerals. Addi-
tionally, factors like exsolution, twinning, cleavage, and parting can further complicate the
interpretation of XRD data. In such cases, information from other techniques, such as XRF
data to constrain the chemistry, become crucial for the cross-validation and confirmation of
specific subgroup minerals.

Among various types of ore deposits, polymetallic sulphide deposits are paramount
in supplying essential metals like zinc, lead, and copper [7], which are integral to modern
society and play a significant role in various industrial applications, including construction,
electronics, and transportation. With the demand for copper projected to double to 40
million tons in the next 20 years, the mining industry must invest heavily in discovering
new mineral deposits to bridge this supply gap.

Despite their importance, the exploration of base metals presents numerous challenges.
These deposits are often located in complex geological settings, necessitating advanced
geophysical and geochemical techniques for accurate detection and delineation. The
typically deep and remote locations of mineral deposits further escalate the costs and
logistical difficulties of exploration. Additionally, managing environmental and regulatory
concerns is crucial to ensure sustainable and responsible mining practices. Overcoming
these obstacles requires adopting advanced, cost-effective, and time-efficient technologies
to ensure the success of exploration programs and/or mining activities.

To exemplify the potential of QXRD and its practical application in exploration and
mining programs, this study focuses on the mineralogical characterization of 113 coarse
reject samples collected in the framework of the Gumsberg project (2016), located in
the Bergslagen mining district in Central Sweden. The Gumsberg project is notable for
its historic production, the apparent lack of modern exploration and drilling, and its
high-grade styles of volcanogenic massive sulphide mineralization that have not been
fully appreciated.

1.1. Geological Context

The Gumsberg property is located in the northern part of the Bergslagen district,
a classical mining region mined for centuries. This district hosts thousands of mineral
occurrences, prospects, and historic mine workings, with small to large iron oxide and
polymetallic base metal sulphide mineralization being the most abundant and historically
significant (Figure 1).

The Bergslagen district is an intensely mineralized part of a 280 x 300 km, Early
Proterozoic felsic magmatic province characterized by polyphase deformation and medium-
to high-grade metamorphism during the Svecokarelian orogeny (1.9-1.8 Ga). The region
is interpreted as an intra-continental arc or back-arc extensional basin that developed
above an active subduction zone [8-10]. The stratigraphy is marked by felsic meta-volcanic
succession enveloped by siliciclastic metasedimentary rocks [10]. Marble interbeds in the
upper meta-volcanic succession, which are former limestone, host many of the district’s
mineral deposits.

Various generations of syn-orogenic to post-orogenic intrusive rocks were emplaced
between 1.91 and 1.75 Ga [9]. Significant hydrothermal alteration affected the supracrustal
rocks [9,11] before extensive ductile deformation and regional metamorphism under upper
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greenschist to amphibolite facies [12,13]. This led to significant changes in the deposits,
including metal recrystallization and syn-tectonic remobilization [13-17].

The polymetallic sulphide deposits at Bergslagen are difficult to classify in terms of the
major internationally recognized genetic classes of mineral deposits. Allen et al. [13] pro-
posed that strata-bound volcanic-associated limestone-skarn Zn-Pb-Ag-(Cu-Au) sulphide
deposits (SVALS) at Bergslagen were formed by the syn-volcanic subseafloor replacement
of these shallow marine stromatolitic limestones, whereas the stratiform ash-siltstone
(SAS) Zn-Pb-Ag polymetallic sulphide ores were formed by the deposition of metalliferous
hydrothermal sediments between laminated, distal, deeper-water carbonate and felsic
siltstone facies. Notable examples of SVALS-type deposits include the active Garpenberg
Mine, Falun, Sala, and Stollberg deposits, which are commonly developed as systems of
stratabound lenses, ranging in style from massive to vein networks and sulphide-cemented
breccias with clasts of altered wall rock [18]. These deposits are typically rich in Zn, Pb,
Ag, and sometimes Cu-Au. Sphalerite is the dominant mineral, with zones containing
argentiferous galena, and in some areas, the mineralization shifts to chalcopyrite-rich zones
with high pyrite and/or pyrrhotite contents [13].
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Figure 1. (a) Simplified bedrock geology of the Bergslagen ore province, showing principal mineral
deposits (modified after Allen et al. [13]). (b) Location of the Gumsberg property in yellow in relation
to the Falun Mine and Boliden’s Garpenberg Mine, within the Bergslagen mining district in central
Sweden [19].

1.2. Local Geology

The Gumsberg project is located in the historic Bergslagen district, 30 km south of the
world class Falun Mine (Zn-Pb-Cu-Au) and 30 km west of Boliden’s expanding Garpenberg
Mine (Zn-Pb-Cu-Au-Ag; Figure 2). The property contains various polymetallic base metal
sulphide prospects including over 30 historic mines that were actively mined from the
13th century until the early 1900s. This includes Ostra Silverberg, Europe’s largest silver
mine from 1300 to 1590. Massive sulphide mineralization within the Gumsberg property is
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locally rich in silver and gold and dominated by sphalerite and galena. The prospects vary
from steeply dipping remobilized massive sulphide veins, sub-seafloor replacement style
hydrothermal mineralization, and exhalative mineralization to more disseminated feeder
zone/stockwork style mineralization along a northeast trend [13,19]. Historical mining
efforts suggest the mineralization is, partly structurally controlled, laterally continuous
and forms pipe-like, moderate to steeply southeast plunging mineralized intervals [13].
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Figure 2. (a) Location of the four 2016 drill holes with high-grade intercepts (GB16-1, GB16-2, GB16-3,
and GB16-5) within the Gumsberg property, part of the EMX Royalty Corp. exploration program
in the Bergslagen mining district, southern-central Sweden. (b) Cross-section of drill hole GB16-2,
looking towards the northeast [19].

Exploration drilling conducted by EMX Royalty Corp., a Canadian mineral prospect
generator, in 2016, confirmed significant intervals of polymetallic Ag-Zn-Pb mineralization,
with notable results from the Vallberget-Loberget trend (Figure 2). The Gumsberg property
is now recognized for its 27 km of stratigraphy prospective for Ag-Zn-Pb mineralization,
underscoring its potential for significant base and precious metal resources [19]. Figure 2
depicts the location of high-priority drill targets in the Vallberget-Loberget trend (GB16-1 to
GB16-5 except GB16-4). The target drill hole GB-16-4 was a target in Gumsgruvan, another
trend within the Gumsberg property, ~1-1.5 km NW of the Vallberget area.

2. Materials and Methods
2.1. Samples Description

This study analyzes 113 coarse reject samples from five reconnaissance diamond drill
holes conducted by EMX Royalty Corp. in 2016. The high-priority drill targets were
identified through comprehensive geological mapping and sampling. The drill holes were
meticulously logged, and the selected samples provide a basis for this analysis, supported
by detailed geological logs and chemical data, allowing for reliable cross-validation of
QXRD results [19]. Figure 2 shows the location of drill holes GB16-1, GB16-2, GB16-3, and
GB16-5 in the Vallberget-Loberget trend within the Gumsberg property. Figure Sla in the
Supplementary Materials provides a plan view outcrop map indicating the locations of

136



Minerals 2024, 14, 1100

the drill holes. The drill hole GB-16-4 is located in the Gumsgruvan area, ~1-1.5 km NW
of Vallberget-Loberget. The sample descriptions, including the type of host rocks, ore
mineralogy, and alteration mineral assemblages, are presented in Table 1. Sub-samples
from all collected specimens were prepared and analyzed for trace element compositions
in 2016 at ALS Global in Ireland. The analysis utilized Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES) with the ME-MS41 and ME-OG analytical packages,
following an aqua regia digestion method. A summary of the analytical results is presented
in Table 2. Table 2.

Table 1. Overview of geology and mineralogy of the 5 studied drill holes.

Drill Hole ID Depth (m) Host Rock Type Ore Mineralogy Alteration Mineralogy
Metasedimentary rocks Replacement style Zn-Pb-Ag g . . .
mostly metatutf and leptite mineralization; Disseminate: . .
et nd gt micrasanon Diseminacd | Mot f ol
characterized by metavolcanic to massive sphalerite; Quartz = albite & K-felds ar/
dykes Disseminated pyrite (traces) P
. . . Massive sphalerite and . .
including 86.5-90.2 Metavolcanics disseminated pyrite (<1%) Amphibole and chlorite
Wispy zones of base metals.
Fine grained tuffaceous Disseminated pyrite; Galena Quartz, K-feldspar, biotite,
GB16-1B 120-129 laminated rocks underlain by and sphalerite in skarn rock, sericite, chlorite, and traces of
massive, hard siliceous rock in breccia and carbonate veins garnet
with pyrrhotite on fractures
313-31.8 Meta—se(céll lrrlilsgg ry rock Hematite 5%-10% Actinolite, biotite, albite
GB16-2 3 6.9—39.7 Massive sulphide (sphalerite) Massive sphalerite + pyrite, K-feldspar, chlorite, biotite,
: : Jone + 28% wallprocks galena sericite, actinolite
Relatively massive volcanic . o) ~o/.
GB16-3 505617 sandstone and siltstone %lphldg (1’{/0_2 A’%’ Quartz, albite, K-feldspar,
’ ’ metamorphosed to chlorite issemipations o chlorite, actinolite
grade pyrite (traces)
57.1-57.6 i i
including Massive sulphide Mass1v121£g:$§1e (fault K-feldspar, chlorite, actinolite
59.1-59.7
: i Disseminations of pyrite . .
GB16-4 48-925 Metavolcanics porphyritic, (1.00%-5.00%) + pyrrhotite, ~ 2uartz amphibole, chlorite,
lithic tuffs ) sericite, cordierite & epidote
magnetite
Tuffaceous fine-grained rock
S oy T -
CB16-5 26.1-29 1 (Rhyollstﬁic)é(ljilr'sler:)acrflnated Some pyrite within deformed Quartz, biotite, chlorite,
' ' grades into silica zone; Quartz bands of quartz-clinozoisite clinozoisite
breccia
Massive sulphide
Including;: 27.1-28.1 Massive sulphide @/ soiﬁ):zf;lcti’p ;ﬁieg)atlgna, Quartz, chlorite, iron oxides
sulphide disseminations
Multiple stages of discordant
Including;: 43.6-52.0 heteE(r)Elzictiiacs;\fi(ihmceljaorrgsvein Zn replacement zones, richer Clinozoisite 4 chlorite +

fragments; Fine
sediment/ tuffs

in clinozoisite rich lithologies

quartz £ sericite

A total of 29 coarse reject samples were selected from the drill holes GB16-1 and
GB16-1B. The drill hole GB16-1 encounters metasedimentary rocks, metavolcanics, and
fine-grained sediments. The presence of metavolcanic dykes and fractured textures indi-
cates a complex geological history with multiple stages of deformation and mineralization
(Tables 1 and 2). The dissemination of pyrite is observed, along with higher-grade inter-
vals of pyrite, indicating potential zones of economic interest. The alteration minerals,
such as clinozoisite, chlorite, and quartz, suggest a metamorphic overprint on the origi-
nal mineralization, which is characteristic of the SVALS-type replacement-style sulphide
mineralization in the region [13].
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Table 2. High-grade mineralized zones in the sampled drill hole sections [19]. *: the true width is
unknown. ¥: the true width is estimated to be 80%—-90% of reported interval.

Intercept Depth
Total Length p p Intercept o o

Hole ID (m) From T Length (m) Pb (wt.%) Zn (Wt.%) Ag (g/t)
GB16-1* 84.5 92.7 8.2 0.1 4.6 2.3
including 152.5 86.5 90.2 3.7 0.1 8.9 44
GB16-1B 120 129 9 0.2 0.6 3.6
GB16-2Y 46.2 36.9 39.7 2.8 6.9 17.9 68.8
GB16-3Y 52.5 61.7 9.2 0.5 3.7 7.3
including 58.8 57.1 57.6 0.5 4.1 28.5 51.4
including 59.1 59.7 0.6 2.3 16.4 39.3
GB16-4Y 110 No Significant Intercepts

GB16-5Y 26.1 29.1 3 3 9.2 12.8
including 65 27.1 28.1 1 8.8 26.7 349
including 43.6 52.2 8.6 0.04 1.6 1.7

Fourteen samples were selected from the drill hole GB16-2 for this study. This hole
intersects massive sulphide zones, particularly sphalerite-rich, which are fault-bounded.
High grades of Zn (17.9%) and Pb (6.9%) with significant Ag (68.8 g/t) indicate substantial
sulphide mineralization (Tables 1 and 2). The alteration assemblage of K-feldspar, chlo-
rite, and biotite is consistent with intense hydrothermal activity typically associated with
volcanogenic massive sulphide (VMS) deposits [19].

Fifteen samples from the study set were selected from the drill hole GB16-3. This
drill hole shows relatively massive volcanic sandstone and siltstone, with brecciation
indicating structural complexity (Table 1). Notable sulphide mineralization, with a high
zinc content (up to 28.5% in specific intervals), suggests a robust sulphide system (Table 2).
The presence of quartz, albite, and chlorite indicates hydrothermal alteration consistent
with VMS mineralization processes.

From the drill hole GB16-4, 39 samples were studied for their mineralogical charac-
teristics. The metavolcanic porphyritic and lithic tuffs characterized by disseminations of
pyrite and occasional pyrrhotite and magnetite suggest dispersed sulphide mineralization
in the host rocks (Table 1). Alteration minerals such as quartz and amphibole indicate
moderate hydrothermal alteration.

Sixteen of the studied samples were from the drill hole GB16-5. The presence of
tuffaceous fine-grained rock and quartz breccia points to a volcanic origin with significant
fracturing. The high zinc (up to 26.7%) and lead (up to 8.8%) contents in the massive
sulphide zones, along with significant silver (34.9 g/t), highlight the economic potential
(Table 2).

The alteration minerals, including quartz and biotite, reflect intense hydrothermal
activity. EMX Royalty Corp. [19] proposed that GB16-1 hosts replacement-style Zn-Pb-Ag
mineralization, while GB16-2 and GB16-3 exhibit exhalative-style VMS mineralization. At
GB16-5, the mineralization transitions from an exhalative style between 26.1 and 29.1 m to
a replacement style between 43.6 and 52.2 m.

2.2. Analytical Methods
2.2.1. X-ray Powder Diffraction

X-ray powder diffraction is a versatile analytical method used for identifying and
quantitatively determining the crystalline phases present in powdered and bulk samples.
In this study, XRD scans of the 113 samples were collected at the Application Competence
Centre, Malvern Panalytical, in the Netherlands, using the Minerals Edition of the Aeris
compact X-ray diffractometer. This 600 W system was equipped with a cobalt-anode X-ray
tube, a goniometer radius of 145 mm, 0.04 rad Soller slits, a 1/4° divergence slit, a 23 mm
mask, a low beam-knife position, a step size of 0.02°, and an acquisition time of 79 s/step.
The Bragg—Brentano measurement covered a range of 6-80° 20, allowing the detection of
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clay minerals and heavy minerals such as Fe oxides/hydroxides and sulphides. Cobalt
radiation was used to prevent the emission of fluorescence, which occurs when using
Cu radiation to analyze Fe, Cu, and/or Zn-containing materials. This choice improves
the penetration depth of X-rays in the sample and enhances counting statistics. The use
of a linear PIXcel'® Medipix3 detector with an active length of 5.54° 20 enables a scan
acquisition time of just a few minutes.

2.2.2. XRD Data Analysis

Phase identification of all samples was performed using the all-in-one Malvern Panalyt-
ical’s software suite, HighScore Plus, version 5.2 [20], with the ICDD PDEF-5+ database [21].
The abundance of identified minerals in the analyzed samples was then determined using
the Rietveld method [22]. Modern XRD quantification techniques, such as Rietveld analysis,
provide a compelling alternative to classical peak intensity or area-based methods, as they
do not require any standards or monitors. This method offers impressive accuracy and
speed of analysis. The Rietveld method calculates structure factors based on atom positions
in a crystal structure model, which can be adjusted during refinement [20,22]. However,
the structure is often left unchanged and used to compute theoretical peaks and a profile.
In this study, the Rietveld refinement included parameters such as scale factors, sample
displacement, background coefficients, unit cell parameters, and Cagliotti W. For major
minerals (over 10 wt.%) with preferential orientation, orientation parameters were also
refined. To improve the fitting for abundant minerals, additional peak width functions
(Cagliotti U and V) were refined when necessary. The final refinement model of an XRD
scan, with proper parameter constraints, can serve as a template for analyzing similar
samples, enabling automated and efficient quantitative XRD analysis of numerous samples.
It is worth mentioning that understanding the exact crystal structure of all minerals present
in the samples from the polymetallic base metal sulphide mineralization and associated
alteration zones is essential for accurate Rietveld refinements.

2.2.3. Extended Cluster Analysis of XRD Data in HighScore Plus

Cluster analysis (CA) is designed to simplify the analysis of large datasets. By automat-
ically sorting all closely related scans from an experiment into distinct groups, it identifies
the most representative scan and the most outlying scans within each group [23,24]. Sam-
ples clustered together exhibit similar mineralogy, making it necessary to identify and
quantify phases only in the most representative scan of each cluster. This allows for the
creation of an efficient analytical routine, where other scans in the group can be automati-
cally analyzed according to the established routine. This method is particularly effective
for analyzing multiple samples from the same type of rocks or lithology and in quality
control environments.

The CA tool in HighScore Plus exemplifies its comprehensive integration, allowing
users to perform statistical analysis of XRD scans within the same software [1-4]. This
eliminates the need for additional statistical software, streamlining workflows and enhanc-
ing efficiency in handling and interpreting large datasets. The module employs various
algorithms, including correlation matrix creation, agglomerative hierarchical CA, grouping,
and scan visualization. The process involves the following steps:

Comparison of Scans: All scans in a document are compared, resulting in a correlation
matrix that represents the dissimilarities between data points of any given pair of scans.

Agglomerative Hierarchical Cluster Analysis: Scans are classified into different groups
based on their similarity, producing a dendrogram where each scan starts as an individual
cluster on the left side. Clusters merge stepwise until they form a single group.

Optimal Grouping Estimation: The best possible number of separate clusters is esti-
mated using the KGS test or the largest relative step on the dissimilarity scale. This number
can also be manually adjusted. The most representative scan and the two most outlying
scans within each cluster are then identified and marked.
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In addition to hierarchical clustering, three independent tools—Principal Components
Analysis (PCA), Metric Multi-Dimensional Scaling (MMDS), and t-Stochastic Neighbor
Embedding (t-SNE)—can be used to define clusters. These tools provide pseudo-three-
dimensional plots for visualizing the clusters.

In this study, raw XRD patterns were analyzed using cluster analysis (CA) and princi-
pal component analysis (PCA) in HighScore Plus, without any correction or normalization,
as all data were acquired on the same diffractometer. The CA algorithm classified the XRD
patterns based solely on peak positions, ignoring peak intensities. Euclidean distances and
the average linkage method were utilized for clustering [20]. The integration of CA and
PCA could significantly enhance data analysis efficiency, and when combined with Rietveld
refinement, this approach revealed hidden structural details and enabled comprehensive
mineralogical characterization across multiple samples.

3. Results
3.1. XRD Pattern Analysis and PCA Results

The XRD patterns of 113 samples were analyzed using an extended approach in High-
Score Plus. This method incorporated agglomerative hierarchical clustering, visualized
in a dendrogram, along with three-dimensional principal component analysis (3D-PCA)
and fuzzy analysis to classify and interpret the data. The 3D-PCA results are shown in
Figure 3, with the corresponding scree plot displayed in Figure 3a. The scree plot illustrates
the eigenvalues of the principal components, where a sharp decline after the first few
components indicates that these capture the majority of the dataset’s variance. This aids
in determining the optimal number of components to retain (PC1 to PC3), as components
beyond the “elbow” (PC4 to PC18) contribute minimally to the total variance (Figure 3a).
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Figure 3. (a) Scree plot illustrating the eigenvalues of the principal components from the PCA, with
the first three components accounting for 80.42% of the total variance (PC1: 31.28%, PC2: 27.40%,
PC3: 21.74%). The x-axis denotes the principal components (PC1, PC2, ..., PC21), while the y-
axis represents the eigenvalues, indicating the percentage of variance explained. (b) 3D-PCA plot
identifying fifteen clusters, and one non-clustered sample based on the analysis of 113 XRD scans.
The x-axis displays the PCA scores, representing the transformed coordinates of the original data

points in the reduced-dimensional space defined by the principal components. The colored clusters
show data points as spheres, with each sphere representing a scan within that cluster.

As a result, the first three principal components collectively captured 80.4% of the total
variance in the dataset, leading to the identification of 15 distinct mineralogical clusters,
with 1 sample standing alone as a non-clustered outlier (Figure 3b). The most representative
sample from each cluster was easily identified and it is marked with *** next to the scan
name in the dendrogram (Figure S1b in the Supplementary Materials; this figure is not

140



Minerals 2024, 14, 1100

included here due to the large number of samples, which would make the legend and
sample names difficult to read). Figure 4 illustrates both an overlay and individual plots
of the 15 representative scans alongside the non-clustered outlier. These 16 XRD patterns
were imported into a new document in HighScore Plus to facilitate further analysis and
the development of Rietveld models. These models were then used for automated data
analysis of other samples within the same cluster.
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Figure 4. (a) An overlay view of the 15 representative and 1 outlier XRD patterns identified by the
PCA in Figure 3b. (b) All 16 XRD patterns displayed separately, ordered and color-coded according
to the 2nd cluster analysis (CA2) results.

3.2. Cluster Composition and Rietveld Refinement

As shown in Figures 3b and S2, certain clusters exhibit greater compositional similarity
to one another, as indicated by the short distances between clusters in the latent variable
space. This is also supported by fuzzy analysis (Table S1 in Supplementary Materials) re-
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vealing that only five samples have probabilities (class membership) coefficients above 0.85
for Cluster 4, indicating they exclusively belong to this group, while four other samples are
uniquely associated with Cluster 6. Additionally, the fuzzy analysis shows a probabilities
coefficient above (.85 for the non-clustered sample, confirming its status as an outlier. The
remaining 103 samples exhibit membership coefficients between 0.15 and 0.85, suggesting
that they could belong to more than one cluster.

Based on the extended CA results, it was possible to reduce the number of clusters by
merging those with similar compositions. To further refine and optimize the selection of
representative patterns for developing Rietveld models, a second cluster analysis (CA2)
was conducted on the representative scans identified in the initial analysis (Figure 5). As
a result, the 16 identified XRD patterns representing the 113 studied samples, including
the outlier, were consolidated into five new groups. However, the dendrogram visualizing
the agglomerative hierarchical clustering results reveals that samples within each group
are connected by relatively longer tie bars compared to the first cluster analysis (CA1;
Figure S2), indicating a greater degree of mineralogical variation within these groups.
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Figure 5. Visualization of agglomerative hierarchical clustering of XRD patterns representative of
15 clusters and the outlier resulted from CA1 in a tree-like fashion (dendrogram). In the dendrogram,
the x-axis displays the dissimilarity of the tie bars, with each color representing a distinct cluster
(Group 1: blue; Group 2: green; Group 3: brown; Group 4: gray; Group 5: red). The most repre-
sentative scan and the two most outlying scans within each cluster are respectively marked by ***
and +.

3.3. Fuzzy Clustering Prior to Rietveld Quantification

To explore the potential transitions between different mineralogical groups, fuzzy
clustering was employed in HighScore Plus. Table 3 presents the membership matrix (M),
detailing the calculated probabilities for each measurement. Notably, none of the analyzed
samples exhibit a membership coefficient exceeding 0.85 for any of the five clusters, indi-
cating that no sample exclusively belongs to a single cluster. However, all samples show
coefficients above 0.48 for a particular cluster, suggesting a strong likelihood of association
with that group [3,20]. Samples marked with an “x” in the mixture column likely contain
mineral assemblages that are partially similar to those in other clusters. This mineralogical
variation could be seen in the Rietveld quantification models (Figure 6). Moreover, indi-
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vidual Rietveld models for the five identified groups are provided in the Supplementary
Materials (Figures S1c-S5C). The full-pattern Rietveld quantification was performed on
XRD scans of five samples, each representing one of the groups identified in CA2 (Figure 6).
This method provided a comprehensive evaluation of the mineralogical composition within
each group. By concentrating the Rietveld analysis on these representative samples, the
mineralogical characterization of other samples within the corresponding group was both
facilitated and automatically executed.
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Figure 6. Full Rietveld pattern qualification of XRD scans for five samples, each representing one
of the groups identified in CA2 (Groups 1 to 5 are highlighted in blue, green, brown, gray, and
red, respectively). The graphs are arranged to illustrate the mineralogical changes from host rocks
toward mineralization.
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Table 3. Fuzzy clustering results for samples representing 15 clusters and 1 outlier following CA1.
Probability coefficients are provided, with colors corresponding to the different clusters identified in

Figures 4 and 5.
Sample ID Rep. CA1 Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Mixture

33370 Cluster 1 0.21 0.16 0.7 0.16 0.31

33487 Cluster 2 0.06 0.09 0.2 0.87 0.16 X
33398 Cluster 3 0.48 0.17 0.3 0.14 0.12 X
33272 Cluster 4 0.13 0.16 0.29 0.21 X
33453 Cluster 5 0.13 0.13 0.35 0.18 - X
33266 Cluster 6 0.07 058 0.16 0.2 0.16

33379 Cluster 7 0.13 0.01 0.44 0.69 0.2 X
33498 Cluster 8 0.14 0.05 0.68 0.21 0.16

33395 Cluster 9 0.15 0.09 0.57 0.25 0.17

33373 Cluster 10 0.27 0.38 0.69 0.12 0.2

33352 Cluster 11 0.2 0.08 0.83 0.24 0.16

33399 Cluster 12 0.77 0.13 0.2 0.1 0.14

33386 Cluster 13 0.07 0.36 0.1 0.67 0.11

33359 Cluster 14 0.6 0.03 0.24 0.06 0.02

33410 Cluster 15 0.65 0.1 0.15 0.04 0.12

33375 Non-clustered 0.26 08 033 0.15 0.1

3.4. Variation in Mineralogical Characteristics Revealed by the QXRD Analysis

Phase identification and Rietveld quantification of the five XRD patterns identified
as representative of all studied samples through a stepwise cluster analysis (CA1 and
CA2) emphasize their distinct mineralogical compositions. As a result, Sample 33399,
representing Group 1 in CA2 (Figure 5; also representative of Cluster 12 in CAl), is
primarily composed of quartz, albite, microcline, clinochlore, and muscovite, with trace
amounts of pyrite.

Unlike Group 1, for Group 2, the mineralogical analysis shows the highest degree of
sulphide mineralization among the studied samples (Figure 6, Table 1). Rietveld quan-
tification of Sample 33266, representative of this group (also representative of Group 6 in
the initial cluster analysis), revealed a composition of 47.2% sphalerite, 16.5% pyrrhotite,
5.6% galena, and 3.4% pyrite, with a chemical composition inferred from stoichiometric
formulas indicating 28.7% Zn and 5.8% Pb. Similarly, another member of Group 2, Sample
33375, exhibited high concentrations of Zn (20.8%) and Pb (2.8%).

Group 3 is defined by the variable dominance of clinozoisite, ranging from 36.0%
to 76.0%, and the unique presence of minor amounts of armenite (2.1% to 5.5%). While
sulphide ores are largely absent in the QXRD analysis reveals that Sample 33487, a rep-
resentative of Group 3 in CA2 and Cluster 2 in CA1, lacks significant sulphide ores (also
Cluster 2 in CA1), this sample is primarily composed of clinozoisite (76%), armenite (5.5%),
and clinochlore (16.4%).

As illustrated in Figure 5, the three members of Group 3 (highlighted in brown) exhibit
varying degrees of similarity and dissimilarity, as indicated by the differing lengths of the
tie bars connecting them. Samples 33487 and 33379 (representing Cluster 7 in CA1) are
linked by a short tie bar, indicating close compositional similarity, though Sample 33379 has
lower clinozoisite (36.4%) and armenite (2.1%) contents and a notably higher proportion
of quartz (39%) compared to the other two group members. In contrast, Sample 33386,
the third member of Group 3, is connected by a longer tie bar in the dendrogram to its
groupmates. Rietveld quantification showed that this sample has a distinct mineralogy
with 15.1% sphalerite and dominant clinozoisite (72.4%).

Sample 33352, representative of Group 4, was retrieved from the drill hole GB16-
1B as a coarse reject. The QXRD results revealed a mineral assemblage predominantly
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consisting of quartz, microcline, albite, clinochlore, clinozoisite, muscovite, pyrite, and
trace amounts of sphalerite (Figure 6). The QXRD results for Sample 33453, a Group 5
representative, also revealed a composition of 21.4% anthophyllite, 5.1% cordierite, 1%
chamosite, 2.4% phlogopite, 17.8% quartz, 48.2% oligoclase, 2.0% albite, and 2.0% pyrite.
The dendrogram in Figure 5 connects Group 5 to Group 1 by the longest tie bar, reflecting
significant compositional dissimilarity between these groups (Figure 5).

4. Discussion

This study’s results showed that stepwise hierarchical clustering and PCA of 113 XRD
patterns greatly simplified data analysis by reducing the dataset into 16 representative patterns,
grouped into five meaningful clusters (Figure 5 and Figure S2 in the Supplementary Materials).
Fuzzy analysis served as a valuable complementary tool, not only further validating the
distinct identities of certain clusters (e.g., Clusters 4 and 6 in CA1l), but also revealing that
the compositional boundaries between some clusters are not sharply defined, as indicated
by the overlap in membership coefficients for most samples (Table 3 and Table S1 in the
Supplementary Materials). The compositional overlap between different groups can be
attributed to shared host rock types and/or geological events, such as hydrothermal activities
or metamorphism, which play a role in the formation and / or alteration of mineral assemblages
in this area [13-19]. As illustrated in Figure 5, Group 1 consists of four samples from coarse
rejects of three different drill holes, hosted by metasedimentary, metavolcanic, and tuffaceous
rocks (Tables 1 and 4). Despite their overall similarity, CA2 revealed internal variations:
Samples 33410 (GB16-4) and 33359 (GB16-1B) are closely linked, and both are connected
to Samples 33398 and 33399 (GB16-2) by a longer tie bar. This subgrouping reflects their
geological origins, with the GB16-2 samples sharing metasedimentary host rocks, while the
other two samples are primarily associated with metavolcanic rocks [19].

Table 4. Summary of ore mineral composition and chemistry as determined by Rietveld analysis of
XRD patterns (QXRD), compared with the base metal content analyzed by ICP-AES. An asterisk (*)
indicates the representative sample of each group. Accounting for the Pb content in the absence or
scarcity of galena. Acronyms: G: group; Sph—sphalerite; Gn—galena; Py—pyrite; Armn—armenite;
Phy—pyrrhotite. The colors in the 2nd CA clusters’ column match those in Figure 5, while the
columns presenting the ICP-AES, chemistry, and mineralogy by XRD-Rietveld results use a color
scale, with red indicating the highest values and green the lowest.

ICP-AES . R o . R o
2Cn: Depth (m) Sample ID (%) Chemistry_XRD-Rietveld (%) Mineralog_XRD-Rietveld (%)
Zn Pb Fe S Ba Sph Gn Py
GB16-1B 139.0-140.0 33359 (Rep. Cluster 14) 0.8 0.3 1.0

2.1

29.5-31.3 33398 (Rep. Cluster 3) 0.1 0.0

GB16-2 31.3-31.8 33399 (Rep. Cluster 12) 1.2
GB16-4 48.0-49.5 33410 (Rep. Cluster 15)
GB16-2 36.9-39.7 33266 (Rep. Cluster 6)
GB16-3 59.1-59.7 33375 (Non-clustered)
GB16-1 79.5-80.5 33379 (Rep. Cluster 7) 0.0 0.1 49
G3 86.5-87.9 33386 (Rep. Cluster 13) 0.1 10.1
GB16-5 46.7-47.2 33487 (Rep. Cluster 2) 0.4 0.0 0.0
GB16-1 128.0-129.0 33352 (Rep. Cluster 11) 0.4 0.2 0.1 0.1 2.4 1.0
GBl16-1 120.0-122.0 33498 (Rep. Cluster 8) 0.1 0.4 0.0 2.0 1.0
G4 GB16-2 27.4-28.0 33395 (Rep. Cluster 9) 0.1 3.7 1.0
GB16-3 55.2-57.1 33370 (Rep. Cluster 1) 0.2 0.0 0.0 2.3 0.9
GB16-3 58.1-59.1 33373 (Rep. Cluster 10) 2, 0.3 0.9 2.1 13 1.3 * J
56.5-58.0 33453 (Rep. Cluster 5) 0.0 3.4 1.1 2.0

Similarly, Group 4 consists of five samples from three different drill holes, predomi-

nantly hosted by metasedimentary rocks. CA2 analysis also revealed internal variations,
with Samples 33352 and 33498 (both from GB16-1 but collected at different depths and
hosted by poorly mineralized metasedimentary rocks containing mostly disseminated
pyrite) forming a distinct subgroup. This subgroup is connected by a longer tie bar to Sam-
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ples 33370 and 33373 (GB16-3), which originates from volcanic sandstone and siltstone with
disseminated pyrite and sphalerite. Sample 33395 (GB16-2) links these two subgroups with
another long tie bar. Additionally, the QXRD results in Table 4 strongly correlate with the
CA findings, demonstrating that distinct mineralogical and compositional characteristics of
the samples were key factors in their grouping. Additionally, variations within the groups
reflect the individual mineralogy of each sample.

4.1. Mineralogical Signature of Host Rocks

The mineralogical composition of certain clusters demonstrates a strong correlation
with their associated host rocks. For example, the mineralogy of Sample 33399, representa-
tive of Group 1, closely mirrors that of its fine-grained, tuffaceous laminated host rocks [19].
The presence of quartz, K- and Na-feldspars, chlorite, and muscovite (Figure 5) is consis-
tent with host rocks that have undergone greenschist facies metamorphism. Additionally,
the trace amounts of pyrite detected in this sample by QXRD align with the localized
occurrence of base metal zones, where pyrite dissemination is a common feature in the
host rocks [19]. This mineralogical alignment reinforces the relationship between cluster
composition and geological processes. As shown in Table 4, the chemical composition of
this sample, calculated from the stoichiometric formula of the identified minerals, strongly
correlates with the ICP-AES results.

Although Group 5 exhibits significant compositional dissimilarity compared to Group 1,
as illustrated by the longest tie bar in Figure 5, it is nonetheless characterized by a mineral
assemblage (Figure 6) that reflects the typical mineralogy of Gumsberg metamorphosed host
rocks (Table 1). Sample 33453, representative of this group, is a coarse reject from the drill hole
GB16-4 at a depth of 48.0-92.0 m within metavolcanic porphyritic lithic tuffs (Table 1). These
rocks have undergone intense hydrothermal alteration, which was later overprinted by strong
polyphase deformation and metamorphism during the Svecokarelian orogeny [9,11-13].

Although the given sequence of events complicates the interpretation of the local
geology and the understanding of paragenetic sequence of minerals [15], the significant
presence of oligoclase and quartz in Sample 33453 (Figure 6) suggests that the original vol-
canic material was likely felsic in composition, consistent with the felsic metavolcanic rocks
that characterize the region’s lithotectonic unit [15-19]. The occurrence of anthophyllite
and cordierite indicates that these rocks have undergone high-grade metamorphism, likely
reaching amphibolite facies conditions [25]. Anthophyllite, a product of magnesium-rich
environments, points to the mafic components within the original volcanic tuffs, while
cordierite’s presence suggests that the rocks were subjected to high temperatures, pos-
sibly due to proximity to syn-orogenic or post-orogenic intrusions. The minor amounts
of phlogopite and chamosite further indicate a history of both prograde and retrograde
metamorphism, with chamosite hinting at a retrograde phase as the region cooled and
the higher-grade minerals began to break down [25]. Additionally, the presence of pyrite,
although minor, suggests that the rocks were subjected to hydrothermal alteration, which
aligns with the known history of significant hydrothermal activity in the Bergslagen district,
which played a crucial role in metal recrystallization and remobilization during regional
metamorphism [13,18,19].

4.2. Mineralogical Signature of Proximal Alteration Zones Revealed by the QXRD Data

Unlike Groups 1 and 5, which reflect the mineralogical signature of host rocks,
Groups 3 and 4 represent a transition from metamorphic alteration zones to proximal
sulphide mineralization (Figure 6). The QXRD results reveal a mineral assemblage pre-
dominantly consisting of quartz, microcline, and albite, alongside clinochlore, clinozoisite,
muscovite, pyrite, and trace amounts of sphalerite (Figure 6). This mineralogy aligns with
the host environment (Table 1), reflecting a history of intense hydrothermal alteration, sul-
phide deposition, followed by deformation and metamorphism during the Svecokarelian
orogeny [15]. The abundance of silicate minerals suggests derivation from siliceous to
tuffaceous rocks, while the presence of clinozoisite, clinochlore, and muscovite indicates a

146



Minerals 2024, 14, 1100

metamorphic overprint [10-13]. The occurrence of pyrite and sphalerite suggests proximity
to underlying massive sulphide zones. Figure 7 compares the XRD patterns of Group 3
samples with mineral variations corresponding to massive clinozoisite and replacement-
style sphalerite mineralization [13-17]. As illustrated, armenite variably occurs in these

samples.
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Figure 7. (a) 2D view of the distinct XRD patterns for samples clustered into Group 3 (highlighted
in brown) in CA2. The most intense peak of each key mineral is marked. Acronyms—Qz: quartz;
Czs: clinozoisite; Sph: sphalerite; Cchl: clinochlore; Armn: armenite. Armenite and clinozoisite have
overlapping peaks. (b) Histograms illustrate the variable abundance of identified minerals in these
samples. * Indicates the Group’s representative scan.

In contrast to QXRD, the geological log data do not report the presence of armenite
in the Group 3 samples. The ICP-AES analysis also measured average Ba concentrations
of 0.2% and 0.5%, respectively, in some samples from the drill holes GB16-1 (80.5 to
92.7 m depth) and GB16-5 (28.1 to 47.2 m depth). Additionally, elevated Ba concentrations,
typically occurring as barite and/or Ba-bearing feldspars, have been observed in other
studied areas from the Bergslagen district [26,27].

Armenite is a rare double-ring silicate hydrate from the milarite-osumilite group con-
taining barium, aluminum, and calcium with the formula of BaCayAlsSigO39-2H,O. It forms
under low- to medium-grade metamorphic conditions, typically involving significant fluid—
rock interaction, where barium-rich fluids interact with calcium-rich host rocks [28-31]. Skarn
zones are common environments for its formation [28-31]. Dario et al. [28] reported the
occurrence of armenite in the Rosas mine area (Mitza Sermentus mineworks, southwest
Sardinia). They identified armenite-bearing samples collected along the contact zone between
a sulphide-mineralized skarn vein and the black phyllite host rock. The black phyllite matrix
primarily consists of muscovite, chamosite, and quartz, with feldspars, clinozoisite, titanite,
and calcite as accessory phases. Gaspar and Inverno [30] also documented the occurrence
of armenite alongside clinozoisite in the distal strata-bound scheelite skarns at the Riba de
Alva Mine in Northeastern Portugal. They observed that armenite was present within the
mineralized skarn zones, where it was sometimes intergrown with or replacing clinozoisite.
Armenite also occurs in outcrops of leucocratic gneiss composed of celsian, margarite, quartz,
white mica, and zoisite in the Berisal Complex, Swiss Central Alps. The estimated conditions
for its formation were temperatures between 280 and 320 °C and pressures ranging from 2.0
to 2.6 kbar [30]. Dario et al. [29] emphasized three key reasons why armenite merits further
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investigation beyond its apparent rarity and distinctive crystal structure: (1) Genesis Insight:
Understanding armenite’s formation could provide valuable information about the pressure—
temperature—fluid conditions in the rocks where it occurs, which are often mineralized.
(2) Potential Underestimation: Armenite is likely more common than previously believed,
as it is difficult to identify using standard techniques and may frequently be overlooked in
geological studies. (3) Indicator of Ba-rich Deposits: Given that armenite formation requires a
primary barium source, its presence could indicate the proximity of Ba-rich mineral deposits.

4.3. QXRD Insights into the Mineralogical Signature of Massive Sulphides

In contrast to other groups, the mineralogy of Group 2 (in green), as determined by
Rietveld quantification, indicates the highest grade of sulphide mineralization among the
studied samples. This observation is consistent with both the geological log data [19] and
the grade analysis results obtained by ICP-AES (Tables 1 and 2). The Rietveld analysis
showed that Sample 33266, which represented Group 6 in the initial cluster analysis,
predominantly consists of sphalerite, followed by pyrrhotite galena, and pyrite (Figure 6).
The chemical composition inferred from the stoichiometric formulas of the identified
minerals indicates this sample contains 28.7% Zn, and 5.8% Pb (Table 4). Similarly, another
member of Group 2, Sample 33375, which was not clustered with any other samples in the
CA1 due to its unique mineral composition, also shows high concentrations of Zn (20.8%)
and Pb (2.8%). However, the ICP-AES analysis reported lower Zn contents for both samples
in Group 2. Overall, XRD effectively captures the general trends in element concentrations,
such as Zn, Pb, and Fe, as compared to ICP-AES. The discrepancy between the results from
these two methods can be attributed to mineralogical heterogeneity within the mineralized
zone, along with sample heterogeneity and the absence of homogenization procedures.
These factors lead to variations in the compositions of the sub-samples analyzed by ICP-
AES and XRD.

The stoichiometric calculation also reveals the presence of two Pb-bearing minerals in
Sample 33266: galena and anglesite. Of the total 5.8% Pb measured in this sample by QXRD
(Table 4), 4.8% is associated with the 5.6% abundance of galena, while approximately 1.0%
is attributed to anglesite, which has an abundance of 1.4% in this sample (Figure 6). The
occurrence of anglesite in sulphide mineralization zones raises questions about its origin.
Anglesite (PbSOy) typically occurs in two distinct forms, as identified by Zeng et al. [32]:
(1) primary hydrothermal anglesite, which forms under low Pb/high S conditions, and
(2) secondary supergene anglesite, which develops in high Pb/low S environments. Pri-
mary hydrothermal anglesite is found in the pores of precipitated hydrothermal fluids,
often intergrown with pyrite and sphalerite. In contrast, secondary supergene anglesite
forms through the low-temperature alteration of galena (PbS), frequently surrounding
relict galena.

While further investigation using optical microscopy or SEM is needed to confirm
the presence or absence of galena relics within anglesite, the occurrence of anglesite alone
in some of the studied samples, particularly in association with sphalerite and pyrite
(Group 2 and Group 3; Figure 6) likely suggests a primary hydrothermal origin. However,
as shown in Figure 7, the presence of clinozoisite, albite, clinochlore, phlogopite, quartz,
and trace amounts of calcite alongside anglesite and the sulphide ores reflects the region’s
complex geological history, characterized by hydrothermal mineralization, metamorphic
overprinting, and subsequent weathering.

This finding serves as a reminder that while common minerals are consistently docu-
mented in geological log data, minor minerals like anglesite, which can have significant
implications for mineral exploration, might not always be identified or noted. This over-
sight occurs because these minor minerals often appear in smaller quantities or are less
visually distinctive, making them easier to overlook during routine logging processes. The
experience of the logging geologist or petrographer plays a crucial role in being alert to the
presence of certain minerals in specific geological settings.
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Moreover, Table 4 indicates an elevated Fe content in Group 2 samples and other
samples may correspond to various Fe-bearing phases, it is crucial to identify the specific
minerals contributing to the overall Fe content (or other elements of interest). This level
of insight allows for a more accurate interpretation of geochemical data, which is critical
for precise economic resource estimation. The stochiometric calculation (enabled by the
chemistry calculator tool included in HighScore Plus [3,20]) provides detailed insights into
the sample composition, enabling a thorough analysis of mineral phases and their elemental
contributions. For instance, in Sample 33266, the stochiometric calculation reveals that
Fe is distributed across several mineral phases: 3% of Fe is present within the structure
of sphalerite, approximately 10.2% in pyrrhotite, around 1.0% in clinochlore, and 1.6%
in pyrite.

5. Conclusions

This study demonstrates the effectiveness of QXRD coupled with Rietveld refinement
and extended cluster analysis in characterizing the complex mineralogy of the Gumsberg
polymetallic sulphide deposit. The analysis identified five distinct mineralogical clusters,
offering valuable insights into geological processes and alteration zones. Two clusters
revealed mineralogical signatures of metamorphic host rocks, while two others indicated
different proximal hydrothermal-metamorphic alteration zones—one with a variable base
metal mineralization signature and another featuring massive clinozoisite and sub-sea
floor replacement-style sphalerite mineralization. The fifth cluster also demonstrated
the mineralogical characteristics of polymetallic sulphides. The detection of significant
sulphide mineralization, particularly high levels of sphalerite, pyrrhotite, and galena,
highlights the economic potential of the region. The presence of rare minerals like armenite,
often missed in traditional methods, underscores the benefits of QXRD.

QXRD offers significant advantages as a complementary tool to traditional techniques
such as optical microscopy, which rely on the petrography of a limited number of thin sec-
tions and the experience of the petrographer. QXRD allows for the rapid, high-throughput
analysis of every sample, making it a time- and cost-efficient tool for exploration and
mining. The straightforward sample preparation for QXRD further enhances its practicality.
QXRD results can quickly (within minutes) identify samples needing further investigation,
streamlining decision-making and improving the overall efficiency of exploration and
mining programs. In this study, the accuracy of QXRD was cross-validated with geological
logs and geochemical data obtained using the ICP-AES technique, confirming its reliability
as a mineralogical discrimination tool.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min14111100/s1, Figure S1: (a) Plan view outcrop map with
location of drill holes including two cross-sections: (b) AA’ through Vallberget-Loberget, and (b) BB’
through Mellangruvan [17]. The historic holes, before 2016, are shown in gray. The red dots are the
intersections for the 2016 drill holes. Note: the location of drill hole GB-16-4 is not seen in the images
as it was a target in Gumsgruvan, another trend within the Gumsberg property, ~1-1.5 km NW of the
Vallberget area. Figure S2: Dendrogram illustrating the agglomerative hierarchical clustering of 114
analyzed XRD patterns (1st cluster analysis). The XRD patterns are grouped into 15 clusters, with
one outlier (sample 33375) remaining unclustered. Table S1: Results of fuzzy clustering of 113 XRD
scans of studied samples. Probability /membership coefficients are provided. A coefficient > 0.85
for any of the 15 clusters indicates that the sample exclusively belongs to that cluster; Figure S3c:
Full Rietveld pattern quantification of XRD scan of sample 33399 representative of Group 1 in the
2nd cluster analysis (CA2); Figure S2c. Full Rietveld pattern quantification of XRD scan of sample
33453 representative of Group 5 in the 2nd cluster analysis (CA2). Figure S3c. Full Rietveld pattern
quantification of XRD scan of sample 33352 representative of Group 4 in the 2nd cluster analysis
(CA2): Figure S4C. Full Rietveld pattern quantification of XRD scan of sample 33379 representative
of Group 3 in the 2nd cluster analysis (CA2); Figure S5C: Full Rietveld pattern quantification of XRD
scan of sample 33266 representative of Group 2 in the 2nd cluster analysis (CA2).
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Abstract: We report the occurrence of natural calcium silicate hydrates (C-S-H) from the
Grolla quarry in the Lessini Mountains of Northern Italy. These minerals are formed by
basic and ultrabasic magma interacting with carbonate rocks. The mineral assemblage
includes thaumasite, xonotlite, tobermorite, and plombierite, often intergrown with other
silicates, as well as minor amounts of carbonates and sulfates. Common zeolites in this area
include chabazite, phillipsite/harmotome, natrolite, and thomsonite. Although less abun-
dant, these zeolites are typically associated with calcite, fluoroapophyllite, and barite. The
Grolla quarry outcrop allows for the study of the in situ complex crystalline overgrowths
and specific crystal chemistry of rare natural mineral phases, such as C-S-H minerals,
formed under metasomatic to hydrothermal conditions.

Keywords: C-5-H; tobermorite; plombierite; xonotlite; thaumasite; zeolites; Grolla quarry

1. Introduction

Calcium silicate hydrate minerals (C-S-H, the dashes denoting their versatile stoi-
chiometry) [1] are natural and synthetic phases that are of great scientific and technological
interest. In particular, C-S-H (according to cement shorthand, C = CaO, S = SiO, and
H = H,0) are the main binding phases in many artificial materials, such as aerated concrete
(with or without additives), mortars and cement paste, making up 60%-70% of a fully hy-
drated paste. Due to their critical role in the safety of building structures and construction,
C-5-H minerals have been extensively studied, as reflected in the abundant literature [2-6].
C-5-H minerals have a variable composition, are often X-ray amorphous, and can include
aluminum and other guest ions. Aluminum incorporation likely affects the chemical and
mechanical properties of C-S-H [7]. Improving the strength and durability of hydrated
cement—by addressing factors like porosity, creep, shrinkage, and aging—requires a deep
understanding of the C-S-H structure at the crystalline level and the atomic scale up to
100 nm [8,9].

Although C-5-H crystalline phases are the main components of artificial materials
such as cement, they are rare as minerals of natural origin, especially due to their particular
environment and condition of formation. Only a small number of restricted geological
environments are known for their natural C-S-H phases, and the main occurrences come
from ultrabasic rocks associated with ophiolite complexes involved in low-temperature
serpentinization process, or hornfels (contact metamorphic zones with high temperature
and low pressure) around igneous intrusions in limestones and calcareous shales [10-12].
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During the metasomatic processes that take place in these conditions, significant quantities
of volatiles (especially water) can be mobilized, inducing the formation of C-S-H phases
such as xonotlite, tobermorite, plombierite, afwillite, hillebrandite, and scawtite [13-15].
This family of minerals is particularly interesting for their various structural arrangements
and the peculiar transformation processes in which they are involved (e.g., dehydration).
For example, the natural mineral tobermorite is often used as a model to study the molecular
structure of C-S-H [16]. Investigating the long-term alteration and carbonation (10s or
100s of thousands of years) of these minerals also makes it very important to simulate
man-made Portland cement alteration and, for example, to the sealing performance of well
cement systems [4,12]. Moreover, C-S-H minerals are able to exchange cations and have
potential applications in waste disposal [17]. Therefore, obtaining data on the crystallization
of C-S-H under natural conditions and its transformations is particularly important for
understanding cement mixtures” hardening and durability mechanisms.

In this study, different samples of C-S-H phases naturally crystallized in the Lessini
Mountains, Northern Italy, were mineralogically and chemically characterized to describe
the mineralization within a rare and unusual geological context. Various methodologies
were employed, including binocular microscope observations, environmental scanning
electron microscope (ESEM) observations, chemical composition analysis (SEM-EDS), and
X-ray powder diffraction (XRPD) analysis. The origins of the natural C-S-H phases and
potential toxicological aspects are also discussed.

2. Geological Background

The Veneto Volcanic Province covers about 2000 square kilometers in Northern Italy
(Figure 1). Due to tectonic tension in the South Alpine foreland, volcanic activity began in
the Tertiary period, mostly underwater [18]. Volcanic eruptions happened in bursts from
the Late Paleocene to the Miocene, each lasting briefly and separated by inactive phases
with shallow-water carbonate deposits [19-21]. This volcanic area has four main districts:
the Lessini Mountains, Marostica Hills, Berici Hills, and Euganei Hills. The main rock
types include volcaniclastic rocks, hyaloclastites, pillow lavas, and lava flows of mafic to
ultramafic composition. In the Euganei Hills, acidic rocks like rhyolite are also found.
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Figure 1. Simplified geological map of the Veneto Volcanic Province highlighting the Lessini Moun-

tains and the location of the Grolla quarry.
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The Lessini Mountains stretch from Mt. Baldo in the west to the Schio-Vicenza tectonic
line in the east, within a north-northwest-oriented extensional structure called the Alpone-
Agno graben. The western fault defines the Castelvero boundary, which was key in
shaping the region’s environment from the Late Paleocene to the Middle Eocene. This fault
separated a sediment-dominated western area with thin volcanic layers from an eastern
area rich in volcanic rocks. With layers up to 400 m thick, the Lessini Mountains form
the largest volcanic sequence in the Veneto Volcanic Province [20]. The area’s volcanism
includes mainly tuffs and lava flows, with column-like eruptive necks, hyaloclastites, and
pillow lavas. Common rock types are basanite and alkali olivine basalt, with smaller
amounts of transitional basalts, nephelinite, hawaiites, trachy-basalt, and basaltic andesites.
Studies indicate that the magmatism here has within-plate characteristics, likely forming in
a tensional setting as a foreland response to the Alpine orogeny [22-24].

The volcanic rocks of the Lessini Mountains are often extensively altered by intense
hydrothermal activity. This process results in significant secondary mineralization, fill-
ing numerous cavities and vesicles within the volcanic rocks and forming new mineral
phases [25]. Among these, zeolites are the most abundant group, including minerals such
as analcime, chabazite, phillipsite, harmotome, and gmelinite. Rare zeolites with distinc-
tive features, such as willhendersonite and yugawaralite, have also been identified in the
area [25-27]. Additionally, in recent years, other fibrous zeolites (including carcinogenic
erionite, and potentially toxic offretite, mordenite, and ferrierite) have been discovered
in several localities of the Lessini Mountains, highlighting their particular importance in
toxicological research [28-33].

A rare but significant type of mineralization in the Lessini area is associated with
thermometamorphism, a process occurring at very high temperatures and low pressures.
This phenomenon affects sedimentary rocks near volcanic bodies, creating a contact zone
(or aureole) around the magma. New minerals often form within this aureole, influenced by
the type of rocks present, the chemical composition of circulating fluids, and the prevailing
P-T conditions. A distinctive form of thermometamorphism occurs when basic magmas,
hydrothermally altered volcanic rocks, and carbonate rocks interact. During metasoma-
tism, chemical exchange between rocks releases volatile substances, mainly water. This
likely leads to the formation of hydrated calcium silicates like xonotlite, tobermorite, and
plombierite, making the Grolla quarry a globally important site for studying these minerals.

3. Materials and Methods
3.1. Materials

All the samples analyzed in this study were collected from the Grolla quarry in
Cornedo Vicentino (VI), Lessini Mountains, Italy. Grolla quarry is an active site that
produces calcareous materials for construction, prized for their excellent technical and
mechanical properties. Large veins and volcanic conduits were uncovered during quar-
rying operations, cutting through a sequence of carbonate sedimentary rocks. Tertiary
basic magmatism led to the formation of abundant crystals in the contact zones between
hydrothermally altered basic rocks and calcareous rocks. These crystals range in size from
macroscopic (>1 cm) to microscopic (<<1 mm) and are found growing in veins, cavities,
and vesicles within deeply metasomatized rocks. The cavities and vesicles vary from
millimeters to centimeters and may be fully or partially filled with secondary minerals. In
some cases, a single mineral species occupies the space, while in others, multiple species
coexist in paragenetic associations. Over 150 samples were collected from various quarry
sectors, with 20 selected for detailed investigation to represent the diversity observed in
the field.
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3.2. Optical and Scanning Electron Microscopy

Observations of the morphology and physical properties were conducted directly on
the cavities and vesicles using a Leica Wild Mod. M10 binocular optical microscope at
the Department of Pure and Applied Sciences, University od Urbino, Italy, with IntraLux
5000-1 fiber optic illumination, and a DCM-510 Digital image acquisition system.

Small-scale morphological observations were conducted using an environmental
scanning electron microscope (ESEM) FEI Quanta 200 FEG, at the Department of Pure
and Applied Sciences, University od Urbino, Italy, equipped with an energy-dispersive
X-ray spectrometer (EDS) for qualitative microchemical analysis. The settings included a
25 kV accelerating voltage, adjustable beam diameter, a working distance of 10-12 mm,
and a tilt angle of 0°. The ESEM operated in low vacuum mode, with the chamber pressure
between 0.80 and 0.90 mbar. Images were captured using a single-shot detector (SSD)
or an Everhart-Thornley secondary electron detector (ETD). Microchemical analysis was
conducted using a JEOL 6400 SEM at the University of Parma, Italy, following the methods
outlined in the references [34,35]. The operating conditions were voltage 15 kV, beam
current 1.2 nA, and counting time 100 s. The errors are 2%-5% for the major elements and
5%—-10% for the minor ones. Compositions of elements, oxides, and silicates were used
as standards.

3.3. X-Ray Powder Diffraction

Pure crystals were carefully selected from each sample under a binocular microscope,
then disaggregated, finely ground in an agate mortar, and placed in a 0.7 mm side-opened
aluminum sample holder. X-ray powder diffraction (XRPD) data were collected using a
Philips X’Change PW1830 powder diffractometer at the Department of Pure and Applied
Sciences, University od Urbino, Italy, set to 35 kV accelerating voltage and 30 mA beam
current, with CuKe radiation (A = 1.54506 A). Measurements were made in Bragg-Brentano
geometry from 2° to 65° at 26, with a 0.01° step size and 2.5 s per step to obtain high-
intensity patterns. The diffractometer used a 1° maximum divergence compensating
slit, a 0.2 mm receiving slit, and a graphite crystal monochromator. Semi-quantitative
XRPD analysis was conducted using X'Pert Quantify and X'Pert HighScore Plus software,
version 5.2 release, with quartz as the internal calibration standard. Peak width variations
were minimal (within £2% of the average value), and each sample was measured three
times. Detailed X-ray diffraction analyses with extended exposure times (up to 24 h)
were performed for each sample to determine the mineralogical composition, assess the
separated crystals’ quality, and rule out the presence of impurities.

4. Results and Discussion

A summary of the investigated samples and their related mineralogical composition
is reported in Table 1. The minerals identified at the Grolla quarry are predominantly
silicates, with smaller amounts of carbonates and sulfates. The most common silicates
belong to the zeolite group, including chabazite, phillipsite/harmotome, natrolite, and
thomsonite. Though generally minor, these zeolites are typically associated with varying
amounts of calcite, fluoroapophyllite, and barite. This mineral assemblage is consistent
with similar occurrences reported from other parts of the Lessini Mountains [25]. However,
unlike other mineralized areas in the Lessini Mountains, the Grolla quarry uniquely yields
calcium silicate hydrate minerals (C-S-H) alongside the previously mentioned minerals.
Specifically, we identified thomsonite, xonotlite, tobermorite, and plombierite (Table 1).
The powder XRD patterns of these C-S-H natural phases are shown in Figure 2. The narrow
peaks indicate high crystallinity. Table 2 lists their chemical compositions, which match
the ideal stoichiometry. Backscattered electron imaging during ESEM analysis showed
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no unusual grains or secondary phases in the investigated samples. The C-S-H minerals
described below were positively identified using X-ray powder diffraction, optical data, and
chemical microanalyses. While stoichiometries and optical data resembling other phases
(e.g., afwillite, scawtite, jennite, clinotobermorite) were obtained, definitive identification
was not possible due to the absence of clear X-ray data.

Table 1. Summary of the investigated samples from Grolla quarry and their related mineralogical
composition, identified through optical microscope, environmental scanning electron microscope
(ESEM), and X-ray powder diffraction (XRPD) analyses. Calcium silicate hydrates are in bold.

Sample Mineralogical Composition
CG1 Phillipsite, Thomsonite, Chabazite, Calcite
CG2 Barite, Chabazite
CG3 Chabazite
CG4 Xonotlite, Apofillite, Chabazite, Calcite
CG5 Apofillite, Natrolite, Calcite
CG6 Thomsonite
CcG7 Xonotlite, Chabazite, Thomsonite
CG8 Chabazite, Phillipsite/ Armotomo
CG9 Chabazite, Apophyllite, Calcite
CG11 Thaumasite, Xonotlite
CG12 Thomsonite, Calcite
CG13 Xonotlite, Calcite
CGl14 Tobermorite, Plombierite, Xonotlite, Calcite
CG16 Thomsonite, Chabazite, Calcite
CG17 Xonotlite, Tobermorite, Fluorapophyllite
CG18 Thomsonite, Calcite
CG19 Tobermorite, Plombierite, Thomsonite, Calcite
CG20 Thaumasite, Fluorapophyllite, Chabazite, Calcite
CG21 Natrolite, Calcite
CG30 Chabazite
CG39 Tobermorite, Plombierite, Calcite

4.1. Xonotlite CagSigO17(0OH);

Xonotlite was first identified by Rammelsberg in 1866 in carbonate rocks that had
undergone contact metamorphism with magma in Tetela de Xonotla, Mexico (whence the
mineral is given its name) [36]. Since then, although it is a rare mineral, xonotlite has
been discovered to fill veins and cavities in heat-altered rocks, and less commonly due
to metasomatic reactions in rodingites [37]. Xonotlite has a monoclinic crystal structure,
typically forming thin, needle-like (acicular) or fibrous crystals a few millimeters in size. Its
structure consists of chains of tetrahedra alternating with calcium-oxygen layers [38]. These
layers contain calcium ions in two coordination types: seven-fold (CaOy) and octahedral
(CaOg) [39]. This arrangement allows xonotlite to exist in at least six structural variations
(four ordered and two disordered forms) or polytypes [40,41].

Xonotlite is common in the Grolla quarry and appears in various forms (Figure 3a,b).
It often forms very thin, needle-like crystals grouped into silky, fibrous clusters. These are
generally white inside but may appear white to pink on the surface. Another frequent
type is small, transparent needle-like crystals sometimes found in small bundles. Xonotlite
also forms isolated, silky-looking spheroidal clusters with glassy crystals. The crystals
sometimes grow in parallel, forming fibrous white layers that follow the rock’s surface.
In other cases, the crystals are so fine that they appear as white, earthy coatings visible
only under a microscope. Under an electron microscope, xonotlite crystals are always thin

156



Minerals 2025, 15, 26

and fibrous, ranging from a few microns to hundreds of microns in length, with diameters
smaller than one micron (Figure 4). Larger crystals sometimes show their monoclinic
shape, dominated by prism-like features. In samples from the Grolla quarry, xonotlite
is often found in aggregates, alongside large fluoroapophyllite crystals and small calcite
rhombohedrons. In all investigated samples, xonotlite always forms on the surface of other
minerals and seems to develop in the final stages of crystallization.

Table 2. Representative chemical composition of the natural C-S-H minerals from the Grolla quarry.
H,O has been calculated by difference.

Thaumasite Xonotlite
CG11- CGl11- CG11- CG20- CG20- CG20- CG0- CG20- CG17-  CGl17-  CG17-  CGl17-  CGl17-  CG17-
01 02 03 01 02 06 07 08 01 02 03 04 08 09
SiO, 9.85 9.81 10.02 9.98 9.75 991 9.88 10.05 50.15 49.61 49.24 50.44 50.25 49.98
Al O3 bdl bdl bdl bdl bdl bdl bdl bdl 0.05 bdl 0.04 0.02 0.05 0.02
FeOyor 0.1 0.11 0.23 0.1 0.25 0.2 0.12 0.2 0.07 0.21 0.04 0.11 0.15 0.05
MnO 0.04 0.02 bdl 0.04 bdl bdl bdl 0.05 bdl bdl bdl bdl bdl bdl
MgO bdl bdl bdl bdl bdl bdl bdl 0.02 0.12 bdl 0.22 0.21 0.15
CaO 26.95 26.94 26.55 26.78 26.81 26.88 26.64 26.88 47.45 46.66 47.17 48.13 47.74 47.61
P,0s5 0.42 0.41 0.55 0.38 0.42 0.46 0.35 0.44 bdl bdl bdl bdl bdl bdl
SO3 12.27 12.29 12.21 12.43 12.77 12.35 12.21 12.85 bdl bdl bdl bdl bdl bdl
CO, 7.1 7.51 6.85 7.88 7.41 7.15 6.55 6.97 bdl bdl bdl bdl bdl bdl
(F,C1 0.25 0.28 0.3 0.18 0.22 0.24 0.35 0.21 bdl bdl bdl bdl bdl bdl
H,O 43.02 42.63 43.29 42.23 42.37 42.81 439 42.35 2.31 3.4 3.55 1.1 1.65 2.21
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Tobermorite Plombierite
CG19- CG19- CG19- CG19- CGl4- CGl4- CGl14- CGl4- CGl14- CGl4- CGl14-  CG39-  CG39-  CG39-
01 02 03 06 01 02 04 05 09 10 11 01 02 03
SiOy 45.12 45.31 45.22 45.19 45.41 44.53 45.68 44.84 43.81 44.12 43.05 41.91 41.76 41.05
TiO, bdl 0.02 bdl 0.02 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Al O3 0.31 0.39 0.41 0.38 0.31 0.25 0.28 0.26 0.15 0.11 0.23 1.05 1.14 1.05
CaO 35.11 34.22 34.06 34.52 35.15 34.18 34.55 34.61 30.47 31.09 32.6 33.12 33.17 33.84
H,O 19.46 20.06 20.31 19.89 19.13 21.04 19.49 20.29 25.57 24.68 24.12 23.92 23.93 24.06
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Counts
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Figure 2. XRD patterns of the natural C-5-H minerals from the Grolla quarry, with the indication of
D-spacing. (a) Xonotlite with minor calcite (FF-CF13); (b) thaumasite with minor fluoroapophyllite

(FF-CG20); (c) Tobermorite with subordinate thomsonite from (FF-CG19); (d) plombierite (FF-CG14).
The d-spacing values of minor minerals are in blue.

The chemical analysis of xonotlite from Grolla quarry shows a composition close to its
ideal formula (Table 2). It is a hydrated calcium silicate, with 49.24-50.44 wt% SiO, and
46.66—48.13 wt% CaO. Other elements, such as Al,O3, FeO, and MgO, are only present

in trace amounts, and no significant variations in composition were observed across the
different crystal forms.
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Figure 3. (a) Fibrous xonotlite crystals grouped in millimetric silky-looking spheroidal to botry-
oidal clusters (CG11); (b) needle-like xonotlite crystals grouped into silky, fibrous clusters (CG13);
(c) prismatic vitreous crystals of thaumasite with a pseudo-hexagonal section (CG20); (d) tober-
morite in sub-spherical, fibrous-radial forms creating white, silky, botryoidal aggregates (CG19);
(e,f) plombierite in white botryoidal aggregates with a silky sheen, formed by small, sub-spherical
fibrous-radial crystals (CG19).

WD | HFW |Det| Pressure
25.0 kV1400x 11.8 mm 0.75 mm SSD|0.95 _mbar

Figure 4. Typical morphologies of xonotlite crystals from the Grolla quarry. The crystals vary
from flattened prismatic shapes to highly elongated acicular forms, with some developing into
strongly fibrous structures. The co-growth of xonotlite with fluoroapophyllite crystals is visible, with
fluoroapophyllite appearing in the left part of the image.
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4.2. Thaumasite CazSi(OH)4(CO)3(S504)-12H,0O

Thaumasite is a rare, naturally occurring mineral discovered in 1878 by Baron von
Nordenskiold at the Areskuta copper mine in Sweden. Its name comes from the Greek
word thaumazein, meaning “to be surprised”, due to its unusual composition, which in-
cludes carbonate, sulfate, and hexahydrosilicate groups. A very particular crystal chemical
formula characterizes thaumasite: it contains ~42% H»O, 7% CO,, 13% SOs, 28% CaO,
and 10% SiO,, giving it a very low density (~1.89 g/cm?). Thaumasite formation requires
a source of these ions. The crystal-chemical structure of thaumasite was solved only re-
cently (late 1900s) through X-ray diffraction analysis of single crystals [42—44]. It consists
of columns of [CazSi(OH)s(H,0)12]** parallel to [001] and linked to CO3%~ and SO4%~
groups and water molecules via hydrogen bonds. Thaumasite is the only known mineral
with silicon in six-fold coordination with hydroxyl groups (OH) under low-pressure condi-
tions [45,46]. Thaumasite belongs to the ettringite group and forms a secondary phase at
low temperatures in mafic igneous and metamorphic rocks. It is often found alongside min-
erals like ettringite, zeolites, calcite, gypsum, and tobermorite. In concrete, thaumasite is
significant due to its role in sulfate attack, where sulfate ions react with cement compounds
(C-S-H, portlandite) to form gypsum, ettringite, or thaumasite [47-50]. These reactions
degrade concrete in sulfate-rich environments.

Thaumasite in the Grolla quarry is typically found in small, fibrous to acicular crystals
or prismatic shapes with a hexagonal section (Figure 3c). The more common forms are
fibrous-radial aggregates, whitish in color, forming sub-spherical or botryoidal shapes, and
chaotic clusters of acicular crystals, transparent to translucent, forming fan-like or inter-
twined aggregates, especially with calcite, barite, and fluorapophyllite crystals (Figure 5).
Microscopic observations show that thaumasite is one of the first minerals to crystallize on
cavity and vesicle walls, along with calcite and fluoroapophyllite. Less commonly, thauma-
site can form thin, whitish patinas or crusts with a silky sheen, often hard to distinguish
from minerals like xonotlite or plombierite without detailed analysis.

Label A: CG20

Si

1.00 2.00 3.00 4.00

Figure 5. Thaumasite crystals associated with fluoroapophyllite from the Grolla quarry exhibit a very
elongated prismatic to acicular habit, indicating their fibrous nature and growth patterns. The EDS
spectrum is related to thaumasite crystals, with the typical chemical composition given by silicon,
calcium, carbon, and sulfur.

Thaumasite from the Grolla quarry is chemically consistent (Table 2). Calcium is
always the most abundant cation (CaO ~26-27 wt%), while SiO; is in the order of 10 wt%.
The SO3 group is present in significant quantities (12-13 wt%), as is CO, (7-8 wt%). The
H,O content is between 42 and 43 wt%, and the halogen (F, Cl) content is less than 1%, as
is that of phosphorus and iron.
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4.3. Tobermorite (Tobermorite-11 A) CasSisO17 5H,O

Tobermorite was first identified by Heddle in 1880 in samples from several locations
in Scotland, especially near Tobermory on the Isle of Mull [51]. X-ray diffraction studies
confirmed its status as a distinct mineral in the mid-20th century, revealing a characteristic
basal reflection at 11.3 A [52-54]. Significant progress has been made in understanding
the structure of minerals in the tobermorite group over the past few decades. Studies by
Merlino et al. [55,56] and Bonaccorsi et al. [57] have determined their crystal structures,
providing insights into this group’s chemical and structural differences.

The minerals in the tobermorite group are hydrated calcium silicates similar to the
crystalline phases (C-S-H) formed during cement hydration. Structurally, tobermorites
consist of layers of calcium polyhedra (with seven-fold coordination) arranged parallel
to the (001) plane [11]. These layers are connected to single chains of “wollastonite-type”
tetrahedra on both sides. Their classification is based on water content, which affects
the spacing between layers (basal distance) and, thus, their structure. Three types of
tobermorites were named based on hydration levels: plombierite (highly hydrated, 14 A
basal distance), tobermorite (moderately hydrated, 11 A basal distance), and riversideite
(low hydration, 9 A basal distance). Recently, advances in understanding their crystal
chemistry have led to a standardized naming system and the creation of the Tobermorite
Supergroup, named after the most common mineral in this category [11,58]. According
to IMA (International Mineralogical Association), the Tobermorite Supergroup includes
tobermorite group minerals (obermorite and kenotobermorite), clinotobermorite group
minerals (clinotobermorite, kenoclinotobermorite, and kalitobermorite), and two additional
minerals (plombierite and riversideite). Although plombierite and riversideite are not
officially recognized names, they are widely used in the scientific literature and considered
reference species [58].

Recent research has clarified tobermorite’s crystal chemistry and thermal
behavior [59,60]. Its calcium content varies between 4 and 5 atoms per formula unit (apfu).
Lower calcium levels may result from non-homogeneous material or calcium-poor phases,
while higher levels may occur due to associations with calcium-rich phases like xonotlite or
calcite. Aluminum can also replace silicon in the structure, reaching up to 1 apfu, though
aluminum-free samples are rare and found mainly in South Africa’s Kalahari Manganese
Field [61]. Tobermorite mixes two end-member compositions: CasSigO15(OH),-5H,0O and
Cas5SigOq7-5H0. The slight difference in composition influences its thermal behavior: a
higher calcium content corresponds to “normal” thermal behavior, while low-Ca samples
behave “anomalously” [60].

In the samples from the Grolla quarry, the tobermorite appears in several forms. It
can form as (1) colorless needle-like crystals, transparent to translucent, often in fibrous-
radial aggregates; (2) whitish fibrous crystals exhibiting pseudo-radial growth or small
bundles (Figure 6a); (3) sub-spherical, fibrous-radial forms creating small, silky, botryoidal
aggregates (Figure 3d); (4) intertwined needle-like crystals forming chaotic aggregates; and
(5) thin coatings or vein fillings, appearing fine-grained, whitish, and silky to earthy in
luster. Like thaumasite, microscopic evidence suggests that tobermorite also forms during
the early stages of crystallization in mineralized cavities.

The chemical composition of Grolla quarry tobermorite is uniform and matches its
theoretical formula (Table 2). It contains ~45 wt% SiO;, 34-35 wt% CaO (4-5 apfu), and low
aluminum (<1 wt% Al,Os), indicating minimal silicon—aluminum substitution. Its water
content ranges between 19 and 21 wt%.
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Figure 6. (a) Prismatic to fibrous crystals of tobermorite forming small bundles; (b) prismatic-
acicular crystals of plombierite displaying a striking extremely fibrous termination, reflecting their
characteristic morphology.

4.4. Plombierite (Tobermorite-14 A) CasSigO16(OH), 7H,0

Plombierite belongs to the Tobermorite Supergroup, as noted in the nomenclature
guidelines of the CNMNC (Commission on New Minerals, Nomenclature and Classi-
fication) and the IMA (International Mineralogical Association). While minerals in the
tobermorite and clinotobermorite groups are officially recognized, plombierite and river-
sideite are not fully acknowledged. Still, they are considered reference species due to their
established use in the scientific literature.

Plombierite was first used in 1858 to describe a silicate gel formed by thermal waters in
Roman-era cementitious materials in Plombiéres, France [62]. In the mid-1900s, McConnell
analyzed a similar material from Ballycraigy, Ireland, using X-ray diffraction [52]. The
material was identified as a hydrated calcium silicate (C-S-H) group member, with the most
hydrated phase classified as plombierite. It was later found that plombierite is a variety of
tobermorite with a basal spacing of 14 A, now known as tobermorite-14 A. Despite this, the
name plombierite remains widely used.

The structure of plombierite has been solved using a specimen from Crestmore (Cali-
fornia, USA) [57]. Like other hydrated calcium silicates, plombierite consists of layers of
calcium polyhedra (CaOy) parallel to (001). These layers are linked by single tetrahedra
(5i04) chains, arranged along the b-axis, and stacked along the c-axis. The layers are con-
nected by extra calcium ions and water molecules, which fill cavities in the structure. The
water content of plombierite determines its basal spacing, giving it the highest hydration
level among the phases in the Tobermorite Supergroup, with a basal distance of 14 A [60,63].
In this structure, the layers are separated by calcium ions and nearly double the water
molecules found in the less hydrated 11 A phases (five water molecules versus three).
Concerning the ideal chemical formula, the composition of plombierite shows limited
variability, with minor changes in the calcium content (usually 4.5-5 atoms per formula
unit) and small aluminum-silicon substitutions.

In the Grolla quarry, plombierite generally appears as colorless needle-like crystals,
transparent to translucent, often forming fibrous-radial aggregates (Figure 3e,f), or whitish
acicular crystals, sometimes in pseudo-radial clusters or small bundles displaying striking
extremely fibrous termination (Figure 6b). More frequently, plombierite forms botryoidal
aggregates with a silky sheen, formed by small, sub-spherical fibrous-radial crystals, or it
can be found as thin coatings or vein fillings, fine-grained with a silky to earthy luster, and
whitish in color. Plombierite forms later than other minerals in all observed samples and
often appears at the ends of tobermorite crystals.
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Plombierite from the Grolla quarry shows slight variability across samples, and two
main groups can be distinguished based on the major element composition (Table 2).
The first group shows slightly higher silica (SiO, 4344 wt%) and lower calcium
(CaO 30-33 wt%) and aluminum (Al,O3 0.1-0.2 wt%) contents, while in the second group,
silica varies from 41 to 42 wt%, calcium is in the range 33-34 wt% and aluminum is more
than 1 wt%. The water content in all the samples ranges between 19wt% and 21wt%.

4.5. Origin of C-S-H Minerals and Potential Implications

Natural C-5-H minerals typically form through heat-driven metamorphic reactions
in contact zones between silicate and carbonate rocks [63,64]. Recent research highlights
significant carbonation reactions in calcium silicate hydrate-bearing rocks [13,65]. These
reactions generally occur in low-temperature hydrated calcium and aluminum silicate
minerals surrounding high-temperature metamorphic calcium or aluminum silicate cores.
Basic and ultrabasic magmas, rich in calcium, magnesium, and iron silicates like olivine,
serpentine, pyroxene, and plagioclase, are especially reactive with dissolved CO; in water,
making them well suited for forming solid carbonates [66—68]. Unfortunately, the data
collected from the investigated samples do not allow for the reconstruction of a precise
genetic crystallization sequence of the C-S-H minerals, as additional information is re-
quired. However, based on the data and observations of the samples and their growth
conditions, an early crystallization phase of C-S-H minerals at the Grolla quarry, possibly
linked to high-temperature metasomatic events, can be proposed. These events can occur
in the contact zones between basic and ultrabasic melts associated with the magmatism
of the Veneto Volcanic Province and the surrounding carbonate rocks. Thaumasite and
tobermorite likely crystallized during this phase, along with calcite and fluorapophyl-
lite. Later, a lower-temperature phase, possibly linked to hydrothermal processes that
have already been widely described in this area [25], could have led to the formation of
xonotlite and plombierite, along with sulfates (e.g., baryte) and zeolites such as chabazite,
phillipsite /harmotome, natrolite, and thomsonite.

Finally, a final consideration emerges from the discovery, in the Grolla quarry sam-
ples, of C-S-H minerals with an extremely fibrous appearance. These characteristics raise
worries about potential adverse health effects. Small particles, especially those with a
fibrous shape, are known to cause toxic and cancerous lung effects [69-72]. Most scientific
knowledge about the toxicity and cancer-causing effects of fibrous particles comes from
research on asbestos, the most extensively studied mineral fiber. However, recent studies
on erionite and other fibrous zeolites have grown significantly, providing new insights into
the toxicology of fibrous particles [73-75]. The presence of fibrous minerals is particularly
relevant for carbonate and volcanic rocks, which are widely mined and processed in the
same quarries, with the finished products distributed for various uses. The discovery of
C-S-H minerals with a highly fibrous habit in the Lessini Mountains suggests the need for
future studies to quantify potentially airborne fibers for a preliminary risk assessment.

5. Concluding Remarks

This study provides a comprehensive analysis of natural calcium silicate hydrates
(C-S-H) from the Grolla quarry in the Lessini Mountains of Northern Italy. The main
conclusions are as follows:

e  The minerals identified at the Grolla quarry are predominantly silicates, with sub-
ordinate carbonates and sulfates. The most common silicates are zeolites, including
chabazite, phillipsite/harmotome, natrolite, and thomsonite, often associated with
calcite, fluoroapophyllite, and barite.
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e  Unlike other mineralized areas in the Lessini Mountains, the Grolla quarry uniquely
yields calcium silicate hydrate minerals (C-S-H) such as thomsonite, xonotlite, tober-
morite, and plombierite. Most of the C-S5-H minerals exhibit an acicular to extremely
fibrous habit.

e  The origin of the main phases in the Grolla quarry can be linked to metasomatic events
and hydrothermal stages. This site offers a unique opportunity to study complex
crystalline overgrowths and the specific crystal chemistry of rare natural mineral
phases, such as C-S-H minerals.

e  Finally, the presence of C-S-H phases with a highly fibrous structure raises concerns
for human health, especially given the number of quarries and mining activities in the
Lessini Mountains.
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Abstract: This study examines the chemical and mineralogical composition of waste
materials from abandoned copper and manganese mines in the Iberian Pyrite Belt, Portugal,
as a first step toward their potential recycling for critical and strategic raw materials (CRM
and SRM). Using portable X-ray fluorescence (pXRF) and other analytical techniques,
this research highlights the presence of valuable elements, including copper, manganese,
and rare earth elements, in concentrations significantly above their crustal abundance.
The findings underscore the dual potential of these wastes: as sources of secondary raw
materials and for mitigating environmental hazards such as acid mine drainage (AMD).
Recovered materials include chalcopyrite, pyrolusite, and rhodochrosite, with critical
elements like cobalt, lithium, and tungsten identified. pXRF proved to be a reliable, cost-
effective tool for rapid field and laboratory analyses, demonstrating high precision and
good correlation with standard laboratory methods. The study emphasizes the importance
of characterizing historical mining waste to support a circular economy, reduce reliance
on foreign material imports, and address environmental challenges. This approach aligns
with the European Union’s Critical Raw Materials Act, promoting sustainable resource use
and the recovery of strategic resources from historical mining sites.

Keywords: mineralogical composition; mining waste; historical mines; critical raw
materials; strategic raw materials; circular economy

1. Introduction

The EU’s concerns about the sourcing and supply of raw materials are more worrisome
today than ever. The initial calls for action in this area date back to the Council’s 2nd
Environment Action Programme, which highlighted the Community’s reliance on raw
materials sourced from outside its borders [1]. More than two decades later, the European
Commission launched the Raw Materials Initiative, the first integrated strategy focused on
enhancing access to these resources [2]. This initiative led to the creation of the first list of
critical raw materials (CRM).

By definition, a CRM is a material that is both economically important and has a
high supply risk and lack of viable substitutes while a strategic raw material (SRM) is a
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natural resource or material that is crucial for a nation’s economic stability, technological
development, or national security. Unlike critical raw materials, which are assessed based
on economic importance and supply risk, strategic raw materials are defined by their role
in fulfilling long-term strategic goals, such as energy independence, military capability, or
technological leadership.

Since then, the importance of securing access to raw materials has been reinforced
through various high-level EU strategies [3]. However, recent disruptions in supply chains
caused by the COVID-19 pandemic and the ongoing conflict in Ukraine have introduced
additional complexities to this challenge [4,5]. On 16 March 2023, the European Commission
introduced the Critical Raw Materials Act (CRMA) as part of its wider “Green Industrial
Plan” and alongside the “Net-Zero Industry Act” (NZIA). According to the European
Commission [3], the initiative aims to reduce the EU’s reliance on CRM while promoting a
sustainable and competitive landscape for CRM value chains within the EU [6]. The search
for primary critical and strategic raw materials (CRM and SRM, respectively), and even
secondary raw materials, is a major concern nowadays given their high consumption [6-8].
One way to minimise the stress on new mining targets definition and primary mineral
extraction is to search for these materials in the tailings of historical mines, which have
resulted from the milling of the bulk ore-bearing rock or even from mineral processing
(e.g., slag) [9]. Mining waste recycling also helps to prevent acid mine drainage (AMD).
Thus, the reprocessing of mining waste provides, beyond the extraction of primary critical
and secondary raw materials, the removal of hazardous substances and a new opportunity
to manage the remaining waste in historical mining sites.

There are several examples in the literature: (a) several authors claim that copper
mine drainage (CMD) generated from copper mining and smelting is a type of AMD, with
a high sulphate concentration and large amounts of metal ions such as Fe, Cu, and Mn,
e.g., [10]; moreover, these authors proposed a combined process including Fe, Cu, and
S pretreatment recovery units through chemical oxidation and the sulphur biocycling of
CMD materials; and (b) a copper recuperation plant at the gold mine Pueblo Viejo, in the
Dominican Republic, using sulfidogenic microorganisms to remediate metal waste [11].

Equally important in recent years, manganese recovery from waste using the bi-
oleaching of metal using microbes has provided advantages over the traditional method
of recovery [12]. The Chvaletice Manganese Project (https://www.mn25.ca/chvaletice-
manganese-project, accessed on 10 December 2024) in Czechia is an example of recycling
and remediation by reprocessing old tailings from a decommissioned mine to produce
battery-grade manganese products for the electric vehicle industry [13].

Mixtures of synthetic tetrahedrite samples and tetrahedrite-tennantite ore samples
from abandoned Barrigao mine dumps located in the Portuguese zone of the Iberian
Pyrite Belt (IPB) have been produced by solid-state mechanochemical synthesis to explore
their use in tellurium-free thermoelectric (TE) materials [14], for application in heavy
and maritime industries, and also as primary power sources for off-grid sensors and IoT
devices (START project, https:/ /www.start-heproject.com/, accessed on accessed on 10
December 2024).

The aim of this study is to characterize the chemical and mineralogical waste from
historical Cu and Mn mine sites in view of the first evaluation of their potential for recycling
CRM, SRM, and other valuable elements. The performance of the portable equipment used
to carry out the chemical characterization in these complex samples is also assessed on the
wastes/tailings/slags from abandoned Cu and Mn exploitations in the Portuguese sector
of the IPB.
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1.1. Historical Mines Ouverview

Portugal is one of the European countries with the longest and strongest mining
traditions, given the richness of the Iberian Peninsula in mineral resources and the favorable
conditions for mineral deposits discovery, e.g., [15].

In the south of the country, there are two large tectonostratigraphic zones that contain
a wide variety of mineral deposits. The Ossa Morena Zone (OMZ) to the north is the
Iberian Massif geotectonic unit that displays the greatest variety of types of mineralization
as well as the largest number of ore deposits and showings (>650). It includes a wide range
of commodities such as iron, lead-zinc, copper, gold, silver, antimony, nickel, manganese,
tungsten, mercury, barite, variscite, uranium, and coal [16]. The South Portuguese Zone
(SPZ) is the southernmost of the zones in the Iberian Massif and includes the Iberian Pyrite
Belt (IPB), one of the largest districts of volcanogenic massive sulphide (VMS) deposits in
the world, and is a critical source of base metals (Cu, Pb, and Zn) for Europe. Confirmed
resources exceed 1700 Mt of massive sulphides with grades of around 1.2% Cu, 1% Pb, and
3% Zn, as well as more than 300 Mt of stockwork-type copper mineralization [17].

For this study, several old mines have been selected—one in the Ossa Morena Zone
(Aparis mine) and ten in the South Portuguese Zone (Lousal, Brancanes, Barrigao, Porteir-
inhos, Algaré, Cova dos Mouros, Ferragudo, Ferrarias e Castelo, Cerro do Serpe, and
Balanga—representing several types of ore deposits (VMS, copper veins, and manganese
lenses) (Figure 1).
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Figure 1. Simplified map of the studied areas with the approximate location of several old mines.
(A) Iberian Pyrite Belt sector in the South Portuguese Zone; (B) Barrancos sector in the Ossa-Morena
Zone. Mine name abbreviations: LOUS—Lousal; BALA—Balanga; CMOUR—Cova dos Mouros—
Castro Verde; FERR—Ferragudo; SERP—Cerro do Serpe; PORT—Porteirinhos; CAST—Ferrarias e
Castelo; ALG—Algaré; BRAN—Brancanes; BARR—Barrigao; APAR—Aparis (see references [18,19]
for geological information).
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1.1.1. VMS-Type Deposits

The Lousal Mine is an old pyrite (FeS;) mine located in the NW sector of the IPB,
approximately 120 SSE of Lisbon (Figure 1A), in a complex structure formed by the volcano—-
sedimentary complex (VSC) (Famennian to Visean age) and the Phyllite—Quartzite Group
(PQG) (Givetian to latest Famennian age—Strunian Biozone), the two lithostratigraphic units
of the IPB. Opened in 1900 and closed in 1988, the subvertical deposit was exploited by
galleries to a ~500 m depth with an NW direction. It is a VMS hosted in an antiform structure.

1.1.2. Cu Vein-Type Deposits

Late-Variscan hydrothermal copper sulphide veins systems occur in the OMZ and
SPZ. The old Aparis Mine located in the Barrancos area (OMZ; Figure 1B) is an ore system
associated with N10 E to N20 E subvertical veins (>2000 m extension) and mined up to a
150 m depth. The mineralogy is composed of chalcopyrite + pyrite = marcasite £ pyrrhotite
=+ galena =+ tetrahedrite £ arsenopyrite + quartz + dolomite + ankerite + siderite + calcite
=+ chlorite [20].

Along the IPB, dozens of Cu-bearing veins associated with fault breccias were ex-
ploited in the 19th century for copper, lead, zinc, barium, and antimony. Some of the copper
veins are aligned along the Neves-Corvo copper trend indicating a possible remobiliza-
tion of metals at depth. One such mine, the Barrigao Mine, consists of two converging
metric-thick vein structures, extending approximately 1800 m along strike [21,22] SSE of
the Neves-Corvo Mine (Figure 1A). The Barrigao copper ore is represented by fault breccias
composed of chalcopyrite, tennantite, tetrahedrite, and pyrite, with minor or rare arsenopy-
rite, 16llingite, sphalerite, and native bismuth and an undetermined Cu-Sn—-Ge-sulphide in
a matrix of quartz, angular fragments of black shale, and carbonate minerals [23].

Another type of such a deposit, the Brancanes Mine, is located close to the Neves-
Corvo mine (approximately 3 km to the WSW; Figure 1A). The Brancanes Copper Mining
Company initiated mining activity in 1883, exploiting a copper vein with an N45° W, 50° E
orientation rich in chalcopyrite and pyrite with quartz and carbonates [24]. The quartz +
carbonate + sulphide veins are installed in shales and greywackes of the Mértola Formation.
The superficial levels of copper mineralization were largely represented by malachite and
more rarely by azurite and covellite.

The Porteirinhos deposit (Figure 1A) resulted in a small old mine composed of a
1.2 m thick Cu-bearing quartz vein with an N70° E orientation in the Mértola Formation.
The mineralogy is characterized by chalcopyrite + arsenopyrite + pyrite and azurite, with
malachite and tetrahedrite as secondary minerals.

The Algaré Mine is located very close to the Neves-Corvo mine next to the Neves-
Corvo thrust (Figure 1A). The structure is characterized by fractures with an orientation
of NW-SE and 70° NE and runs sub-parallel to the regional structure. The massive pyrite
has an average content of 0.45% of copper and the mineralogy is composed of pyrite +
chalcopyrite + arsenopyrite and azurite, stannite, galena, and malachite.

The Cova dos Mouros Mine is located 1 km W of the village of Castro Verde (Figure 1A).
The structure corresponds to a gossan (likely a copper vein or VMS deposit) anomalous
in base metals. The region was previously investigated by “Servi¢co de Fomento Mineiro”
(currently LNEG).

1.1.3. Manganese Lens-Type Deposits

The manganese deposits in the IPB have been mined throughout history. These are
related to chert and jasper horizons and occur at a stratigraphic position roughly similar
to that of massive sulphide lenses [25] and Upper Volcano-Sedimentary Complex se-

171



Minerals 2025, 15, 58

quences [26,27]. Their size and metal content make them uneconomic nowadays, although
they were important in the past [28].

The most important Fe-Mn in the Portuguese sector of the IPB are the Ferragudo and
Balanca mines (Figure 1A). The Ferragudo Mine is a stratiform mineralized structure (50°
NW, 45° NE) composed of lenses of oxides, carbonates, and silicates of Mn and Fe (several
bodies with thicknesses varying from 1 to 12 m over an extension of approximately 150 m).
Mineralization is associated with the lithologies of the Volcano-Sedimentary Complex. The
main ore was composed of pyrolusite, psilomelane, wad, rhodochrosite, rhodonite, man-
ganite, and hematite, occurring in quartz gangue + carbonates [29-31]. The Balanca Mine
with a 60° NW, 80° NE direction is very similar to the Ferragudo mine. The paragenetic
mineral assemblage is composed of pyrolusite, psilomelane, wad, rhodochrosite, rhodonite,
manganite, hematite, and quartz in a quartz and carbonate gangue.

Ferrarias e Castelo and Cerro do Serpe are small manganese mines that had very
incipient exploitation at the beginning of the 20th century. Exploitation was essentially
carried out in open pits and small shafts and galleries. The mineralization corresponds to
small lenticles of manganese oxides (essentially pyrolusite) and is associated with jasper
and chert horizons of the Upper Vulcano-Sedimentary Complex.

2. Materials and Methods
2.1. Sampling

A total of 45 samples were collected in the different types of mine wastes and deposit
types (see the description of the samples in Table 1). The variations included coarse-,
medium-, and fine-grained types and depended on the sample type (Figure 2). The sample
type reflects the processing methods that were carried out in each mining area.

At each sampling location, four individual samples were combined to create a com-
posite sample representative of the mine waste at that site.

The total sample collected was between 5 and 6 kg at a depth of 3040 cm depending
on the morphology of the waste.

In the lab, the samples for chemical and mineralogical analyses were initially dried at
35 °C for 3 weeks. Coarse grain samples were previously cut into small portions with a
diamond saw.

The samples were initially crushed using a tungsten jaw crusher (Retsch BB250 XL),
and a 200 g split was processed using a secondary crusher (Retsch BB50 with tungsten
jaws), reducing the particle size to below 500 um. The material was then sieved through a
75 um mesh to separate the particles already at the desired grain size for chemical analysis,
ensuring proper calibration for further processing in the agate mill (Retsch RS200). After
pulverization in the agate mill, the sample was sieved again through a 75 pm mesh to
confirm that the particle size was uniformly calibrated.
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A]

Figure 2. General aspects of mine dump waste in selected mines. (A) Mine wastes of Algaré Cu vein
deposit; (B) Gossan/alteration zone in the Cova dos Mouros—Castro Verde occurrence; (C) aspect of
mine wastes with high sulphide content (Ge and Sb) in the Barrigao Cu deposit; (D) final manganese
concentrate (manganese oxides) in the Ferragudo iron-manganese deposit.

2.2. Methodology

Portable X-ray fluorescence (pXRF) equipment, X-MET8000 Expert Geo from HITACHI
(Tokyo, Japan), was used for rapid chemical analysis of the powdered samples in the
laboratory using a benchtop stand. This apparatus was equipped with a Rh tube (4 W) and
a silicon drift detector (SDD). Two analytical programs (calibrations) were used: mining
(40 kV, 120 s per sample) and REE (for the rare earth elements, during 180 s, 50 kV).

A multi-analytic approach was used to ensure that the pXRF equipment could be
used with confidence in the determination of the elemental composition of waste materials.
With this purpose, the results of selected samples were compared with chemical analyses
obtained by XRF (wavelength dispersive, WDS) laboratory equipment (Philips PW2404,
Andover, MA, USA). It was not possible to obtain fused discs, so the analyses of waste
samples were carried out on pressed pellets. The major elements were obtained with a
semi-quantitative program and the minor and trace with the “Protrace” program.

Major and trace elements of selected samples were also analysed by Activation Labo-
ratories (ACTLABS, Ancaster, ON, Canada) using analytical package UT-3—inductively
coupled plasma mass spectroscopy (ICP-MS) analyses by 4-acid (hydrochloric, nitric,
perchloric, and hydrofluoric) digestion and by instrumental neutron activation analy-
sis (INAA). Quality control was ensured by internal protocols at the laboratory (see
www.actlabs.com (accessed on 10 December 2024) and Supplementary Materials, Table S1,
folder QC-ACTLABS).

Powder X-ray diffraction (XRD) data were collected using a D8 Advance Bruker AXS
diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) with Cu K« radiation, operating
at 40 kV and 40 mA. The powder diffractograms (5-70° 20) were obtained using a step size
of 0.015° and a step time of 0.3 s with a LYNXEYE XE-T detector. The XRD data treatment
was performed using DIFFRAC.EVA v5 software for phase identification.
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3. Results and Discussion

A raw comparison between methodologies concerning chemical characterisation was
performed first. Indeed, pXRF is a useful tool for a quick and inexpensive overview (both

in the field and in the laboratory) of the range of elements that a waste sample can contain,
e.g., [32]. No significant difference in the element concentration was observed between
performing one or an average of three measures collected at different points/areas of the
same sample, indicating good precision of the equipment. Some examples can be seen
in Figure 3. The complete table and all graphics ordered alphabetically are supplied as
Supplementary Materials in Table S1.
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Figure 3. Comparison between the chemical results (Al, Fe, and Ca) obtained in ACTLABS, with
pXRF (one measure and average of three measures) and XRF laboratory equipment. Si was only
obtained through pXRF and XRF laboratory equipment.

The accuracy of pXRF equipment was tested through a comparison with measures
obtained for selected samples in a certified international laboratory (ACTLABS) and with
XREF laboratory equipment (WDS), as previously mentioned. An evaluation with interna-
tional standards was also performed, but as the concentrations of many elements were not
known, the methodology described was adopted. The correlation between ACTLABS and
pXRF equipment (Table S1) produced good values for Al, As, Ba, Ca, Cu, Fe, Ga, K, Mg,
Mn, Mo, Ni, Pb, Rb, S, Sb, Se, Sr, Ti, Zn, and W (R2 > 0.7). Despite the strong correlation,
the line slopes often deviate from the unity. A slope higher than 1 is assigned to Cu, Rb, Ni,
As, K, Mn, Sr, Ca, Pb, Se, W, Mo, S, Zn, and Sb (ordered from largest to smallest). For Ti,
the slope is approximately 1, as well as for Si (correlation between pXRF and XRF LAB as
ACTLABS did not analyze Si). A slope of less than 1 was observed for Fe, Al, Ga, Ba, and
Mg (examples in Figure 4). The lowest reliability measurements (R? < 0.7) were observed
for Ag, Bi, Cd, Co, Cr, Hf, Hg, Nb, P, Sc, Sn, Ta, Th, U, V, Y, and Zr, plus La, Ce, Pr, and Nd
(the rare earth analytical program should be revised). The graphic of ACTLABS vs. XRF
laboratory shows, for almost all the elements mentioned above with R2>0.7, slopes closer
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to 1. However, given the high content of some elements (e.g., Sr, Ba, Sn, Cu, Pb, and As)
in some samples, a semi-quantitative analysis program was used in these specific cases.
On the other hand, the high content of various elements (e.g., Cu, Pb, S, As, Mn, and Sr)
in some samples exceeded the maximum detection limit of the analytical program used

in ACTLABS.
Al (%) Fe (%)
10 £g
. y=L195Lx+0.0909 -~ 45 y=09487x+2.455 o
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Figure 4. Examples of correlations obtained between chemical analyses: ACTLABS vs. pXRF and
ACTLABS vs. XRF laboratory equipment.

The great discrepancy in elemental concentrations due to the complexity of the samples
makes it difficult to choose the best analytical method to use. However, for a first step
toward a more structured study, the pXRF equipment gave quick and acceptable results for
many elements.

The complete table of chemical analyses performed on wastes from copper and man-
ganese abandoned mines is presented in Supplementary Materials, Table S2, where the
major contents of each element are assigned, bearing in mind the limitations of the tech-
niques and the correlations/slope obtained (see Table S1). For example, Cu exceeds the
maximum detection limit of the analytical program used in ACTLABS; conversely, the
semi-quantitative analysis program was used with XRF laboratory equipment instead of
the quantitative program; therefore, the pXRF results were considered in this case. Con-
cerning Mo, the correlation between the ACTLABS and pXRF results is high (R? = 0.9913)
but the slope is slightly higher than 1 (1.3), so the data from the international laboratory
were chosen. In general, samples taken from the old copper mines show higher values of
Ag (72 ppm), Al (12%), As (8.4%), Au (1110 ppb), Bi (217 ppm), Ca (12%), Co (209 ppm),
Cu (27.5%), Fe (47.4%), Ge (9.6 ppm), Hf (9.6 ppm), Hg (106 ppm), In (6 ppm), K (3.3%),
Li (83 ppm), Mg (6.6%), Ni (750 ppm), Pb (3%), Rb (132 ppm), S (38%), Sb (665 ppm), Sc
(19 ppm), Se (132 ppm), S5i (37.8%), Sn (139 ppm), Th (14.9 ppm), Zn (0.2%), Zr (271 ppm),
and REE (La—47.6 ppm, Ce—94.7, Pr—11.3, Nd—42.1, Sm—7.4, Eu—1.28, Gd—5.1, Dy—
4.1, Tb—0.7, Ho—1.2, Er—4.3, Tm—~0.8, Yb—6, and Lu—1 ppm). Conversely, the waste
from manganese mines is richer in Ba (1.5%), Be (7 ppm), Cr (111 ppm), Ga (129 ppm), Mn
(38.6%), Mo (205 ppm), Sr (0.4%), T1 (94.4 ppm), V (170 ppm), and W (790 ppm). Cd, Cs,
Na, Nb, P, Re, Ta, Tb, Te, Ti, U, and Y are random.

Many of these elements are considered critical and/or strategic raw materials [7]:
CRM: As, Be, Bi, Co, Ga, Ge, Hf, HREEs (heavy rare earth elements—Dy, Er, Eu, Gd, Ho,
Lu, Tb, Tm, Yb, and Y), LREEs (light rare earth elements—Ce, La, Nd, Pr, and Sm), Li, Mg,
Mn, Nb, P, Sb, Sc, Sr, Ta, W, and V; SRMs: Bi, Co, Ga, Ge, HREE, LREE, Li, Mg, Mn, Cu, Ni,
W, and V. Other elements, e.g., In, Re, Sn, Se, Au, and Ag, are of economic importance but
are not considered to be at risk of supply [7].
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The concentrations of various elements found in the mining wastes analyzed are
several times greater than the abundance in the Earth’s crust, as shown in Figure 5. The
considerable volume of certain waste associated with the presence of valuable metals raises
questions about their sustainable recovery before rehabilitation procedures, e.g., [33,34].
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Figure 5. Ratio of the maximum content found in the wastes from Cu and Mn mines (A) and the
abundance of chemical elements in the Earth’s crust (B). Elements are ordered by atomic number
(adapted from [35]).

With regards to the Cu mines, sample 1 from Porteirinhos is rich in Co, Cu, Mn, and Ni
as critical and/or strategic raw materials, while sample 1 ore is concentrated in As, Co, Cu,
Li, Mn, Ni, and Sb. This ore also has a high content of Ag, In, and S plus Si and sample 1 has
a high content of Al and K plus Si. To link these elements to a mineralogical or carrier phase,
XRD analysis was performed (Table 2). Some examples of the XRD spectra referred to in
the following tables (Tables 2—4) can be seen in Figure 6. Due to the sample’s mineralogical
complexity, only a semi-quantitative approach was used to investigate the content of each
phase. Phase identification was achieved using the analytical software, bearing in mind the
elements previously identified by pXRF (Table S2). The main ore phases are quartz (SiO5),
chalcopyrite (CuFeS;), and dolomite [CaMg(CO3),]. A rough calculation gives about 18%
chalcopyrite in the ore, considering all the copper at this phase. The same minerals are
present in sample 1, but chalcopyrite is in vestigial, which led us to suppose that this
waste material was discharged after ore processing; pseudomalachite, Cus(PO4)2(OH),, a
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secondary mineral with low solubility found in oxidized zones of copper deposits [36], is
also present.
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Figure 6. Illustrative examples of XRD spectra, as mentioned in Tables 2—4 (the name of the mineral
phases in each spectrum is simplified using the first letter of the identified phase).

The same methodology was used for sample 1 ore from Cova dos Mouros (Table 2), rich
in Se, Si, Sn, and W (the latter being both CRM and SRM), where quartz is the main gangue
phase present. Tridymite is a high-temperature, low-pressure polymorph of silica. Two Mn
phases were also identified, although in vestigial contents: Braunite, Mn?*Mn3*4(SiO4)Og
and Manganite, Mn**O(OH).

Samples 1 and 3 from Barrigao present the same mineralogical phases but in markedly
different concentrations (Table 2). Copper phases—chalcopyrite, CuFeS;, and tennantite—
(Fe), Cug(CuygFe?*5)As4S15S, are very well represented in the last sample, which is rich in
Ag, Al, As, Bi, Cu, Ga, Ge, Lj, S, 5i, Sn, Zn, and REE (La, Ce, Nd, Sm, and Gd), making it
the richest sample in Bi content of all wastes analyzed. From these elements, As, Bi, Cu,
Ga, Ge, Li, and REE are considered critical or strategic. Sample 1 is only rich in Sb (CRM)
and Si. A slag sample (BARR/GSEU/002) showed a high content of Al, K, Mn (CRM and
SRM), Rb, Si, and Sr (CRM). It should be noted that the direct use of tennantite-tetrahedrite
from the Barrigdo mine dump has been studied for its application in thermoelectric (TE)
material processing [37].

The XRD results of Algaré samples (Table 2) show the presence of scorodite,
Fe3* AsO4-2H,0 (sample 1 and Algaré ore). This secondary mineral is a member of the
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variscite group and results from the oxidation of arsenopyrite or other mineral species
containing arsenic and is a very stable phase [38]. Quartz and pyrite (FeS,) are also present.
High concentrations of Ag, As (CRM), Au, Co (both a CRM and SRM), Fe, and In plus S
were detected in sample 1 and As, Co, and Fe plus S in Algaré ore. Samples 2 and 3 are
also mineralogically similar (mainly quartz and chamosite—(Fe?*)5A1(Si,Al)4O10(OH,O)g).
Sample 2 also presents malachite, Cuy(CO3)(OH); in a vestigial content (secondary min-
eral). Al, As, Co, Cu, Fe, Mn (CRM and SRM), Pb, Si, and Zn are concentrated in sample 2.
Sample 3 has high contents of Al, As, Fe, and Si. Sample 4 is mainly constituted by quartz,
hematite—Fe;O3, and kaolinite—Al,(SipO5)(OH),, having Al, Fe, Nb, Si, Sn, Y, and Zr in
good concentrations. Sample 4 ore was collected nearby and was considered ore, presenting
similar phases (quartz, hematite, and goethite—a«-Fe**O(OH)). The chemical elements with
high values are Fe, Ga, Hf, In, Nb, Sc, Si, Th, Zr, and REE (La, Ce, Nd, Gd, Tb, Ho, Er,
Tm, Yb, Lu, and Y), with Ga, Hf, Nb, Sc, and REE considered critical and/or strategic
raw materials.

Table 2. Mineralogical phases from Porteirinhos (PORT), Cova dos Mouros (CMOUR), Barrigao (BARR),
and Algaré (ALG) samples identified by XRD (in alphabetical order for better visualization; symbols from
IMA-CNMNC [39]). The main phases in each sample were roughly estimated as more (+++) or less (+)
represented by the intensity of the principal lines. “+” signs indicate relative abundance of mineral. Leg-
end: Ab—Albite, Na(AlSizOg); Alu—Alunite, KAl3(SOy4),(OH)g; Ank—Ankerite, Ca(Fe2+,Mg)(CO3)2 ;
Ath—Anthophyllite, (1{Mg5}{Mgs}(SigO2)(OH),; Bir—Birnessite, (Na,Ca)y5(Mn**,Mn3*),0,-1.5H,0;
Bnt—Braunite, Mn?>*Mn3*(SiO,)Og; Btl—Butlerite, Fe>*(SO4)(OH)-2H,0O; Ccp—Chalcopyrite, CuFeS,;
Chm—Chamosite, (Fe?*)sAl(Si,Al);019(OH,0)s; Cld—Chloritoid, (Fe>*,Mg,Mn**)Al,(SiO4)O(OH),;
Cst—Cassiterite, SnO,; Dol—Dolomite, CaMg(COs3),; En—Enstatite, Mg,Si,O4; Fau-Ca—
Faujasite-Ca, (Ca,Nap,Mg)s35[Al;Si17045]-32H,0; Gp—Gypsum, CaSOy4-2H,0; Gth—Goethite, «-
Fe3*O(OH); Hem—Hematite, Fe;O3; Ilm—Ilmenite, FeZ*TiO5; Kin—Kaolinite, Aly(SiyOs)(OH)g;
Mlc—Malachite, Cup(CO3)(OH),; Mnn—Manganite, Mn**O(OH); Ms/Bt—Muscovite/Biotite,
A12 (AISIg,Olo)(OH)Z / K(Mg,Fe)3AlSi3010 (OH)2 ; Mul—Mullite, A14+2xSiZ—2x010—x (X~0.4) ; Ncr—Nacrite,
Aly(SipO5)(OH)4; Phl—Phlogopite, KMg3(AlSi3O1)(OH),; Pmlc—Pseudomalachite, Cus(POy4),(OH)y;
Prl—Pyrophyllite, Al;Si4O19(OH),; Py—Pyrite, FeSy; Qz—Quartz, SiO,; Rt—Rutile, TiO,; Scd—
Scorodite, Fe** AsO,-2H,0; Tmgh—Titanomaghemite, (Ti**( 50y 5)Fe**,0y; Tnt-Fe—Tennantite-(Fe),
Cug(CuyFe?*»)As4S1,S; Trd—Tridymite, SiO,; Var—Variscite, AIPO,-2H,0; Zrn—Zircon, Zr(SiO). Vtg:
vestigial content; ?: dubious identification.

Sample Reference Phase Identification +++ ++ +

Ab + Bir + Ccp (vtg) + Chm +
PORT/GSEU/001 Dol + Ms/Bt + Pmlc (vtg) + Qz + Quartz
Rt (vtg)

Muscovite/Biotite,

Chamosite, Albite Birnessite, Dolomite

Ank (vtg) + Bir (vtg) + Ccp +
PORT/GSEU/001 Ore Chm (vtg) + Dol + En? (vtg) + Quartz Chalcopyrite, Dolomite
Ms/Bt (vtg) + Qz + Var (vtg)

CMOUR/GSEU/001 Bnt (vtg) + Cst + Hem + Mnn
Ore (vtg) + Qz + Trd + Zrn (vtg)

Cassiterite, Hematite,

Quartz Tridymite

Ccp (vtg) + Chm + Dol + Gp
BARR/GSEU/001 (vtg) + KIn (vtg) + Ms/Bt + Qz + Quartz
Tnt-Fe (vtg)

Dolomite, Chamosite,
Musc./Biotite

BARR/GSEU/002 Ab + Mul + Qz +Tmgh (vtg) Quartz Mullite Albite
. Chamosite,
BARR/GSEU/003 P+ Chm+Dol+Kin+ Ms/Bt o Tennantite-(Fe), Musc. /Biotite,
+ Ncr + Qz + Tnt-Fe Chalcopyrite, Kaolinite Dolomite
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Table 2. Cont.

Sample Reference Phase Identification +++ ++ +
Alu (vtg) + Ath (vtg) + Btl (vtg) +
ALG/GSEU/001 Phl (vtg) + Prl (vtg) + Py + Qz Quartz Pyrite Scorodite
+ Scd
Chm + Cld (vtg) + Fau-Ca? (vtg)
ALG/GSEU/002 + Gth (vtg) + Hem (vtg) + Kin Quartz Chamosite Musc./Biotite
(vtg) + Mlc (vtg) + Ms/Bt + Qz
Chm + Fau-Ca? (vtg) + Gth (vtg) .
ALG/GSEU/003 + Kin (vtg) + Ms/Bt (vtg) + Qz Quartz Chamosite
Cld (vtg) + Gth (vtg) + Hem +
ALG/GSEU/004 IIm (vtg) + Kln + Ms/Bt (vtg) Quartz Hematite, Kaolinite
+Qz
ALG/GSEU/004 Ore ~ Cth+Hem + Kin(vig) + Ms/Bt = o ) Hematite Goethite
(vtg) + Qz
Algaré Ore Py + Qz + Scd Quartz, Pyrite Scorodite

Table 3. Semi-quantitative approach to the mineralogical content of Aparis (APAR) and Brancanes (BRAN)
samples. The main phases in each sample were roughly estimated as more (+++) or less (+) represented
by the intensity of the principal lines. “+” signs indicate relative abundance of mineral. Legend:
Ab—Albite, Na(AlSi3Og); An—Anorthite, Ca(Al,SiyOg); Ank—Ankerite, Ca(Fe?* Mg)(CO3),; Bet—
Brochantite, Cuy(SO4)(OH)g; Bir—Birnessite, (Na,Ca)y 5(Mn*",Mn**+),04-1.5H,0; Cal—Calcite, CaCOs;
Ccp—Chalcopyrite, CuFeS,; Cer—Cerussite, PbCO3; Chm—Chamosite, (Fe2)5Al(Si,Al)4010(OH,0)s;
Cpr—Cuprite, CuyO; Dol—Dolomite, CaMg(COs),; Fa—Fayalite, Fe?*,Si0y; Gp—Gypsum,
CaS0,-2H,0; Gth—Goethite, a-Fe3*O(OH); Hem—Hematite, Fe,Os; Kin—Kaolinite, Aly(Si;Os)(OH);
Mag—Magnetite, Fe>*Fe®*,0,; Milc—Malachite, Cuy(CO3)(OH),; Ms/Bt—Muscovite/Biotite,
Alz(AlSigOlo)(OH)z / K(Mg,Fe)3A1813010(OH)2; Mul—Mul]ite, A14+2X812_2X010_X (X~0.4),‘ QZ—
Quartz, SiO;; Spl—Spinel, MgAl,Oy; Tns—Ternesite, Cas(S5i0y)2(SO,); Tnt-Fe—Tennantite-(Fe),
Cug(CugFe?,)As,S515S; Wwf—Wroewolfeite, Cuy(SO4)(OH)g-2H,O. Vtg: vestigial content; ?: dubi-
ous identification.

Sample Reference Phase Identification +++ ++ +
APAR /GSEU /001 Cal + Dol + Gth + Mlc Quartz Calcite Goethite, szllachlte,
+Qz Dolomite
Bir (vtg) + Ccp + Chm
APAR/GSEU/002 (vtg) + Dol + Ms/Bt Quartz, Dolomite Chalcopyrite
(vtg) + Qz
Bet (vtg) + Cep + Chm
APAR/GSEU/003 (vtg) + Dol + Mlc (vtg) Quartz Dolomite Chalcopyrite
+ Ms/Bt (vtg) + Qz
Ank (vtg) + Cal (vtg) +
Cer (vtg) + Chm + Cpr . Chamosite,
APAR/GSEU/004 (vtg) + Dol + Ms/Bt Quartz Dolomite Muscovite/Biotite
+Qz
Chm + Dol + Ms/Bt + . Chamosite,
APAR/GSEU/005 Qz Quartz Dolomite Muscovite,/Biotite
Chm + Dol + Ms/Bt + . Chamosite,
APAR/GSEU/006 Qz Quartz Dolomite Muscovite,/Biotite
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Table 3. Cont.

Sample Reference

Phase Identification

+++ ++ +
Chm + Dol + Ms/Bt + Dolomite, Chamosite,
APAR/GSEU/007 Qz Quartz Muscovite/Biotite
Ab + An + Fa + Mag + . . . . .
BRAN/GSEU /001 Mul + Qz + Spl(1) + Spinel(1), I.Anorthlte, Magnetite, Splnel(Z), QuartZ,M}llllte,
Albite Fayalite Ternesite
Spl(2) + Tns
Ank + Dol + Gp + Kln + Dolomite, Gypsum, Muscovite/Biotite,
BRAN/GSEU/002 Milc + Ms/Bt + Qz Quartz Ankerite Malachite, Kaolinite
Ab (vtg) + Hem (vtg) + . .
BRAN/GSEU /003 Mag + Mul + Qz Quartz Mullite, Magnetite
Ccp + Dol + Gp (vtg) +
Brancanes Ore Qz + Tnt? (vtg) + Wwf Dolomite Chalcopyrite, Quartz

(vtg)

Table 4. Semi-quantitative approach to the mineralogical content of Ferragudo (FERR), Ferrarias
e Castelo (CAST), Cérro do Serpe (SERP), and Balanca (BALA) samples. The main phases in
each sample were roughly estimated as more (+++) or less (+) represented by the intensity
of the principal lines. “+” signs indicate relative abundance of mineral. Legend: Ab—Albite,
Na(AlSi3Og); Alm—Almandine, Fe’*3Al,(SiOy4)3; Ank—Ankerite, Ca(Fe?*,Mg)(CO3),; Bir—
Birnessite, (Na,Ca)g 5(Mn**,Mn3*),04-1.5H,0; Bnt—Braunite, Mn2*Mn>*4(SiO4)Og; Bob—Bobierrite,
Mg3(POy),-8H,0; Cbz-Ca—Chabazite-Ca, (Ca,Kj;,Nay)y[AlySigOq2]p-12H,0; Chm—Chamosite,
(Fe?*)5A1(Si,Al);019(OH,0)g; Clb-Fe—Columbite-(Fe), Fe?*Nb,Oq; Cpr-Cuprite, CuyO; Dpt—
Dioptase, CuSiO3-H,O; Fau-Na—Faujasite-Na, (Nay,Ca,Mg)3 5[ Al;Si17043]-32H,O; Gh—Gehlenite,
CapAl[AISIO;];  Gnp—Ganophyllite, (K,Na,Ca),Mng(Si,Al)12(O,0H)3;-8H,O; Gp—Gypsum,
CaS0y-2H,0O; Mnn—Manganite, Mn3+O(OH); Mog—Moganite, SiO,; Hem—Hematite, Fe;O3; Hsm—
Hausmannite, Mn?*Mn%*,0,; Mnt—Montmorillonite, (Na,Ca)g33(Al,Mg),(SigO10)(OH), nH,O;
Ms/Bt—Muscovite /Biotite, Al,(AlSizO40)(OH), /K(Mg,Fe)3 AlSizO19(OH),; Ncr—Nacrite,
Aly(SipO5)(OH)s; Phl—Phlogopite, KMg3(AlSi3O10)(OH),; Pyc—Pyrochroite, Mn(OH),; Pyl—
Pyrolusite, Mn**O,; Qz—Quartz, SiO,; Rds—Rhodochrosite, MnCO3; Rt—Rutile, TiO,; Sd—Siderite,
FeCOs; Sid—Siderophyllite, KFe?*;Al(Al,Si;O19)(OH),; Sps—Spessartine, Mn%*3Al15(Si0Oy)3,
Whm—Whitmoreite, FeZ*Fe3*,(PO,),(OH),-4H, 0. Vtg: vestigial content; ?: dubious identification.

Sample Reference

Phase Identification

+++ ++ +
Ab + Alm calcian + Diopta
Cbz-Ca (vtg) + Chm + Hau;’rﬁarf;'te
FERR/GSEU/001 Dpt + Gnp (vtg) + Gp Rhodochrosite, Quartz Albite . i
Almandine calcian,
(vtg) + Hsm + Mnt (vtg) Chamosit
+ Phl (vtg) + Qz + Rds oste
Ab (vtg) + Alm calcian
+ Bir (vtg) + Fau-Na Pyrolusite, Almandine
FERR/GSEU/002 (vtg) + Ms/Bt (vtg) + Quartz calcian, Spessartine
Pyl + Qz + Sps
Ab (vtg) + Bir (vtg) +
FERR/GSEU/003 Chm (vtg) + Mnt (vtg) + Quartz Muscovite/Biotite
Ms/Bt + Qz + Rt (vtg)
?bB('th)F-F A_ll\lm iall\flla? Faujasite-Na,
FERR/GSEU/004 [ sauma T v Quartz Almandine calcian, Birnessite

(vtg) + Ms/Bt (vtg) +
Qz + Sps

Spessartine
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Table 4.

Cont.

Sample Reference

Phase Identification

+4+

++

CAST/GSEU/001

Ab (vtg) + Bir (vtg) +
Chm (vtg) + Mnn + Qz

Rhodochrosite

Quartz, Manganite

+ Rds + Sid (vtg)

CAST/GSEU/002

Ab (vtg) + Bir (vtg) +
Chm + Clb-Fe? (vtg) +
Cpr (vtg) + Hem (vtg) +
Ms/Bt (vtg) + Py (vtg)
+ Pyc (vtg) + Qz + Rds +
Rt (vtg) + Sd

Quartz Chamosite

CAST/GSEU/003

Ab (vtg) + Ank (vtg) +
Bir (vtg) + Chm + Gh?
(vtg) + Hem (vtg) + Qz
+ Rds + Sd + Whm?
(vtg)

Chamosite Quartz

CAST/GSEU/004

Ab (vtg) + Bir (vtg) +
Chm + Ms/Bt + Qz + Quartz
Rt (vtg)

Chamosite

SERP/GSEU/001 Ore

Ab + Bob? (vtg) + Mog
(vtg) + Pyl + Qz

BALA/GSEU/001

Ab + Bnt + Hem + Ncr?
(vtg) + Pyl + Qz (vtg) +
Rds

Rhodochrosite,

. Pyrolusit
Braunite yrotusite

Quartz and dolomite [CaMg(COz3),] are present in all samples from Aparis (Table 3).
Several Cu phases were also identified, and among those were malachite (APAR/GSEU/001)
and chalcopyrite (samples 2 and 3). Similar critical and strategic raw materials were found
(As, Cu, and Mn). Samples 5-7 are mineralogically identical and do not have significant
CRMs or SRMs. Although sample 4 is also identical, the presence of Li, Mg, and REE (Ce,
Nd, and Sm) should be highlighted.

Two slag samples from Brancanes (1 and 3) contain minerals such as fayalite, mullite,
and several spinels (Table 3). High contents of Al, Ba, Co, Fe, Mn, Ni, and Si plus Sr were
found in sample 1, while Al, As, Ca, Co, Cs, Cu, K, Mg, Mn, Ni, Rb, Sb, Si, Th, and REE (La,
Ce, Pr, Nd, Sm, Eu, and Gd) were found in sample 2: CRMs (As, Co, Mg, Mn, Sb, Sr, and
REE), SRMs (Co, Cu, Mg, Mn, Ni, and REE). Sample 2 is rich in Al, Ba, Fe, and Mn plus Sr
and Brancanes ore is rich in As, Ca, Cu, In, Mg, Mn, Ni, S, and Sb plus REE (Gd, Dy). This
last sample has the highest Ni content of all wastes studied (750 ppm).

The mineralogy of the Lousal samples studied previously [33] mainly showed
the presence of pyrite, quartz, mica (muscovite or biotite), feldspar (albite), chlorite
(chamosite), and numerous neogenic sulphates with variable degrees of hydration, of
which gypsum (CaSO,4-2H,0), rhomboclase [(H50,)Fe®*(SO4),-2H,0], ferricopiapite
[Fe?*g.67Fe>"4(SO4)s(OH),-20H,0], coquimbite [AlFe3(SOy)s(H,0)12-6H,0], and jarosite
[KFe3+3(S04),(OH)g] stood out. New chemical analyses of the two samples were performed
in ACTLABS for comparison purposes (Table S2). For instance, interesting values of Au
(sample 1) and Ag (samples 1 and 14) were obtained. A higher content of Sb and Pb is
present in samples 1, 9, 10, and 14, while As is concentrated in samples 10, 11, 12, and 14.
Sample 4 is rich in several CRMs and SRMs, Hf, Ga, Nb, Sc, V, and REE (La, Ce, Pr, Nd, Sm,
Eu, Gd, Dy, Tb, and Er plus Yb), sample 1 is rich in Co and Ce, samples 3 and 8 are rich in
Mn, and sample 14 is rich in Sr.

In the Mn mines, several phases with Mn were identified in the Ferragudo sam-
ples (Table 4), namely hausmannite (Mn?*Mn®*,0y), pyrolusite (Mn**O,), birnessite
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[(Na,Ca)o5(Mn**,Mn®*),04-1.5H,0], ganophyllite [(K,Na,Ca),Mng(Si,Al)12(O,0H)3,-8H, 0],
rhodochrosite (MnCO3), and spessartine [Mn?*3Al,(SiOy4)3] with Mn in various oxidation
states. This critical and raw material is concentrated in all samples (Table S2). Sample 1 is
rich in Ba, Be, Ce, Co, Cs, Mo, V, and W, while sample 2 has a high content of Ba, Be, Ce,
Co, Cs, Mo, Nb, Rb, Si, St, Th, U, V, W, Zn, and REE (Y, La, Nd, Eu, Gd, Dy, Tb, Er, and Yb).
These two samples have the highest Mo content of all wastes analyzed. Sample 3 is less
rich with good values only for Al, K, and Rb plus Si, while sample 4 has high levels of Co,
V, and W. The presence of spessartine is an indicator of temperature conditions above those
regularly quoted for massive primary Mn(-Fe) oxide ores in the IPB (>350 °C) [40].

The mineralogy of the Ferrarias and Castelo samples (Table 4) revealed two new
Mn-phases: manganite [Mn3*O(OH)] and pyrochroite [Mn(OH),]. Mn is concentrated in
all samples. Sample 1 is rich in Ba, Fe, and Sr, while sample 2 has high concentrations of
Ba, Co, Cr, Fe, Nb, V, and REE (Nd). Sample 3 displays high contents of Ba and Cr plus Sr;
however, sample 4 is rich in Cr, Nb, and Si.

The sample ore from Cérro do Serpe displays quartz, albite, and pyrolusite as the
main phases (Table 4) and high contents of Ba, Be, Co, Ga, Mn, Si, and Sr plus W. It also
shows remarkable concentrations of Ba (1.5%) and Ga (129 ppm), with the latter being both
a CRM and SRM.

Several Mn phases are present in the Balanga sample (Table 4): thodochrosite, braunite
[Mn2*Mn3*4(SiO,4)Og], and pyrolusite. The chemical elements with high contents are Ba,
Be, Mn, Sr, and T1 (with Mn content reaching about 48%). Although not considered critical
or strategic, Tl is very well represented in this waste sample (94 ppm).

Table 5 depicts a summary of where to search for CRM and/or SRM on the samples
analyzed, according to the chemical contents obtained. The waste volume was not consid-
ered in this first approach. Heavy rare earth elements (HREEs) include Dy, Er, Eu, Gd, Ho,
Lu, Tb, Tm, Yb, and Y, while light rare earth elements represent Ce, La, Nd, Pr, and Sm [7].

Table 5. Distribution of relevant CRM and/or SRM contents in the samples analyzed according to
the 2023 list published by the EU Commission [7].

Sample Reference Sb As Bi Co Cu Ga Ge Hf HREELi LREEMg Mn Ni Nb Sc Sr

PORT/GSEU/001 X
PORT/GSEU/0010Ore X X X X X X X
CMOUR/GSEU/001 Ore
BARR/GSEU/001 X
BARR/GSEU/002 X
BARR/GSEU/003
ALG/GSEU/001
ALG/GSEU/002
ALG/GSEU/003
ALG/GSEU/004 X
ALG/GSEU/004 Ore
Algaré Ore
APAR/GSEU/001
APAR/GSEU/002
APAR/GSEU/003
APAR/GSEU/004 X X X
APAR/GSEU/005
APAR/GSEU/007
BRAN/GSEU/001 X

< X X X X X
X
>
>
<
<
>
<

X X X
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Table 5. Cont.

Sample Reference Sb As Bi Co Cu Ga Ge Hf HREELi LREEMg Mn Ni Nb Sc

BRAN/GSEU/002 X X X X X X X
BRAN/GSEU/003 X X
Brancanes Ore X X X X X X
LOUS/GSEU /001 X X X
LOUS/GSEU /002 X
LOUS/GSEU /003
LOUS/GSEU /004 X X X X X X
LOUS/GSEU /006
LOUS/GSEU /007
LOUS/GSEU /008
LOUS/GSEU /009
LOUS/GSEU/010
LOUS/GSEU/011
LOUS/GSEU /012
LOUS/GSEU/013
LOUS/GSEU /014
FERR/GSEU /001 X X
FERR/GSEU /002 X X X
FERR/GSEU/003
FERR/GSEU/004
CAST/GSEU/001
CAST/GSEU/002 X X
CAST/GSEU/003
CAST/GSEU/004 X
SERP/GSEU/001 Ore X X
BALA/GSEU/001PORT1

XX XXX XXX XX
>

4. Conclusions

The performance of the XRF portable equipment in mineralogically complex mine
waste samples was evaluated. No significant differences in the element concentrations were
observed between performing one or an average of three measures collected in different
points/areas of the same sample, which suggests good precision of the equipment. The
accuracy of the pXRF equipment, tested through a comparison with element concentrations
obtained for selected samples in a certified international laboratory (ACTLABS) and with
XRF laboratory equipment (WDS), showed good correlations for Al, As, Ba, Ca, Cu, Fe,
Ga, K, Mg, Mn, Mo, Ni, Pb, Rb, S, Sb, Se, Si, Sr, Ti, Zn, and W. Therefore, the use of pXRF
equipment has proven to be useful for a quick and inexpensive overview (both in the field
and in the laboratory) of the many elements that a waste sample can contain.

The high concentrations of Fe (47.4%), Cu (27.5%), As (8.4%), Pb (3%), and Sn (139 ppm)
found in wastes from old Cu mines are consistent with the various minerals identi-
fied, namely, chalcopyrite [CuFeS,], pyrite [FeS;], tennantite-(Fe) [Cug(CugFe? 5)As4515S],
cuprite [CuyO], malachite [Cuy(CO3)(OH),], pseudomalachite [Cus(PO4)2(OH)4], brochan-
tite [Cus(SO4)(OH)], wroewolfeite [Cuy(SO4)(OH)g-2H, O], jarosite [KFe3*3(SO4),(OH)4],
butlerite [Fe3*(SO4)(OH)-2H,0], rhomboclase [(H50,)Fe?*(SOy),-2H,0], ferricopiapite
[Fe3*( ¢7Fe3* 4(SO4)6(OH),-20H,0], coquimbite [AlFe3(SO4)s(H0)12-6H,0],
ankerite [Ca(Fe2+,Mg)(C03)2], fayalite [Fe?*,Si04], chamosite [(FeZ*)s5 Al(Si,Al);O;0(OH,0)g],
chloritoid [(Fe2+,Mg,Mn2+)Alz(SiO4)O(OH)2], hematite [Fe,O3], magnetite [Fe2*Fe3*,04],
goethite [o-Fe3*O(OH)], ilmenite [Fe?*TiOs], titanomaghemite [(Ti**5005)Fe3*,04],
scorodite [Fe3* AsO4-2H,0], cerussite [PbCO3], and cassiterite [SnO5]. Minor and ves-
tigial contents of Mg (6.6%), Ni (750 ppm), Sb (665 ppm), Zr (271 ppm), Bi (217 ppm),
Co (209 ppm), Rb (132 ppm), Se (132 ppm), Li (83 ppm), Ag (72 ppm), Sc (19 ppm), Th
(14.9 ppm), Hf (9.6 ppm), Ge (9.6 ppm), In (6 ppm), Au (1110 ppb), and REE (La—47.6 ppm,
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Ce—94.7, Pr—11.3, Nd—42.1, Sm—7.4, Eu—1.28, Gd—5.1, Dy—4.1, Tb—0.7, Ho—1.2,
Er—4.3, Tm—0.8, Yb—6, and Lu—1 ppm) were also found.

Conversely, the Mn minerals identified in mine waste dumps from the stud-
ied Mn mines were hausmannite [Mn**Mn®*,0y], pyrolusite [Mn**O,], birnessite
[(Na,Ca)y5(Mn**,Mn3*),04-1.5H,0], ganophyllite [(K,Na,Ca);Mng(Si,Al)12(O,0H)3,-8H, 0],
manganite [Mn3*O(OH)], pyrochroite [Mn(OH),], rhodochrosite [MnCOQOj3], spessartine
[Mn?*3Al,(Si04)3], and braunite [Mn?*Mn3*(SiO4)Og]. The Mn concentration reached
38.6% in waste materials, where Ba (1.5%), Sr (0.4%), W (790 ppm), V (170 ppm), Mo
(205 ppm), Ga (129 ppm), Cr (111 ppm), Tl (94.4 ppm), and Be (7 ppm) were also observed.

Studying mine waste is a crucial step toward sustainable resource management and
environmental stewardship, ensuring economic and ecological resilience with obvious
environmental and economic gains, ensuring global competitiveness, and fostering the
circular economy. Furthermore, the study of mine waste is critical in addressing resource
supply challenges and mitigating environmental impacts (e.g., acid mine drainage, AMD).

Although we are lacking total volume calculation for these mine wastes, the study
reveals the importance of knowing the chemical and mineralogical potential of mining
wastes of abandoned mines in order to potentially increase CRM and SRM sources, use
them in the waste-to-value recycling process, and reduce potential environmental impacts.
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