
minerals

Article

Black Agates from Paleoproterozoic Pillow Lavas (Onega Basin,
Karelian Craton, NW Russia): Mineralogy and Proposed Origin

Evgeniya N. Svetova * , Svetlana Y. Chazhengina , Alexandra V. Stepanova and Sergei A. Svetov

����������
�������

Citation: Svetova, E.N.;

Chazhengina, S.Y.; Stepanova, A.V.;

Svetov, S.A. Black Agates from

Paleoproterozoic Pillow Lavas

(Onega Basin, Karelian Craton,

NW Russia): Mineralogy and

Proposed Origin. Minerals 2021, 11,

918. https://doi.org/10.3390/

min11090918

Academic Editors: Galina Palyanova

and Frederick Lin Sutherland

Received: 12 July 2021

Accepted: 22 August 2021

Published: 25 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Institute of Geology, Karelian Research Centre of RAS, 185910 Petrozavodsk, Russia;
chazhengina@mail.ru (S.Y.C.); stepanov@krc.karelia.ru (A.V.S.); ssvetov@krc.karelia.ru (S.A.S.)
* Correspondence: enkotova@rambler.ru

Abstract: The present study provides the first detailed investigation of black agates occurring in
volcanic rocks of the Zaonega Formation within the Onega Basin (Karelian Craton, Fennoscandian
Shield). Three characteristic texture types of black agates were identified: monocentric concentrically
zoning agates, polycentric spherulitic agates, and moss agates. The silica matrix of black agates
is only composed of length-fast and zebraic chalcedony, micro- and macro-crystalline quartz, and
quartzine. In addition to silica minerals, calcite, chlorite, feldspar, sulphides, and carbonaceous
matter were also recognised. The black colour of agates is related to the presence of disseminated
carbonaceous matter (CM) with a bulk content of less than 1 wt.%. Raman spectroscopy revealed
that CM from black agates might be attributed to poorly ordered CM. The metamorphic temperature
for CM from moss and spherulitic agates was determined to be close to 330 ◦C, whereas CM from
concentrically zoning agates is characterised by a lower temperature, 264 ◦C. The potential source of
CM in moss and spherulitic agates is associated with the hydrothermal fluids enriched in CM incor-
porated from underlaying carbon-bearing shungite rocks. The concentrically zoning agates contained
heterogeneous CM originated both from the inter-pillow matrix and/or hydrothermal fluids.

Keywords: agate; Raman spectroscopy; X-ray powder diffraction; electron scanning microscopy;
Paleoproterozoic volcanics; carbonaceous matter

1. Introduction

Agate and chalcedony are varieties of silica that are mostly composed of minute
crystals of α-quartz. Chalcedony is band-free and characterised by uniform colouration,
whereas agate is defined as banded or patterned chalcedony [1]. Agates usually contain
significant amounts of other silica phases (opal, cristobalite, tridymite, quartzine, moganite,
macro-crystalline quartz) and paragenetic minerals (carbonates, clay minerals, zeolites,
iron compounds, etc.) [2]. These impurities may be responsible for the wide diversity in
colour and spectacular pattern of agates. White, bluish, and greyish colours of fine-banded
agates are mainly related with microstructural features of alternating bands, including
porosity and water content [3,4]. The most common agate shades are caused by Fe, Mn,
Co, Cr, and some other transition elements [5]. Inclusions of iron oxides/hydroxides are
responsible for red, brown, and yellow colours [3,6,7]. Different tints of green colour can
be related to chlorite, epidote, or mica inclusions dispersed within the silica matrix [7–9].
Black varieties of agate are rare and have been described from a few occurrences in India,
Brazil, South and Western Africa [10], and Bulgaria [3]. The black colouration of agate areas
can be caused by micro-inclusions of Fe-, Mn-, and Ti-oxides [3], as well as carbonaceous
material [10,11]. The origin of carbonaceous matter (CM) in agates is quite vague. For
instance, it is assumed that the origin of carbon-rich inclusions in Mali agates can be related
to both the hydrothermal formation of graphite from methane under elevated temperature
and graphitisation of organic precursors by secondary hydrothermal or metamorphic
overprint [10]. The investigation of the solid hydrocarbon (bitumen) substance in agates
from Nowy Kościół (Poland) revealed its algal or algal-humic origin [11].
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In the Paleoproterozoic (2100–1980 Ma) volcanic rocks within the Onega Basin (Kare-
lian Craton, Fennoscandian Shield, NW Russia) [12], agates are widely distributed and
characterised by a diversity of colours and textures. A previous study showed that the light-
coloured agates from these volcanic rocks have greenish, brownish-red colour, and fine or
coarse banded concentric zoning, with spotted or poor-fancy textures [13]. Black-coloured
agates locally occur in this area. Timofeev (1924) was the first to discover black-coloured
agates at the north-western coast of Lake Onega [14]. He called them “black agates” and
supposed that the black colour is related to the disseminated carbon originating from
shungite, typical for the Onega Basin [12].

The present study aims to examine the black agates from Paleoproterozoic pillow lavas
within the Onega Basin. To specify the origin of black colouration and the potential source
of carbonaceous matter in agates, we studied mineral and chemical compositions of agates
as well as characteristics of CM. The results of mineralogical, XRD, and Raman spectroscopy
investigations provided novel information on genesis of black-coloured agates from the
Paleoproterozoic volcanic rocks within the Onega Basin.

2. Geological Setting

The Onega Basin with an area of more than 35,000 km2 [15] is located in the south-
eastern part of the Archean Karelian Craton in the Fennoscandian Shield (Figure 1A). The
Karelian Craton is formed by granite-greenstone and tonalite-trondhjemite-granodiorite
complexes of the Meso-Neoarchean [12,16–18]. The Onega Basin has developed in the
Paleoproterozoic under the continental rifting regime [12].
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from the lower part of SF. The central parts of the pillows are gas-saturated, which is evi-
denced by numerous amygdales (0.3–1 cm) and large (0.3–0.6 m) gas vesicles filled by 
light-coloured and black agates [9]. 

Available geochronological data indicate that in most parts of the Onega basin, the 
LSH volcanic, intrusive, and sedimentary rocks, including shungites, were deformed and 
metamorphosed at ca. 1780–1750 Ma [35,36]. The ZF and SF successions in the studied 
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The earliest interval of hydrothermal alteration of the LSH in the ZF is associated 
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Figure 1. Location of sampling areas (A) and simplified geological map of the north-western part
of the Onega Basin, Karelian Craton (B). Legend: Neoproterozoic: 1—ca. 635–542 Ma sandstones,
siltstones, argillites, conglomerates. Paleoproterozoic: 2—ca. 1800–1650 Ma red quartzitic sand-
stones, quartzites, conglomerates; 3—ca. 1920–1800 Ma grey sandstones, siltstones, argillites, con-
glomerates; 4—quartzitic sandstones; 5—ca. 1975–1956 Ma gabbroids. Ludicovian Super-horizon,
ca. 2100–1920 Ma: 6—picrites, picritic basalts, tuffs, tuffites, tuff-conglomerates, gritstones (Suisari
Formation); 7—Corg-rich rocks (shungites), sandstones, siltstones, argillites, carbonates, basalts,
andesibasalts, tuffs, tuffites (Zaonega Formation); 8—light-coloured agate occurrences; 9—black
agate occurrences. (C) Simplified geological section of the studied area.
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The Paleoproterozoic volcano-sedimentary successions of the Onega Basin are subdi-
vided into six lithostratigraphic units: 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 (1.9–1.8 Ga), and Vepsian (1.8–1.7 Ga). The
lowermost Sumian Super-horizon unconformably overlies the Archean basement. The
Sariolian, Jatulian, Ludicovian, and Kalevian Super-horizons are separated from each
other by unconformities and paleo-weathered surfaces [12]. The age boundaries of the
formations are determined by the regional chronostratigraphic scheme [18].

Among the Paleoproterozoic volcanic-sedimentary formations of the Onega Basin,
two large igneous provinces of plateau-basalts are distinguished: Yatulian dolerite-basaltic
(2300–2100 Ma) [15,19] and Ludicovian picrite-basaltic (2050–1970 Ma) [12,20,21]. The
agate mineralisation studied in the present work is associated with the Ludicovian volcanic
rocks. The Ludicovian Super-horizon (LSH) within the Onega Basin comprises terrigenous,
siliceous, carbonate rocks with high organic carbon content, as well as mafic and ultramafic
volcanic complexes (Figure 1B). The LSH includes two formations (Figure 1C): the lower
Zaonega Formation (ZF) and the upper Suisari Formation (SF) [22].

Zaonega Formation has a total thickness of 1100–1800 m. The base of the sequence
(100–200 m) comprises alternating sandstones, siltstones, and mudstones, containing up to
3% organic carbon, and carbonates. Interbedded volcanic and sedimentary rocks prevail
in the middle and upper parts of the sequence (800–900 m). Sediments are represented
by carbonates and siltstones and contain 20 to 80 wt.% organic carbon [23–28], and were
named “shungite rocks” after Inostrantsev [29]. Volcanic rocks include plagio-phyric
massive and pillow andesibasalts with a thickness of lava flow ca. 8–35 m, tuffs, and
tuffites. The ZF has been dated at 2100–1980 Ma [18,30,31].

Suisari Formation: The sequence has a total thickness of 300–1000 m and is repre-
sented by picrite-picrobasaltic massive and pillow lavas interbedded with tuff and tuffite
material [12,21]. It is separated from the ZF by a horizon of tuff conglomerates, polymictic
conglomerates, and gritstones, overlying the ZF with insignificant angular unconformity.
The SF has been dated at 1980–1920 Ma [12,15,21].

The intrusive units of ZF and SF comprise dykes and gabbro-dolerite sills. For example,
the age of quartz dolerites from the eastern Zaonezhsky Peninsula (Lebeshchina area) is
1956 ± 5 Ma [30], Konchozero gabbro-dolerite sill is 1975 ± 24 Ma [15], and Paza-Kochkoma
gabbro-dolerite sill is 1961.6 ± 5.1 Ma [31].

Pillow lavas formed in shallow underwater environments dominate among the ZF and
SF of LSH volcanic rocks. The pillows that range in size from 0.5 to 4 m are differentiated
and have thin (<1 cm) chill zones, a fine-grained marginal part, and a medium-grained
core. The composition of pillow lavas ranges from basaltic andesite in ZF to picrobasalts
in SF. Variolitic structure in the pillows was recognised in the lower part of the SF and is
absent in ZF [32–34]. The inter-pillow matrix is represented by lava breccia, tuff, tuffites,
or sandstones, sometimes with an admixture of CM. The occurrence of CM is typical for
pillow lavas from the upper part of ZF and rarely recorded in the pillow lavas from the
lower part of SF. The central parts of the pillows are gas-saturated, which is evidenced by
numerous amygdales (0.3–1 cm) and large (0.3–0.6 m) gas vesicles filled by light-coloured
and black agates [9].

Available geochronological data indicate that in most parts of the Onega basin, the
LSH volcanic, intrusive, and sedimentary rocks, including shungites, were deformed
and metamorphosed at ca. 1780–1750 Ma [35,36]. The ZF and SF successions in the
studied area experienced prehnite-pumpellyite facies metamorphism under T: 290–320 ◦C,
P: 1–3 kbar [36].

The earliest interval of hydrothermal alteration of the LSH in the ZF is associated with
the injection of gabbro-dolerite sills of age 1970–1950 Ma. The sills are triggered hydrother-
mal fluid flow, redistribution of carbonaceous material, and epigenetic sulphide miner-
alisation [37]. The Rb-Sr isotope study of altered rocks in the Onega Basin [38] revealed
several subsequent peaks of hydrothermal activity at 1780–1700, 1600, and 1500 Ma. The
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1780–1700 Ma events were assumed to be related to doleritic sills of an age 1770 ± 12 Ma
(U-Pb, zircon [39]) or late Svecofennian orogenic events [38].

3. Agate Occurrence

Agates from pillow lavas along with the inter-pillow matrix were collected from the
coastal outcrops of the Petrozavodsk and Kondopoga bay of Lake Onega at the following
occurrences: Suisari Island, Glubokii Navolok, and Solomennoe (Figure 1B). Three repre-
sentative black agate samples with the size varying from 3 to 10 cm with various textures
were selected for investigation. Additionally, three samples of inter-pillow matrix from
basaltic pillow lavas of Solomennoe occurrences were sampled for comparison.

(1) Suisari Island. In the north-eastern part of the Suisari Island (Keltnavolok cape)
(Figure 1B), the ZF plagio-phyric pillow lava flows with a thickness of 25 m are
exposed. The pillows are slightly deformed and have chill zones up to 1 cm, fine-
grained marginal zones, and a coarse-grained core, and their diameter ranges from
0.5 to 4–5 m. The central and upper parts of the pillows contain gas cavities filled
by chalcedony and calcite, sometimes with carbonaceous material. The agates have
a black colour. Along with black agates, light-coloured quartz-carbonate-chlorite
varieties of agates are widely distributed in the outcrops [9,13]. The inter-pillow
matrix is composed of chloritized lava breccia and tuff material. There are numerous
cavities in the inter-pillow matrix filled by chalcedony, calcite, and carbonaceous
material that form agates with a size up to 70 cm.

(2) Glubokii Navolok cape. The coastal outcrops of Kondopoga bay from Suisari village
to Glubokii Navolok (Figure 1B) are formed by the volcano-sedimentary succession
that belongs to the lower part of the SF and upper part of the ZF. In this area, the LSH
section comprises massive and pillow picrobasalts (SF), plagioclase-pyroxene, and
pyroxene-phyric basalts interbedded with lava breccias, agglomerate, and pyroclastic
tuffs (ZF). The thickness of lava flows ranges from 5 to 16 m. The agate minerali-
sation is mainly associated with pillow lava flows and pyroclastic tuffs matrix (ZF,
Figure 2A–C). The rounded, elongated pillow-shave chill zones range up to 1 cm and
have well-developed sagging tails. The diameter of pillows varies from 0.5 to 3 m.
Agates fill cavities in the inter-pillow space, fissures, and gas vesicles in pillow lavas,
and are also observed in pyroclastic tuffs. The size of agates ranges from 3 to 25 cm.
They are composed of quartz-carbonate material with organic carbon impurities.

(3) Solomennoe. The coastal outcrops near Solomennoe village (Figure 1B) are repre-
sented by massive and pillow lavas of plagioclase-phyric basalts (upper parts of ZF).
Some pillows have flow banding—pahoehoe. Massive and pillow lavas are often
interbedded with lenses of basaltic carbon-rich tuffs and tuffites [15] (Figure 2D,E) that
are 20–40 cm in thickness and up to 12 m along the strike. The interbeds are black in
colour and often bordered by pillows by thin films. A series of thin picrobasaltic dykes
cut the lava flows and overlay sedimentary succession. The hydrothermal alteration
is widespread in the pillow lavas at the boundary with dykes, and large carbonate
nests (up to 1 m in size) are noted. The agates in this area are rare and were identified
exclusively in the cores of large pillows and are represented by light-coloured varieties.
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Figure 2. Field outcrop photographs illustrating black agates’ location in the Paleoproterozoic
volcanics within Onega Basin LSH (ZF). (A) Agates in gas vesicles and inter-pillow lava space
(Glubokii Navolok), (B) agates in the inter-pillow lava space (Glubokii Navolok), (C) banded agates
in the inter-pillow lava space (covered by water) (Glubokii Navolok), and (D,E) interbeds of carbon-
rich rock (“shungite”) in the inter-pillow lava space (Solomennoe). Yellow arrows point to the black
agates, and red arrows to carbon-rich rock.
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4. Methods

The black agates and inter-pillow matrix were studied using optical and scanning
electron microscopy (SEM), electron microprobe analysis, X-ray powder diffraction, X-
ray fluorescence spectrometry, thermal analysis, and Raman spectroscopy. Analytical
investigations of the agates were carried out at the Institute of Geology, Karelian Research
Centre, RAS (IG KRC RAS, Petrozavodsk, Russia).

Standard petrographic analyses were carried out using a Polam-211 optical microscope.
Scanning electron microscopy (SEM) and energy-dispersive X-ray spectrometry (EDS)

investigations were applied to study the micromorphological features and chemical com-
position of individual agate zones. The experiments were performed using a VEGA II
LSH (Tescan, Brno, Czech Republic) scanning electron microscope with an INCA Energy
350 energy-dispersive detector (Oxford Instruments, Oxford, UK) at the following parame-
ters: W cathode, 20 kV accelerating voltage, 20 mA beam current, 2 µm beam diameter, and
counting time of 90 s. Agate chips were coated by a carbon layer. Polished thin sections of
agates were coated with a thin beryllium layer for quantity analysis of carbon content. The
following standards were used: calcite, albite, MgO, Al2O3, SiO2, FeS2, wollastonite, Fe,
Zn, InAs, and C (graphite). SEM-EDS quantitative data and determination of the analysis
accuracy were acquired and processed using the Microanalysis Suite Issue 12, INCA Suite
version 4.01. Standard deviation (SD) for Si: 0.5–0.7%, and for C: 1.0–1.1%. The average
composition of the black and white agate zones was determined by the EDS microanalysis.

Powder XRD analysis was carried out using a Thermo Scientific ARL X’TRA (Thermo
Fisher Scientific, Ecublens, Switzerland) diffractometer (CuKα-radiation (λ = 0.1790210 nm),
voltage 40 kV, current 30 mA). All samples were scanned for review in the 2–80◦ 2θ range
at a scanning step of 0.6◦ 2θ/min. Diffractograms in the 66–69◦ 2θ range were recorded at
a scanning step of 0.2◦ 2θ/min for more precise measurements of parameters of diffrac-
tion reflections. X-ray phase and structural analyses were carried out using the program
pack Win XRD, ICCD (DDWiew2008). Agate samples were hand-ground to obtain grain
sizes < 50 µm. The detection limit for XRD phase identification was 3%.

The chemical composition of the agate samples was determined by X-ray fluorescence
(XRF) using an ARL ADVANT’X-2331 (Thermo Fisher Scientific, Ecublens, Switzerland)
wavelength-dispersive spectrometer with a rhodium tube, working voltage of 60 kV,
working current of 50 mA, and resolution of 0.01◦. Preliminarily, 2 g of each powdered
sample were heated in ceramic crucibles at 1000 ◦C in a muffle furnace for 30 minutes. The
loss of ignition was determined by a change in the mass of the sample after heating. For
XRF measurements, 1 g of heated sample was mixed with Li-tetraborate flux and heated in
an Au-Pt crucible to 1100 ◦C to form a fused bead.

Thermal properties of the agates were examined on a NETZSCH STA 449 F1 Jupiter
(Selb, Germany) equipment. The powdered samples were placed into a platinum-rhodium
crucible in the amount of 10 mg. The analysis was performed over the temperature range
of 20–1200 ◦C in the air atmosphere at a rate of 10 ◦C/min.

Raman spectroscopy was used to investigate the structural characteristics of the car-
bonaceous matter recorded in agates. Raman spectroscopy analysis was carried out using
a dispersive Nicolet Almega XR Raman spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) with a green laser (532 nm, Nd-YAG) (Thermo Fisher Scientific, Waltham,
MA, USA). The spectra were collected at 2 cm−1 spectral resolution. The spectrometer
was calibrated before each analytical session by ‘zero-point’ centring and by analysing a
Si-standard with a characteristic Si Raman band at 520.4 cm−1. A confocal microscope
with a 50× objective was used to focus an excitation laser beam on the sample and to
collect a Raman signal from a 2 µm diameter area. Raman spectra were acquired in the
85–4000 cm−1 spectral region, with the exposition time between 30 and 100 s for each scan,
depending on the signal intensity, and laser power of 2–10 mW to prevent any sample
degradation. A total of 75 Raman spectra were acquired from polished cross-sections and
thin sections.
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A Raman spectrum of CM is composed of two intensive G and D1 bands in the
first-order region (1100–1800 cm−1). The graphite band G (~1580 cm−1) corresponds to
the in-plane vibration of aromatic carbons in the graphitic structure [40]. The bands D1
(~1350 cm−1) and D2 (~1620 cm−1) appear in disordered CM, and they are assigned to
defects in the graphitic structure [40–42]. In poorly ordered CM, at least two additional
peaks, D3 (~1500 cm−1) and D4 (~1260 cm−1), can be decomposed in the first-order region
of the CM Raman spectrum. Broad D3 band results from out-of-plane defects, related
to tetrahedrally coordinated carbons, dangling bonds, and heteroatoms, occur in natural
CM [40,41]. In poorly ordered CM, the D4 band appears like a shoulder of the D1 band
(~1190–1250 cm−1). It has been tentatively attributed to sp2–sp3 bonds or C–C and C=C
stretching vibration of polyene-like structures [43,44].

The most intensive bands in the second-order region of CM Raman spectra are located
at ~2700 and ~2900 cm−1. The former is attributed to overtone scattering of the D1 band
and is absent in poorly ordered CM, while in pure crystalline graphite, it occurs as a
doublet of two partially overlapping peaks [41]. The later is attributed to the combina-
tion modes (G + D) and appears only in poorly ordered CM or is due to the presence of
C–H; bonds [40–42].

For peak decomposition, we used the band protocol described by Kouketsu et al. [45].
Raman spectral data, such as peak position, band area (i.e., integrated area), and band
width (i.e., full-width at half maximum (FWHM)), were determined using OMNIC for
Dispersive Raman software v.8.2. (v.8.2., Thermo Fisher Scientific, Waltham, MA, USA)
with a Gaussian/Lorentzian function. Mean values, estimated for each sample from several
spot analyses, and standard deviation, which may characterize the heterogeneity of the car-
bonaceous matter of a sample, were calculated for each parameter of the Raman spectrum.

5. Results

The agates from ZF with a black and white pattern mostly occur in the inter-pillow lava
space as veinlets and prominent nodules. They were also rarely observed within the tuffs
matrix. The agates exhibit alternating white and black non-transparent zones, significantly
varying in amount and size (Figure 3A–G). The black colour of local agate areas (as shown
below) is related to the presence of disseminated CM in the silica matrix. In some cases,
agates contain cavities encrusted by quartz druses or sinter chalcedony (Figure 3A). Three
texture types of black agates from ZF were identified, including monocentric concentrically
zoning agates, polycentric spherulitic agates, and moss agates.
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Figure 3. Photographs of Onega black agates in the Paleoproterozoic volcanics within the Onega
Basin LSH (ZF). (A) Concentrically zoned agate with central cavity covered by sinter chalcedony
(Glubokii Navolok), (B) uniform opaque agate with quartzine spherulites zone and large calcite
inclusions (Suisari Island), (C) concentrically zoning agate with black ellipsoid (Suisari Island),
(D) enlarged fragments of spherulitic zone from (B), (E) black and white spherulite agate (Glubokii
Navolok), (F) concentrically zoned agate (Glubokii Navolok), (G) moss agate composed by colourless
chalcedony with black-rounded segregations of carbonaceous matter (Suisari Island). S. Cha—sinter
chalcedony, Cal—calcite. The areas of optical microscopy analysis are marked with orange squares,
explanations in Figure 4.
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Figure 4. Microphotographs of black Onega agates with disseminated carbonaceous matter (CM):
(A–C) fragment of the black concentric ellipsoid (from selected area 1, Figure 3C) with alternating
zones of length-fast chalcedony, micro- and macro-crystalline quartz in concentrically zoning agate.
(D) Enlarged fragment (from selected area of (B)) with fine concentric bands of chalcedony, between
which CM is disseminated. (E,F) Fragment of the black concentric ellipsoid (from selected area
2, Figure 3C) with black jagged band containing carbonaceous pigment developed at the edges of
euhedral prismatic quartz crystals (Figure 3C, area 2). (G,H) Spherolites of radial fibrous quartzine
in microcrystalline quartz matrix with zebraic chalcedony zones (Figure 3E). (A,G) Polarised light,
crossed nicols, compensator plate. (C,E) Polarised light, crossed nicols. (B,D,F,H) Plane polarised
light. (B,D,F,H) Photos show that the macroscopic black colour is caused by an accumulation of
CM in the local agate zones. Abbreviations: Cha(−): length-fast chalcedony; zCha(−): zebraic
chalcedony; Qzn(+): length-slow chalcedony (quartzine); Qz: macrocrystalline quartz; µQtz: micro-
crystalline quartz.
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5.1. Macro- and Micro-Scopic Characteristics

Concentrically zoning agates (CZ), recognised as nodules, exhibit alternating black
and white bands (Figure 3C,F). Black bands are usually localised parallel to the outer shell
of an agate nodule close to the contact with the host rock. The thickness of black bands
ranges from 0.3 mm to 1 cm. Additionally, black ellipsoids with a size of up to 2 cm were
recognised in the inner white part of CZ agates. The petrographic study revealed that the
silica matrix of CZ agates is comprised of alternating layers of length-fast chalcedony (with
the c-axis situated perpendicular to the fibres), and micro- and macro-crystalline quartz
(Figure 4A–C). The thick black bands in the outer part of agates and black ellipsoid inside
nodules (Figure 3C) under low magnifications appear to be uniform and completely formed
by CM, whereas under high magnification, it shows that they consist of numerous fine
concentric bands of microcrystalline quartz and chalcedony, between which carbonaceous
matter is disseminated (Figure 4B,D). CM in CZ agates are mostly concentrated in zones
of fine-grained quartz and chalcedony. The black jagged bands containing carbonaceous
pigment with a thickness up to 0.3 mm occur both in the margins and central parts of the
nodules around the ellipsoid (Figure 3C). The optical microscopic study revealed that these
bands repeat the morphology of the boundary of the macrocrystalline quartz zone and
mark the termination of individual zone crystallisation in banded agate (Figure 4E,F).

Spherulitic agates (SP) occur in the inter-pillow space as nodules. They are represented
by black, grey, and white spheroliths with a size of up to 3 mm embedded in a silica matrix
(Figure 3D,E), and some of them are coalescent. SP agates contain un-zoned and concentri-
cally zoning spherulites (Figures 3B,D,E and 4G,H). Un-zoned spherulites are composed
only of radial fibrous quartzine (length-slow chalcedony with the c-axis situated parallel to
the fibres), whereas zoned spherulites comprise a microcrystalline quartz core rounded
by a concentric layer of fibrous quartzine (Figure 4G). CM is concentrated within the
quartzine fibres and, to a lesser extent, between microcrystalline quartz grains (Figure 4H).
Silica matrix-contained spheroliths are represented by microcrystalline quartz and zebraic
chalcedony (length-fast with a helical twisting of fibres along the c-axis) (Figure 4G).

Moss agates (MS) are the rarest variety of black agates recognised in ZF. They occur as
veinlets in the inter-pillow space. MS agates are composed of transparent colourless chal-
cedony with numerous black rounded segregations with a size of about 1 mm (Figure 3G).
The microscopical study under high magnification in plane polarised light revealed that
the black segregations do not have clear contours (Figure 5A,B). The microstructure of the
MS agates is presented by microcrystalline quartz (Figure 5C). CM in black segregations is
accumulated predominantly between quartz grains (Figure 5D). The micrographs in trans-
mitted light (crossed nicols) of the black segregation area (Figure 5C) of the MS agate show
that concentrating of CM is associated with the zones containing finer chalcedony grains.

Inter-pillow matrix is represented by agglomerate tuffs and tuffites of basaltic compo-
sition interbedded by the thin layers composed of quartz, calcite, and CM. The inter-pillow
matrix has strongly heterogeneous composition within the lava flows. According to the
microscopic observation and XRD and Raman analyses, it comprises augite, plagioclase,
chlorite, prehnite, calcite, quartz, and CM.
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Figure 5. Microphotographs of moss agates (Figure 3G): accumulations of disseminated carbonaceous
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rounded segregation (as indicated in (A)) in transmitted light (B), and the same fragment between
crossed nicols (C). (D) Enlarged fragment of selected area from (B), red dotted lines and arrows
shows CM distribution between chalcedony grains.

5.2. Mineral Composition

The phase composition of black agates was studied by the X-ray powder diffrac-
tion method. White and black parts of CZ agate, as well as bulk samples of MS and SP
agates, were examined separately. Only reflections conforming to α-quartz have been
identified on the diffraction patterns (Supplementary Figure S1). No other silica phases
(opal, cristobalite, tridymite, and moganite) were found. Raman spectroscopy analysis
is in accordance with the X-ray diffraction data showing that agates of all types are com-
posed of α-quartz identified by the characteristic bands at 465, 358, 210, and 130 cm−1

(Supplementary Figure S2).
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All obtained diffraction patterns are characterised by well-developed reflections, (212),
(203), (301), corresponding to macrocrystalline quartz. The quartz crystallinity index
(CI) of agate is calculated from the peak resolution in the (212) reflection at 2θ ≈ 67.74◦,
as CI = 10Fa/b, following the method in [46] (Figure 6). A colourless quartz crystal
from hydrothermal metamorphogenic veins of the Subpolar Urals (Russia) [47] served
as a reference standard, with CI = 10. Quartz from the white agate area (CZw) displays
higher CI values (10.3) as compared to quartz from the black agate area (CZb) (CI = 9.9),
SP (CI = 9.5), and MS (CI = 9.9). No graphite phase or traces of CM were observed on
diffractograms (Supplementary Figure S1).
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Figure 6. Fragments of X-ray diffractograms of the spherulitic agate, moss agate, black and white
agate of concentrically zoning agate, and quartz crystal (Ref. std., Subpolar Urals), with the 2θ 68◦

quintuplet peak. a and b parameters are measured for Crystallinity Index (CI) calculation.

Scanning electron microscopical and microprobe investigations of agates revealed
various mineral micro-inclusions, both in the black and white areas of all agate types.
The most frequent inclusions were established as calcite in the form of macro- and micro-
inclusions (Figure 7A,B). Micro-inclusions of K-feldspar and chlorite are also characteristic
of all types of agates (Figure 7C). Pyrite, sphalerite, and arsenopyrite were recognised in
black and white agate areas (Figure 7D–F). Iron oxides/hydroxides inclusions, typical of
light-coloured varieties of agates of LSH [9,13], are rare in black agates.
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Figure 7. BSE images of micro-inclusions in black Onega agates: (A) calcite inclusion in the white area
of the concentrically zoning agate, (B) calcite (Cal) inclusions in the black marginal area of quartzine
spherolithe in spherulitic agate, (C) microcline (MC) and chlorite (Chl) in the white area of spherulitic
agates, (D) prysmatic pyrite (Py) crystals in the colourless area of moss agate, (E) sphalerite (Sp)
crystal in moss agate, and (F) quartz (Qtz) fissure filled by calcite, and accumulations of arsenopyrite
(Apy) crystals in spherulitic agate.

Thermal analysis was applied to determine carbon content in white and black ar-
eas of CZ agate, as well as in bulk samples of MS and SP agates and the inter-pillow
matrix. As a result of high-resolution thermogravimetric analysis and differential ther-
mal analysis, several curves (TG, DTG, DSC, and dDSC) were obtained for each sample
(Supplementary Figure S3). On DSC curves of all agate samples, a strong endothermic
effect with a maximum at 569 ◦C was observed. This “quartz peak” is attributed to quartz
α−β polymorph transition. On DSC curves of CZ, MS, and SP agates, and inter-pillow
matrix samples in the temperature range of 500–670 ◦C, thermal effect attributed to carbon
matter combustion [48,49] was detected. The loss in mass resulting from carbon matter
combustion is 0.36% for MS agate, 0.18% for SP agate, and 0.69% for black and 0.05%
for white areas of CZ agate (Table 1). The maximum carbon content of 1.87 wt.% was
determined for the inter-pillow matrix.

Table 1. TG and DSC results for the black agates from the ZF of the Onega Basin.

Sample Reaction Temperature Range, ◦C Mass Loss, %

CZw Quartz transition 568.3 -
Carbonaceous matter combustion 500–611 0.05

CZb Quartz transition 568.9 -
Carbonaceous matter combustion 474–669 0.69

MS Quartz transition 569.2 -
Carbonaceous matter combustion 534–652 0.36

SP Quartz transition 568.9 -
Carbonaceous matter combustion 580–672 0.18

IPM Sulphide decomposition 460 0.63
Carbonaceous matter combustion 527 1.87

Calcite decomposition 746 11.77
Note: The measurements were performed using high-resolution thermal analysis. Samples: white (CZw) and
black (CZb) agate areas of concentrically zoning agate, MS: moss agate, SP: spherulitic agate, IPM: inter-pillow
matrix with carbonaceous material.
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5.3. Chemical Characterisation

X-ray fluorescence spectrometry was used to provide information about the chemical
composition of the black and white agate areas of CZ agate, as well as bulk samples of MS
and SP agates (Supplementary Table S1). The studied samples are mainly composed of
SiO2 (97.8–98.7 wt.%) and have close contents of other oxides: Al2O3 (0.2–0.5%), FeOtot
(0–0.7%), CaO (0.5–0.7 wt.%), K2O (0–0.1 wt.%), MgO (0.2–1.2), and TiO2 (0.03–0.04 wt.%).
The difference in value of losses on ignition (LOI) is established. The dark samples (black
agate area of CZ agate and MS agate) exhibited a higher LOI (0.41 and 0.75 wt.%) than the
white areas of CZ agate (0.27 wt.%). The lowest value of LOI (0.06%) was determined in
SP agate.

The concentrations of the C, Si, and O in the local parts of the black and white (or
colourless) areas in CZ, MS, and SP agates revealed differences in the carbon content of
the black and white agate areas for all samples (Supplementary Table S2). The carbon
content in the MS agate ranges from 10 to 19 wt.% in black to 5–9 wt.% in colourless areas,
respectively. The CZ and SP samples are characterised by similar values of carbon content
in black (6–12 wt.%, 7–13 wt.%) and white (2–6 wt.%, 4–7 wt.%) agate areas.

5.4. Characteristics of Carbonaceous Matter

The Raman spectra for carbonaceous material from all agate samples and the inter-
pillow matrix are consistent with poorly ordered CM [40,41,50–52], because the first-order
region of the Raman spectra shows two well-resolved bands: D1 at about 1350 cm−1

and G band at about 1600 cm−1 (Figure 8). It is noteworthy that the Raman spectra
of CM in studied agates always contained the bands of admixture phases, commonly
quartz and calcite. The results of spectrum decomposition for CM from agate samples
showed the occurrence of two additional disorder-related bands, D3 (~1500 cm−1) and
D4 (~1260 cm−1) (Supplementary Table S3). The low-intensity D2 band, which appeared
in relatively ordered carbonaceous material [40,41,50–52], was established only in a few
Raman spectra of CM from moss agates. In the second-order region, CM from all agate
samples is mainly characterised by weak bands located at 2900 and 3200 cm−1.
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However, in spite of the general similarity of CM Raman spectra, there are significant
differences in Raman spectroscopic characteristics of CM from various agate types.

CM from CZ agates is characterised by parameter R1 (intensity-based ratio ID/IG) =
0.78 ± 0.06 and the high value of the FWHM-D1 = 99 ± 7 cm−1. CMs from CZ agates have
the significant scattering of both parameters R1 and FWMH-D1, which corresponds to the
high degree of CM heterogeneity. Additionally, the decomposition of Raman spectra of CM
from CZ agates shows that the D2 band is absent and the D3 and D4 bands have relatively
high intensities; moreover, the latter might appear as a well-pronounced shoulder of the
D1 band (Figure 8).

The Raman spectrum of CM from moss (MS) agate is characterised by a higher value
of R1 = 0.93 ± 0.05 than the CM from CZ agates. However, the CM from moss agate
has a significantly lower FWHM-D1 = 67 ± 0.5, varying in the narrow limits from 66 to
69 cm−1. Unlike the CM from CZ agates, the scattering of the FWHM-D1 parameter for
CM from moss agate is low, suggesting its low heterogeneity. The intensities of the D3 and
D4 bands in the Raman spectra of CM from moss agates are lower than that of CZ agates
(Supplementary Table S3). The D2 band has low intensity or is absent.

CMs from spherulitic (SP) agates are characterised by the higher value of R1 = 1.13 ± 0.5
compared to CZ and MS agates, and a value of FWMH-D1 = 70 ± 4 cm−1, close to MS
agates. The degree of scattering of R1 and FWMH-D1 parameters is intermediate between
CM from CZ and MS agates. Additionally, the intensities of D3 and D4 bands in the Raman
spectra of CM from SP agates have intermediate values between high in CZ agates and
low in MS agates. The D2 band is absent similar to the CM from CZ agates.

CM from the inter-pillow matrix is characterised by R1 = 0.90 ± 0.05 and a high
value of the FWHM-D1 = 83 ± 4 cm−1. Similar to the CM from CZ agates, CM from the
inter-pillow matrix have significant scattering of FWMH-D1, which might correspond to
the high degree of CM heterogeneity. Additionally, similar to the CZ agates, the D2 band is
absent and the D3 and D4 bands have relatively high intensities; moreover, the latter might
appear as a well-pronounced shoulder of the D1 band (Figure 8) (Supplementary Table S3).

6. Discussion
6.1. Agate Varieties in the Onega Basin

Agates are widely distributed in the LSH within the Onega Basin and are mostly asso-
ciated with the pillow lavas, and to a lesser extent with the massive lavas and pyroclastic
tuffs. The previous study of agates [9] revealed that (Figure 1B) only light-coloured agates
without carbonaceous material occurred in the lower part of SF (Yalguba Ridge, Pinguba,
and Tulguba occurrences), whereas the black agates were not recorded. The light-coloured
agates have greenish and brownish-red colours associated with the accessory minerals
such as chlorite, phengite, epidote, and iron oxide/hydroxide. The light-coloured agate
varieties occur in the inter-pillow lava space as lenses, veinlets, prominent nodules, as well
as are gas vesicles’ infill. They have fine- or coarse-banded concentric zoning and spotted
or poor-fancy textures. Additionally, only a few light-coloured agates have been recorded
in the upper part of ZF [9]. Their textural and mineralogical characteristics are similar to
that of light-coloured agates from SF (Table 2).
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Table 2. Summary of morphology, textures, and mineral composition of black- and light-coloured agates from Paleoproterozoic volcanics, Onega Basin.

Agate Type Occurrences
(Formations) Colour Morphology Silica Phases Mineral Association

Raman Characteristics of Carbonaceous Matter
(Average Value, Standard Deviation, Minimum

and Maximum Values)

R1 FWMH-D1, cm−1 T, ◦C TT

Black agates

Concentrically zoning
(CZ)

Suisari Island
(ZF) Black and white nodule

micro- and
macrocrystalline quartz,
length-fast chalcedony

calcite, carbonaceous
matter, chlorite,

hematite, sphalerite

0.78 ± 0.06
(0.62–0.94)

99 ± 7
(76–112)

264 ± 16
(230–314)

Spherulitic (SP) Glubokii Navolok
(ZF) Black and white nodule

microcrystalline quartz,
zebraic chalcedony,

quartzine

calcite, carbonaceous
matter, chlorite,

arsenopyrite,
sphalerite

1.13 ± 0.05
(1.00–1.30)

70 ± 4
(62–81)

328 ± 8
(345–304)

Moss agate (MS) Suisari
(ZF)

Colourless with
black segregations veinlet microcrystalline quartz calcite, carbonaceous

matter, pyrite
0.93 ± 0.05
(0.89–1.04)

67 ± 0.5
(66–69)

333 ± 1
(329–336)

Typical varieties of light-coloured agates [9]

Concentrically zoning Pinguba
(SF) Brownish red amygdule

micro- and
macrocrystalline quartz,
length-fast chalcedony

chlorite, epidote,
calcite, hematite,
goethite, pyrite

- -

Concentrically zoning Suisari Island
(ZF) Greenish nodule

micro- and
macrocrystalline quartz,
length-fast chalcedony

chlorite, epidote,
calcite, K-feldspar,
titanite, hematite

- -



Minerals 2021, 11, 918 17 of 24

Black agates have been recognised in the upper part of ZF within the Onega Basin.
They commonly occur in the inter-pillow lava space as veinlets and nodules. Agates exhibit
alternating white and absolutely black opaque zones, significantly varying in number
and size. Three main morphological types were distinguished in black agates from ZF,
including monocentric concentrically zoning, polycentric spherulitic, and moss agates.

Similar to light-coloured agates of the SF [9], the black agates of the ZF are mainly
composed of micro- and macro-crystalline quartz, fibrous chalcedony, and quartzine. The
absence of other silica phases (opal, cristobalite, tridymite, and moganite) is typical for
agates, which are hosted by either relatively old volcanic rocks or rocks that have been
subjected to paleo-heating. Such silica phases are metastable and thus tend to transform
into water-poor α-quartz [53]. For instance, Raman spectroscopy investigation of agate and
chalcedony from younger igneous host rocks of age 13–1100 Ma showed the presence of
moganite in all the examined samples [54,55]. No moganite was identified in agates from
host rocks that have been subjected to post-deposition paleo-heating. The quartz structure
parameters of studied black agates according to the X-ray diffraction data (well-developed
reflections of (212), (203), and (301), high crystallinity index CI (9.5–10.3), and absence
of moganite) suggest multi-stage silica minerals’ recrystallisation due to a metamorphic
(thermal) effect [55].

Optical, SEM-EDS, and Raman spectroscopy analyses revealed that the black colour of
the studied agates is associated with the presence of carbonaceous matter disseminated in a
silica matrix. Thermal analysis indicates a low average concentration of CM in black agates,
with a maximum of 0.69 wt.% in the black zones of concentrically zoning agate. SEM-EDS
analysis indicated that the concentration of carbon in the black areas in all studied agate
samples is twice as high as in light areas. Despite low carbon content (up to 18 wt.%), the
dispersed CM provides the deep black colour to some agate areas.

The microscopic observations show that in the CZ agates, CM is mostly concen-
trated in zones of fine-grained quartz, length-fast chalcedony, and length-slow quartzine,
whereas CM produces only rims on the edges of macrocrystalline quartz (Figure 4A,B,D–F).
The accumulation of CM at the boundary of quartz crystals may be the result of a “self-
purification” mechanism, which has been previously proposed to explain the accumulation
of Fe oxides at the boundary between particular chalcedonic spherules [56]. The CM
was rejected from the silica during crystallisation, moved with the crystallisation front,
and concentrated CM. CM from SP agates is associated mostly with quartzine, whereas
the microcrystalline quartz zones are depleted in CM. Similar selective colourification
of quartzine layers in Mongoly agates with Fe oxides and hydroxides were reported by
Godovikov et al. [3]. It has been shown that concentrating of Fe-inclusions in agate samples
are only observed to quartzine layers, whereas in chalcedony layers, Fe-inclusions are
absent. Presence of quartzine in agates may point to a deposition in sulphate-rich solutions
or evaporitic conditions [57]. However, up to now, the specific physiochemical conditions
of agates’ formation leading to the formation of quartzine are still poorly understood. In
case of moss agates, where only microcrystalline quartz was identified among the silica
phases, CM is associated with the quartz grains of smaller size (Figure 5C).

Compared to light-coloured varieties of agates from the ZF and SF, the black agates of
the ZF contain lower amounts of micro-inclusions, e.g., chlorite and iron oxides/hydroxides
(Table 2), responsible for an additional colour tinge of agates. The black colour of agates is
associated only with the disseminated CM in the silica matrix.
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6.2. Origin of CM in Agates

Carbon-bearing agates are rare, and the information on CM composition and origin
is scarce in the literature. Apart from calcite, carbon can be presented by organic com-
pounds or carbonaceous matter occurring as fluid or solid inclusions in agates. Various
hydrocarbon gases (CH4, C2H4, C2H6, C3H6, C3H8) were recorded in fluid inclusions in
agates from the epithermal deposits from the Russian Polar Urals [58], that originated from
the oil and gas under-layered sedimentary rocks. Solid hydrocarbon (bitumen) inclusions
mostly consisting of asphaltenes have been reported for agates from acidic volcanic rocks
(Lower Silesia, Poland) [11]. The stable carbon isotope analysis revealed that the bitumi-
nous CM had algal or algal-humic origin. For these rocks, the amorphous carbonaceous
matter, probably with low content of hydrocarbons, was also recorded in veinlet and moss
agates [59]. The carbonaceous matter with various degrees of structural ordering was
recognised in agates from Triassic basalts (Meknés-Tafilalet, Asni and Agouim Regions,
Morocco) [6,7] and onyx agates from Mali [10]. The CM from Mali agates was attributed to
low-crystalline graphite, which might originate from hydrothermal formation of graphite
from methane under elevated temperatures or graphitisation of organic precursors by
secondary hydrothermal or metamorphic overprint [10].

Raman spectroscopy analysis shows that CM recorded in all types of black agates
from ZF correspond to poorly ordered CM [40,41,50–52], however, the structural ordering
is different in various agate types.

The relatively ordered CM was recorded in spherulitic and moss agates, which
might be attributed to the medium grade CM according to the classification proposed
by Kouketsu et al. [45]. It is characterised by high values of R1 close to 1 (R1 = 0.93–1.13),
together with low FWHM-D1 = 67–70 cm−1 and low intensive disorder-related bands D3
and D4. The Raman spectroscopic features of CM from CZ agates and inter-pillow matrix,
namely the low value of R1 = 0.78 accompanied with high FWHM-D1 = 90 cm−1, and
the presence of the intensive disorder-related bands D3 and D4, indicated the relatively
low degree of ordering. Raman spectra of CM from CZ agates are constituent to the
low-grade CM [45].

The empirical thermometers based on Raman spectroscopic features of CM are widely
used to determine the metamorphic temperatures of CM [42,52,60–64]. They are based on
the principle that the structural ordering of CM is an irreversible process, so the degree of
graphitisation is an indicator of maximum temperature of metamorphic transformation,
i.e., the structure and the microstructure of CM are unaffected by retrograde metamorphic
events [42,65]. Since CMs from black agates were attributed to low- and medium-grade
CM, we applied the Raman spectroscopy thermometer proposed by Kouketsu et al. [45] to
determine the metamorphic temperature. This thermometer is based on the linear relation
between FWHM-D1 and temperature in the range of T = 150–400 ◦C. The maximum
temperatures of thermal transformation of CM from MS and SP agates are close and
were determined to be T = 333 ± 1 ◦C and T = 328 ± 9 ◦C, respectively. CM from CZ
agates experienced thermal transformations at lower temperatures, T = 264 ± 16 ◦C. It
is noteworthy that temperatures determined for CM from CZ agates show significant
scattering, indicating high heterogeneity of CM compared to relatively ordered CM from
MS and SP agates (Figure 9). CMs from the inter-pillow matrix have intermediate values
of methamorphic temperature, T = 299 ± 9 ◦C. These temperatures are consistent with
prehnite-pumpellyite facies and are in agreement with previous studies [35,36].
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The following sources of CM in black agates from ZF might be proposed:

1. CM might be incorporated from the inter-pillow matrix considering that initially the
inter-pillow matrix might be composed of sedimentary organic matter.

2. CM might be supplied by hydrothermal fluids enriched in CM due to contamination
from the host rocks.

3. CM might be formed by the redox reaction between CO2 and CH4 in hydrother-
mal fluids [67,68].

CM from CZ is characterised by high heterogeneity and can be divided into two
groups. The first group includes CM with metamorphic temperatures close to 300 ◦C and
similar to that of CM from the inter-pillow matrix (Figure 9), suggesting that CM in CZ
agates might be partially incorporated from the inter-pillow matrix. The second group
of CM have lower temperatures close to 250 ◦C and might be produced by the chemical
reactions involving CO2 and/or CH4 in hydrothermal fluids [69]. Therefore, the data
suggest that CM from CZ agates might originate both from the inter-pillow matrix and
hydrothermal fluid.

Another possible source of CM in the studied agates might be associated with the
underlying carbon-bearing shungite rocks. In order to decipher the model, we compared
the metamorphic temperatures determined for migrated shungites from various shungite
deposits using the thermometer proposed by Kouketsu et al. [45] with CM from stud-
ied agates. Figure 9 shows that CM from MS and SP agates are characterised by the
metamorphic temperatures close to migrated shungites (Figure 9). CM from SP agates
is characterised by higher heterogeneity than CM from MS agates, and there is a slight
overlapping of metamorphic temperatures determined for CM from SP agates and the
inter-pillow matrix. Therefore, we cannot exclude that CM from SP agates could partially
originate from the CM of the inter-pillow matrix. However, the source of CM in MS and SP
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agates is mainly associated with the hydrothermal fluids enriched in mechanically derived
CM incorporated from underlying shungite rocks.

6.3. Petrological Implications

Summarizing the data on the geology, geochemistry, and texture of black agates
from the upper part of ZF obtained in the present study and the results of a previous
study of light-coloured agates from the lower part of SF [9], the agate mineralisation in
LSH can be generalised into 2 stages, as illustrated in Figure 10. Agate mineralisation in
LSH occurred after the formation of volcanic-sedimentary rocks of ZF (2100–1980 Ma),
including carbon-bearing mudstones (Figure 10a) and shungite rocks (ca. 2050 Ma) [31]
(Figure 10b)—pre-stage “0”.
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Figure 10. Schematic model of the agate formation stages in the Onega Basin. Compiled using data
from [15,18,30,31,70,71]. Legend: Paleoproterozoic, Ludicovian Superhorizon ca. 2100–1920 Ma:
1—Corg-rich rocks (shungites), sandstones, siltstones, argillites, carbonates, basalts, andesibasalts,
tuffs, tuffites (Zaonega Formation); 2—picrites, picritic basalts, tuffs, tuffites, tuff-conglomerates,
gritstones (Suisari Formation); 3—ca. 1975–1956 Ma gabbroids; 4—ca. 1980–1950 Ma hydrothermal
fluid flow; 5—ca. 1780–1750 Ma intrusion of gabbro-dolerite sills, hydrothermal fluid flow; 6—black
agates; 7—light-coloured agates. Pre-stage 0: formation of carbon-bearing mudstone (a) and shungite
rocks (b) in the volcano-sedimentary succession of the ZF. Stage I: formation of the SF of the volcano-
sedimentary succession, multiphase intrusions of peridotite and gabbro-dolerite sills and dikes (c),
and production of silica-carbonate hydrothermal fluids enriched in CM and formation of black agates
in the upper part of ZF (d). Stage II: intrusion of gabbro-dolerite sills in the Onega Basin, triggering
hydrothermal activity and formation of light-coloured agates in the upper part of ZF and lower part
of SF (e).
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Stage I involves the formation of black agates in the upper part of ZF and is associ-
ated with the multiphase intrusions of peridotite and gabbro-dolerite sills and dikes at
1980–1950 Ma [15,30,31] (Figure 10c). This event remobilised the CM from the weakened
zones of shungite rocks and produced silica-carbonate hydrothermal fluids enriched in
CM. The CM-bearing hydrothermal fluids formed the MS and SP black agates in the upper
part of ZF (Figure 10d).

Stage II involves the formation of CZ agates since they contained heterogeneous CM
originated both from the inter-pillow matrix and/or hydrothermal fluids. It was associated
with a hydrothermal maximum at 1780–1750 Ma, initiated by the intrusion of gabbro-
dolerite sills, and occurred at 190 Ma later than the continental flood basalts outflow stage.
At this stage, light-coloured agates in both the upper part of ZF and the lower part of SF
(Figure 10e) were formed.

7. Conclusions

(1) The present study provided the first detailed investigation of black agates occurring
in volcanic rocks of the ZF within the Onega Basin (Karelian Craton, Fennoscan-
dian Shield).

(2) The silica matrix of black agates is only composed by chalcedony, quartz, and quartzine.
In addition to silica minerals, calcite, chlorite, feldspar, sulphides, and CM are
also identified.

(3) Black colouration of agates is produced by disseminated carbonaceous matter within
the silica matrix with a bulk content of less than 1 wt.%.

(4) Three main texture types of black agates were identified: monocentric concentrically
zoning, polycentric spherulitic, and moss agates.

(5) The source of CM in moss and spherulitic agates is associated with the hydrother-
mal fluids enriched in mechanically derived carbonaceous matter incorporated from
underlaying shungite rocks. CM from the concentrically zoning agates originate
both from the inter-pillow matrix and hydrothermal fluid (i.e., via chemical reactions
involving CO2 and/or CH4).

The present investigation contributes to understanding possible sources of carbona-
ceous matter in agates and displays probable mechanisms of redistribution of carbonaceous
matter in the hydrothermal systems of the Paleoproterozoic volcanic rocks.
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10.3390/min11090918/s1, Table S1: Chemical composition of black and white agates from the ZF
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areas of the agate, EDS microanalysis (wt.%). Table S3: Raman spectral characteristics of CM from
black agates and inter-pillow matrix. Figure S1: X-ray diffractograms of the MS and SP agate samples
and fragments of X-ray diffractograms in the range of 17–33◦ 2θ, with the most intense peaks of
a-quartz for CZb, CZw, MS, and SP agate samples. Figure S2: Raman spectra of examined agates.
(a) Spectrum of black agate area showing characteristic D1 bands at about 1350 cm−1 and G bands at
about 1600 cm−1 of poorly ordered CM, as well as the most intense quartz (Qtz) and calcite (Cal)
bands. (b) Spectrum of α-quartz in agate as the only silica phase present. Figure S3: DSC, TG, and
DTG curves for examined agate and inter-pillow matrix samples.
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