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Abstract: Agate samples collected from the vicinity of Asni and Agouim (Western Atlas, Morocco)
were investigated using microscopic observations supported by Raman micro-spectroscopy. The
agates are marked by the presence of various microtextures typical of epithermal vein deposits,
including jigsaw-puzzle, feathery, and lattice-bladed. The first two indicate that the formation of
agates was likely marked by recrystallization of metastable silica phases (i.e., opaline silica or massive
chalcedony). The presence of lattice-bladed (after barite and calcite) quartz may be, in turn, ascribed
to the boiling-related conditions that could have triggered the formation of abundant copper and
iron sulfides found within silica matrix. Additionally, the local occurrence of growth lines (so-called
Bambauer quartz) and intergrowth of length-slow and length-fast chalcedony are linked to the
variations of physico-chemical conditions during rock formation (alkaline-acidic). According to
Raman spectroscopy, silica matrix of the agates is made of a-quartz with a local admixture of moganite
(from 0.0 up to 78 wt.%), but also contains numerous solid inclusions of hematite, celadonite, as well
as poorly-organized carbonaceous material and rutile. These phases were likely emplaced during
low-temperature hydrothermal activity of SiO,-bearing fluids that originated from post-magmatic
hydrothermal activity developed within host rocks and/or meteoric waters.
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1. Introduction

Agates are defined as banded and colorful chalcedony with admixture of other silica polymorph
varieties and paragenetic minerals [1-3]. They are mainly found within fine-grained volcanic rocks and
their tuffs [4], but are also known from sedimentary and hydrothermal environments [2,3]. Overall,
there are two main types of agates that can be distinguished based on the form of their occurrence:
(1) lithophile type filling vugs created by vesiculation and (2) fissure type that occupy veins and cracks
within the surrounding rocks. Other features of agates are strongly varied and exceptional (e.g., moss
or botryoidal appearance). They show significant diversity in wealth of colors, structural and textual
features, shape, and patterns, which make each specimen a unique product of inanimate nature both
under micro and macroscale.

Despite the worldwide occurrences and numerous published papers, there are still some problems
concerning agate nomenclature, classification, and formation, which are not completely solved. From a
textural point of view, agate represents a banded chalcedony, which incorporates other SiO, polymorphs
and varieties (e.g., [4-10]). Conversely, the mineralogical/petrographical approach assumes that agate
can be considered as a rock that consists mainly of low-quartz, with admixture of other mineral phases
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such as moganite, opal C, and coloring agents including hematite, goethite, calcite, barite, zeolite, and
many others [4,11]. That agates could originate either from the direct precipitation of silica minerals
from hydrothermal fluids or the deposition of an amorphous silica gel that subsequently crystallizes or
matures by diagenetic processes is still a topic of controversy [11].

The first note about agate occurrences in the vicinity of the Medina oasis (Al Madinah) in Saudi
Arabia was mentioned about 3000 BC [12]. Since then, new findings about agate deposits and smaller
occurrences were systematically reported [12,13]. Currently, the largest agate deposits in the world are
found in Uruguay and Brazil (Rio Grande do Sul province). Less significant occurrences are found in
nearly each country of the world [14].

Agates from Morocco, discovered in the 1940s, are considered quite a novelty in the stone market
over the few last decades [15-17]. They are found within Triassic basaltic rocks in many places in
the High Atlas Mts. (e.g., near Sidi Rahal, Asni, Agouim-Al Hama, and Tizi-n-Tichka) as well as in
the Middle Atlas Mts. (e.g., Kerrouchen and Ahouli region). Agate mineralization is pervasively
accompanied by other products of hydrothermal activity in this area such as ore deposits of manganese,
iron, copper, gold, and lead-zinc (e.g., [18-23]).

Moroccan agates have been systematically investigated by authors of this work for over 12 years.
Up to now, reports on agates from Sidi Rahal and Kerrouchen are published [24,25]. In this contribution,
the next two occurrences of agates in the Atlas Mts (i.e., Asni and Agouim), are investigated using
microscopic methods supported by Raman micro-spectroscopy. The detailed microtextural description,
along with the distribution of silica polymorphs and solid inclusions, were provided to put constraints
on formation conditions of agates from this region and determine the possible sources of silica-bearing
fluids. Moreover, the aim of this report is to highlight both the similarities and differences between
agates from these four localities in Morocco to broaden the current knowledge of agate mineralization
within the basaltic rocks of the Atlas Mts.

2. Geological Settings and Localizations of Agates Occurrences in Morocco

The Atlas Mountain range is located in the northern part of Africa. It has a length of more than
2000 km, from the Atlantic coast in Morocco up to Kabiska Bay on the coast of the Mediterranean Sea.
The range is the continuation of the Alpine orogenic system. The Atlas unit was folded, deformed,
dislocated, and upthrusted at the beginning of Paleogene. Later on, it systematically changed during
other tectonic activity up to the Pleistocene age [26]. As a result, two main dislocating and fold zones
can be distinguished: the inner part with Middle, Upper, Sahara, and Antiatlas [27] and other part with
Tellian Atlas and Rif Mountains [28]. These two zones are divided by Morocco Meset (200-1500 m
above sea level (m. a.s.l)) and Shott zone (750-1000 m. a.s.l.) and they comprise rocks of various
mineral compositions and age.

The High Atlas is built of Paleozoic rocks, mainly quartzites, limestones, and volcanic rocks
connected with the Hercynian orogenesis. The upper parts of the High Atlas Mts. are covered by
thick series of folded and unfolded Jurassic and Cretaceous limestones as well as lower Paleogene
series of limestone-sandstones. Agate occurrences are known from many localities in the High Atlas,
as well as from the tectonic forelands of this unit (Figure 1). The richest deposits of agates are in
Tizi-n-Tichka-Agouim-Al Hama, Sidi Rahal, and Asni regions, but some new deposits with similar
characteristics are found in other parts of the volcanic suite of High Atlas [15].

Sidi Rahal is a small village about 15 km east of Ait Ourir, which became known from a quarry of
basalts with agate mineralization. Triassic basaltoides have a thickness up to 3.0 km in that region [15].
This volcanic outcropping is half-moon shaped with a size of 110 X 70 km. Basaltoides frequently
contain spherical or almond-shaped geodes filled with SiO; group minerals (agates, amethyst, etc.).
Similar basaltic bodies are found in other part of the High Atlas Mts. The most common are in the
vicinity of Agouim, where they build a mountain range parallel to the main Atlas range or occur
along the road to Ouarzazate. Their thickness is up to few hundred meters, and their length is more
than 70 km. Agates occur in practically all the basaltic suites in the area and few names are used to
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describe the localities (Agouim-Al Hama, Tizi-n-Tichka, and Agouim-Sour). Our studied samples
were collected in the basaltoids mountain range on the left side of the road connecting Agouim and
Lake Ifni close to village Sour. Basaltic rocks outcrop are smaller in the Asni area, where they cover the
area up to a few km long and are about 300 m thick. Generally, at least four different basaltic suites
seem to be recognized in the High Atlas Mts. One of the most interesting regions for agates is the
Agouim-Tizi-n-Tichka area, where agates are found at many places together with carnelian, jasper,
and quartz crystals.
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Figure 1. Simplified geological map of the Western Atlas area focusing on the studied agate occurrences
(rectangles mark areas of study in Agouim and well as Kerrouchen in Khenifra).

The agate deposit in the Kerrouchen—-Ahouli area was found at the beginning of this century [15].
That area is situated in the Khénifra province (Central Morocco), and borders the Middle Atlas on the
south, Rif Mountains on the north, and Wadi Muluja on the east. Agate samples are collected there in
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the Triassic or lower Jurassic basaltoids or their weathered cover. The outcrops of the basaltic rocks
cover an area more than 10 x 20 km in Kerrouchen and a much larger area in Ahouli.

3. Material and Methods

The samples of Moroccan agates from Asni and Agouim were examined using the Motic SNZ-168
stereoscopic microscope with 7.5-50x magnification (Xiamen, China) coupled with a digital camera.
The preliminary quality assessment of the material was made, and specific objects were selected for
further investigations.

The selected samples were observed in transmitted light using a polarizing microscope (Olympus
BX 51 and BA310POL, with a magnification range from 40x to 400x) (Olympus Corporation, Shinjuku
Monolith, Tokyo, Japan). The identification of ore minerals under reflected light was made using a
polarizing microscope Nicon Eclipse. The microscope was coupled with a DP 12 camera used for
photographic documentation.

The backscattered electron observations were performed on polished sections using a FEI Quanta
200 electron microscope equipped with energy-dispersive spectroscopy (FEI Company, Fremont, CA,
USA). The system was operated in low-vacuum mode, at 20 kV accelerating voltage and 50 ©A current.
The working distance was 10 mm. The semi-quantitative analysis of target elements were supported
by ZAF correction (Z- atomic number correction, A- absorption correction, F- fluorescence absorption).

The Raman spectra of silica phases and abundant solid inclusions were recorded using a Thermo
Scientific DXR Raman microscope (Thermo Scientific, Waltham, MA, USA), equipped with 100-10x
magnification objectives, operating in a confocal mode and working in the backscatter geometry. The
polished sample pieces were excited with a 532 nm high-power laser. The laser focus diameter was
1-2 pm. The Raman spectra of bituminous matter and Fe compounds were acquired using lower
laser power (1-2 mW) in order to avoid heating effects. The spectra were corrected for background
by the sextic polynomial method using Omnic software attached to the Thermo Scientific DXR
Raman microscope. The identification of mineral phases was supported by CrystalSleuth software
(rruff project).

4. Results

4.1. Field and Macroscopic Observations

The agates from Asni and Agouim usually form small specimens, ranging in size from 2-3 cm
to a maximum of 15 cm in diameter (Figure 2). During field work, it was possible to find specimens
up to 50 cm in size, but they are very rare in these regions. Most of the agates are of lithophile-type
rarely occur as vein types. In general, they exhibit monocentric or polycentric banding, with alternate
white and grey zones varying in sizes of the individual layers. Other types, rich in red and brown
incrustation are quite rare and reach a maximum of 10% of all agates found in these localities. These
specimens are mainly found in Asni, where agates were collected in the vicinity of hematite veins
crosscutting basaltic rocks.

Agates from Asni are mainly of the vein type (Figure 2A,B). Each has a different shape, size, color,
and pattern. As for dominant color, they seem to be similar to Sidi Rahal agates [24]. The agate nodules
from Asni are mainly grey-white or red-grey with a characteristic red-orange or pink external rim. In
the crustal part of an agate’s geode, white-grey chalcedony coexists with colorless quartz. When cut
and polished, they reveal various landscape and pseudostalactitic patterns. However, the majority
of them are monocentric, with an aperture left in the center or filled with the youngest generation of
silica polymorph.

Agates of Agouim, like those from Kerrouchen area [25], are characterized by a wealth of
morphological types and structural/textural diversity. They mainly represent monocentric spherical or
oval agates, with an aperture filled with idiomorphic rose-orange quartz crystals, or with a central
zone stratified horizontally (Figure 2C-F). Many polycentric agates have irregular shapes and the silica
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matrix alongside coloring oxides, create patterns sometimes similar to stalactite or pseudostalactite,
in shades of grey, orange, pink, and red. It is also not uncommon for agates of the vein-type to
have reddish-brown colors, which predominate at the outer zones, while lighter, greyish-blue colors
dominate in the inner zones, giving an impression of brittle filling.

Figure 2. Macrophotographs of examined Moroccan agates: (A,B) Agates from Asni showing either
polycentric (A) or monocentric fabrics (B). Note the presence of black and red-colored pigments
distributed along the external margin of the geode made of polycentric agate. (C,D) Monocentric agates

from Aguoim marked by wall-lining arrangement of alternating dark and light-colored chalcedonic
bands (C). Note the occurrence of a well-developed quartz-rich center (D), as well as abundant hematite
pigments distributed along particular chalcedonic layers (E,F).

4.2. Microscopic Characteristics in Transmitted and Reflected Light

The silica matrix of agates from Asni and Agouim do not present remarkable differences in terms
of microtextural features and an abundance of SiO;-rich phases. Agates from both localities consist
predominantly of various cryptocrystalline silica polymorphs including alternating length-fast (normal
chalcedony with c-axis situated perpendicular to the fibers) and length-slow/quartzine (c-axis parallel
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to the fibers) chalcedony, as well as zebraic chalcedony (length-fast with a helical twisting of fibers
along c-axis). These silica phases occur in the form of rounded, bundle-like or polygonal-shaped
spherulites, but also appear as fibrous radial aggregates radiating towards the center of the geode
(Figure 3A-C). Chalcedonic spherules (especially zebraic chalcedony) are sometimes associated
with so-called jigsaw puzzle (mosaic) quartz characterized by sinusoidal, or interpenetrating grain
boundaries (Figure 3C) [29,30]. Some of the agates host prismatic quartz crystals, occupying the
internal part of the nodule and amounting up to 1 mm in size. Under crossed polarizers, these crystals
locally reveal divergent extinction characteristics resulting in a feathery (splitery) or flamboyant
appearance, developed both within the single crystals and on the margins of prismatic crystals with a
euhedral core (Figure 3D) [30]. Additionally, subparallel wall-lining quartz crystals are locally marked
by the presence of um-sized growth lines, so-called Bambauer quartz [31] (Figure 3E). The growth
lines are also frequently impregnated by red, minute hematite pigment. The outer parts of agate
nodules comprise tabular and elongated molds filled either with microcrystalline silica associated with
intergrowths of calcite and/or barite (Figure 3EG). Such an alignment of silica phases slightly resembles
pseudo-bladed microtexture reported by Dong and colleagues [30] and Moncada and co-workers [32].

Agate nodules are accompanied by secondary hydrothermal phases including celadonite,
Fe-oxides/hydroxides, and calcite. Celadonite forms green or bluish-green dull clay masses as
well as minute scales (Figure 3H). Fe oxides/hydroxides occur in two generations. The first one is
characterized by irregular and ragged crystals randomly distributed within the silica matrix. The
second one is found in the outer parts of the nodules and comprises needle-like or capillaceous crystals
located perpendicular to chalcedonic-quartz bands (Figure 3H). Conversely, calcite occurs mostly as
rhombohedral crystals up 2 mm in size, but some crystals seem to be overprinted by microcrystalline
silica phases (Figure 3G).

In reflected light, numerous kidney shaped aggregates of goethite, clearly “rooted” in the host
rock, as well as spectacular, large rosette forms of idiomorphic goethite crystals and/or lepidocrocite
(higher reflectivity), were found in the silica matrix of agates. The numerous goethite pseudomorphs
after quartz/barite crystals were also observed. They were surrounded by lepidocrocite-forming
characteristic halo effects around the goethite pseudomorphs (Figure 4A). In agates from Asni and
Agouim, the inclusions of pyrite (Figure 4B,C), as well Cu-bearing phases like bornite, chalcopyrite,
and covellite were also found. Moreover, the presence of pseudomorphs filled by barite and hematite
was noted (Figure 4D). All these inclusions are often accompanied by small grains of titanium oxides
(rutile, anatase) and by various types of organic matter, whose presence is confirmed by the effects of
fluorescent glow visible under the UV lamp.
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PRI

Figure 3. Photomicrographs of agate samples. (A) Bundle-like accumulation of chalcedonic

spherules and Fe-oxides at the contact with host rocks comprising tabular plagioclases and anhedral
pyroxenes—PX. (B) Length-fast chalcedony interlayered with length-slow chalcedony (quartzine)—NX
with a gypsum plate inserted from the lower left. (C) Polygonal-shaped crystals of zebraic
chalcedony; note the vanishing chalcedony fibrous texture at the expense of jigsaw puzzle quartz
(with interpenetrating grain boundaries)—PX. (D) Internal part of the geode occupied by euhedral
prismatic quartz crystals with feathery/spilintery appearance; red arrow points to the minute pigment
of oxides developed at the edges of quartz crystals—PX. (E) Discrete growth lines (so-called Bambauer
quartz) developed within quartz crystals. (F,G) Plate-like form of silica phases associated with minor
barite (almost indistinguishable from quartz due to low birefringence) and calcite. (H) Celadonite
accompanied by needle-like crystals of Fe-oxides in the external areas of the agate. Abbreviations: Cha(-):
length-fast chalcedony; Qzn(+): length-slow chalcedony (quartzine); zCh(-): zebrai¢ chalcedony; fQz:
feathery quartz (with undulose extinction); Gl: growth lines; jQz: mosaic quartz (with interpenetrating
grain boundaries); Qz: megaquartz (>20 um in size); pQz: microcrystalline quartz (<20 um in size);
Cel: celadonite; Cal: calcite; Fe-ox: iron oxides/hydroxides.
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Figure 4. Images in reflected light: (A) kidney-shaped clusters of goethite (Gt) and lepidocrocite (Lc)
and single pyrite grains (Py); (B) pyrite (Py) with chalcopyrite intergrowths in association with goethite;
(C) chalcopyrite (Cpy) replaced by covellite (Cv); (D) large pseudomorphosis after barite filled by
hematite (Hem) and goethite (Gt) with remnants of barite (Brt).

4.3. Scanning Electron Microscopy (SEM)

Under SEM observations agates show microporosity of the silica matrix and some fissures were
identified. The most micropores and micro-fissures are empty, only locally filled with quartz or
carbonates (calcite), forming tiny and well-shaped crystals. Within the silica matrix abundant solid
inclusions were identified. Fe compounds occur as thin needles, spherical and irregular forms, which
are the most abundant inclusions in Moroccan agates. The vast majority of mineral inclusions are also
represented by calcite, which forms individual crystals or compact aggregates. Celadonite and chlorite
occur in the outer part of agates, near the host rock. They form fibrous crystals filling the nests within
the silica matrix. Barite inclusions were identified only in agates from Agouim. The copper sulfides
(i.e., bornite, covellite, and chalcopyrite), as well as sylvite, form small clusters embedded within the
silica matrix (Figure 5A,B).

50.0pm

Figure 5. Back Scattered Electrons (BSE) picture of the inclusions in agates from Agouim area (A)
Cu-compounds (Cu-sulp) in agate matrix. (B) Small inclusions of sylvite (Syl) in agate matrix.
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4.4. Raman Micro-Spectroscopy (RS)

Raman micro-spectroscopy analyses showed that agates from Asni and Agouim were mainly built
of low quartz with diagnostic bands at 463, 357, 210, and 130 cm™1 as well as subordinate moganite
with a marker band at 502 cm™~! (Table 1) [7]. For a quantitative evaluation of the moganite content in
the studied samples, the method proposed by Gotze et al. [7] using the relations between intensity of
moganite and «-quartz peaks (502 and 463 cm™~!) was applied. The estimated local moganite content
ranges from 0% to 56%, and 0% to 78% for Asni and Agouim agates, respectively (Table 2).

Table 1. Example of the Raman spectra for all identified minerals.

Raman Bands (cm~1) Solid Phase References

463 (s), 357 (w), 210 (m), 130 (m) low quartz [7]
502 (s) moganite [7]

1323 (s), 669 (w), 613 (m), 242967((;)\7), 413 (s), 293 (s), 248 (m), hematite (33,34]
1316 (m), 685 (m), 553 (m), 388 (s), 301 (m), 247 (w) goethite [33]
610 (s), 443 (s) rutile [35]
708-688 (s), 569 (w) magnesiochromite [36]

1595 (s), 1362 (s) bituminous matter [37,38]

3559 (m), 3534 (m), 1620 (m), 1116 (w), 1075 (w), 959 (m), .

700 (s), 547 (s), 456 (m), 399 (w), 382 (w), 277 (m) celadonite (3]

1088 (s), 714 (w), 285 (m), 158 (m) calcite [40,41]

1142 (w), 989 (s), 649 (W), 619 (W), 465 (m), 456 (w) barite [42,43]

Note: s, m, and w refer to strong, medium, and weak intensity bands, respectively.

Table 2. Local moganite content and integral ratio of 502 cm~! and 463 cm~! Raman bands in agate
samples from Asni and Agouim.

Raman Band Integral Ratio I(502)/I(463) Local Moganite Content
Analytical Standard Standard
Material (%) Mean (%) tancar (Wt.%) Mean (%) tancar
Deviation Deviation
Asni (11) 0.0-23.2 13.7 7.2 0.0-56.0 38.3 17.4
Agouim (34) 0.0-65.2 9.1 11.8 0.0-78.0 25.5 18.5

Note: the number of analytical spots are in the parentheses.

Apart from silica phases, agates host abundant mineral and organic inclusions. Goethite and
hematite were recognized as major Fe-bearing compounds. Hematite forms characteristic red colored
spherical or irregularly-shaped aggregates. Its presence is proved by its Raman bands at 1323, 669,
613, 497, 413, 293, 248, and 226 cm~!. The bands at 613, 413, 293, and 248 cm™! are due to Fe-O
symmetric bending vibrations, while the bands at 669, 497, and 226 cm™! originate from Fe-O symmetric
stretching vibrations (Table 1) [33,34]. The most intensive band at ca. 1323 cm™!, attributed to the
second-order 2LO mode with 2Eu symmetry due to defects in its lattice, is diagnostic for disordered
hematite [44]. Goethite forms orange-colored aggregates irregularly scattered within the agate matrix.
It is evidenced by marker bands at 1316, 685, 553, 388, 301, and 247 cm~L. The most intensive band
at 388 cm™! is assigned to Fe-O-Fe/~OH symmetric stretching vibrations [33]. The other bands at
685 and 553 cm™! area assigned to Fe-O symmetric stretching and Fe-OH asymmetric stretching
vibrations, respectively. The intensive line at 301 cm™! corresponds to Fe~-OH symmetric bending
vibrations [33]. The broad 2LO band at 1316 cm™! is characteristic of various Fe-oxide and Fe-hydroxide
with disordered structures [44].

Raman spectra recorded for dark brown and black inclusions hosted in agates revealed the
presence of two broad bands found in the regions of 708-688 cm~! and ca. 569 cm~!, which seemed
to be diagnostic of spinel group mineral (i.e., magnesiochromite [36]) (Table 1). The most intensive
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band at ca. 708-688 cm™! was attributed to V1(A1g) symmetric stretching vibrations of the BOg groups
(where B = Cr, Al, Fe), whereas the weak band at 569 cm™! was due to v3(Fg) mode [36].

Rutile manifested its presence by two major bands found at 610 and 443 cm™!, which were
assigned to Alg and Eg modes, respectively [35].

Local mineral inclusions are accompanied by bituminous matter, whose presence is proved by its
two (first-order) marker bands at 1595 and 1362 cm™! (Figure 6, Table 1) [37,38]. Based on the shape
of the Raman spectrum recorded for bituminous matter, it was found, that the most intensive and
broad band at 1595 cm™! in the case of low temperature samples is assigned to the disordered D2 band,
whereas the band at 1362 cm™! is called a disordered carbon band (D1) [45]. The relative intensities of
these two bands, their width and the height of the saddle suggest that bituminous matter represents
low-grade carbonaceous material with features typical of amorphous carbon [45,46].

Raman Intensity (cps)

2000 1800 1600 1400 1200 1000 800 600
Raman shift (cm™)

Figure 6. Microphotograph and Raman spectrum of low-grade carbonaceous material in the range of
2200-500 cm~!. Analytical spot was marked by red cross.

At the outermost parts of agate nodules, green colored and irregularly-shaped aggregates are
frequently found. The Raman spectrum recorded for these inclusions revealed the presence of numerous
bands found at 3559, 3534, 1620, 1116, 1075, 959, 700, 547, 456, 399, 382, and 277 cm™!, diagnostic of
celadonite (Figure 7, Table 1) [39]. In the spectral region of 300-800 cm™! the band is mainly due to
Si-O-R and R-O-bending vibrations (where R is an octahedral cation). The bands at 1116, 1075, and
959 cm~! are assigned to in-plane Si-O stretching vibrations [39]. The two narrow bands at 2559 and
3534 cm™! and one broad band ca. 1620 cm™! are due to hydroxyl stretching and bending vibrations,
respectively [39].

Moreover, agates from Agouim contain inclusions of carbonates and sulfides. The presence of
calcite is evidenced by its marker bands at 1088, 714, 285, and 158 cm~!. The most intense v1 band at
1088 cm~! corresponds to the symmetric stretching vibrations of CO3 group (Table 1). The Raman v4
line at 714 cm™! is due to asymmetric bending vibrations [cf. 40]. The lower wavenumber region of
calcite at 285 and 158 cm™! reflects lattice modes [41].

Barite forms tabular crystals randomly distributed in agate matrix. It is clearly marked by bands at
1142, 989, 649, 619, 465, and 456 cm™! (Table 1). The dominant v1 band of barite was found at 989 cm™!
and arose from the symmetric stretching of SO4. The v2 bands at ca. 465-456 cm™! and v4 band at ca.
649-619 cm~! were assigned to in-plane and out-of-plane bending vibrations, respectively [42,43].
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Figure 7. Microphotograph and Raman spectra of celadonite in the range of 3580-3480 cm~! (A) and
1700-250 cm™! (B). Analytical spot was marked by red cross.

5. Discussion

Agates from Agouim and Asni in Western Atlas Mountains are mainly built of length-fast and
length-slow chalcedony with local admixture of moganite (from 0% up to 78%). The moganite
contents in agates, estimated with Raman micro-spectroscopy, seem to be too high for agates hosted in
Triassic rocks [8,47]. The significantly overestimated mean values of moganite result from the Raman
measurements in individual points, where moganite locally predominates over low quartz. According
to Gotze and colleagues [7], determination of moganite content using Raman spectroscopy may be
overestimated as compared with the results provided by X-ray powder diffraction. These variations
may be due to the presence of moganite nanocrystals or moganite nano-range lamellae that are not
large enough to contribute to the Bragg reflection, but may simultaneously induce the effect of Raman
scattering [7,48]. The occurrence of alternating crystals of length-fast and length-slow chalcedony
gives a clue for remarkable fluctuations of physicochemical conditions during agates formation. The
former silica polymorph is indicative of neutral to acidic and/or sulphate-poor environments, whereas
the latter is believed to be associated with alkaline/sulfur-rich solutions [49]. However, it should
be noted that the above discrimination was later undermined by Keene [50]. The abundance of
growth lines (so-called Bambauer quartz) also invokes rapid changes in pH and/or silica content
in low-temperature parental fluids [10,51], that were necessary for agate formation. Additionally,
the abundance of so-called, pseudobladed silica could be explained by metasomatic replacement of
pre-existing plate-like barite and/or calcite by microcrystalline quartz [30,32]. The development of this
fabric could be induced by boiling-related conditions [32], referring to the rapid drop of temperature
and pressure that result in the formation of coexisting fluid-rich and vapor-rich phases. The presence
of boiling could be further responsible for the formation of ore-related phases, such as Fe and Cu
sulfides found within the silica matrix of agates. The feathery and jigsaw puzzle quartz microtextures
found within agate nodules provide, in turn, strong evidence for the recrystallization of pre-existing
massive chalcedony or amorphous silica [52-54].

The abundance of hematite points to the high activity of iron in silica bearing medium.
Furthermore, needle-like arrangement of Fe-oxides (Figure 3F) along chalcedonic bands originated
from self-purification processes, whereas irregular or oval-shaped crystals of these phases possibly
represent primary impurities [2]. The presence of celadonite, found in the outer parts of agate nodules,
reflects oxidizing near-surface conditions and argues for the influence of slowly-circulating K- and
Mg-rich solutions during the initial stage of agate formation [55,56]. The origin of poorly ordered
and low-grade solid carbonaceous matter, forming irregular accumulations within the silica matrix of
agates, is probably connected with the low-hydrothermal activity of SiO;-bearing fluids (i.e., meteoric
waters). Kiibek et al. [57] noted that precipitation of hydrothermal carbonaceous matter occurred due
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to the supersaturation of C-O-H fluids (containing CH,4 or CO,) with carbon at the deeper or middle
crustal levels.

6. Conclusions

The agates from Agouim and Asni display exceptionally high diversity in microtextural features as
well as accessory compounds, forming solid inclusions. They exhibit a wealth of colors, morphological
features, and patterns. They are similar to agates occurring in other Moroccan localities, such as Sidi
Rahal and Kerrouchen-Ahouli. All gems contain assemblages of similar solid inclusions, which are
mainly represented by hematite, goethite, rutile, as well as barite, copper sulfides, and carbonates,
which were probably formed during the post-magmatic processes of the hydrothermal stage and/or the
tectonic processes which affected the area of High Atlas during the Alpine orogen system. Asni and
Agouim are located close to the main Atlas mountain ridge as well as to the main tectonic lines, so the
hydrothermal solution had a greater opportunity to alter agates in that area, compared to Kerrouchen
or Sidi Rahal regions, which are located outside the main tectonic zones [18,22,23].

Agates from the Atlas Mts. are hosted by the same type of volcanic rocks (basalt), which were
assembled during the Triassic period [24,25]. The main feature, which distinguishes agates from Sidi
Rahal compared to agates from the other localities, is the presence of opal CT (disordered - cristobalite,
a-tridymite) which was not confirmed in agates from Agouim-Asni-Kerrouchen areas. The existence
of opal CT in agates from Sidi Rahal could be attributed to the transformation of amorphous silica
deposited within basaltoic rocks during the initial stage of agate formation following the reaction:
opal A — opal CT — opal C — chalcedony [58]. Hence, it is assumed that agates from Sidi Rahal
exhibiting the presence of remnants of primary silica, that are not fully recrystallized into chalcedony,
could be the younger than gems from other regions of Morocco. However, the presence of quite
elevated moganite content (av. 25-38 wt.%, Table 2) in the agates from the study area infers that their
formation was closely related to the syn- and post-volcanic alterations of the host rocks. According to
Moxon and Rios [8], moganite tends to recrystallize into more stable and water-poor x-quartz after
silica deposition within particular cavities. Hence, this silica polymorph is nearly absent in agates
found within relatively old volcanos (i.e., of Early-Permian age; see [59]), but could still be present in
relatively young host basaltoids, such as those found in the vicinity of Asni and Aguim, but also Sidi
Rahal and Kerrouchen.
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