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Abstract: In this contribution, we present the results of mineralogical investigation of the agates in
Paleoproterozoic organic carbon-rich sedimentary rocks within the Onega Basin (Fennoscandian
shield, Russia) aimed at reconstructing the agate-forming processes. Optical and scanning electron
microscopy, EDS microanalysis, thermal analysis, X-ray powder diffraction, Raman spectroscopy,
and carbon isotope analysis were used for the study. Three main varieties of agates differing in
morphology and texture were identified, including concentrically zoned nodules, fine-banded, and
carbon-rich moss agates. Mineralogical evidence indicates the participation of hydrothermal fluids in
agate formation. Concentrically zoned nodules could be formed due to the dissolution of carbonate
concretions in the organic carbon-rich siltstones and their silicification as a result of late hydrothermal
processes. Fine-banded vein agates occur in stockworks crosscutting organic carbon-rich rocks and
are widely accompanied by sulfides, selenides, carbonates, sulfates, and iron oxides. Carbonaceous
matter in moss agates is present as poorly ordered carbon and is characterized by a low 5'3 Corg value
(—25.64%0), suggesting a biogenic origin. Raman spectroscopy data showed an elevated amount of
moganite besides alpha quartz in the concentrically zoned nodules compared to other agate varieties,
indicating different ages of the mineralization processes. We suggest that the revealed varieties
of agates were formed at different stages of long-term hydrothermal processes occurring in the
Onega Basin.

Keywords: agate; Paleoproterozoic; organic carbon-rich rocks; Fennoscandian Shield; Onega Basin;
X-ray diffraction; Raman spectroscopy; SEM-EDS; carbonaceous matter

1. Introduction

The Paleoproterozoic Onega Basin represents one of the largest fragments of continen-
tal margin preserved on the eastern part of the Fennoscandian Shield [1]. It consists of well-
preserved low metamorphic-grade volcano-sedimentary succession aged 2500-1700 Ma
and is of high interest as a unique archive of the geological evolution of the Earth, the
sedimentation and volcanic processes, the composition of the hydrosphere and atmosphere
of the Earth, and the evolution of early life [1-4].

The Onega Basin is famous worldwide for its carbonate, high carbon-rich rocks (named
“shungites” after Inostrantsev, 1879 [5]), as well as the oldest evaporites in the world,
marking a global change in geodynamic regimes of the Earth [1,3,4,6,7].

The Onega Basin area is characterized by ore deposits of varying scale and genesis.
Burakovka layered intrusions belongs to the most important chromite deposits in Europe
and contain considerable amounts of platinum group elements [8,9]. Of note are titanomag-
netite deposits associated with Pudozhgora and Koykary-Svyatnavolok intrusions [10], as
well as Cu-(Au-Pd-Pt-Mo)-U-V deposits of hydrothermal-metasomatic genesis, confined to
mafic, carbonate, and carbon-rich rocks [11,12].
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The hydrothermal activity in the Onega Basin led to the appearance of agate mineral-
ization in the volcanic complexes of the Ludicovian super-horizon (2100-1920 Ma) [13,14].
Agates occur mostly as an infill of fissures, cavities, and gas vesicles in pillow and massive
lavas. They display diversity in morphology and microtextural features. Besides the abun-
dant lightly colored agates, extremely rare “black agates” containing carbonaceous matter
disseminated in the silica matrix can be found. The previous study of agates assumed that
agate formation was related to the Svecofenian orogeny within 1980-1750 Ma [13,14].

Agate mineralization also occurs locally in the sedimentary rocks of the LSH within
the Onega Basin. Due to the scarcity of data on mineralogy and formation conditions,
an agate occurrence located on the northeast coast of Velikaya Guba Bay of Lake Onega
in the organic carbon-rich sedimentary rocks was the focus of the present study. The
results of investigations of agate-bearing rock, agates, and accompanied mineralized veins
provide new data for the reconstruction of agate-forming processes in the Paleoproterozoic
sedimentary rocks within the Onega Basin.

2. Geological Setting

The Onega Basin is located in the southeastern part of the Archean Karelian Craton
in the Fennoscandian Shield [1]. It contains a well-studied Paleoproterozoic (2.5-1.7 Ga)
volcano-sedimentary sequence that rests unconformably on an Archean granite-greenstone
and tonalite-trondhjemite-granodiorite association [1,15-18].

The volcano-sedimentary sequence is subdivided into six super-horizons: Sumian
(2.5-2.4 Ga), Sariolian (2.4-2.3 Ga), Yatulian (2.3-2.1 Ga), Ludicovian (2.1-1.9 Ga), Kalevian
(1.92-1.8 Ga), and Vepsian (1.8-1.7 Ga).

The Ludicovian super-horizon (LSH) includes the lower Zaonega Formation and the
upper Suisari Formation (Figure 1) [1,19].

The Zaonega Formation (ZF) varies in thickness from 1100 to 1800 m and has the
greatest areal distribution compared to other formations in the Onega Basin. The ZF is
subdivided into two subformations: a lower carbonate-argillite sequence (100-200 m)
comprising interbedded sandstones, siltstones, mudstones (containing organic carbon up
to 3%), and carbonates; and an upper volcano-sedimentary sequence (800-900 m) [6,20-22].
Sedimentary rocks of the upper sequences include siltstones and sandstones with high
organic carbon content up to 80 wt.%. Numerous studies have shown that carbon matter in
the ZF sedimentary rocks is biogenic in origin and forms a giant Paleoproterozoic oilfield
known as “Shunga” [1,4,6,23-26]. The organic carbon-rich rocks yield an Re-Os isochron
with an age of ca. 2050 Ma [27] and have low 613Corg values, from —17 to —46 %o [4,24,25].
Volcanic rocks include plagiophyric massive and pillow andesite basalts, tuffs, and tuffites.
The age of the ZF is estimated at 2100-1980 Ma [1,2,16,28,29]. Our focus is agates found in
the sedimentary rocks confined to the base of the upper subformation of the ZF (Figure 1).

The Suisari Formation (SF) varies in thickness from 300 to 1000 m and comprises
picrite-picrobasaltic lavas interbedded with tuffs and tuffites [1,30]. It is separated from
the ZF by a horizon of polymictic conglomerates and gritstones, overlying the ZF with
angular unconformity. A depositional age of the SF according to Sm/Nd isotopic data is
1980-1950 Ma [2,30].

The magmatic complex of LSH comprises dykes and gabbro-dolerite sills. The
U-Pb zircon age of quartz dolerites from the eastern part of the Zaonega Peninsula is
1956 + 5 Ma [28], the Konchozero gabbro-dolerite sill is 1975 + 24 Ma [2], and the Pazha
gabbro-dolerite sill is 1961.6 £ 5.1 Ma [29].

The volcanic and sedimentary rocks of the LSH were deformed and metamorphosed
during the Svecofenian orogeny (ca. 1780-1750 Ma) [31]. The P-T conditions (1-3 kbar,
290-320 °C) of the metamorphism achieved prehnite-pumpellyite facies [32].

The intrusion of gabbro-dolerite sills (1980-1950 Ma) is responsible for the earliest
interval of hydrothermal alteration of the LSH (mainly in the ZF) rocks [27-29]. The sills
triggered hydrothermal fluid flow and redistribution of carbonaceous material associated
with epigenetic sulfide mineralization [33]. Several subsequent peaks of hydrothermal
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activity at 1780-1500 Ma were recognized in the southwestern part of the Onega Basin
using Rb-Sr isotope study of altered rocks [34].
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Figure 1. (A) Position of studied area. (B) Simplified geological map of the northwestern part of the
Onega Basin based on [16]. (C) Simplified geological section of the Ludicovian super-horizon based
on [1]. The stratigraphic positions of studied samples are shown by red @-symbols.

3. Agate Occurrence

The studied area is located near the Kondoberezhskaya village on the northeast coast of
the Velikaya Guba Bay of Lake Onega (Figure 1B). Along the shoreline, bedrocks are overlain
by Quaternary deposits, including post-glacial clastic material of short-range transport [35].
In the 1980s, an occurrence of variegated jasper and agates was discovered here as a result
of geologic exploration carried out by the “Severquartzsamotzvety” company [35]. Agates
occur within the organic-rich sedimentary rocks as spectacular spherical nodules and
display banding of mostly reddish, orange, and white colors (Figure 2). The thickness
of the moraine cover in the study area, according to drilling data, varies from 2 to 10 m.
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Sedimentary bedrocks with agate nodules are mainly exposed in small mine workings. The
rocks are cut by numerous quartz veins forming stockworks. Fine-banded agates reddish in
color were also recognized within such veins and veinlets (Figure 3A,B,D). Locally, fissures
and cavities are filled by quartz-chalcedony aggregates smoky-black in color (Figure 3C).

Figure 2. Photographs of concentrically zoned agates in the Paleoproterozoic organic carbon-rich
sedimentary rocks within the Onega Basin LSH (ZF) (exhibition sample from the museum of the
IG KRC RAS). (A) Image of polished slab of agate-bearing rocks illustrating diversified textures in
agates; (B) image showing rough-banded agate with central cavity covered by amethyst-like crystals;
(C) image displaying channel of Fe-bearing solution migration (marked by yellow arrow).

Gemstone material (sedimentary rock debris with agates) is mainly concentrated in
the upper layer of the moraine at a depth of 0.3-1 m. Agates are characterized by high
decorative properties and can be of interest as collectible and ornamental stones. However,
it is very difficult to estimate the scale of agate mineralization and the gemological potential
of the studied area due to the limited bedrock exposure.

During field work, we examined an old quarry that has been preserved after geological
exploration. Fragments of host rocks with agate mineralization were found within the
clastic material.
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Figure 3. Photographs of agates from veins in the organic carbon-rich sedimentary rocks within the
Onega Basin LSH (ZF). Fine-banded (A,B) agates with Fe-oxide/hydroxide pigment disseminated
along individual chalcedony layers; (C) moss agate enriched in carbon and Fe-oxides. A smoky
quartz druse is visible in the top right corner; (D) fine-banded Fe-oxide-rich agate within the vein
stockwork sample composed of quartz, sphalerite, chalcopyrite, and native sulfur.

4. Materials and Methods

Agates, mineralized quartz veins, and parent organic carbon-rich host rocks were
examined using optical microscopy, scanning electron microscopy with energy-dispersive
spectroscopy (SEM-EDS), powder X-ray diffraction (XRD), thermal analysis, Raman spec-
troscopy, and wet chemistry at the Institute of Geology, Karelian Research Centre, Russian
Academy of Sciences (IG KRC RAS, Petrozavodsk, Russia).

Three representative agate samples of different texture and color, and four samples of
ore-bearing quartz veins, as well as parent organic carbon-rich rock samples, were selected
for detailed mineralogical investigation.

The agate thin sections were examined using transmitted light microscopy on a Polam-
211 polarization microscope. SEM-EDS investigation was performed on carbon-coated
polished sections using a VEGA II LSH (Tescan, Brno, Czech Republic) scanning electron
microscope with EDS INCA Energy 350 (Oxford Instruments, Oxford, UK). The analyses
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were carried out under the following operation condition: W cathode, 20 kV accelerating
voltage, 20 mA beam current, 2 um beam diameter, and 90 s counting time. A set of stan-
dards of rock-forming minerals was used. SEM-EDS quantitative data and determination of
the analysis accuracy were acquired and processed using the Microanalysis Suite Issue 12,
INCA Suite v. 4.01.

Major element contents in the agates and host rock samples were determined by
wet chemistry.

Thermal properties of the organic carbon-rich rock were determined on a NETZSCH
STA 449 F1 Jupiter (Selb, Germany) thermoanalyzer. For this experiment, 10 mg of pow-
dered sample was placed into a platinum-rhodium crucible and heated from room temper-
ature to 1200 °C in an air atmosphere with a rate of 10 °C/min.

Powder XRD was applied to determine mineral composition of agates and host rock
samples, and to analyze structural parameters of quartz. It was conducted using a Thermo
Scientific ARL X'TRA diffractometer (Thermo Fisher Scientific, Ecublens, Switzerland) with
Cu-Ko radiation (voltage 40 kV, current 30 mA). Diffractograms were recorded over the 20
angular range of 5 to 75° 20 with a scanning step of 0.4° 20/min. Diffractograms of agate
samples in the 25-28° and 66-69° 20 ranges were collected with a scanning step of 0.2°
20/min for more precise estimation of quartz parameters. Phase analysis was performed
using Win XRD software v.2.0-6 and the ICDD database. A quantitative determination of
the relative contents of mineral phases was realized by the Rietveld method with Siroquant
v.3.0 software. The samples were hand-ground to achieve grain sizes < 50 pm. The detection
limit for XRD phase identification was 3 wt.%.

Raman spectroscopy was applied to characterize SiO; polymorphs and Fe-oxides/
hydroxide phases in agates, as well as to analyze structural characteristics of the carbona-
ceous matter recorded in host rock and some agates. Raman spectroscopy investigation
was carried out using a dispersive Nicolet Almega XR Raman spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with a 532 nm laser (Thermo Fisher Scientific,
Waltham, MA, USA). The spectra were collected at 2 cm ! spectral resolution. A confocal
microscope with a 50x magnifying objective was used to direct the laser beam on the
sample and to collect a Raman signal from a 2 um diameter area. The Raman spectra of
polished and thin sections of samples were acquired in the 85-4000 cm ™! region with an
exposure time between 30 s and 100 s for each scan, depending on the signal intensity. The
laser power was set from 2 to 10 mW to prevent sample degradation.

The Raman peak parameters (position, area, and width (i.e., full-width at half max-
imum (FWHM))), were measured using OMNIC for dispersive Raman software v.8.2.
(Thermo Fisher Scientific, Waltham, MA, USA). For silica phases, the curve-fitting algo-
rithm was used to fit the spectra with Lorentzian functions in the 400-550 cm ! range using
peaks of moganite at 502 cm ! and quartz at 465 cm~!. Moganite content was estimated
using a calibration curve provided by Gotze et al. [36]. The band protocol reported by
Kouketsu et al. [37] was applied for peak decomposition of Raman spectra of carbonaceous
matter. The Gaussian/Lorentzian function was applied for fitting.

The analysis of isotopic composition of carbonaceous matter from carbon-rich agate
was carried out on powder samples at the Institute of Geology, Komi Science Center, Uralian
Branch, Russian Academy of Sciences (IG Komi SC UB RAS, Syktyvkar, Russia). Organic
carbon isotope measurement was carried out using a Flash EA1112 elemental analyzer
coupled to a Thermo Delta V (Thermo Fisher Scientific, Bremen, Germany) isotope ratio
mass spectrometer via a Conflo IV gas distribution system. The international standard
USGS-40 (l-glutamic acid) and laboratory standard acetanilide (CgHgNO) were used. The
§13C value is given in per mille relative to the VPDB (Vienna Pee Dee Belemnite) scale. The
analytical precision was 0.15%o (10).
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5. Results
5.1. Host Rock Characteristics
5.1.1. Organic Carbon-Rich Sedimentary Rocks

The studied rocks are mostly represented by massive siltstones of dark grey to black
color. SEM-EDS petrographic study revealed microstructural heterogeneity of massive rock
(Figure 4A,B). This is evident by irregular fine alternation of xenomorphic quartz grains,
carbonaceous matter, and iron oxide inclusions. The quartz grain boundaries are unclear;
grain size ranges from a few tens of micrometers to smaller. Micrometer-sized segregations
of carbonaceous matter resemble a lithified liquid, which fills open space between quartz
grains. Iron oxides occur predominantly as needle-like or laminar aggregates (Figure 4B).
Accessory minerals are represented by chlorite, calcite, sericite, and sulfides.

Figure 4. SEM-BSE images of increasing magnification (from (A) to (B)) illustrating microstructural
heterogeneity of organic carbon-rich agate-bearing siltstone from the ZF of the Onega Basin. Black
segregations—carbonaceous matter (CM), gray groundmass—quartz (Qz), light inclusions—iron
oxides (Fe-ox).

The mineral composition of the host rock sample determined by XRD with Rietveld
refinement is dominated by alpha quartz (91.1 wt.%), goethite (6.9 wt.%), and hematite
(1.2 wt.%) (Figure S1). The wet chemical analysis shows high SiO; (83.24 wt.%) and
total FeO (4.87 wt.%) contents, while the concentration of other major oxides is lower
(Table S1). The high loss on ignition value (10.14 wt.%) is attributed to the presence of
carbonaceous matter.

Differential thermal analysis was applied to determine carbon content in the host
rock sample (Figure S2). The differential scanning calorimetry curve displays a strong
exothermic maximum at 638 °C, which can be attributed to combustion of poorly or-
dered carbonaceous matter, e.g., coal or shungite [38,39]. The loss in mass resulting from
combustion of carbonaceous matter is 9.67%.

5.1.2. Mineralized Agate-Bearing Veins

The studied rocks are fractured and contain veins mineralized by quartz, sulfides, iron
oxides, and other low-temperature minerals. Veins vary in thickness from a few cm to
0.5 m, and their extension is up to 10-15 m. Locally, they form linear stockworks containing
significant amounts of sulfides, hematite, and native sulfur (Figure 3D).

The most dominant sulfides are pyrite, sphalerite, and chalcopyrite, and typically
occur as large crystals up to 1 cm in size and their aggregates (Figures 3D and 5B,G). Bornite,
galena, and covellite were also recognized as microinclusions using SEM-EDS investigation
(Figure 5A,CF). Selenides were found in association with sulfides. Clausthalite (PbSe)
forms grained aggregates and is replaced by rare minerals: tyrrelite (Cu,Co,Ni);Ses and
cadmoselite CdSe (Figure 5D,E, Table S2). Relicts of clausthalite are preserved in newly
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formed tyrrelite (Figure 5E). During oxidation, selenides are replaced by native selenium,
and sulfides by hematite (Figure 5D); the native sulfur is segregated along cracks in spha-
lerite (Figure 5G). Secretion voids of ore aggregates are overgrown with acicular goethite
crystals (Figure 5H). The occurrence of veinlets of the rare phosphate mineral corkite
(PbFe3(PO4)(504)(OH)e) associated with pyrite and hematite was revealed by EDS analysis,
which showed the presence of 14.06 wt.% P05, 7.10 wt.% SO3, 31.55 wt.% FeO, 1.52 wt.%
As,05, and 29.99 wt.% PbO (Figure 5B). Accumulations of prismatic apatite grains were
revealed in both quartz and hematite (Figure 5EI).

Figure 5. BSE images illustrating mineral composition of agate-bearing ore veins in the organic carbon-
rich rocks. (A) Intergrowth of chalcopyrite (Ccp) and bornite (Bn); (B) corkite (Cor) veinlets associated
with pyrite (Py) and hematite (Hem); (C) galena (Ga) accompanied by chalcopyrite aggregate;
(D) clausthalite (Cla) is replaced by native selenium (Se); (E) tyrrelite (Tir) with cadmoselite (Cdm)
border and clausthalite relicts; (F) inclusions of apatite (Ap) and covellite (Cv) accompanied by quartz
(Qz); (G) veinlets of native sulfur (S) in sphalerite (Sp); (H) acicular goethite (Gth) crystals within the
void of ore aggregate; (I) prismatic apatite grains in hematite associated with barite (Brt) and quartz.

5.2. Mineralogy of Agates

Textural and morphological characteristics of agates in the studied area are variable.
Three main varieties of agates were identified, including concentrically zoned nodules,
fine-banded agates, and carbon-rich moss agates.

5.2.1. Macro and Microscopic Characteristics

Concentrically zoned nodules are the most spectacular variety of agates recognized in
organic carbon-rich host rocks (Figure 2). Nodules are spherical to subspherical in shape
and range from 0.5 to 30 cm in diameter. They mainly exhibit monocentric zoning; polycen-
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tric ones are also observed (Figure 2A). Nodules are characterized by rough bandings of
mostly red, orange, and milky-white colors, and occasionally contain cavities encrusted by
amethyst-like druses (Figure 2B). Frequently, they form groups controlled by thin quartz
veinlets (Figure 2A,C). The outer boundary of the nodules at the point of contact with the
host siltstone is uneven and wave-like.

Microscopic investigations revealed that red-orange areas of nodules formed by layers
of length-fast (with c-axis oriented perpendicular to the fiber direction) and zebraic chal-
cedony (length-fast with a helical twisting of fibers along the fiber direction) (Figure 6A,C,E).
These silica phases form rhythmic concentric bands, polygonal-shaped zones (Figure 6C),
or rounded spherulites (Figure 6E). Fine-dispersed iron oxide particles disseminated within
the chalcedony fibers are responsible for characteristic red-orange coloration of agates.
Meanwhile, various color intensities of individual bands is observed. Additionally, ran-
domly distributed globular or irregular iron oxide inclusions with a size of about 5-10 pm
are present within the red-colored chalcedony zones (Figure 6D). Narrow bands with a
thickness up to 20 um containing a high concentration of iron oxide pigment sometimes
mark the termination of individual zone crystallization (Figure 6D). The central colorless
parts of some nodules are totally occupied by euhedral quartz crystals oriented with long
axes perpendicular to the chalcedony layers (Figure 6A,B).

Figure 6. Microphotographs of concentrically zoned nodules from the organic carbon-rich sedi-
mentary rocks within the Onega Basin (LSH) ZF in transmitted light: (A,B) smooth transition from
external banded chalcedonic area of the nodule with disseminated Fe-oxides compounds towards the
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core comprising colorless prismatic quartz crystals; (C,D) polygonal-shaped aggregates of ze-
braic chalcedony at the point of contact with the inner nodule area comprising macrocrystalline
quartz. Roundish dark inclusions occurred randomly arranged within the zebraic chalcedony
band; (E F) microgeode of macrocrystalline quartz surrounded by chalcedony spherulites and mi-
crocrystalline quartz. (A,C,E)—polarized light, crossed nicols; (B,D,F)—plane polarized light. The
micrographs (B,D,F) show that the macroscopically visible orange color results from chromogenic Fe-
oxides compounds disseminated within the individual bands of length-fast and zebraic chalcedony.
Abbreviations: Cha, length-fast chalcedony; zCha, zebraic chalcedony; nQz, microcrystalline quartz;
Qz, macrocrystalline quartz. The red arrows indicate the accumulations of Fe-oxide phases within
the agate nodules.

According to the SEM-EDS observations, the most frequent iron oxide/hydroxide
phases in the concentrically zoned nodule are expressed in the form of growths of needle-
like crystals or irregular-shaped grains (Figure 7A-C). Infrequently, minute barite and
microcline inclusions were recognized in the silica matrix (Figure 7A,B).

Figure 7. BSE images illustrating mineral composition of concentrically zoned nodule (A-C), fine-
banded (D-I), and moss (J-L) agates from organic carbon-rich sedimentary rocks. (A) Inclusions



Minerals 2024, 14, 447

11 of 28

of barite (Brt) and iron oxide (Fe-ox) in quartz (Qz) matrix; (B) microcline (Mc) grain accompanied
by quartz and iron oxide phase; (C) aggregates of growths of needle-like Fe-oxides in quartz matrix;
(D) acicular rutile (Ru) inclusions associated with chlorite (Chl) and iron oxides; (E) skeletal apatite
(Ap) crystal associated with spherical iron oxide aggregates; (F) titanite (Ttn) grains in quartz;
(G) sphalerite (Sp) inclusions in quartz matrix; (H) allanite (Al) inclusion in quartz; (I) monazite
(Mnz) inclusions associated with iron oxide veinlet; (J) lamellar aggregates of talc (Tlc) interbedded
with jarosite (Jrs) segregations in quartz matrix; (K) accumulation of pyrite (Py) inclusions replaced
by iron oxides; (L) inclusions of calcite (Cal) and phlogopite (Phl) in quartz.

Fine-banded agates occur within the mineralized quartz veins crosscutting organic—
rich rocks (Figure 3A,B,D). Such agates exhibit both concentrically zoned (Figure 3A,D) and
disordered (Figure 3B) textures represented as alternating red-, orange-, or yellow-colored
bands and translucent zones. Fine-banded agates frequently contain cavities encrusted by
quartz crystals (Figure 3D). The microstructure of the agates is predominantly represented
by micro- and macrocrystalline quartz, and, to a lesser extent, by length-fast chalcedony
(Figure 8A,C,E). These silica polymorphs form parallel-layered agate zones and fibrous
radial aggregates. The inner zones of the BF agates are generally enriched in prismatic
quartz crystals with a size of up to 1 mm along the c-axis (Figure 8E). A recurrent feature
of prismatic crystals is the appearance of feathery microtextures exhibited under crossed
polarizers (Figure 8C,E). These microtextures are characterized by subgrains, which appear
as splintery or feathery patterns due to slight optical differences in maximum extinction
positions [40]. The subgrains of feathery textures in the individual prismatic crystals are
elongated parallel to each other in the crystal growth direction (Figure 8C). Furthermore,
the quartz crystals with euhedral cores frequently exhibit feathery textures developed in the
boundary of the crystals (Figure 8E). Wall-lining quartz crystals are locally characterized
by the presence of numerous growth lines (Figure 8D-F) testifying to episodic stages of
crystal growth (so-called Bombauer quartz) [41]. The growth lines are frequently colored
by fine-dispersed iron oxide pigments (Figure 8D,F). Additionally, iron oxide/hydroxide
phases are also aligned along the agate banding and emphasize micro-zoning (Figure 8B).

SEM-EDS investigation of fine-banded agates revealed various micromineral inclu-
sions. Apart from Fe-oxide/hydroxide phases, they contain many plate-like chlorite crystals,
which are responsible for the greenish color of individual agate layers (Figures 3A and 7D).
The chemical composition of chlorite is characterized by high FeO (23.4-27.1 wt.%), MgO
(7.6-12.8 wt.%), and ZnO (up to 5.9 wt.%) contents. Needle-like V-enriched (up to 4.7 wt.%
V,0:5) rutile crystals were occasionally observed in association with chlorite and Fe-oxide
phases (Figure 7D). Hydroxylapatite is represented by skeletal crystals with distinct crys-
talline contours, up to 100 pm in cross-section (Figure 7E). Sporadic xenomorphic grains of
titanite up to 20 um in size and Cd-enriched (up to 6.9 wt.%) sphalerite inclusions with sizes
of 5-20 um were recognized in the silica matrix (Figure 7F,G). REE-bearing minerals were
revealed as both single grains in quartz and clusters associated with Fe-oxide phases. The
chemical composition of prismatic grains (20.71 wt.% Al,O3, 41.90 wt.% SiOy, 15.58 wt.%
Ca0, 9.11 wt.% FeO, 4.68 wt.% LayOs, 8.03 wt.% Ce,O3) occurring within the silica mass
is close to allanite (Figure 7H). The composition of xenomorphic grains (38.21 wt.% P,Os,
17.83 wt.% LapOs, 32.82 wt.% CeO3, 10.52 wt.% NdyO3) suggest the presence of monazite
(Figure 71).

Moss agates occur as infills of fissures and cracks within the organic carbon-rich
siltstones. They form veins and veinlets and often coexist with smoky quartz druses
(Figure 3C). Moss agates are represented by coarse-grained quartz aggregates, strongly
impregnated with carbonaceous matter and Fe-oxide impurities, which determine their
smoky-brownish color (Figure 3C). The microscopical study in cross-polarized light re-
vealed that moss agates are characterized by patchy zoning represented mostly by rounded
patches (1-4 mm in diameter) of microcrystalline quartz grains within the macrocrystalline
quartz matrix (Figure 9A). Polygonal aggregates of macrocrystalline quartz embedded
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in an area of microcrystalline quartz were also observed (Figure 9B). The carbonaceous
matter in moss agates forms irregular segregations within the microcrystalline quartz
matrix and tends to accumulate with other accessory minerals such as mica and iron oxides
(Figure 9C,D).

Figure 8. Microphotographs of fine-banded agates from the ZF organic carbon-rich rocks within
the Onega Basin in transmitted light: (A,B) different generations of silica forming the banding;
(C) internal part of the agate occupied by euhedral prismatic quartz with feathery microtextures
developed within the crystals; (D) growth lines (so-called Bambauer quartz) developed within the
quartz crystals and impregnated by Fe-oxides; (E,F) euhedral quartz crystal with growth lines and
feathery texture developed in the boundary of the crystal. (A,C-E)—polarized light, crossed nicols;
(B,F)—plane polarized light. Abbreviations: Cha, length-fast chalcedony; uQz, microcrystalline
quartz; Qz, macrocrystalline quartz; fQz, feathery quartz; Gl, growth lines. The red arrows indicate
the accumulations of Fe-oxide phases.

SEM-EDS analysis indicates that moss agates comprise lamellar aggregates of talc,
and inclusions of calcite, dolomite, and phlogopite (Figure 7],L). Pyrite inclusions occur
as clusters of prismatic or irregular grains in quartz matrix (Figure 7K). They frequently
exhibit microheterogeneity resulting from iron oxide substitution of the sulfide phase.
The composition of irregular segregations (SO3 35.4 wt.%, KoO 9.7 wt.%, FeO 44.31 wt.%)
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associated with talc most likely corresponds to jarosite (KFe3(SO4)2(OH)e) (Figure 7). In
places, it is replaced by iron oxides.

Figure 9. Microphotographs of moss agates from the ZF organic carbon-rich rocks within the
Onega Basin in transmitted light: (A) rounded patches of microcrystalline quartz (uQz) grains
within the macrocrystalline quartz (Qz) matrix; (B) polygonal aggregate of macrocrystalline quartz
occupied by microcrystalline quartz associated with inclusions of mica and carbonaceous matter
(CM); (C,D) accumulation of carbonaceous matter, Fe-oxides (Fe-ox), and mica (Mi) inclusions within
the macrocrystalline quartz area. (A—C)—polarized light, crossed nicols; (D)—plane polarized light.

5.2.2. X-ray Diffraction

The phase composition of three bulk samples (concentrically zoned nodule, fine-
banded, and moss agates) was examined by the powder XRD method. Reflections cor-
responding to a-quartz have been identified in all the XRD patterns. Analysis of the
diffractogram of the concentrically zoned nodule suggests the occurrence of admixtures of
silica polymorph moganite in the sample. It is evidenced by the small shoulders at the base
of the quartz reflections at about 20 20° and 26° (Figure S1). Additionally, diffractograms of
the concentrically zoned nodule and fine-banded agate contained weak peaks of goethite
and/or hematite (Figure S1).

The differences in the XRD patterns of examined agates are also a minor broadening
and variations in the intensities of some quartz reflections. The differences in the degree
of resolution of the (212) reflection at about 20 67.8° were used for the calculation of a
quartz crystallinity index (CI) of examined samples according to the equation CI = 10 Fa/b
(Figure 10) [42]. A clear euhedral quartz crystal from hydrothermal veins of the Subpolar
Urals (Russia) [43] served as a standard sample with CI = 10. The scaling factor F was
1.2. XRD patterns of fine-banded and moss agates display a well-resolved quintuple peak
at about 20 68° (Figure 10). CI values for these samples were estimated at 8.4 and 9.0,
respectively. In contrast, the concentrically zoned nodule is characterized by a broader and
more diffuse XRD pattern and a lower CI value (3.0) (Figure 10, Table 1).

The mean crystallite size (Cs) of the samples was estimated using the Scherrer equation:
Cs = KA/(cosB). The shape factor K was taken as 0.9, A was the wavelength of Cu-Kal
radiation (1.540562 A), and B was the full width at the half maximum of the reflection
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(101) at 26 26.6°. Cs (101) was taken to be representative of the average crystallite diameter.
The fine-banded and moss agates exhibited higher mean crystallite sizes (741 and 799 A,
respectively) as compared to the concentrically zoned nodule with a Cs of 425 A (Table 1).

90 Int.
(203)
(301)

80

Concentrically zoned
70 nodule CI=3
60 Fine-banded agate

Cl=8.4
50
40
30 Moss agate Cl=9
20
10

Ref.st. CI=10

0 206
67.0 67.5 68.0 68.5 69.0

Figure 10. Selected sections of XRD patterns with the 26 68° quintuple peak of the concentrically
zoned, fine-banded, moss agates and standard sample (Ref. st., quartz crystal, Subpolar Urals). a and
b—parameters for crystallinity index (CI) calculation.

Table 1. Crystallite size (Cs) and crystallinity index (CI) of x-quartz from agates.

Sample Cs, A CI
Concentrically zoned nodule 425 3.0
Fine-banded agate 741 8.4
Moss agate 799 9.0

Quartz crystal, ref. std. 935 10

5.3. Raman Spectroscopy Results
5.3.1. Content and Occurrence of Moganite in Agates

Raman micro-spectroscopy analyses confirmed the presence of moganite phases in
the concentrically zoned nodule, which have been identified using its main Raman band
located at 502-503 cm~! [36]. This band, together with characteristic a-quartz bands at
465, 353, 208, and 127 cm™! [36], were recognized in all Raman spectra collected from
length-fast chalcedony layers (Figure 11A,C). It is noteworthy that zebraic chalcedony and
macrocrystalline quartz areas of the sample were moganite-free.

The moganite band at 502 cm~! combined with «-quartz bands was also recognized in
the Raman spectra collected from feathery texture areas bordering euhedral quartz crystals
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within the fine-banded agate (Figure 11B,C). The Raman spectra of length-fast chalcedony
layers of fine-banded agate show low-intensity moganite bands in rare cases. According to
our data, moganite is absent in the areas composed of micro- and macrocrystalline quartz,
including euhedral quartz crystals (Figure 11B,C). No moganite has been found within the
moss agates.

Cw=50%

o il
Intensity, a.u.

Cv=16%

400 450 500 550
Raman shift, cm-!

Figure 11. Microphotographs in cross-polarized light and Raman spectra of local analyses of fibrous
chalcedony areas from concentrically zoned agate (A,C) and euhedral quartz crystal with feathery
appearance from fine-banded agate (B,C). Raman spectra (1-3) in (C) correspond to analytical spots,
which are marked by yellow circles on the photos. Spectra (1, 2) display the main characteristic
bands of a-quartz (Q) at 465 cm~ 1 and moganite (M) at 502 cm 1, while spectrum (3) shows only the
a-quartz band. Cy; is calculated moganite content.

To quantify local moganite content in moganite-rich areas of concentrically zoned
nodules and fine-banded agate, we applied an algorithm based on the evaluation of the
intensity ratio of moganite and «-quartz Raman bands I502)/I(465) proposed by Gotze
et al. [36]. The estimated intensity ratios I(503) /465y for length-fast chalcedony layers of
concentrically zoned nodules range between 4.6% and 19.7% (Table S3). According to the
calibration curve [36], these values correspond to local moganite content of 22%-50%. For
feathery texture areas within the fine-banded agate, the intensity ratio I(50)/I(4¢5) did not
exceed 3.5%, corresponding to a moganite content of up to 16% (Table S3).

5.3.2. Characteristics of Carbonaceous Matter

Carbonaceous matter is present in both moss agate and agate-bearing siltstone. The
Raman spectra of carbonaceous matter in the moss agate and agate-bearing rock samples
are similar and correspond to poorly ordered carbonaceous matter [44—48]. This is evident
from two well-resolved intensive bands: D1 at about 1350 cm~! and G band at about
1600 cm ™! in the first-order region of the Raman spectra (Figure 12A,C). In the second-
order region of the Raman spectra, carbonaceous matter from both moss agate and host
rock samples are mainly characterized by weak bands located at 2700 and 2950 cm ™!
(Figure 12A,C).

The decomposition of Raman spectra of carbonaceous matter in the first-order region
shows the occurrence of an additional low-intensity disorder-related band D4 (~1260 cm™ 1)
(Table S4). The D3 band (~1500 cm™~!) was established only in a few Raman spectra of
carbonaceous matter from moss agate, while the D2 band (~1620 cm '), which appeared in
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relatively ordered carbonaceous material [44-48], is totally absent in the Raman spectra of
carbonaceous matter from both moss agate and host rock samples (Table S4).

The most sensible Raman spectra parameters—the full width at half maximum of
D1 band (FWHM-D1) and intensity-based R1 = ID1/IG [37,45,49] ratio—were used to
characterize the degree of structural ordering of carbonaceous matter recorded in examined
samples (Table 54). Carbonaceous matter from host rock samples is characterized by
R1 = 0.86-1.22 (av. 1.07) and FWHM-D1 = 79-108 cm ! (av. 94 cm~!). Carbonaceous matter
from moss agate has similar average values of R1 (1.10) and FWHM-D1 (93 cm™1). However,
the scattering of their spectral parameters (R1 = 0.76-1.38, FWHM-D1 = 67-108 cm ') is
slightly higher compared to the host rock sample. Overall, high average values of R1
close to 1 accompanied with the high average values FWMH-D1 = 93-94 cm~! and low
intensive (or absentee) disorder-related bands D3 and D4 are indicative of medium-grade
carbonaceous matter in the examined samples, according to the classification proposed by
Kouketsu et al. [37].

A
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Figure 12. Representative Raman spectra and micrographs of carbonaceous matter (CM) in organic
carbon-rich host rock (A,B) and moss agate (C,D) in the range of 800-3600 em~ 1, Analytical points
are marked by yellow circles on the photos. (B)—plane polarized light, (D)—cross-polarized light.

The empirical Raman geothermometer of Kouketsu et al. [37] was applied to assess
the metamorphic temperatures of carbonaceous matter. This thermometer is based on the
principle that the structural ordering of carbonaceous matter is an irreversible process,
so the degree of graphitization is an indicator of the maximum temperature of metamor-
phic transformation, i.e., the structure and the microstructure of carbonaceous matter are
unaffected by retro-grade metamorphic events [49,50]. The resulting temperature range
of thermal transformation for carbonaceous matter in moss agate and host rock was ca.
240-330 °C (Table S4). These temperatures correspond to the prehnite-pumpellyite facies
and are consistent with results of previous studies [14].

5.3.3. Characteristics of Iron Mineral Inclusions

The major Fe-oxide/hydroxide minerals occurring in agates were identified as goethite
and hematite. Rounded yellowish inclusions (revealed in reflected light) randomly ar-
ranged within the orange chalcedony bands were evidenced as goethite by their charac-
teristic Raman bands at 385, 417, 551, and 684 cm 1 (Figure 13) [51,52]. Raman spectra
of fine-dispersed reddish inclusions within the same bands exhibit main hematite bands
located at 411, 610, 660, and 1321 cm~! [51,53], and additionally show the chalcedony
matrix (Figure 13). It is evident from the alpha quartz (465 cm~!) and moganite (502 cm 1)
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bands. The Raman spectra recorded for iron oxide inclusions associated with carbonaceous
matter within the moss agate (Figure 8D) revealed only the presence of goethite bands.

385
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465

Raman intensity, a.u

502
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300 450 600 750 900 1050 1200 1350 1500
Raman shift, cm-"

Figure 13. Micrograph in reflected light and Raman spectra of goethite (1) and hematite (2) located
within the orange chalcedony band of a concentrically zoned nodule in the range of 300-1500 cm 1.
Analytical points 1, 2 are marked by circles on the photo. Bands at 465 and 502 cm~! on spectrum (2)

correspond to alpha quartz and moganite, respectively.

5.4. Carbon Isotope Composition

Analysis of the isotopic composition of the carbon was carried out to obtain additional
information about the origin of the carbonaceous matter in moss agate. A fragment of
moss agate enriched with carbonaceous matter was used. The measured 613C0rg value of
—25.64%o suggests a biogenic source of carbon.

6. Discussion

Existing studies of agates formed in sedimentary settings are very limited. The
majority of such agates are found in limestones and are essentially related to Phanerozoic
rocks [54-58]. The agate occurrence considered in this paper is unique in that it is confined
to Paleoproterozoic sedimentary rocks. The agate host rocks are represented by carbon-
bearing siltstones (with a carbon content of about 10%) aged 2050 Ma [27]. A distinctive
lithological characteristic of rocks is the local occurrence of diagenetic nodules of calcite
and dolomite composition [1]. The studied locality in the vicinity of Kondaberezhskaya
village is currently the only known agate occurrence associated with sedimentary rocks
of the Onega Basin. It can be assumed that the examined Paleoproterozoic rocks are the
oldest agate-bearing sediments described in the scientific literature.

6.1. Morphology, Microtexture, and Silica Composition of Agates

Agates have been recognized as rounded nodules in organic carbon-rich siltstones,
as well as infills of tectonic fissures and cavities in these rocks. Three morphological
varieties of agates were distinguished, including concentrically zoned nodules, fine-banded
agates, and carbon-rich moss agates. The agates exhibit various silica microtextures due
to individual zones composed of micro- and macrocrystalline quartz, and length-fast and
zebraic chalcedony. The appearance of Bambauer quartz with typical growth lines within
agates (Figure 8E,F) indicates a lower temperature of mineralizing fluids characterized
by strong fluctuations in pH conditions and/or silica content [41,58-60]. The feathery
microtextures revealed within agates (Figure 8C,E) are typical of quartz from epithermal
system and have been described for agates in a number of deposits (e.g., [59-61]). The
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presence of these textures is evidence for recrystallization from water-rich microcrystalline
silica polymorphs (moganite and/or chalcedony) [62-64].

The intergrowth of moganite with chalcedony is frequent in agates [36,65,66]. Spatial
distribution of moganite within banded agates is not homogenous. Both moganite-rich
and moganite-free chalcedony areas of agates have been observed [61,67-69]. Moxon and
co-authors investigated agates from varying hosts and revealed a relationship between
the age of agate host rocks and corresponding moganite content in the agates [65,70,71].
Moganite is consistently recognized in agates found in hosts aged up to 400 Ma. The
amount of moganite sharply decreases with the increasing age of host rocks from 13 to
60 Ma, and then remains approximately constant up to 400 Ma. In the older agates from
host rocks aged between 400 and 1100 Ma, moganite occurs in trace amounts or is not
detected. No moganite has been detected in ancient agates aged more than 1100 Ma [72].
The agates from Proterozoic volcanic rocks within the Onega and Pasha-Ladoga Basins are
also moganite-free [13,73]. It is assumed that decreasing moganite content in agates with
respect to host age is due to the release of structural silanol water over the geological time
scale, and transformation of metastable moganite phases into quartz [66]. Therefore, the
high moganite content in individual areas within examined concentrically zoned nodules
(up to 50%) and trace amounts of moganite in fine-banded agate is unexpected for agates
hosted in Paleoproterozoic (ca. 2050 Ma) rocks.

The same applies to the obtained data on the main crystallite size and the crystallinity
index of the examined agates. A positive correlation between the main crystallite size of
the agates and age of the host rocks was provided by Moxon [74]. The measured values of
Cs (425 A) and CI (3) for concentrically zoned nodules are significantly different from those
obtained for fine-banded and moss agates (Cs: 741, 799 A;Cl: 84,9, respectively) hosted
in the same rocks. It should be noted that agates from similarly aged Paleoproterozoic
volcanics of the Onega Basin are characterized by Cs = 710-1050 A and CI > 8 [13]. It is
suggested that an increasing of crystallite size and crystallinity index in agates is the result
of the transformation of fibrous silica phases (chalcedony and moganite) to granular alpha
quartz during late metamorphic alteration [70].

Combined, the high moganite abundance and low Cs and CI values in concentrically
zoned nodules are characteristics of ‘immature” agates that have not undergone significant
metamorphic effects. Overall, this evidence indicates that formation of nodules within
the organic carbon-rich rocks took place long after both the deposition of the sedimentary
sequence and the formation of the fine-banded and moss agates. Meanwhile, carbon-rich
moss agates, in which metastable silica phases (moganite and chalcedony) were not found,
are most likely older compared to fine-banded agates, where relics of chalcedony were
preserved (Figure 8A) and a trace amount of moganite was revealed within the feathery
texture areas bordering euhedral quartz crystals (Figure 11B,C).

Fine-banded and moss agates associated with veins are similar in structural parameters
(Cs and CI) to agates found in volcanic rocks of the Onega Basin [13,14]. A distinctive
characteristic of fine-banded agate compared to agates from volcanics is the presence
of insignificant moganite impurities and an abundance of iron oxides and hydroxides,
indicating the significant role of iron in the agate-forming environment.

6.2. Mineral Assemblage of Agate-Bearing Veins and Agates

Agate vein mineralization in the study area is widely accompanied by other products
of hydrothermal activities such as sulfides, selenides, carbonates, sulfates, iron oxides,
native sulfur, etc. (Table 2). Sulfide minerals are dominated by pyrite, chalcopyrite, and
sphalerite with lesser amounts of galena, bornite, and covellite. Of note is the finding of
rare selenides, such as clausthalite, tyrrellite, and cadmoselite. The appearance of native se-
lenium and sulfur is obviously related to supergene alteration of clausthalite and sphalerite,
respectively, while corkite is probably originated by alteration of polysulfide aggregates.

The studied agate occurrence is located at the Zaonega Peninsula (Figure 1B), which
is particularly famous for its numerous ore objects with noble metal mineralization. The
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most significant are Cu-(noble metals)-V-U Srednyaya and Verchnyaya Padma, Tsarevskoe,
and Vesennee deposits (Padma group) [11,12]. Several U-V-ore objects containing vein-
disseminated noble-metal-sulfide-selenide mineralization also occur. They are represented
by the Kosmozero deposit, South Kosmozero, and Velikaya Guba occurrences, united in
the Kosmozero group [12]. Their placement is controlled by the Svyatukha-Kosmozero
fold-fault deformation zone and intense alkaline-micaceous alteration of rocks. Most U-V
ore deposits are associated with carbonate-micaceous-albite metasomatites after siltstones
and dolomites [12]. Our studies show that the deposition of vein agates is associated with
ore systems formation (Kosmozero and Padma groups) and took place during the orogenic
stage within the Paleoproterozoic complexes of the Karelian Craton [12].

Table 2. Summary of mineral assemblages of agates and agate-bearing ore veins.

Type of
Mineralization

Silica Phases Mineral Assemblage

Fine-banded agate

Moss agate

Concentrically zoned nodule

Stockwork mineralization

hematite, goethite, chlorite (Zn), apatite,
titanite, barite, pyrite, sphalerite (Cd),
rutile (V), allanite, monazite
Micro- and macrocrystalline quartz, carbonaceous matter, goethite, calcite,
smoky quartz dolomite, talc, pyrite, jarosite, phlogopite
length-fast and zebraic chalcedony, micro- and
macrocrystalline quartz, amethyst, moganite

Micro- and macrocrystalline quartz, chalcedony,
moganite (trace amount)

hematite, goethite, and barite

hematite, goethite, pyrite, bornite, chalcopyrite,
galena, sphalerite, covellite, apatite (F), barite,
macrocrystalline quartz ilmenite, albite, clausthalite, tyrrellite, corkite,
native selenium, cadmoselite, native sulfur,
jarosite, calcite

An abundance of apatite grains was observed in the agate-bearing ore veins. Addi-
tionally, skeletal apatite crystals were directly recognized in fine-banded agate. Previously,
phosphorus-rich intervals with abundantly occurring apatite were found within the organic
carbon-rich sediments in the upper part of the ZF [75]. It is concluded that phosphatic sedi-
ments in the Paleoproterozoic Zaonega Formation record phosphogenesis in a vent/seep
influenced setting that experienced fluctuating redox conditions at the sediment-water
interface [75].

A common feature of all varieties of studied agates is the presence of iron oxide/hydroxide
compounds, indicating the activity of iron in the agate-forming fluids (Table 2). Disseminated
hematite inclusions in the silica matrix are predominantly responsible for the reddish color of
nodules and fine-banded agates. Various morphologies of the particles and their concentra-
tion cause the differing color tints of individual agate bands. Goethite is responsible for the
yellow-brownish agate color.

The vein varieties of agates (fine-banded and moss agates) in contrast to concentrically
zoned nodules contain diversified accessory minerals, such as pyrite, sphalerite, barite,
calcite, dolomite, apatite, chlorite, tithanite, talc, phlogopite, allanite, monazite, rutile, and
jarosite (Table 2, Figure 6), which were probably formed during the post-magmatic and
metamorphic processes.

A distinctive feature of moss agate is the presence of carbonaceous matter. Solid inclu-
sions of carbonaceous matter in agates are a rarity. They have been identified in agates from
Permian acid volcanic rocks in the vicinity of Nowy Kosciét (Lower Silesia, Poland) [76],
Triassic basalts of the Meknés-Tafilalet, Asni, and Agouim Regions (Morocco) [60,77], and
onyx agates from Mali [78]. The origin of carbonaceous matter in agates is uncertain. For
example, it is assumed that the inclusions of carbonaceous matter in Mali agates might
originate from both the hydrothermal formation of graphite from methane under elevated
temperature, and graphitization of organic precursors by secondary hydrothermal and
metamorphic overprint [78]. The stable carbon isotope analysis of the solid hydrocarbon (bi-
tumen) substance in agates from Nowy Koéciot revealed its algal or algal-humic origin [76].
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Carbonaceous matter was also recognized in the black agates from volcanics confined to the
LSH within the Onega Basin [14]. It is suggested that the source of carbonaceous matter in
these agates could be hydrothermal fluids enriched in mechanically derived carbonaceous
matter incorporated from underlaying organic carbon-rich sedimentary rocks.

Raman spectroscopy data show that carbonaceous matter recorded in examined moss
agate and organic carbon-rich host rock is similar and corresponds to poorly ordered car-
bonaceous matter. The significant scattering of both spectral parameters R1 and FWMH-D1
indicates the high degree of heterogeneity of carbonaceous matter (Figure 14). It is notewor-
thy that carbonaceous matter from previously studied black agates hosted in LSH volcanic
rocks has a similar FWMH-D1 parameter and slightly lower values of the R1 parameter
(with high scattering of both parameters) compared to carbonaceous matter recorded in
moss agate and host rock (Figure 14) [14]. Moreover, carbonaceous matter from the organic
carbon-rich ZF sedimentary rocks unaffected by hydrothermal alteration of some locali-
ties [79] is characterized by a significantly higher degree of structural order compared to
carbonaceous matter from moss agate and host rock. This is evident from high values of R1
(av. 1.3-1.64) combined with low FWHM-D1 (av. 44-57 cm™!) (Figure 14). Chazhengina
and Kovalevsky [79] have shown that weathering processes result in changes of carbona-
ceous matter ordering of rocks. However, mechanisms of degradation of carbonaceous
matter depend on the type of weathering (physical, chemical, biogenic) that is reflected
in the changes of Raman spectra. A comparative analysis of the Raman parameters of
carbonaceous matter from rocks subjected to hydrothermal alteration (moss agates, organic
carbon-rich agate-bearing siltstone, and black agates from LSH volcanics) and unaltered
organic carbon-rich rocks suggests that the decrease in structural order of carbonaceous
matter could be caused by local hydrothermal alteration of the rocks, which led to disorder
of carbonaceous matter (Figure 14).
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Figure 14. R1 versus FWHM-D1 plot for carbonaceous matter from moss agates and agate-bearing
organic carbon-rich rocks obtained in the present study compared to data for black agates from LSH
volcanic rocks [14] and unaltered organic carbon-rich LSH sedimentary rocks [79]. The arrow shows
the proposed trend of Raman parameter changes caused by hydrothermal alteration.

The carbon isotope composition of crustal rocks is generally considered an indicator
of the source of carbonaceous matter due to significant differences between biogenic and
mantle carbon. Typical mantle 5'3Cor values are ca. —5%o [80] while lower values are
interpreted as biogenic carbon or as a result of mixing of biogenic and mantle carbon.
The 613C0rg can also be modified because of metamorphic alteration [4,81]. The measured
513Cqrg value of —25.64%. of the carbonaceous matter in the studied moss agate is compati-
ble with the values (—25.59...—28.07%o) of the black agates from the LSH volcanic rocks,
and suggests an organic precursor for the carbonaceous material (Table 3). These values
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are within the range of organic carbon-rich rocks (siltstones, sandstones, interbed and vein
pyrobitumen) of the ZF (—17 to —46%o.) [24,25], suggesting a similar source.

Table 3. 513Corg values of carbonaceous matter occurring within the agates and organic carbon-rich
rocks of the LSH within the Onega Basin.

- 813C, %o
Characteristics V-PDB References
Moss agate from organic carbon-rich sedimentary rocks —25.64 Our data
Black agates from volcanic rocks —25.59...-28.07 Authors’ personal data
Vein pyrobitumen —24...—-38 [24]
Interbed pyrobitumen —36...—46 [6]
organic carbon-rich siltstones, sandstones —17...—44 [25]

6.3. Origin of Concentrically Zoned Nodules

The origin of the agates in sedimentary rocks is often related to the pseudomorphic
substitutions of carbonate or sulphate concretions distributed in the limestone or calcareous
sandstone sequences [54,55,57,82,83]. Macroscopically, these pseudomorphized concretions
have external rounded protuberances similar to a head of cauliflower [56,58,82]. Mineral
species such as carbonates (calcite, dolomite) or sulphates (anhydrite, celestine), being more
soluble then host rocks, have been in large part removed, thus affording cavities in which
the agates could be formed. Where they are still preserved, the concretions have exactly the
same relationship to the host rock as the agates and possess analogous shapes [54]. Huge
areas containing agates, chalcedony, and quartz geodes, which are replacement concretions,
are known in many sedimentary sequences of varying ages worldwide. Examples are
the Fairburn agates from the Minnelusa Formation (SD, USA), Dryhead agates from the
Phosphoria Formation (MT, USA), quartz geodes known as “Bristol diamonds” of the Bristol
district (UK), geodes from Warsaw, Keokuk, Fort Payne, Ramp Creek Formations (USA),
geodes from the Basque-Cantabrian Basin (Spain), and silica nodules from limestones of
Moscow region (Russia) [55-57,82-88].

The abundance of diagenetic concretions of calcite-dolomite composition locally ob-
served within the studied sedimentary rocks [1] and morphology of the examined agate
nodules suggest that they could be formed due to the dissolution of carbonate concretions
and their silicification as a result of late hydrothermal processes. Silicification started on
the walls of nodules and continued inward, toward the nodule center. After the outer part
of the carbonate nodules was replaced by chalcedony, the silica-enriched fluids became
less concentrated, resulting in the dissolution of the remaining carbonate. This produced
the central cavity in which macrocrystalline quartz precipitated. Hydrothermal fluid is the
most likely source of silica. Similar assumptions about the participation of hydrothermal
fluid in formation of agates from the Dryhead area (Montana, USA) occurring in Permian
sedimentary rocks (clay shale and siltstone) were reported by J. Gotze et al. [83]. The
analysis of published data on the homogenization temperatures of fluid inclusions in agates
containing moganite, microcrystalline and crystalline alpha quartz shows that the formation
temperatures of such agates do not exceed 200 °C. For example, the fluid inclusions study of
moganite-rich agates of volcanic complexes (Kamchatka, Russia) shows that the crystalline
quartz in the center of the nodule in agates was formed in the temperature range 110-50 °C
and below [61,89]. The fluid inclusion study of agates from placer deposits of China shows
that the formation temperatures of the silica sequence (moganite-rich pseudo-granular
silica — fibrous chalcedony — crystalline quartz) are 120-170 °C [90]. The hydrothermal
fluids that formed the examined agate nodules with similar silica composition were appar-
ently also low-temperature.
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6.4. Origin of Agates in Organic Carbon-Rich Rock in the Onega Basin

Summarizing the results of mineralogical investigation of agates obtained in the
present study and data of a previous study of agates from volcanic rocks of the LSH, as
well as analysis of regional geological material, the agate mineralization in LSH within the
Onega Basin can be generalized into five stages, as illustrated in Figure 15.
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Figure 15. Schematic model of the agate formation stages in the Onega Basin. Compiled using
data from [1,2,12-14,16,27,28,30,31,34,91]. Legend: 1—Pre LSH, Paleoproterozoic Jatulian, Sariolian
and Sumian super-horizon ca. 2100-2500 Ma, volcanic and sedimentary succession (dolostones,
sandstones, conglomerates, basalts, andesitic basalts, tuffs, tuffites); Paleoproterozoic, Ludicovian
super-horizon ca. 2100-1920 Ma: 2—organic carbon-rich rocks (shungites), sandstones, siltstones,
mudstones, carbonates, basalts, andesibasalts, tuffs, tuffites (Zaonega Formation); 3—picrites, picritic
basalts, tuffs, tuffites, tuff-conglomerates, gritstones (Suisari Formation); 4—ca. 1956 and 1751 Ma
gabbroids; 5—hydrothermal fluid flows; 6—quartz-carbonate veins systems; 7—tectonic dislocations;
8—Kosmozero/Padma-groups of polymetallic ore veins and stockworks; 9—stockworks subjected to
secondary ferruginization; 10—black agates in the ZF volcanics and moss agates in the ZF sediments;
11—Tlightly colored agates in LSH volcanics; 12—vein agates in stockworks within the ZF sediments;
13—concentrically zoned nodules in the ZF sediments. Stage 0: deposition of organic carbon-rich
sedimentary rocks of the ZF and formation of volcanics. Stage I: formation of the volcano-sedimentary
sequence of the SE, multiphase intrusions of peridotite and gabbro-dolerite sills, and production of
CHy-rich hydrothermal fluids resulting in the formation of carbon-rich moss agates in the middle
part of the ZF and black agates in the upper parts of the ZF. Stage II: intrusion of gabbro-dolerite
sills, triggering hydrothermal activity and formation of light-coloured agates in volcanic rocks of the
upper part of ZF and lower part of SF. Stage III: formation of regional fold-fault fracture systems
within the ZF accompanied by hydrothermal flow resulting in the formation of fine-banded vein
agates in the middle part of the ZF. Stage IV: Large-scale, long-term fluid-metasomatic reworking of
the volcano-sedimentary rocks within the Onega Basin resulting in the formation of concentrically
zoned nodules in the middle part of the ZF.

Stage 0 involves the initial deposition of the ZF, including accumulation of organic
carbon-rich sedimentary rocks forming a giant Paleoproterozoic oilfield “Shunga” and
appearance of volcanics.

Stage I involves the formation of the volcano-sedimentary sequence of the SF and
multi-phase intrusions of peridotite-gabbro-dolerite at 1980-1950 Ma [28]. Magmatic
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events triggered the appearance of CHy-rich hydrothermal fluids, which remobilized the
carbonaceous matter from organic carbon-rich sedimentary rocks, resulting in the formation
of carbon-rich moss agates in the middle part of the ZF and black agates in the upper parts
of the ZF [14].

Stage Il involves intrusions of gabbro-dolerite sills at 1780-1750 Ma. This event caused
the appearance of local tectonic cracks and CO,-rich hydrothermal fluid flows, which led
to the formation of numerous quartz veins and filling of gas cavities in volcanics. At this
stage, lightly colored agates in both the upper part of the ZF and in the lower part of the SF
were formed in volcanic rocks [13,14].

Stage III involves the formation of regional fold-fault fracture systems within the
ZF at 1750-1490 Ma [12], accompanied by large-scale hydrothermal flow. At this stage,
Kosmozero/Padma-groups polymetallic ore veins (Cu-(noble metals)-U-V mineralization)
and fine-banded vein agates were formed in the middle part of the ZF.

Stage IV includes circulation of late hydrothermal fluids that resulted in dissolution of
carbonate concretions in the organic carbon-rich ZF sedimentary rocks. The fluids were
enriched in iron compounds due to interaction with sulfides from organic carbon-rich
siltstones and sandstones. Then, cracks and cavities of the concretions were mineralized
by Fe-rich silica. Thus, concentrically zoned nodules were formed in the middle part of
the ZF. It is possible that the formation of fine-banded agates also occurred at this stage, as
indicated by the trace amounts of moganite identified in them, which did not have time to
recrystallize into quartz.

The duration of Stage IV is the most controversial. The presence of hydrothermal
zircons aged at 1100 to 200 Ma in the ZF volcanic-sedimentary rocks indicates that in the
Neoproterozoic-Phanerozoic, the Onega Basin experienced large-scale, long-term fluid-
metasomatic reworking [91]. However, the relationship between hydrothermal zircons
ages and regional magmatic events is an issue that requires special study. An additional ar-
gument for the young age of concentrically zoned nodules is the remarkably high moganite
abundance found in them. Moganite is a metastable silica phase and tends to recrystallize
into more stable and water-poor granular alpha-quartz during metamorphic alteration [70].
Therefore, nodules exhibiting the elevated moganite content were likely formed signif-
icantly earlier compared to fine-banded and moss agates in the organic carbon-rich ZF
sedimentary rocks, as well as agates from LSH volcanics.

7. Conclusions

The present contribution provides the first detailed mineralogical investigation of
agates occurring in the Paleoproterozoic organic carbon-rich siltstones of the Zaonega
Formation (ca. 2050 Ma) within the Onega Basin (Fennoscandian Shield, Russia). The study
aimed to highlight the mineralogical features of the agates with a reconstruction of the
possible conditions of their formation.

Three main varieties of agates differing in morphology and texture were identified,
including concentrically zoned nodules, fine-banded, and carbon-rich moss agates.

The mineral composition of all agate varieties is predominately alpha quartz (micro-
and macrocrystalline quartz) with small amounts of hematite and goethite. A distinctive
feature of concentrically zoned nodules compared to fine-banded and moss agates is the
presence of large amounts of fibrous silica phases (chalcedony and moganite) in addition
to crystalline quartz.

Petrographic evidence (Bambauer quartz with growth lines, feathery quartz textures)
suggests the participation of low-temperature hydrothermal fluids in agate formation. The
presence of accompanying minerals, in particular the sulfides, selenides, carbonates, sul-
fates, and iron oxides, in agate-bearing veins is also indication of hydrothermal processes.

The mineralogical data show that concentrically zoned nodules could be formed due
to the dissolution of carbonate concretions in the organic carbon-rich siltstones and their
silicification as a result of hydrothermal processes. The presence of elevated moganite
content in the concentrically zoned nodules, together with low Cs and CI values, are
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characteristics of immature agates and suggest a relatively young age for the processes that
led to their formation compared with fine-banded and moss agates.

Carbonaceous matter in moss agates is present as poorly ordered carbon and is
characterized by a low §'3Cyg value (—25.64%), suggesting a biogenic origin.

The present investigation shows that agates formation in the Onega Basin is a multi-
stage process associated with long-term hydrothermal activity.

Agates are characterized by high decorative properties and can be of interest as
collectible and ornamental stones. However, the studied agate occurrence does not have
gemological-economic significance due to the limited bedrock exposure.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /min14050447 /s1, Figure S1: X-ray diffractograms of the
host rock and agate samples; Figure S2: DSC, TG, and DTG curves for agate-bearing host rock sample;
Table S1: Chemical composition of agate-bearing rock and agates, wt.%; Table S2: Chemical composi-
tion of selenium minerals in the agate-bearing veins, EDS microanalysis, wt.%; Table S3: Fitting pa-
rameters for the Raman spectra of moganite-rich layers from agate samples in the 400-550 cm ™! range;
Table S4: Raman spectral characteristics of carbonaceous matter from moss agates and host rock.
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