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Abstract: Chert samples from different coastal and inland outcrops in the Eastern Asturias (Spain)
were mineralogically investigated for the first time for archaeological purposes. X-ray diffraction,
X-ray fluorescence, transmission electron microscopy, infrared and Raman spectroscopy and total
organic carbon techniques were used. The low content of moganite, since its detection by X-ray
diffraction is practically imperceptible, and the crystallite size (over 1000 A) of the quartz in these
cherts would be indicative of its maturity and could potentially be used for dating chert-tools
recovered from archaeological sites. Also, this information can constitute essential data to differentiate
the cherts and compare them with those used in archaeological tools. However, neither composition
nor crystallite size would allow distinguishing between coastal and inland chert outcrops belonging
to the same geological formations.

Keywords: chert; crystallite size; moganite; carboniferous

1. Introduction

Chert or flint has extensively been used as raw material for tool production since
the Palaeolithic age. From a mineralogical/geological point of view, chert (term used in
this paper following Graetsch and Griinberg [1]) is a siliceous rock with, in general, micro
and/or cryptocrystalline texture and formed mostly by silica minerals such as quartz,
moganite, chalcedony (cryptocrystalline form of silica which contains small amounts
of water, both as molecular water and bound in silanol (Si-OH) groups [2]) and other
crystalline phases (e.g., carbonates, micas, clays, iron oxides, etc.). Organic matter may be
present in chert when silicification is early, with indicative elements as carbon, hydrogen,
nitrogen and oxygen [3], and chert with higher organic matter content is darker. Chert may
also include bitumen, which can contain sulfur and various heavy metals such as nickel,
vanadium, lead, chromium, mercury, as well as arsenic, selenium and other elements. The
silica content of the chert originally results from the concentration of the micro-organisms
remains such as radiolarians, sponges and diatoms. Chert with more than 20 wt. % of
moganite would indicate an evaporitic origin [4]. Chert shows great variability in color
and texture across a single geological formation, as noted by Frederick and Ringstaff [5].

Chert is one of the most important lithic resources utilized by people of upper Pale-
olithic, Mesolithic and Neolithic, besides many other rocks (quartz, quartzite, obsidian,

Minerals 2021, 11, 611. https://doi.org/10.3390/min11060611

https:/ /www.mdpi.com/journal /minerals


https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0002-3208-1912
https://orcid.org/0000-0001-5325-183X
https://orcid.org/0000-0001-5517-6693
https://doi.org/10.3390/min11060611
https://doi.org/10.3390/min11060611
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/min11060611
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min11060611?type=check_update&version=3

Minerals 2021, 11, 611

20f21

basalt, rhyolite), and other materials such as wood, bone. The abundance of chert in ar-
chaeological sites is due to their relative resistance to weathering. Classical studies of chert
tools recovered from archaeological sites assign the provenance of the rock based on color
and texture properties. As these features are not sufficient, an increasing number of studies
based on elemental and phase analysis were reported in the latest two decades [6,7].

This study presents a systematic characterization of chert outcrops in the Cantabrian
Zone (Eastern Asturias, Spain), based on the three techniques: X-ray diffraction, X-ray
fluorescence and infrared spectroscopy. Additionally, in order to identify the presence
of moganite in a chert reference sample, transmission electron microscopy and Raman
spectroscopy were used. The aim of the current research is to prove the validity of the
the crystallite size and moganite content in chert as mineralogical maturity indicators that
could be used for: (1) Dating chert-tools recovered from archaeological sites; (2) obtaining
essential data to differentiate the chert and compare them with those used in archaeological
tools. For this purpose, coastal and inland outcrops of chert from the Sierra del Cuera in
the Cantabrian Zone (Eastern Asturias, Spain) were analyzed. Three formations with chert
outcrops are mainly known in this area: Alba (Visean-Tournaisian), Valdeteja (Bashkirian-
Middle Muscovian) and Vegamian (Tournaisian) [8]. Interestingly, two settlements of
human groups of Mesolithic hunter-gatherers have been recognized in this area: Alloru,
near San Antolin beach, and Los Canes, near Arangas. It is worthy to identify the human
mobility and lithic procurement strategies of these inhabitants because Los Canes is the
only known inland settlement in the Cantabrian area and it is unknown yet whether they
had social and exchange relationships with their neighbors in the Alloru or with other
more distant groups, if they were able to cross the Sierra del Cuera towards the coast, etc.
Our investigations revealed that all studied chert outcrops possess relatively low moganite
content (<4%) and large quartz crystallite sizes (>1000 A). However, neither composition
nor crystallite size facilitated distinguishing between coastal and inland chert outcrops that
belong to the same geological origin. The distinction would help better defining mobility
and lithic procurement strategies of the inhabitants of the Los Canes.

2. Materials and Methods
2.1. Materials

The 10 chert outcrops analyzed, coastal and inland, are located in the Sierra del Cuera
area (Eastern Asturias, Spain). The formations to which they belong, their age, coordinates,
codes of the investigated samples and color are presented in Table 1. The geological context
and locations of the chert outcrops are shown in Figure 1.

The geological context of the outcrops studied is that of the Cantabrian Zone (Figure 1),
which is mainly formed by two sets of rocks in the study area: A Paleozoic basement with
rocks of Lower Ordovician to Upper Carboniferous age and a Permo-Mesozoic cover, of
Lower Permian to Lower Cretaceous age. The Paleozoic basement was structured by a
tight system of thrusts of E-W to NE-SW trace during the Variscan orogeny, which show a
direction of tectonic transport towards the S-SW and that due to the kinematics of their
emplacement are inverted in the N part of the study area. These thrusts have very few
associated folds due to the massive character of the Paleozoic formations. Subsequent to
the emplacement of the variscan thrusts, a series of dextral tears (tardivariscan faults) of
NW-ESE direction occur, which are related to the last stages of closure of the Asturian Arc.
The Permo-Mesozoic cover is related to the Alpine orogeny.
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Table 1. Formations, age, color and codes of the chert samples from the outcrops (Note: * Assimilable to the Valdeteja and

Picos de Europa Formations).

. . Sample
Outcrop Formation Coordinates Age Codes Sample Color
ong/ ”
Cobijero 4?; 39, 74'2,, N, C1 red
4°64'48.0" W . .
Alba onnlnq” Visean-Tournaisian
La Franca 43723317 N, F1 red
4°34'41” W
. 43°23'56.9” N, P1 very dark gray
Pendueles Calizas del Cuera * 4°38'56.2” W P brown
Bashkirian-Middle Vi P
ony! ” M i re
Vidiago Valdeteja 43 Zfl 4'1” N, Hscovian V2 gray
4°38'59.4” W V3 gray
Andri 43°24/35” N, Al red
ndarin 4042/00// W AZ blaCk
coastal Alba o B Visean-Tournaisian B1 very dark gray
La Ballota ﬁ;ﬁ;’;ﬁ, Vl\\/L B2 greenish gray
) B3 red
S1 black
S2 greenish gray
S3 gray
43°44'39.9” N S4 dark gray
San Antolin Vegamian 4986/28.4” W Tournaisian S5 red
86728. S6 brown
S7 red
S8 gray
S9 beige
o1l Arl red
Arangas 430 19, 38'2” N, Ar2 red
4°4757.8" W Ar3 very dark gray
Asl d
Visean-Tournaisian AEZ ;2 d
inland : Alba 43°19'31.2” N, As3 d
Asiego 4°51'51.6" W > i
As4 red
As5 red
43°13'57” N, Sakmarian-
Sotres 4°44'51" W Asselian Sol brown
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Figure 1. Geological context of studied zone and locations of the 10 chert outcrops. ©Instituto
Geoldgico y Minero de Espafia (IGME) (2020) https://igme.maps.arcgis.com/home/webmap/

viewer.html?webmap=44df600f5c6241b59edb596f54388ae4 (accessed on 10 March 2021) [9].

The formations represented in the map of Figure 1 correspond to the Paleozoic base-
ment of the Cantabrian Zone and are:

(@) The Vegamian Formation (Tournaisian) [10], with a lithological composition charac-
terized by a quartzite band with satiny black shales with layers of black lydites about

10 cm thick.

(b) The Barcaliente Formation (Sepurjovian) [11] is characterized by a black colour and
fine-grained waxy lustre limestone with a fetid odour and a characteristic continuous
millimetric banding marked by differences in colouring.

(c) The Valdeteja Formation (Bashkirian-Middle Muscovian) [11] is characterized by a
coarse-grained grey limestone with high fossiliferous content.


https://igme.maps.arcgis.com/home/webmap/viewer.html?webmap=44df600f5c6241b59edb596f54388ae4
https://igme.maps.arcgis.com/home/webmap/viewer.html?webmap=44df600f5c6241b59edb596f54388ae4
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These Formations represent the Mountain Limestone [11], marine sedimentation

occurred in the Carboniferous, which constitutes the system of greater extension within
the Cantabrian Zone.

(d)

(e)

()

The Alba Formation (Visean-Tournaisian) [10] is composed of three levels: nodular
red limestones (Griotte Limestone) at the base; clay levels with red chert at the base or
alternating, in the middle part; and black tableted limestones with chert in the upper
part.

The Sotres Formation (Sakmarian-Asselian) [12], near the village of Sotres, is located in
the southern domain of the Picos de Europa Region. It is made up of alternating fine-
grained black limestones with algae and black shales with volcanic levels, alternating
limestones with volcanic levels, black shales and coal, conglomerates, bioclastic
limestones with chert and bioclastic limestones.

In the Barrios Formation (Lower Ordovician) [13] there are white or gray fine-grained
quartzites with a thickness of 600 m that runs along the southern slope of the Sierra
del Cuera and the coast from east to west.

The stratigraphic column of these formations and the Ermita Formation (composed

of fluvial sandstones deposited during the Upper Devonian [13]), shown in Figure 2,
corresponds to the zone between the beaches of La Ballota and Andrin.

(m)
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Figure 2. Stratigraphic column of the formations described in the text, between the beaches of La
Ballota and Andrin (adapted from Ana-Cubero [14]). Note: The third level of Alba Formation was
omitted because its thickness could not be determined due to deterioration.
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Chert outcrops in the area of the Sierra del Cuera are usually quite poorly represented,
either because of degradation due to geological features or they are covered by vegetation
or they have been destroyed by civil constructions. The prospected coastal outcrops, located
on beaches near the coast of Llanes, from east to west, have the following characteristics: La
Franca, red chert outcrop situated at the end of one of the few roads that cross the Sierra del
Cuera towards the sea. Cobijero, red chert outcrop situated in Buelna in a doline flooded
by the sea. Pendueles, flysch outcrop is located in the coastal village of Pendueles. The
flysch of Pendueles beach is formed by a succession of turbidites with four fundamental
lithological terms: limestones and chert in the basal part; sandstones, calcareous shales;
sandstones and sandy shales; all of them of Westphalian A-Westphalian D chronology.
The chert has a thickness of about 40 m that decreases laterally. It shows alternations of
light and dark bands, often very deformed. Vidiago outcrops are located at. La Ballota
and Andrin cherts are usually reddish in color, with greenish-gray levels, and variable
thickness, from a few meters to approximately 20 m. This unit occurs in centimetric to
decimetric strata. This level does not normally outcrop, as it is covered by vegetation. This
chert level corresponds to the lower part of the Alba Formation (Lower Carboniferous) [13].
Immediately above the chert, there are medium fine-grained limestones, clear, with pinkish
tones, of nodular aspect, characteristic of the griotte facies, with a thickness of about 20 m.
It occurs in centrimetric to decimetric banks with clays intercalations. This Griotte facies
limestone corresponds to the upper part of the Alba Formation. The San Antolin chert is
intercalated within the limestone, which constitutes the host rock of the outcrop, located
on the beach of the same name, at the mouth of the river Bedon. This outcrop shows chert
with a great variety of colors. The outcrop is quite degraded by marine and wind erosion.
The limestones, of Carboniferous age (Serpukhovian-Moscovian), form a succession that
shows the different types of deposits that formed a carbonate platform with a flat roof and
steep slopes. They form the coastal mountain ranges of the Cuera area and, further south,
the Picos de Europa massif. In this platform, there are different sets of strata with their
own stratigraphic features: (a) Carbonate basin on which the platform system progressed
(advanced), composed of layers of dark and laminated micritic limestones (Barcaliente For-
mation); (b) platform slope base deposits, constituted by an alternation of intra-formational
calcareous breccias (thick layers), calci-turbidites (thin layers) and dark intervals of marly
aspect of siliceous sponge spicule accumulation (spiculites); (c) sedimentary slope of the
platform, with a lower part consisting of massive calcareous breccias of cobbles from the
upper slope of limestones bioconstructed by bacterial communities and calcareous algae,
also of massive aspect; and (d) shallow platform or roof of the platform formed by strati-
fied limestones with abundant bioclasts (foraminifera, echinoderms, algae and calcareous
sponges, corals and brachiopods mainly) and with several intercalations of siliciclastic
rocks [15].

The outcrops of the inland are located near the archaeological sites of Los Canes and
Arangas caves in the Sierra del Cuera. In Arangas (Arangas Council) two red chert types of
Arangas; one of them is located in one of the two natural ways to cross the Sierra del Cuera
in the east direction; and the other is at the intersection of inland roads of Picos de Europa
and it consists of small amounts of red chert boulders on the Ribeles river, near Arangas.
Outcrops of Asiego chert are located in the Cabrales Council. Sotres outcrop of red chert is
located near the village with the same name, on the east side of Las Vegas de Sotres, natural
way towards the Leon region, on the other side of the Cantabrian Mountains.

In Figure 3, the photos from chert outcrops investigated are presented.
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(8)

(h)

Figure 3. Photos for the investigated chert outcrops: (a) Cobijero, (b) Pendueles, (c) Vidiago, (d) La Ballota, (e) Andrin,
(f) San Antolin, (g) Arangas, (h) Asiego.

It is very difficult to identify the age of the chert because there is not sufficient data
available, both at the level of their relationship with the host rock and at the paleontological
level. Nevertheless, these cherts are possibly epigenetic because platforms such as the
Sierra del Cuera are not associated with hydrothermal processes. However, in the Late
Variscan stage (305-290 Ma), during the formation of the Asturian orocline [16], there were
magmatic processes that could have developed hydrothermalism causing the formation of
deposits with chert [17].

2.2. Methods

The X-ray diffraction technique with the powder method was used for the identifica-
tion of the crystalline phases and obtaining of the crystallite size and the lattice strain of the
quartz for the chert samples investigated. A quantity of 0.5 g from each sample was ground
in an agate mortar to obtain their X-ray diffraction patterns using the PANalytical X"pert
Pro equipment at 40 mA and 45 kV (Cu-K radiation, A = 1.5418 A), 20 range 5-85°, 20
step scans of 0.007° and a counting time of 1 s per step. The SRM 1878b external standard
of x-5i0,, with a maximum particle size of 10,000 A (as determined by laser scattering)
was employed. The PANalytical software (X'Pert HighScore Plus) was used for the identifi-
cation of the crystalline phases and the obtention of the crystallite size and microstrain of
the quartz. To evaluate the microstructural properties of the quartz crystalline domains the
full width at half maximum (FWHM) of the (101) reflection was measured.

Generally, two contributions to the reflection broadening can be distinguished by
their different dependencies on the diffraction angle: small crystallite size and micros-
train [18-22]. The crystallite size determines the degree of crystallinity and the order of the
mineral phase, being related to the lattice strain: as FWHM increases the crystallite size
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decreases and the lattice strain increases. The larger the crystallite size, the greater the crys-
tallinity and the lower the lattice strain. The size of the ordered crystallites (i.e., coherently
scattering domains) is limited by the interfaces, the twin boundaries or the stacking faults.
The microstrain is due to lattice imperfections such as dislocations and point defects that
are associated with a stress field. The broadening caused by small crystallite size varies
with 1/cos 0 (6 = incidence angle of X-rays) and the one due to lattice deformation varies
according to 3 = 4etan6 (3 = integral reflection breadth, ¢ = microstrain). The crystallinity
index of quartz, I, proposed by Murata and Norman [23] has been calculated. The quintet
of quartz reflections with values of 20 between 67 and 69 degrees (Figure 4) have been
used to perform the calculations, specifically by the reflection (212), at approximately
67.7 degrees of 20. The height of this reflection, a, is divided by its total height, b, that is,
considering the background to compensate for minor variations in the total intensity of
the pattern. The ratio a/b is multiplied by 10 to convert fractions into numbers generally
greater than 1.0.

(212)

f 1

67 68 69

26 (degrees)

Figure 4. Quintet of reflections showing the (212) reflection used to calculate the crystallinity index,
being “a” the height of the (212) reflection, “b” the height of the (212) reflection + background and “c”
is the background.

The chemical composition of the samples was determined using X-ray fluorescence
with a Shimadzu EDX-720 energy dispersive X-ray fluorescence spectrometer (XRF-EDX).
This model is equipped with five types of filters for reducing and eliminating background,
characteristic lines, and other types of scattered radiation; collimator, 10 mm; voltage 50 Kv
and current 40 pA; measurement time was 100 s. The optimum calibration curve for the
sample is selected automatically from pre-registered calibration curves. The system used
in this equipment does not require time-consuming pretreatment and thin sections of chert
are used. Measurements were carried out in the air because the attenuation of fluorescent
X-rays is small.

Since carbon was detected in practically all the samples in a first elemental analysis
with Scanning Electron Microscopy-Energy Dispersive X-ray spectroscopy (SEM-EDX),
three of the samples (B3, V3 and AS1) were selected for the measurement of total organic
carbon (TOC). It was carried out indirectly by the difference between the result of total
carbon (TC) and inorganic carbon (IC) analysis. The TC analysis was performed by
combustion in a furnace at 900 °C and the IC analysis by addition of 50% phosphoric acid
in the equipment used without prior preparation of the sample received. The equipment
used was TOC-V /SSM-5000A from Shimadzu.

Infrared spectra of the chert samples of the coastal and inland outcrops were obtained
with a Varian 670-IR equipped with a Golden Gate ATR, in the range of 600 and 4000 cm !,
with a resolution of 4 cm ! using 16 scans, both for the sample and for the background.
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The sample was placed in diamond crystal and pressed to ensure contact between the
sample and the crystal.

In the chert, quartz is usually accompanied by moganite and by X-ray diffraction it
is difficult to detect this last phase. This is because its reflections coincide with those of
the quartz, and it is present in a quite low percentage. In addition, moganite detection at
low percentages (<4%) using X'Pert HighScore Plus software could be overlooked and
considered as an artifact.

Therefore, Raman spectroscopy and high-resolution electron transmission microscopy
(HRTEM) were used to reveal the presence of moganite in sample S2. Raman spectrum was
obtained using a JASCO NRS-5100 spectrometer (Jasco Inc. MD, Easton, USA) equipped
with a charge-coupled device detector (Andor DU 420) and coupled to an Olympus optical
microscope. The Raman spectrum was excited with a diode laser (A = 785 nm) kept at
500 mW. Spectrum was acquired between 100-800 cm~! with a resolution of 1 cm™!,
exposure time 10 s with 10 accumulations. Spectrum smoothing was performed using
SYSTAT version 13 (from Systat Software, Inc., San Jose CA, USA, www.sigmaplot.com
(accessed on 29 May 2020).

JEOL JEM-2100F transmission electron high-resolution microscope with a resolution
of 1.9 A between points and 1.0 A between lines and a 200 keV field emission gun was
used to obtain TEM and selected area electron diffraction (SAED) micrographs with its
accompanying CCD camera (Gatan).

Statistical analysis was carried out with IBM SPSS version 24. Factor analysis was
used for the interpretation of the composition of the samples. The Kaiser-Meyer-Olkin
measure of sampling adequacy and Bartlett test of sphericity, anti-image matrix, principal
component analysis as the extraction method and Varimax with Kaiser normalisation as
a rotation method were used. Hierarchical clustering analysis was applied to crystallite
size and the Murata index to group the data having similar properties. For obtaining
the groups -clusters- the agglomerative clustering was used. This clustering procedure is
iterative until all the data points are brought under one single larger cluster. In addition,
the correlation between the crystallite size and the carbon and silicon contents, and the
Murata crystallinity index, was analyzed using the Pearson correlation coefficient.

3. Results

X-ray diffraction patterns of some analyzed cherts from the coastal and inland outcrops
are displayed as examples in Figures 5 and 6, respectively. Coastal and inland outcrop
samples show quartz (JCPDS card no. 46-1045) as the main phase; calcite (JCPDS card
no. 46-1045) is present in most samples and is usually the second most abundant phase.
Other phases identified and present in almost all samples, in a much lower proportion than
calcite, are orthoclase (JCPDS card no. 8-48) (Figure 5b), muscovite (JCPDS card no. 7-25)
(Figure 6b) and hematite (JCPDS card no. 24-72) (Figure 6¢). In addition, moganite (JCPDS
card no. 38-360) was identified in some of the coastal outcrops (Figure 5c) and in practically
all the samples from the inland outcrops, and fluorapatite (JCPDS card no. 15-876) in S1
(Figure 5d); barite (JCPDS card no. 24-20) in As4 (Figure 6d). In relation to moganite,
although the software identifies it as probable, it is difficult to confirm its presence due to
the overlapping of the following reflections ordered by increasing intensity—(022) (3.33 A),
(141) (2.29 A), (004) (2.13 A), (200) (2.45 A)—with those of quartz. Additional reflections
in moganite such as (121) (3.39 A), (110) (4.45 A), (101) (4.38 A), (002) (4.26 A) are very
weak and thus difficult to notice, especially if the content of this phase is very low. It was
therefore necessary to use other techniques, such as Raman and HRTEM, to confirm its
presence in the most representative sample.
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Figure 5. X-ray diffraction patterns of the chert samples from coastal outcrops showing reflections of quartz, Qz, and calcite,
Cal, and calcite (a); orthoclase, Or, (b); moganite, Mog, (c) and fluorapatite, Ap, (d).

In Table 2 are presented the crystallite size values, lattice strain and crystallinity index

of Murata for the quartz.

The weight percentages of the element oxides analyzed with ED-XRF of the chert
samples with statistical significance are presented in Table 3. The obtained chemical
composition with this methodology complements the mineralogical composition of the
phases identified with X-ray diffraction. The detection of SiO, would indicate the presence
of a siliceous phase such as quartz and other silicate phases such as mica and feldspar,
together with Al,O3 and K,O. The detection of CaO would indicate the presence of calcite;
and similarly, the detection of Fe,O3 could correspond to iron oxides, such as hematite; and
together SOj3, pyrite. Sulfur could also be part of the bitumen, if present in the analyzed
cherts. TiO; could correspond to rutile.
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Figure 6. X-ray diffraction patterns of the chert samples from inland outcrops showing reflections of quartz, Qz, and calcite,
Cal, (a); muscovite, Ms, (b); hematites, Hem, (c) and barite, Bart, (d).

Table 2. Values of 20 of the (101) reflection of quartz and FWHM (20 °) used to obtain the crystallite size and lattice strain,
and values of 20 of the (212) reflection of quartz to obtain the crystallinity index of Murata of the chert samples of the coastal

and inland outcrops.

Samples 20 (°) of FWHM Crystallite Micro-Strain 20 (°) of Ie
(101) (20 °) Size (A) (%) (212)

C1 26.638 0.128 2148 0.168 67.706 34

F1 26.652 0.128 2148 0.168 67.768 2.8

P1 26.669 0.166 1074 0.257 67.753 2.1

P2 26.640 0.102 6803 0.088 67.742 49

Coastal V1 26.620 0.166 1074 0.257 67.714 2.0
V2 26.639 0.125 2333 0.160 67.740 49

V3 26.644 0.115 3265 0.132 67.722 3.3

Al 26.556 0.128 2148 0.168 67.609 2.6

A2 26.600 0.154 1276 0.231 67.676 1.6
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Table 2. Cont.
Samples 20 (°) of FWHM Crystallite Micro-Strain 20 (°) of Ic
P (101) 0 °) Size (A) (%) (212)
B1 26.608 0.141 1601 0.200 67.680 1.2
B2 26.629 0.141 1601 0.200 67.705 2.1
B3 26.628 0.128 2148 0.168 67.729 2.0
S1 26.612 0.109 4297 0.113 67.727 14
S2 26.511 0.154 1265 0.231 67.636 2.6
S3 26.567 0.115 3265 0.132 67.697 4.5
S4 26.630 0.128 2148 0.168 67.726 3.3
S5 26.624 0.154 1276 0.230 67.715 2.1
S6 26.622 0.115 3265 0.132 67.700 2.3
S7 26.695 0.192 800 0.312 67.813 1.6
S8 26.589 0.094 >10,000 0.050 67.677 7.2
S9 26.612 0.154 1276 0.231 67.666 24
Arl 26.633 0.128 2148 0.168 67.701 2.5
Ar2 26.548 0.154 1275 0.231 67.614 2.5
Ar3 26.612 0.154 1275 0.231 67.681 2.1
Asl 26.583 0.115 3265 0.132 67.684 3.0
Inland As2 26.586 0.115 3265 0.132 67.676 3.9
As3 26.608 0.115 3265 0.132 67.691 3.5
As4 26.635 0.128 2148 0.168 67.730 3.9
As5 26.611 0.128 2148 0.168 67.705 3.1
Sol 26.671 0.128 2148 0.168 67.814 2.3
Table 3. Percentages of the element oxides analyzed with ED-XRF of the outcrops investigated.
Element Oxides (wt. %)
Outcrop  Sample (Standard Deviation)
Si02 CaO A1203 Kzo FEZO3 Ti02 SO3 SrO MnO
c1 54.138 14.502 15.137 10.876 4971 0.177 0.014 0.005 0.171
(0.173) (0.016) (0.53) (0.038) (0.01) (0.004) (0.001) ) (0.003)
F1 63.564 5.093 15.542 11.496 3.650 0.250 0.012 0.004 0.371
(0.162) (0.009) (0.44) (0.034) (0.008) (0.004) (0.001) -) (0.003)
P1 91.459 2.785 4911 0.476 0.326 ) 0.027 0.004 )
(0.158 (0.005) (0.354) (0.011) (0.002) (0.001) -)
P2 95.019 1.590 3.205 ) 0.150 ) 0.020 0.003 )
(0.163) (0.004) (0.359) (0.002) (0.001) )
Vi 60.108 35.975 ) 1.169 0.674 ) ) 0.010 1.880
Coastal (0.215) (0.031) (0.030) (0.006) (0.001) (0.009)
V2 95.112 0.246 4111 0.259 0.165 ) 0.017 0.004 )
(0.159) (0.002) (0.405) (0.008) (0.002) (0.001) )
V3 94.288 0.187 5.208 0.203 ) ) 0.016 0.003 )
(0.159) (0.001) (0.397) (0.008) (0.001) )
Al 78.935 0.191 11.652 6.981 1.996 0.133 0.013(-) 0.004 )
(0.149) (0.002) (0.363) (0.023) (0.006) (0.003) ’ -)
A2 79.947 0.599 12.477 6.227 0.431 0.133 0.031 0.003 0.031
(0.146) (0.003) (0.354) (0.021) (0.003) (0.003) (0.001) -) (0.001)
Bl 72.754 4.539 12.544 8.034 0.735 0.068 0.007 0.581
(0.149) (0.002) (0.363) (0.023) (0.006) (0.003) ) (0.002)
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Table 3. Cont.
Element Oxides (wt. %)
Outcrop  Sample (Standard Deviation)
SlOz CaO A1203 K20 Fe203 T102 503 SrO MnO
B2 72.670 9.890 10.029 5.533 0.804 ) 0.016 0.005 0.551
(0.173) 0.012) (0.443) (0.026) (0.004) (0.01) -) (0.004)
B3 72.184 1.510 13.993 9.676 2.199 0.141 0.012 0.004 0.160
(0.150) (0.004) (0.388) (0.028) (0.006) (0.003) (0.001) -) (0.002)
s1 92.251 0.823 5.855 0.506 0.27 ) 0.061 0.006 _
(0.162) (0.003) (0.367) (0.011) (0.002) (0.001) ()
s 38.201 58.256 ) 1.556 0.980 ) . 0.022 0.949
(0.202) (0.045) (0.037) (0.008) -) (0.008)
s3 95.050 2.112 2.727 ) ) ) 0.021 0.005 )
(0.164) (0.005) (0.334) (0.001) -)
sS4 93.339 1.524 3.703 0.402 0.746 ) 0.031 0.003 )
(0.163) (0.004) (0.371) (0.010) (0.004) (0.001) ()
S5 72.094 12.751 8.831 3.791 1.967 0.100 0.016 0.019 0.423
(0.184) (0.014) (0.448) (0.025) (0.007) (0.004) (0.001) -) (0.004)
6 72.094 12.751 8.831 3.791 1.967 0.100 0.016 0.019 0.423
(0.184) (0.014) (0.448) (0.025) (0.007) (0.004) (0.001) -) (0.004)
57 85.447 8.257 5.021 0.772 0.352 ) 0.021 ) 0.132
(0.174) (0.010) (0.484) (0.014) (0.003) (0.001) (0.002)
S8 78.935 0.191 11.652 6.981 1.996 0.133 0.013 0.004 0.090
(0.149) (0.002) (0.363) (0.023) (0.006) (0.003) (-) -) (0.002)
59 83.133 9.997 4.885 1.390 0.344 ) 0.018 0.005 0.100
(0.175) (0.011) (0.495) (0.017) (0.003) (0.001) -) (0.002)
Arl 74.396 0.634 14.389 8.606 1.784 0.146 0.014 0.004 )
(0.142) (0.003) (0.337) (0.024) (0.005) (0.003) () ()
Ar2 88.842 0.690 7.436 2.283 0.518 0.046 0.014 0.003 )
(0.153) (0.003) (0.401) (0.014) (0.003) (0.002) (0.001) -)
Ar3 96.935 0.865 ) 1.275 0.468 0.076 ) 0.005 )
(0.365) (0.007) (0.029) (0.003) (0.003) -)
Asl 82.286 0.481 10.480 5.323 1.292 0.097 0.019 0.003 )
(0.152) (0.003) (0.375) (0.021) (0.004) (0.003) (0.001) ()
As2 92.643 0.518 5.645 0.681 0.492 ) 0.018 0.004 )
Inland (0.161) (0.002) (0.366) (0.011) (0.003) (0.001) -)
AS3 87.235 1.643 6.748 3.284 0.953 0.095 0.021 0.003 )
(0.154) (0.004) (0.334) (0.017) (0.004) (0.003) (0.001) -)
Asd 72.323 0.586 15.790 9.071 2.026 0.164 0.010 0.004 )
(0.147) (0.003) (0.390) (0.026) (0.005) (0.003) () ()
72.460 0.717 15.795 9.364 2.289 0.010 0.004
Asb - -
s (0.365) (0.002) (0.365) (0.016) (0.003) (0.001) -
80.917 15.536 2.688 0.788 0.02 0.004
Sol - _
(0.187) (0.015) (0.420 (0.052 (0.001) -

The results of TC, IC and TOC are displayed in Table 4. The results of the analyzed
carbon indicate that its origin is basically organic, although it is present in the samples
analyzed in a very low percentage.
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Table 4. Percentages of analyzed carbon in the chert samples selected.

Sample TC % IC % TOC %
Asl 0.32 0.00 0.32
B3 0.41 0.05 0.36
V3 0.39 0.03 0.37

The infrared spectra of the chert samples of the coastal (Figure 7) and inland outcrops
(Figure 8) show the absorption bands of the vibration modes for water, which, due to its
low intensity, its content is below 2%. Quartz shows the characteristic doublet between
800 and 780 cm~! and the absorption at 690-710 cm™ ! whereas atmospheric CO, show
bands at 2350 cm ™! and in some samples also of carbonate at 1400 (coastal) or 1420 (inland)
and 870 cm~! (probably associated to calcite) [24,25]. Infrared spectroscopy did not show
the bands corresponding to the H,O vibration modes in any of the outcrop samples,
indicating the absence of siliceous phases such as chalcedony. The rest of the absorption
bands correspond to the vibration modes of the Si-O bonds and carbonate anion when
present, supporting the presence of quartz and calcite. The information provided by
infrared spectroscopy allows us to corroborate the presence of the detected phases with the
previously mentioned characterization methodologies.

1400 ¢cm-!

2350 em-!

Z

r T T
4000 3000 2000
wavenumber cm-!

Figure 7. Infrared spectra of some chert samples from coastal outcrops.

1420 cm-!
Sol 2350 em-!
I v

As4

T
1000

1160 cm-1

[ T
Asl
I Ll
Arl
I v
4000 3000 2000 1000

wavenumber cm-!

Figure 8. Infrared spectra of some chert samples from inland outcrops.



Minerals 2021, 11, 611

15 of 21

The Raman spectrum of S2 chert is shown in Figure 9. The Raman spectrum section
selected between 420 and 520 cm ! with baseline subtracted for spectrometric analysis is
shown in the inset. The more intense band at 462 cm ™! is associated with the presence of
quartz [26,27], and the band visible around 500 cm ! is associated with the presence of
four-member rings in the moganite structure and it is the analytical band [27,28].

463 cm’

500 cm™!

440 480 520
~
\\ -
\\\
.
. |~
T v T T T v T Y T Y T T 1
100 200 300 400 500 600 700

Raman shift (cm™)

Figure 9. Raman spectrum of S2 sample. In the inset, the spectrum between 420 and 520 cm !

showing the band corresponding to moganite (500 cm ') and quartz (462 cm™1).

In SAED micrographs of S2 sample particles (Figure 10) interplanar distances of 1.28,
1.45,1.79, 2.4, 3.37 and 4.30 A can be attributed to moganite [29], since they coincide with
the dpyg (604), (600), (006), (020), (202) and (200), respectively.

From the interplanar distances of the (020) plane (Figure 10b), considering the relation
do10 = 2d, the b parameter has been obtained by solving the expression 1/ d%p10 = K2/ V2.
The b value of 4.88 A coincides with that published elsewhere [29]. Similarly, the values
of a and ¢ have been obtained from the interplanar distances of the (200) and (006) planes
(Figure 10b); in this case, considering that the angle (3 in the moganite does not reach
91° [29] the values of djgp and dgg; would practically correspond to a and c. The calculated
values are 8.60 A and 10.74 A, respectively, which coincide with that published previously
by Heaney [29].

In the factorial analysis, the Kaiser-Meyerz-Olkin (KMO) measure of sampling ad-
equacy is 0.658, indicating a strong correlation between the variables; and Bartlett test
of sphericity provided a 0.000 value, so the test is valid. The cumulative variance in the
investigated specimens is 80.2% and it can be explained by two principal components.
Component 1 (45.7% of total variance) containing the following oxides (factor loading
in parentheses): K,O (0.980), TiO; (0.952), Al,O3 (0.915) and Fe,O3 (0.893); component
2 (34.5% of the total variance) is composed by CaO (0.916), MnO (0.876), SrO (0.838) and
SOz (—0.625). Figure 11 shows the plot of the two components: component 1 is increasing
to the right in the figure and component 2 is increasing to the top. The plot does not show
a separation between coastal (black) and inland (red) outcrops.
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Figure 10. HRTEM micrographs of sample S2 showing their crystallinity with visible lattice fringes (a) and their layered
structure (c) layered structure; (b,d) their corresponding SAED patterns showing a polycrystalline-like diffraction pattern

with interplanar distances corresponding to moganite (JCPDS card no. 38-360).
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Figure 11. Plot of components 1 and 2. Black dots represent the coastal outcrops and red dots
represent the inland outcrops.
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The result of the cluster analysis of crystallite size using the Ward method and the
Euclidean distance as measurement range is shown in Figure 12, dendrogram in which the
clusters considered as the most appropriate are: (1°) up to ~1000 A; (2°) up to 2000 A; (3°)
up to 3000 A; (4°) up to 4000 A; (5°) >4000 A.
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Figure 12. Dendrogram of crystallite size of outcrop samples using the Ward method and the
Euclidean distance as measurement range.

Coastal outcrops samples show higher variability in the crystallite size of quartz than
those of inland outcrops. It should be noted that the red coastal cherts of the Alba formation
(A1, C1, F1 and B3) have a larger crystallite size of quartz (2148 A) than the red cherts
analyzed of the Valdeteja and Vegamian formations. The quartz of the inland red cherts,
also of the Alba Formation, show values of crystallite size equal to or greater than the
coastal ones, as in some analyzed samples of Asiego. Almost all black or very dark cherts
as well, as gray or beige cherts present different crystallite size values.

The result of the cluster analysis of the Murata index using the Ward method and the
squared Euclidean distance as measurement range is shown in Figure 13. For this index
the clusters considered the most appropriate are: (1°) up to 2 A; (2°) 2to 3 A; (3°) 3 to 4 A;
(4°)4to5A; (5°) >5 A.

The Pearson correlation coefficient between the crystallite size and the Murata index
was 0.74, being the correlation significant at the 0.01 level. The Pearson correlation coefti-
cient between the crystallite size and the carbon and silicon contents, respectively, was in
both cases <—0.35, being the correlation significant at the 0.05 level.
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Figure 13. Dendrogram of Murata index of outcrop samples using the Ward method and the
Euclidean distance as measurement range.

4. Discussion

Some aspects of the results obtained with the fundamental analytical techniques used
to characterize the outcrops cherts are discussed below. In relation to the mineralogical
composition of the analyzed cherts, the practical absence of moganite would indicate that
the outcrops chert could correspond to the more mature step of silica, since moganite is
dissolved and turns into quartz with time, temperature and weathering [4,30,31].

The factorial analysis has not been able to differentiate between inland and coastal
outcrops belonging to the same geological formations in terms of composition, so X-ray flu-
orescence would not be useful to indicate the coastal or inland origin of the archaeological
tools in the area investigated.

Similarly, coastal and inland outcrops could not be differentiated on the basis of quartz
crystallite size, relying on their crystallographic characteristics. However, as shown in
Table 5, the crystallite size of the investigated samples of Carboniferous chert outcrops,
above 1000 A, is much higher than the average of 635 A, obtained from 21 samples of
Cretaceous flint investigated by Graetsch and Griinberg [1], and the average of 431 A
determined from 35 samples of Danish Upper Cretaceous flint by Jensen et al. [32]. The
microstructure properties of chert (i.e., crystallite size and microstrain) suggest they are
related to the formation mode and subsequent diagenetic processes [33]. In particular, the
crystalline microstructure of chert becomes coarser in the later stages of the diagenesis [34]
and finally recrystallizes to macroscopic quartz crystals.

Table 5. Relationship between crystallite size and geological period of cherts.

Cherts Geological Period Crystallite Size (A) Reference
Carboniferous >1000 Present study
Cretaceous 635 Graetsch and Griinberg [1]
Upper Cretaceous 431 Jensen et al. [32]

The intermediate phases as opal or moganite are subjected to changes of structural
order and microstructure with time and burial depth, as demonstrated by the investigation
on the gradual reduction of stacking faults in opal-CT towards opal-C with increasing
diagenesis [23,35]. There is a correlation between the moganite content and the size and
microstrain of quartz [1]: the moganite content is low when the crystallite size of quartz
is large and the microstrain is low. Thus, the absence of moganite, the crystallite size and
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the microstrain of the quartz would be indicative of the chert mineralogical maturity and
could potentially be used in geochronology. For agates, the moganite content was found
to decrease and the crystallite size of chalcedony was observed to increase with age in
geological time spans [36,37]. In chert, the moganite content also decreases with aging [1].
Taking into account these considerations, the detected practically absence of moganite in
the Carboniferous chert of the eastern Asturian area, as well as the low microstrain and
the large crystallite size of the constituent quartz confirms their higher degree of maturity
compared to chert from other ages and locations.

To date, it is very rare to use the quartz crystallite size of the chert to define the degree
of crystallinity, and for this determining the Murata index is the more foreowned method.
Although in this work it has been shown that there is a correlation between both values, it
is not as significant as could be expected and it seems more appropriate, therefore, to use
the crystallite size considering that, together with the moganite content, it is an indicator of
the chert mineralogical maturity.

In the infrared spectra of the cherts, there is an additional band at 560-555 cm 1 [28].
The intensity of this band strongly increases with the increasing content of moganite. This
band can be attributed to moganite as the identifying analytical band, but it does not mani-
fest as occurs in the Raman spectrum of the analyzed sample with the band at 500 cm ™!,
whose presence confirms, without a doubt, the presence of moganite. By comparing the
relationship of intensities of the bands associated with moganite and quartz in the Raman
spectrum with that published [28-38] it could be concluded that the moganite content is
less than 4%. This fact would suggest that the moganite content in the chert outcrops could
be even lower than 4%, since its detection by X-ray diffraction is practically imperceptible.

The TOC content analyzed in this work is of the same order of magnitude as that
obtained in rocks with carbonate content higher than 50% [39]. The TOC content of the
cherts of the present investigation could be related to their maturity. However, it would
be necessary to study these Carboniferous cherts from the of Eastern Asturias and others
from different locations of this and other geological periods.

5. Conclusions

Cherts from Eastern Asturias were mineralogically investigated. The practical absence
of moganite, and the relatively large crystallite size and the microstrain of the quartz
indicate the chert mineralogical maturity. These two parameters could constitute essential
data to differentiate the cherts and compare them with those used in archaeological tools.
Neither composition nor crystallite size allowed distinguishing between coastal and inland
chert outcrops belonging to the same geological formations. Interestingly, the Asturian
cherts seem to be more mineralogically mature when compared to others reported in
previous investigations for cherts from different locations in the European and American
continentals. Therefore, further investigations are required to systematically compare these
Asturian cherts with others from different locations of this and other geological periods.
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