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Abstract: In the argillic alteration zone of the SinAbad area of the Urumieh—Dokhtar mag-
matic belt (Iran), Mg-rich, Fe-poor chlorites, which crystallised at temperatures between
160 °C and 260 °C, were affected by extensive alteration to smectite mixed-layering at
the micro- and nano-scales during the retrograde evolution of the hydrothermal system.
Chlorites retain their usual optical aspect and properties, except for the index of refraction
perpendicular to the (001) layers, which becomes lower than those parallel to the layers,
producing an increase in birefringence and change in the optic and elongation signs, in com-
parison to the ordinary ones for Mg chlorites. Scanning electron microscopy (SEM) maps
and compositions, and electron microprobe (EMP) analyses indicate minor but ubiquitous
Ca (and K) content. X-ray diffraction (XRD) of chloritic concentrates allowed the identifica-
tion of chlorite and tosudite. High-resolution transmission electron microscopy (HRTEM)
images show major 14 A (chlorite), with the frequent presence of 24 A (contracted tosudite)
individual layers and small packets up to five layers thick. Lateral change from 14 A to
24 A individual layers has been visualised. High-resolution chemical maps obtained in
high-angle annular dark-field (HAADF) mode confirm the existence of areas preferentially
dominated by chlorite or tosudite. The overall chemical compositions obtained by SEM,
EMP, and transmission electron microscopy (TEM) align from the chlorite to the tosudite
end-members, whose pure compositions could be determined from extreme analytical
electron microscopy (AEM) analyses. The described intergrowths and interlayers, under the
optical resolution, could provide a clue to explain changes in the normal optic properties of
chlorite, which are mentioned, but not explained, in the literature.

Keywords: optical properties; tosudite; chlorite; mixed-layering; argillic alteration; porphyry
copper deposits

1. Introduction

The first approach for petrographic studies is optical microscopy. Therefore, a correct
knowledge of the optical properties is essential to recognise mineral components. Chlorite is
a major secondary mineral commonly found in low-grade metamorphic or hydrothermally
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altered felsic to ultramafic rocks. This ubiquitous phyllosilicate, characterised by a 14 A
¢ cell parameter, occurs in a wide range of geological environments and forms under
conditions ranging from diagenesis to blueschist- and amphibolite-facies metamorphism.

The optical properties of chlorites are well-established and have been known for
many years. Albee [1] proposed a graphic relating the refractive indices, birefringence,
optic sign, and elongation sign with the Fe/Fe + Mg ratio: chlorites change the optic and
elongation signs near Fe/Fe + Mg = 0.5. The basic optical books [2,3] refer to this graphic,
which is widely accepted. Even so, according to Nesse [2] (p. 258), “there are, however,
numerous exceptions”, which implies different optical properties than those predicted in
the Albee’s graph.

Chatterjee [4] justified the highly anomalous optical properties of chlorites by the
oxidation of Fe?* to Fe®*. Nevertheless, Masci et al. [5] showed oxychlorite (with Fe** up
to ~2.8 atoms per formula unit) with normal optical properties, hence the oxidation state of
Fe seems not to be critical. Mellini et al. [6] found similar changes in the optical properties
of chlorites as Chatterjee [4], that is, chlorite resembling biotite, and showed by TEM that
they were due to the interlayer and intermixing of other phyllosilicates at the nano-scale.

Chlorite/smectite (C/S) and/or chlorite/vermiculite mixed layers are frequently de-
scribed in the literature. Shau et al. [7] investigated chloritic minerals in very-low-grade
metamorphic mafic rocks using TEM, revealing “expandable chlorite” with abnormal
optical properties and composition. The chloritic areas could be mainly described as an
intergrowth of chlorite and corrensite, with corrensite having its own structural and com-
positional characteristics as a unique phase, rather than a mixed-layer. Altered chloritic
areas are generally described in the TEM literature [7,8] as intergrowths of discrete chlorite
and C/S crystals, interstratification of packets of layers, complex mixed layering, and
terminations of single smectite layers by chlorite layers. Tosudite, a regularly interstrat-
ified chlorite-smectite mineral, represents an important transformation product under
hydrothermal conditions. It has been found mainly in felsic to intermediate volcanic and
pyroclastic rocks [9-11] and granites [12-14]; in clastic sedimentary rocks, it is less com-
mon [15-17]. Moreover, ocurrences of tosudite have been reported in serpentinites [18]
and very low-grade metamorphic graywackes [19]. Tosudite was defined by a 1:1 stack-
ing sequence of dioctahedral chlorite and smectite [20], with some occurrences including
di-trioctahedral chlorite [16,17]; chemically it is enriched in Si, Al, and Mg, while Fe3*
remains low, indicating its formation in reducing environments [21]. Through microprobe
analysis, Billon et al. [16] identified tosudite’s composition in arkosic sandstones in Niger
as a combination of di-trioctahedral chlorite and low-charge montmorillonite. Due to their
small grain size, these minerals are not optically recognisable, resulting in largely unknown
optical properties.

Abd Elmola et al. [17] found that tosudite, with a rosette-like morphology, formed
in Tim Mersoi Basin (Niger) via Mg-rich hydrothermal fluid, from the Arlit Fault, which
altered aluminosilicate components in sandstone. Thermobarometric studies suggested
a stability range between 100 and 260 °C. In this deposit, tosudite, which has a cation
exchange capacity of ~50 meq/100 g, served as a major sorption medium, significantly
affecting fluid chemistry and uranium mobility [21].

During the systematic study of the argillic alteration in the SinAbad area, located in the
southern part of the Kerman magmatic copper belt (KMCB) within the Urumieh-Dokhtar
belt, Iran (Ahmadi et al., in prep.), chlorites and C/S mixed-layers of exceptional size were
found; they show the same optical properties as Mg-rich chlorites, but anomalous optic
and elongation signs were determined.

This study aims to characterise and describe, up to the nano-scale, the texture, optical
properties, mineralogy, chemistry, and origin of the chlorite/smectite mixed layer to infer
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how even minor mixed-layering at the lattice scale may drastically change the optical
properties of chlorites, explaining previous cases cited, but not justified, in the literature [2].

2. Sampling and Geological Setting

C/S was found in all the samples studied by XRD (X-ray diffraction) in the SinAbad
area (see after). The SinAbad area is located in the southern part of the KMCB, in the
Urumieh-Dokhtar belt Rock (Figure 1). The exposures of the SinAbad area are volcanic and
volcanoclastic rocks in origin. An andesitic eruption in the Lower Eocene started volcanic
activity in the area. Then, a complex of volcanoclastic units with lithic and vitric tuff
compositions was produced during this activity. The youngest magmatic activity belongs
to the post-Eocene and probably the Oligo-Miocene. The intrusion of a granitic pluton,
which is extended from northwest to southeast for 1.5 by 3 km?, accompanied this. The
granites are mostly formed by K-feldspar, plagioclase, quartz, biotite, and hornblende, with
a granular to porphyry texture. A vast argillic alteration affected the granitic pluton and
surrounding hosts, and the expansion of silica ledges has been recognised in the altered
area. This granitic pluton, because of argillic and silica alterations, was a target for porphyry
copper exploration. After IP-Rs and magnetometry surveying, two drill holes were drilled,
but no copper mineralisation was detected.
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Figure 1. Simplified lithostructural map of the Kerman Magmatic Complex (KMCB) [22-27] showing
the location of the Sinabad area and sampling site. (a) illustrates the position of the Kerman magmatic
belt within the Urumieh-Dokhtar magmatic belt in Iran. (b) enlarges the Kerman magmatic belt to
provide a clearer view of the SinAbad study area. (c) is a detailed Google Earth image of the SinAbad
area, with the location of the SinAbad samples. The location of sample SIN02-01 is highlighted.
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To investigate the argillic alteration in SinAbad and compare it with recognised por-
phyry copper deposits, the sampling was performed in two modes: deep (samples from
drilling cores) and surface sampling. Surface samples were collected at approximately
300 m intervals along two profiles. In total, nine surface samples and four drilling samples
were collected from the SinAbad area. Sample SIN02-01 was finally selected for a more in-
depth mineralogical study because of the exceptional grain size of the C/S, which showed
similar optical properties to chlorites.

3. Materials and Methods
3.1. Optics. Separation

Polished thin sections of the porphyry rocks were prepared and analysed in a Zeiss
Jenapol U petrographic photo-microscope (Jena, Germany). Chloritic aggregates were
manually separated from the rocks, magnetically enriched, and finally hand-picked un-
der a binocular microscope for the determination of some optical properties and for ob-
taining an enriched fraction for X-ray diffraction (see below). Refractive indices were
determined in white light using Cargille immersion liquids controlled with a Leitz-Jelley
micro-refractometer (Wetzlar, Germany) after the measurements. The y—« birefringence
was measured using a Leitz Berek compensator (Wetzlar, Germany).

3.2. X-Ray Diffraction (XRD)

The porphyry rock was washed, and after coarse crushing, homogeneous chips of
the rocks were analysed by X-ray diffraction (XRD). Whole fractions were prepared as
disoriented powders after milling in an agate mortar. The <2 pm fraction was extracted by
repeated centrifugation and extraction of the supernatant liquid, according to Stokes’s law.
Oriented aggregates were prepared by sedimentation on round glass slides. A PANalytical
X'Pert Pro diffractometer (MalvernPanalytical, Malvern, UK) was employed to study whole
and clay fractions, together with chloritic separates, using Cu K« radiation, 45 kV, and
40 mA. The diffractometer is equipped with an X’Celerator solid-state linear detector,
which produced an overall counting time of 10 s/step, with step increments of 0.008° 26.
To check the presence of C/S, the sample was solvated with ethylene glycol (EG) for 24 h
at 60 °C and heated to 350 °C for one hour [28]. The low-angle region was explored on
separates deposited onto a low-background Si holder, with 1/32 and 1/16 divergence- and
anti-scatter slits, respectively, and a 200 s/step counting time.

3.3. Scanning Electron Microscopy (SEM)

Carbon-coated polished thin sections were examined by scanning electron microscopy
(SEM) with energy-dispersive X-ray spectroscopy (EDS). Observations using backscattered
electron (BSE) imaging were carried out with a Supra40VP SEM (Zeiss, Oberkochen,
Germany) with an accelerating voltage of 20 kV, in the Centro de Instrumentacién Cientifica
(CIC) (Universidad de Granada, Spain). This technique obtained (1) textural data by BSE
imaging in the atomic number contrast mode, and (2) quantitative chemical analysis and
maps by EDS data (X-Max 50 mm detector). Both natural and synthetic standards were
employed: albite (Na), periclase (Mg), wollastonite (Si and Ca), orthoclase (K), and synthetic
AlyO3, Fe; O3, and pure Ti and Mn, and ZAF correction was applied.

3.4. Electron Microprobe (EPM)

Carbon-coated polished thin section of the sample was used to obtain the composition
of the major elements and accurate spot analyses of the C/S and chlorite areas in the
electron microprobe (EPM).
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Data were obtained by wavelength-dispersive spectroscopy (WDX) on a Cameca
5X100 (Paris, France) at the CIC. For obtaining the spot analyses, the instrument was set
at an accelerating voltage of 15 keV, with a beam current of 15 nA and an electron beam
diameter < 5 um. Data were reduced and corrected using the PAP method [29], and the
standards were albite, sanidine, periclase, diopside, rutile, and synthetic oxides (Al,O3,
Fe, O3, and MnTiO3).

3.5. Transmission Electron Microscopy (TEM)

Samples were prepared as ion-milled specimens for their study by high-resolution
transmission electron microscopy (HRTEM); copper rings were attached to selected areas
of thin sections prepared with Canada balsam. After being detached through gentle
heating, these areas were ion-thinned using a Fischione-1050 ion mill (Export, PA, USA)
and carbon-coated. Low-magnification and high-resolution images and selected area
electron diffraction (SAED) patterns were obtained at the CIC with a Thermo Fisher Talos
electron microscope (Eindhoven, Nederland) at 200 kV, equipped with the Super-X system
(Eindhoven, Nederland) (four energy dispersion X-ray EDX detectors). X-ray elemental
maps were acquired by scanning transmission electron microscopy (STEM) using high-
angle annular dark field (HAADF). For quantitative micro-analyses, the EDX data were
corrected using the thin-film method [30]. The K-factors for the transformation of the
intensity ratios to the concentration were determined using muscovite, albite, biotite,
spessartine, olivine, and titanite standards.

4. Results
4.1. Optical Microscopy

The SinAbad rocks are andesitic—dacitic volcanic rocks in origin, but they are affected
by pervasive argillic alteration. Hand samples selected for this study are whitish, variably
stained with iron oxides, and show a greenish-greyish mottled appearance corresponding
to irregular chloritic aggregates up to 5 mm in size. In thin sections, the dacitic rocks present
a porphyric texture (Figure 2A) with phenocrystals of plagioclase (up to 3 mm) and quartz
(up to 1 mm), and chloritic aggregates in a fine-grained felsic groundmass (10-40 um)
consisting of quartz and feldspars. Chlorite aggregates pseudomorphic of the precursor
minerals, possibly biotite, can be recognised completely transformed to chlorite and C/S
(Figure 2C). Small (<50 um) sub-euhedral rutile crystals are commonly associated with
these aggregates. Accessory minute crystals of zircon are dispersed in the rocks, whereas
muscovite, calcite, and epidote appear as minor alteration components.

The petrographic images (Figure 2) reveal large chlorite and C/S mixed-layer grains,
which display distinct optical characteristics compared to typical chlorite. The inter-
growth of plagioclase (Pl), quartz (Qz), and epidote with chlorite—smectite, along with
sericite, highlights the complex mineralogical relationships and significant alteration pro-
cesses. Polysynthetic twinning in plagioclase and sericitised plagioclase were observed
(Figure 2A). The distinct foliated texture and large grain size of the chlorite-smectite are
evident (Figure 2B-F).

The chloritic areas predominantly show the characteristic optical properties (Table 1)
of Mg-rich chlorites [1]. Nevertheless, in some areas, those properties progressively change
(from Figure 2B-D) to higher interference colours (up to the beginning of the second order)
and interestingly change their elongation sign from negative to positive (Figure 2E,F). This
change systematically coincides with the reversal change in the optic sign (Table 1).
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Table 1. Optical properties of chlorites and mixed-layer chlorite/smectite.

Chlorite (Clinochlore) Mixed-Layer Chlorite/Smectite
Refractive index vy~ 1588, ~ ax~ 158 v &~ B =1.578, amin = 1.557
Birefringence (max.) 0.007 0.021
Colour pale green colourless or very pale green
Pleochroism weak, X=Y<Z very weak, X<Y =7

Optic orientation X~a,Y=b,Z~c X~c,Y=b,Z~a

Sign of the elongation length-fast (—) length-slow (+)
Optic sign (+) (—)
<5° <5°

Optic angle 2V

Figure 2. Optical microscopic images (crossed polars): (A) characteristic texture of the SinAbad rocks:
dacite deeply transformed by the argillic alteration. (B-D) Typical optical aspect of the chloritic areas,
with a predominantly grey interference colour, but with some areas showing higher birefringence
(up to the beginning of the second order interference colour). (E,F) Chloritic areas without (E) and
with intercalation of the A550 nm plate (F) to show the change in elongation sign from negative
to positive in the higher birefringence zones. Pl: plagioclase, Qz: quartz, Fsp: feldspars, Chl-Sme:
chlorite + chlorite-smectite mixed-layers.
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4.2. X-Ray Diffraction (XRD)

The whole powder diagram (Figure 3A) of the SinAbad samples indicates the major
presence of plagioclase and quartz, with minor peaks of mica and a 14.5 A periodicity
phase, which could be coherent with chlorite, but it is composed of irregular, wide peaks
and present a (001) peak significantly higher than the (002) peak. The oriented aggregates
of the minor than 2 pm fraction (Figure 3B) allow the measurement of a 14.28 A peak,
which slightly changes after EG treatment to 13.96 A and contracts to 12.22 A after heating
to 350 °C. The 9.99 A peak of the mica remains unchanged. The behaviour of the 14 A-7 A
peaks is clearly better solved in the hand-picked fraction (Figure 3C), in which the initial
14.34 A and 7.08 A peaks are separated, after EG treatment, in two different phases, showing
coherent (001) orders, one corresponding to 15.11 A, and the second one to 14.16 A. The
phase at 14.16 A is compatible with Mg-rich chlorite and that at 15.11 A, after EG treatment,
indicates an interstratification containing smectitic layers. Low-angle measurements on low-
background holders allowed the identification of the super-order peak of the mixed-layers
at30 A (Figure 3C).

4.3. Scanning Electron Microscopy

The mineralogical chemical map (Figure 4) allows the recognition of the different
minerals in the sample and their textural relationships. The plagioclase is albite; quartz
is generally smaller and evenly distributed; mica areas include both muscovite and illite
compositions, and chlorite, including C/S forms clusters of well-recognisable elongated
packets. The EDX spectrum of these areas indicates basically chlorite composition, but with
the systematic presence of Ca (and minor K), and it is always magnesium rich. Differences
in the colour of chloritic areas in the maps are produced by slightly different compositions,
as indicated by the differences in the corresponding spectra.

The BSE images (Figure 5) illustrate the relationships among chlorite—smectite (Chl-
Sme), plagioclase (P1), quartz (Qz), rutile (Rt), and mica (Mca). Chl-Sme consistently
appears as foliated, elongated structures associated to the more massive and blockier albite
and granular quartz, and small prismatic crystal of rutile, indicating their alteration origin.
The chlorite in the Chl-Sme was identified as magnesium-rich. The mica presents a variable
composition between muscovite and illite.

4.4. Transmission Electron Microscopy (TEM)

The TEM images (Figure 6A,B) show that the chloritic areas consist of stacked multiple-
layer packets, each ranging from 100 to 500 A in thickness. The term “packet”, as used
here, refers to a sequence of coherent layers with identical crystallographic orientation.
These packets are slightly disoriented but show sub-parallel orientation (Figure 6A). More
in detail (Figure 6B), the packets include a variable number of layers, generally less than 10,
showing differences in contrast and, sometimes, spacing.

Selected area electron diffraction patterns of these areas (Figure 6C) correspond to a
¢* spacing of 14 A and a second spacing in the perpendicular direction of around 4.6 A,
coherent with the half b* parameter or the <110> crystallographic direction. In some cases,
weak spots corresponding to 24 A periodicity can be measured (green arrows in Figure 6C);
for most of the cases, the spots corresponding to the 24 A periodicity are too weak and /or
superposed to the predominant 14 A spots. The 14 A /4.6 A net is regular and can also
be recognised for the (hkl) spots different from (001), which allow recognising a one-layer
polytype (Figure 6C).
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Figure 3. XRD patterns (A) disoriented preparation of the whole powder. (B) <2 um fraction: air-dried
(AD); ethylene glycol-saturated (EG) and heated at 350 °C for 1 h. (C) Magnetically and hand-picking
separates of chloritic grains in the air-dried (AD) and the ethylene glycol-saturated states (EG).
Chl-Sme: chlorite + chlorite-smectite mixed-layers, Mca: mica, Qz: quartz, Pl: plagioclase. Numbers
indicate the d spacing of each peak in A.
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100pm

Figure 4. The mineralogical chemical map shows plagioclase (Pl), quartz (Qz), mica (Mca), calcite
(Cal), and chlorite—smectite (Chl-Sme), with the EDS spectrum indicating that the chlorite-smectite
areas are rich in Mg and systematically contain Ca.

Chl-Sme

20pum 10pm
=]

20um
[

e
5>

Chf-Srae ——y, PL

20pm ot focp 2 © ] 10um 7 Mea

Figure 5. Back-scattered electron (BSE) and secondary-electron (C1) images of textural aspects of the
minerals forming the porphyry rock: chlorite-smectite (Chl-Sme) (large size) and plagioclase (Pl)
(A1,A2); Chl-Sme and quartz (Qz) (B1); Chl-Sme, rutile (Rt) and Pl (B2); Chl-Sme, P1, Mca, and Qz
(B1,C1,C2). The right images (A2,B2,C2) show the zoomed-in areas marked by red rectangles in the
left images (A1,B1,C1).
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20 nm

Figure 6. (A) Low-magnification image of chloritic areas, while (B) displays a medium-magnification
image showing visible lattice fringes to illustrate the packet relationships. (C) is a SAED pattern
showing 14 A predominant chlorite lattice, but some interstratified 10 A layers (collapsed smectite-like
layers) create 24 A mixed layers (indicated by green arrows).

The 001 lattice fringe images of sample SIN02-01 (Figure 7) display a periodicity of
~14 A with intercalated layers at ~10 A spacing, resembling chlorite interspersed with
smectite layers. Analysis combining TEM, XRD, and chemical data confirms that the 14 A
fringes correspond to chlorite layers, while the 10 A fringes represent collapsed smectite-
like layers. High-resolution TEM images frequently show adjacent layers with a composite
periodicity of ~24 A (14 + 10 A), indicating a regular interstratification of chlorite and
smectite layers (Figure 7). These 24 A packets comprise regularly alternating 14 A and 10 A
layers in a consistent arrangement (Figure 7A). In Figure 7B, two 14 A layers (upper ones
of the bottom-right packet, indicated by green lines) transform into a 24 A layer (lower one
of the packets to the left, indicated by yellow lines).
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Figure 7. High-resolution bright-field lattice fringe images showing details of ordered mixed-layering
between chlorite and smectite (24 A), intergrowth with chlorite (14 A) (A,B).

Chemical maps obtained in STEM-HAADF mode (Figure 8) allow recognising differ-
ences in composition in a parallel arrangement, which, according to the corresponding EDS
spectra, indicate 1) nearly pure chlorite areas (area 2, red spectrum) vs. significant enrich-
ment in interlayer cations (Ca and K) and a reduction in Mg and Fe (area 1, green spectrum).

Area i1

Figure 8. EDX map, obtained using HAADEF, indicates that in the chloritic areas, Mg and Ca are not
uniformly distributed, with specific areas (1, 2) showing varying concentrations of these elements.

4.5. Chemical Composition of Chlorite and Chlorite/Smectite

Representative microprobe analyses and structural formulae of chloritic minerals are
listed in Table 2. Normalisation was based on O1¢o(OH)g [31] and all the Fe considered as
Fe?* to facilitate comparison with the ordinary compositions of chlorite.
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Table 2. Representative EMP analyses (oxide contents in wt%) and structural formulae of chlo-
rite/smectite areas.

Data Set/Point 16 21 29 33 14 22 31 26 23 11 15
5i0, 30.76 31.13 29.45 27.56 29.33 33.82 3447 3273 3271 2824 2222
Al,O5 21.40 20.41 18.75 18.73 16.57 19.76 18.45 1764 1683  15.50 12.95
MgO 25.07 24.99 24.58 24.46 23.18 22.81 2268 2132  19.65 17.96 14.56
FeOt 8.35 8.21 7.23 7.53 6.49 7.36 8.53 7.56 9.88 5.48 5.82
TiO, 0.03 0.02 0.01 0.03 0.02 0.02 0.02 0.02 0.01 0.01 0.01
MnO 0.12 0.11 0.16 0.12 0.12 0.14 0.17 0.13 0.17 0.08 0.13
CaO 0.16 0.42 0.47 0.22 0.63 0.54 0.98 0.76 1.12 0.86 1.04
Na,O 0.03 0.05 0.03 0.03 0.09 0.06 0.05 0.07 0.12 0.10 0.12
KO 0.11 0.08 0.07 0.05 0.11 0.22 0.16 0.25 0.23 0.19 0.11
Sum 86.02 85.41 80.75 78.72 76.52 84.73 8552 8048 8073 6842  56.96
Data Set/Point 16 21 29 33 14 22 31 26 23 11 15

Numbers of cations based on O1¢(OH)g

Si 2.99 3.06 3.06 2.94 3.21 3.31 3.38 3.40 3.45 3.43 3.31
Al 1.01 0.94 0.94 1.06 0.79 0.69 0.62 0.60 0.55 0.57 0.69
NG 1.45 1.42 1.35 1.30 1.34 1.60 1.52 1.55 1.54 1.65 1.58
Mg 3.64 3.66 3.80 3.89 3.78 3.33 3.32 3.30 3.09 3.25 3.23
Fe * 0.68 0.67 0.63 0.67 0.59 0.60 0.70 0.66 0.87 0.56 0.72
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02
Y Oct 5.78 5.76 5.80 5.88 5.72 5.54 5.55 5.52 5.51 5.46 5.55
Ca 0.02 0.04 0.05 0.03 0.07 0.06 0.10 0.08 0.13 0.11 0.17
Na 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.02 0.03
K 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.03 0.03 0.03 0.02
Int ch 0.05 0.11 0.12 0.06 0.18 0.15 0.24 0.22 0.31 0.28 0.38

Int. ch., interlayer charge. * All Fe has been considered as Fe?*.

The chlorite and chloritic mixed-layer identified are rich in magnesium and contain
small amounts of iron. The composition spans a large compositional range, between the
end-members of tosudite and chlorite (Figure 9). The interlayer charge in the mixed-layer
chlorite-smectite is up to 0.38 atoms per formula unit (apfu).

In those areas less affected by intermixing with C/S, it was possible to obtain clean anal-
yses of chlorite, which fulfil the purity conditions for the application of the semi-empirical
geothermometers [32,33]. After selecting only analyses with the sum of interlayer cations
under 0.04 apfu and producing similar temperatures for both geothermometers [32,33],
a range of temperatures between 160 °C and 260 °C for the chlorite formation in sample
SIN02-01 was determined (Table S1).

Table 3 presents representative formulae of the chloritic areas, normalised to O1o(OH)g,
obtained in SEM-EDS by the integration of spectra from the apparently homogeneous areas
of the chemical maps. The results from the SEM-EDS and EMP analyses show similar
chemical compositions (Figure 9), confirming the reliability and consistency of both types
of data.
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Figure 9. Representative analyses of chlorite and chlorite—smectite mixtures, determined by SEM-EDS,
EMPA, and TEM. (A) Chemical variations in the Na + K + Ca/Si versus Fe + Mg/Si diagram [34].
(B) Compositional plot of the chloritic phases in the ternary diagram Si-Al-R** [17,35]. Black symbols
and stars denote standard clay phases (tosudites from [16,17]).
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Table 3. Representative structural formulae determined by SEM-EDS and TEM of chloritic mixed-
layers normalised as chlorite. All Fe has been considered as Fe?* for the formula calculation.

Point SEM-EDS Formulae

Site4Sp13 [Siz.45A10.5414010[ Al 63Mg2 63Fe1.10Mng .02 Ti.0215.42[K0.02Ca0.1510.17(OH)s
Site3Sp3 [Si5 30Al0.6914010[Al1.61Mg3 08Fen.81Mng 0315 54[Ko.04Cag 0810.12(OH)s
Site1Sp2 [Si5.17Alo.8214010[Al1 34Mg3 73Feq 3Mng 0215 74[Ko.01Cag 0610.07(OH)s
Site6Sp22 [Siz.28Alg.7114010[Alh 44Mg3 57Feq 6115.63[K0.03Ca0.0710.10(OH)s
Site2Sp3 [Siz 92Al1 0714010[Al1.19Mg3 11 Feq 6215.93[Ko0.02Cap.06]0.0s (OH)s
Site6Sp15 [Siz.15Al0.8414010[ Al 50Mg3 65Fe0 5115.67[K0.02Ca0.03]0.05(OH)s
Site4Sp7 [Siz.15Al0.8414010[ Al 34Mg3 83Feq 5615.74[K0.02Ca0.0410.06(OH)s
Site6Sp2 [Si5.05Al0.9414010[Al1 44Mg3 77Fe 5315.75[K0.01Cap.0310.04(OH)s
Sitel Sp14 [Siz.93Al1.0614O10[Al1.30M84 03Fen 5315.87[Cag.0110.01(OH)s
Sites.sp710 [Si3.29Alg.7014010[Al1.36M82 67Fe1 6315.67[Cao.1510.15(OH)s
SitelSp9 [Siz 99 Al ]4O10[ Al 35Mg3 82Feq 64]5.82[Cap.02]0.02(OH)s
Site55p4 [Si5 68Al0.3114010[Al1.91Mg2 71Feg 5715.20(OH)s

Point TEM Formulae

map1.35sp2 [Si3.01Alp.9g]aO10[Al1.44Mg3 40Feg.91Mnyg 0115.77[Nag.01 Ko.03Ca0.0710.11(OH)s
1002bsp1b [Si3.18Alp.8114010[Al1 58Mg3 43Fe0 57Mn 0115 .61[K0.04Cag.0310.07(OH)s
1002bsp2b [Siz.88Al0.1114010[Al2 9sMg1.04Fen 52Mng.0114.56[K0.06Ca0.1010.16(OH)s
1011bsplb [Si3.73Alp.2614010[ Al 85Mg1 57Feq.2714.70[Nap 04Ko.04Cap 06 ]0.14(OH)s
1352sp2 [Si3.20Al0.79]14010[ Al 54Mg3 17Feq 90]5.62[Nap 03Ko.01Cap.19]10.23(OH)s
aro3sp4 [Siz.15Al0.84]14010[Al1.48Mg3 21 Feg.9715.67[Nag 05Ko.02Cap.13]0.20(OH)s
1110sp1 [Si3.09Al0.90]14010[Al1.43Mga.11Feq.16 Tio.0115.72[Ko.05Ca0.0910.14(OH)s
1039sp3 [Siz.66Al1.3314010[Al1 25Mg4 46Fe0 30Mng.0116.04[Cag.04]0.04(OH)s
1234225¢f [Siz 87Al1.1214010[Al1 38Mg3.91Feq 5815.87[Ko0.02Cap.120.14(OH)s
1039sp1 [Siz.04Al105]14010[ Al 32Mg4 30Fe0.19]5.86[Ko.01 Cao.0210.03(OH)s
1039sp2 [Siz.12Al0.8714010[Al1 44Mg3 98 Feg 2715.71[Ko.01Ca0.0710.08(OH)s
1359sp3 [Siz.87Al 1214010 Al 50Mga 07Fe0 2215.80(OH)s

In general, the SEM-EDS and EMP analyses deviate from the typical composition of
chlorite in one or more of the following characteristics: high Si content, low octahedral sum,
and significant interlayer charge. This is because they include mixtures, as these methods
cannot resolve the fine-scale intergrowth between chlorite and the smectite-bearing mixed
layer. Nevertheless, the TEM data can provide a more accurate representation of the end-
member compositions, extending their range towards the theoretical values of chlorite and
tosudite (Figure 9), while the SEM-EDS and EMP data often represent a weighted averaged
composition of the mixed areas between the two phases.

Some of the compositions obtained by TEM (Table 3) are coherent with tosudite; there-
fore, they have been recalculated to 50 (28 + 22) charges (Table 4). The tosudite in this
sample is characterised by large Al and Mg and low Fe content. The interstratification of
low-charge dioctahedral smectite and di-trioctahedral chlorite may be inferred, in concor-
dance with similar criteria as in [16,17], from (1) an octahedral occupancy close to 7 atoms
(2 + 5) and (2) an interlayer charge ranging from 0.31 to 0.51 per 50 charges, with Ca and K
as the main cations (green spectrum in Figure 8). This range of interlayer charges reaches
higher values than for the Niger tosudites [16,17], being compensated by a higher negative
tetrahedral charge, that is, Al by Si substitution (Figure 9A and Table 4).
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Table 4. Tosudite structural formulae normalised to 50 charges (28 from chlorite + 22 from smectite).

Point Si ALV ALV Al Mg Fe * Mn Ti Yoct Na K Ca Ycint.
SP2b 6.74 1.26 4.14 5.4 1.81 0.91 0.02 0.00 6.89 0.00 0.12 0.18 0.47
SP7 6.68 1.32 4.12 5.44 1.97 0.84 0.00 0.00 6.93 0.03 0.33 0.07 0.51
SP18 6.68 1.32 4.12 5.44 1.97 0.84 0.00 0.00 6.93 0.03 0.33 0.07 0.51
SP28 6.64 1.36 4.02 5.39 2.00 0.94 0.00 0.00 6.97 0.00 0.10 0.18 0.46
SP1 6.78 1.22 443 5.65 2.25 0.38 0.00 0.00 7.05 0.00 0.09 0.11 0.31
SP1b 6.56 1.44 4.04 5.47 2.76 0.48 0.00 0.00 7.27 0.08 0.08 0.11 0.39

* All Fe has been considered as Fe3*. Oct, octahedral occupancy; Int., interlayer charge.

5. Discussion
5.1. Nature of the Mixed-Layer

The SinAbad porphyry rock samples display a mixed layer of chlorite/smectite (C/S)
minerals, as identified through XRD and HRTEM analyses (Figures 3, 6C and 7). The XRD
diagrams indicate that (1) the normal chlorite peaks corresponding with successive orders
coherent with 14 A spacing are irregular, wide, and affected by slight changes in spacing
in relation to the normal ones; (2) they expand after EG treatment (Figure 3C); (3) they
collapse after heating (Figure 3B); (4) the 14 A peak is more intense than the 7 A one; (5)a
peak around 30 A may be recognised (Figure 3C). Collectively, all this behaviour indicates
the existence of swilling layers interstratified within the chlorite ones. Those layers are
also recognised in the HRTEM images, where they have been collapsed to 10 A due to the
vacuum of the microscope and the effect of electrons. The absence of significant quantities
of vermiculitic layers can be inferred from the ethylene glycol (EG) treatment results, as
vermiculite would not expand after the EG treatment and is in coherency with the chemical
composition determined by EMPA, SEM-EDS, and AEM (Figure 9 and Tables 2—4). The
presence of the so-named super-order reflection at ~30 A indicates that the mixed-layer is,
at least in part, ordered [28], which is consistent with the existence of discrete areas in the
HRTEM images formed by 24 (14 + 10) A. It can be concluded that an ordered mixed-layer
chlorite/smectite is present in the sample.

This mixed-layer was observed to be intermixed within pure chlorite at the optical and
electron microscopy scales. The change in the optical properties (Figure 2) and chemical
composition (Figure 4) is diffuse, with a defined change between the chlorite and C/S areas
only recognisable at the TEM scale (Figures 7 and 8). The proportion of the chlorite/smectite
mixed layers varied, with some cases showing pure chlorite, as indicated by the XRD and
TEM data.

The nature of the chloritic and smectitic layers can be inferred from the chemical
analyses performed by EMPA, SEM-EDS, and AEM. Most of the analyses correspond to
mixing between chlorite and C/S, but they produce a defined trend between the two
extremes (Figure 9), with those analyses at the C/S end-member, determined by AEM,
showing a composition coherent with tosudite, as analysed by EMP in the Niger sand-
stones [16]. As those authors [16] interpreted, the composition of this study and Niger
tosudites indicates the nature of the two kinds of mixed-layers: di-trioctahedral chlorite
and dioctahedral smectite.

5.2. Chemical Composition

The chemical composition of the pure chlorites from the SinAbad area was determined
using EMP, SEM-EDS, and AEM analyses. These chlorites were found to be magnesium-
rich and iron-poor, which is consistent with their origin from a magmatic system, in which
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Mg and Al are clearly predominant over Fe. Minor but ubiquitous amounts of Ca and K,
as indicated by SEM maps and EMP analyses, are produced by the tosudite intermixing.
Clear peaks at 14 A, characteristic of chlorite, were identified by XRD analysis, and the
intensity ratio between the odd and even XRD peaks is characteristic of Mg-rich, Fe-poor
chlorites. According to [36,37], Fe increases the even peaks in the chlorite XRD diagram:s,
producing the typical diagram of iron-rich or intermediate-composition chlorites with (002)
and (004) more intense (more than double) than (001) and (003), which is not the case of the
SinAbad chlorites (Figure 3)

It was found through chemical analyses that the interlayer cations in the chlo-
rite/smectite mixed layers included sodium (Na), potassium (K), and calcium (Ca), with
calcium being more prevalent, but K being also significant (Figure 8). When the obtained re-
sults for tosudite (Table 4) were compared with the tosudite in sandstones in Niger [16,17],
several similarities and differences were observed. It was found that tosudite consists
of a combination of di-trioctahedral chlorite and dioctahedral smectite. One of the key
differences identified between the SinAbad samples and those from the Niger sandstones is
a higher interlayer charge for the former (Figure 9A), compensated by a greater tetrahedral
negative charge (Al'Y by Si substitution). This would represent that the smectitic layers of
SinAbad are of higher charge than those of Niger, even if this charge is still far from being
of vermiculitic character. In any case, the higher negative charge cannot be unambiguously
assigned to the tetrahedral smectitic layer because there is no way to distribute this charge
between the chloritic and smectitic layers; the di-trioctahedral character of the chloritic
layer precludes any assumption of similarity between the composition of the chlorite
and that of the chloritic layers in the interstratified structure. Similarly to the corrensite
case [7,8], tosudite has its own compositional field, independent of the coetaneous chlorite
and/or smectite.

5.3. Origin of the Mixed-Layer

The SinAbad samples provide valuable insights into the alteration processes and
the formation of the mixed-layer minerals, highlighting significant differences compared
to other geological environments. The original rock in SinAbad is a volcaniclastic rock,
primarily composed of plagioclase, quartz, and supposedly some mafic minerals such as
amphibole and biotite. The absence of other Mg-rich phases suggests that any pre-existing
Mg-bearing phase was either completely altered or dissolved during the paragenetic
sequence leading to chlorite formation. This primary composition underwent argillic
alteration, leading to the production of muscovite, illite, and chlorite. The argillic alteration
spans a wide range of temperatures and fluid compositions, as evidenced by the coexistence
of muscovite and illite, along with the temperature range of chlorite formation (260 °C
to ~160 °C). At the later stages of this alteration, significant portions of chlorite were
transformed into tosudite due to changes in the fluid chemistry and temperature. This
transformation is supported by the textural relationships observed in the samples and
the lateral transition from chlorite to tosudite layers (Figure 7B). SEM and TEM analyses
reveal that tosudite is an alteration product of higher-temperature chlorite, which itself was
formed at temperatures around 200 °C, as indicated by geothermometric calculations on
nearly pure chlorite. The subsequent retrogradation by colder fluids facilitated the partial
transformation of chlorite into tosudite, as described by Ahmadi et al. (in prep.). The
limited presence of tosudite packets suggests that this transformation was constrained. The
proportion of tosudite (or smectite-like) layers relative to chlorite in the SinAbad samples
appears to have been primarily influenced by the temperature and composition of the fluid,
as well as the bulk rock composition.
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Comparison with the Niger tosudites [16,17] demonstrates that even if tosudite can
form over a wide temperature range (approximately 100 °C to over 300 °C), most of the
occurrences cited in the literature [38], including those of Niger, are related to temperatures
well below 200 °C, near to 100 °C ([38] and references therein). However, the geological
settings differ significantly. Those from Niger are related to a sedimentary, burial diagenesis
environment, whereas the Sinabad samples formed in volcaniclastic rocks; however, in
both cases, a final hydrothermal environment is invoked. In spite of this similar final origin,
those differences in the geological context resulted in distinct chemical characteristics in
the mixed-layer minerals of the two settings, probably related to the distinct compositions
of the parent rocks, but also with that of the fluids responsible for alteration [39].

5.4. Effect on the Optical Properties of Chlorite

The optical properties of chlorite in the SinAbad samples are significantly influenced
by the presence of smectitic interlayers. Mg-rich/Fe-poor chlorites typically show normal
values of approximately 1.575 («x and () for the refractive indices parallel to the layers and
1.585 (y) for the perpendicular one [1]. However, in the SinAbad samples, these values
were modified due to the presence of smectitic interlayers, which affected the refractive
index and related optical properties (Table 1). Measurements indicate a birefringence
of approximately 0.02, with the indices in the plane of the layer (y and (3) being higher
than the perpendicular index (o). This alteration also causes changes in the optical and
elongation signs, with the SinAbad chlorites frequently exhibiting a negative optic sign and
positive elongation, consistent with observations reported for tosudite [40]. Such change
is progressive, depending on the tosudite proportion of each area, with layers showing a
nearly isotropic behaviour and anomalous interference colours (Figure 2D), indicating the
proportion correspondent to the change in optic and elongation signs.

The reduction in the refractive index is attributed to the structural disruptions in-
troduced by the smectitic layers. These layers, which include water molecules and are
characterised by weak ionic bonds, would reduce the atomic polarisability. This lower
polarisability decreases the refractive index [41] when the light rays pass perpendicularly
through the smectitic layers. Conversely, light rays travelling parallel to the chlorite layers
are little affected, as they pass continuously through the intact chlorite structure.

Overall, the presence of smectitic layers in the SinAbad chlorites reduced the refractive
index perpendicular to the layers from values typical of chlorite to those observed in some
areas of these samples (Table 1). These structural changes produce the optical behaviour
documented in this study, including a change in elongation and optical sign and an increase
in birefringence (Figure 2), which provide insight into the impact of smectitic interlayers on
the optical properties of chlorite and may explain the frequent reference in the literature to
unexpected anomalous properties.

6. Conclusions

This study describes the alteration of Mg-rich, Fe-poor chlorites in the SinAbad area
within the Urumieh-Dokhtar magmatic belt. Chlorites are crystallised by hydrothermal
alteration of dacitic rocks at 160260 °C. During the hydrothermal system’s retrograde
evolution, they underwent micro- to nano-scale alteration into chlorite/smectite mixed-
layers. TEM and XRD analyses confirmed the presence of chlorite and tosudite, with
observed lateral transitions between 14 A (chlorite) and 24 A (tosudite) layers. In coherence
with previous studies of Niger tosudites, their composition indicates that they are formed
by an ordered arrangement of di-trioctahedral chlorite and dioctahedral smectite layers;
however, the SinAbad tosudites differ from those of Niger and other described cases in a
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higher interlayer charge. Such differences reflect both the different natures of the parent
rock, i.e., dacitic in SinAbad, and the physicochemical characteristics of the altering fluids.

Altered chlorites retained their optical properties except for a reduction in the refractive
index perpendicular to (001), leading to increased birefringence and changes in optic and
elongation signs. The anomalous optical properties of chlorite, frequently cited in the
literature, may indicate mixed layering of other phyllosilicates due to alteration processes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/min15030326/s1, Table S1: Compositions of chlorites, nearly free
of smectite layers, determined by EMPA, used for chlorite geothermometry.
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