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ABSTRACT

The Gava Neolithic Mining Complex (GNMC) located
in Catalonia was devoted to the exploitation of green
variscite used in the crafting of ornaments. Archae-
ological works in more than 100 mines indicated that
this mining activity was carried out ~5800 years before
present. GNMC constitutes (1) one of the earliest known
examples of underground mining in Europe, (2) the
carliest example of large-scale mining for ornamental
use, and (C) the earliest of the application of complex
geological and mining concepts. In the GNMC variscite
is found as two distinct styles: (1) replacement of thin
fluorapatite beds, which are interbedded with pyritic
organic-rich black shales of Silurian age; and (2) vein-
lets crosscutting these materials. This set of geological
materials is unconformably covered locally by Quater-
nary calcretes. Variscite formed as a result of Quater-
nary supergene processes, which oxidized the pyrite and
produced acidic, oxidized solutions. The resulting fluids
mobilized phosphate from apatite and leached Al and
organic matter out of Silurian shales, thus leading to the
precipitation of the Al-rich phosphates as vein infillings
and strata-bound replacements after apatite. The for-
mation of variscite is restricted to the extent of the oxi-
dizing front, and variscite of both mineralization styles
changes in color from yellowish green near the surface to
deep green in depth. The study area contains two min-
ing fields: Can Tintorer and Can Badosa—Les Ferreres
range. The presence of abundant subvertical variscite
veins in Can Tintorer allowed a complex development
of galleries at different exploitation levels communicat-
ed by shafts and ramps, achieving 15 meters depth. The
exploitation by Neolithic miners was by overhand and
underhand stoping; they also used pillars and refilling of
older exploitations to avoid the mine collapsing. These
mines were opened in many cases by shafts that were
dug directly through hard Quaternary calcretes, favor-
ing the galleries’ stability and revealing that miners un-
derstood that mineralization continues underneath the

calcrete cover. Geological mapping reveals that exploita-
tions in the Can Badosa—Les Ferreres area are simple,
showing a single entrance to simple galleries or ramps
attaining less than 5 m in depth and directly excavated
on phosphate outcrops. Contrastingly, the mines in the
Can Tintorer area have several entrances that consist of
vertical shafts through a Quaternary cover, presenting
an intricate geometry with many large and commu-
nicated galleries at different depths with a system of
cameras and pillars. Although the development of both
mining areas was essentially contemporaneous, the Can
BadosaLes Ferreres area can only be considered an ex-
ploration area. In addition, mining was carried out on
minerals adjacent to variscite, not directly on variscite
veins themselves, thus indicating that the miners were
effectively using a wealth of geological knowledge that
was previously acquired in the complex operations in
the Can Tintorer mines.

Keywords: variscite, veinlets, replacement, su-
pergene, Quaternary, stoping, Neolithic, mine,
protohistoric mining.

RESUMEN

EL Complejo Minero Neolitico de Gava (CMNG) ubicado en
Catalufia tuvo como objeto la explotacion de la variscita verde
utilizada para la elaboracion de adornos y joyeria. Los trabajos
arqueoldgicos en mds de 100 minas indican que la minera en este
complejo se llevd a cabo ~5800 aiios antes del presente. CMNG
constituye (A) uno de los primeros ejemplos conocidos de mineria
sublerrdnea en Europa, (B) posiblemente el gemplo mds antiguo
de mineria a gran escala para uso ornamental y (C) el gemplo
mds antiguo de aplicacion de conceplos geoldgicos y mineros com-
plejos. En el CMNG, la variscita se encuentra en dos estilos dis-
tintos: (1) reemplazamientos de laminas delgadas de fluorapatito
intercaladas con pizarras negras ricas en minerales orgénicos de
edad silirica y (2) vetillas que cortan transversalmente estos ma-
teriales. El conjunto estd cubierto discordantemente y localmente
por caliches del Cuaternario. La variscita se_formé como resul-
tado de procesos supergénicos cuaternarios que oxidaron la pirita
produciendo soluciones dcidas y oxidadas. Los fluidos resultantes
movtlizaron fosfato de apatito y lixiviaron Aly materia orgénica
de las pizarras, lo cual condwjo a la precipitacion de los fosfatos
ricos en Al como rellenos de venas y de reemplazamientos estra-
toligados de apatito. La_formacion de variscita se restringid a la
extension del frente de oxidacion, y la variscita de ambos estilos
de mineralizacion varia de color verde amarillento, en superficie,
hasta verde profundo, en profundidad. El drea de estudio contiene
dos campos mineros: Can Tintorer y Can Badosa-Les Ferr
La presencia de abundantes vetas subverticales de variscita en
Can Tintorer permitié un complejo desarrollo de galerias en di-

AN

Jerentes niveles de explotacion comunicadas por pozos y rampas,

logrando 15 metros de profundidad. La explotacion empleada
por los mineros neoliticos _fue mediante realce ascendente y des-
cendente; también usaron pilares y rellenos de explotaciones mds
antiguas para evitar el colapso de la mina. Estas minas_fueron
abiertas en muchos casos por pozos que fueron cavados directa-
mente en duros caliches cuaternarios, favoreciendo la estabilidad
de las galerias y revelando que los mineros comprendian la conti-
nuidad de la mineralizacion por debajo de la cubierta de caliches.
Elmapeo geoldgico revela que las explotaciones en el drea de Can
Badosa-Les Ferreres son simples, mostrando una entrada tinica
a galerias simples o rampas que alcanzan menos de 5 m de pro-

idad y excavadas directamente en afloramientos de_fosfatos.

En contraste, las minas en el drea de Can Tintorer tienen varias

entradas_y consisten en pozos verlicales a través de una cubierta
cuaternaria, presentando una intrincada geomelria con muchas
galerias grandes y comunicadas a dj profundidades con
un sistema de camaras y pilares. Aunque el desarrollo de ambas
dreas mineras fue esencialmente contempordneo, Can Bado-
sa-Les Ferreres puede considerarse como un drea de exploracion.
Ademds, la mineria se llevé a cabo en minerales adyacentes a

la variscita, no directamente en las venas de variscita, lo cual
indica que los mineros usaron de forma efectiva un caudal de co-
noctmiento geoldgico que se adquirid previamente a las complejas
operaciones en las minas de Can Tintorer:

Palabras clave: variscita, vetillas, reempla-
zamiento, supergénico, Cuaternario, ex-
plotacién por realce, Neolitico, mina, mineria
protohistorica.
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1. Introduction

Variscite 1s a hydrated aluminum phosphate
(AIPO, - 2H,0O) normally formed by supergene
processes on phosphate-rich aluminous rocks.
This mineral can be generated in soils and caves,
as well as in lateritic surfaces or as a weathering
product of sedimentary phosphates (Melgarejo et
al., 1997). Variscite develops colorless, reddish or
apple-green, small orthorhombic crystals. Howev-
er, the most famous variscite varieties (also known
as callaite or utahlite, among other names; Ma-
nutchehr-Danai, 2000), used for thousands of
years to produce ornaments, are cryptocrystalline,
with a typical pale bluish-green to yellowish-green
hue.

The use of variscite for ornament crafting has
been historically recorded since Neolithic times
in many Western European countries, where the
corresponding mining sites have been found. Sig-
nificant examples have been reported in northern
Portugal (Meireles et al., 1987), Irance (Herbaut
and Querré, 2004), and in southwestern (Odrio-
zola et al., 2010, 2013) or western Spain (Fernan-
dez-Turiel et al., 1995; Villalobos and Odriozola,
2016). Also, variscite has had an ornamental use
by the indigenous populations of North America
(e.g, Pueblo Bonito in New Mexico; Ball, 1941),
and South America (eg, Taironas in Colombia;
Acevedo et al., 2016).

Variscite ornaments were relevant subjects for
trade in prehistoric societies. Consequently, most
archaeological studies have been focused on con-
straining the sources for variscite in order to es-
tablish the extension of the trade networks (e,
Edo et al, 1990; Fernandez-Turiel et al., 1990;
Dominguez-Bella, 2004; Borrell and Bosch, 2012).
Variscite exploitations may additionally provide
valuable information on mining procedure and
geological knowledge during Neolithic times
(Costa et al., 1994; Camprubi et al., 2003).
Variscite outcrops are common in the Catalan
Coastal Ranges. Nevertheless, only the Gava
mines are recognized as a source of material
during the Neolithic. The extensive mining devel-

oped in the Gava area accounts for over 100 min-
ing operations so far discovered by archaeological
endeavors, including galleries, shafts, and trenches
as old as 5800—5700 BP (or 3800-3700 BC; Alon-
so et al., 1978; Villalba et al., 1986, 1989, 1990;
Blasco et al., 1991, 1992; Bosch et al., 1987, 1996;
Villalba, 2002; Borrell et al., 2009, 2015; Borrell
and Bosch, 2012). Therefore, the Gava mines are
a valuable source of information and are counted
amongst the oldest known underground mines in
the world (Camprubi ¢/ al., 2003). In fact, these are
the oldest known underground mines in Europe
that used galleries at different levels of exploita-
tion (Blasco et al., 2000). Many of these mines were
also used as graves during the Neolithic (Borrell e/
al., 2005), and many artifacts were found in them.
Among these are a fertility goddess figure (the
Gava Venus; Bosch and Estrada, 1994), silex tools
(Borrell, 2009), complete variscite beads (Figure 1;
Borrell and Estrada, 2009), obsidian tools (Bosch
et al., 2009), and pottery (Borrell and Orri, 2009;
Bosch and Gémez, 2009). After their archacolog-
ical excavation, some of these mines have been

3.5em

m Necklace made from variscite beads of different colors
from the grave goods of the burial at the Neolithic 83 mine, Gava.
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adapted and opened to the public as the on-site
Archaeological Museum of the Gava Mines (Blas-
co et al., 2000).

Geological mapping of the Gava Neolithic mines
(Costa et al., 1994; Camprubi e al., 2003) demon-
strated that miners learned about the tridimension-
al arrangement of the variscite mineralizations,
provided they organized the galleries according-
ly. Ongoing archeological excavations during the
last 15 years have uncovered hundreds of meters
of galleries and shafts. During that time, complex
systems of galleries up to 15 m deep have been
mapped and characterized. Accordingly, the aim
of this study is to provide new information on the
geology of the Gava Neolithic Mining Complex,
in order to deduce the criteria used by the ancient
miners to explore and exploit variscite resources,
and also their wealth of knowledge of the regional
geology.
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Simplified geological map of the Catalan Coastal Ranges (CCR) and location of variscite occurrences.

2. Geological background

The Gava Neolithic Mining Gomplex (GNMC)
consists of many underground mines that are clus-
tered in the town and vicinities of Gava, 20 km
southwest of Barcelona (Catalonia). During the
1960s, urban growth covered many of the mining
areas, but, fortunately, the Municipality of Gava
and the Catalan Government have made efforts to
protect these archaeological sites, and many mines
have been preserved for research.

The Gava area is located in the Littoral Range
(Figure 2), one of the tectonic and morphological
units that constitute the Catalan Coastal Ranges
(CCR). The CCR roughly consist of two ranges
(Prelittoral and Littoral) that strike NE-SW, are
approximately parallel to the coastline, and are
separated by the Prelittoral Depression (Anadon
et al., 1979). The main geological units in these
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ranges are (1) a Paleozoic basement, deformed
and metamorphosed during the Hercynian orog-
eny; and (2) Mesozoic sedimentary rocks, which
unconformably cover the Paleozoic basement.
The CCR generally shows regional and contact
metamorphism associated with the intrusion of
calc-alkaline plutons (Enrique, 1990), both meta-
morphisms are related with the Hercynian oroge-
ny. The later Alpine orogeny is responsible for the
reactivation of the ranges. An early compressive
stage during the Paleogene produced NE-SW-
and NNW-SSE-trending strike-slip faults. The
later reactivation of these fractures as normal
faults during the Neogene shaped the current sys-
tem of horsts and grabens (Anadoén ez al., 1985).
One of the grabens is the Prelittoral Depression
and it was subsequently filled by Neogene detri-
tal series. The variscite deposits are found in the

Paleozoic basement in several localities along the
CCR (eg, Gava, Montcada 1 Reixac, Santa Creu
d’Olorda, Malgrat de Mar; see Figure 2), although
consistent evidence for ancient variscite mining
has been found only in Gava.

The characteristic geological units that constitute
the CCR are found in the Gava area (Figure 3): a
Paleozoic metamorphic basement; an unconform-
able cover of Mesozoic sedimentary rocks; and a
regional extensional fault, which occurs at the SE
limit of the basement, partly covered by Quater-
nary sediments and calcrete (Costa et al, 1994).
The Paleozoic series is poorly defined in the min-
ing area due to strong faulting and thrusting. How-
ever, it can be reconstructed by correlation with
the well-established series in the neighboring Coll-
serola range (Julivert and Duran, 1990; Garcia-

Loépez et al., 1990, 1996). It consists of sulfide-rich

u Caleretes (Quaternary)
- Black shales (Lockovian)

Gava city N

2°0 000°E |

|41°18.600'N
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Museum of the
Gava Mines

0 200 m
T —
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m Geological map of the study area, with the distribution of Neolithic mines.
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black shales of Llandoverian age (nearly 100 m
thick), interbedded with volcanic rocks and chert-
rich beds that can be locally up to 3 m thick. A
Wenlockian unit consists of nearly 50 m of black
shales with interbedded thin quartzite layers, and
is overlain by 50 m of black shales of Ludlowian
age that include some interbedded lenses of lime-
stones towards the top. Thin layers of fluorapatite
(from 1 mm to 10 cm thick) can be found within
all the Silurian units, and pyrite 1s also common-
ly widespread as disseminated crystals. The series
continues upward with a thick (30—40 m) unit
of nodular limestones of Pridolian age, partially
dolomitized or ankeritized (La Creu Formation;
Julivert et al., 1985). The overlying Olorda unit
consists of a thin (2-3 m thick, lower Lochkovi-
an) layer of black schists overhead by interbedded
limestones and reddish shales (middle Lochkovi-
an), green to bluish marls with carbonate nodules
(1520 m thick, upper Lochkovian), limestones
alternating with marls (10-15 m, Pragian), and
green marls at the top. Carboniferous materials
are poorly represented in the Gava area, and con-
sist of some dark bedded radiolarites (“lydites”),
greenish shales, and greywackes that might corre-
spond to the Tournaisian and Visean (Anadon et
al., 1983).

The Paleozoic series has been affected by two
stages of Hercynian deformation with (1) NW—SE
folds with opposite vergence, and (2) SW-dipping
axial surface folds. Both fold generations have asso-
ciated thrusts in their flanks, and the Silurian black
shales act as the detachment level for these thrusts.
The Hercynian deformation was accompanied by
very low-grade metamorphism. Intrusive igneous
rocks are absent in the study area. Hydrothermal
circulation along the Hercynian thrusts and asso-
ciated structures produced a general dolomitiza-
tion and ankeritization of the Silurian—Devonian
limestones.

Towards the SW part of the study area, the de-
formed Paleozoic series is unconformably cov-
ered by a thick sequence (more than 100 m) of
Early Triassic Buntsandstein red conglomerates
and sandstones (Virgili, 1958). The Triassic series

continues with an ensemble of lower Muschelkalk
transgressive limestones and dolomites (Calvet and
Ramon, 1987), overlain by regressive red clays and
gypsum (middle Muschelkalk facies; Morad et al.,
1995) and finally by limestones, dolostones, and
marls of the upper Muschelkalk facies (Calvet et
al., 1987). The Jurassic and Cretaceous sedimen-
tation are represented by the thick limestone se-
ries of the Garraf basin (Salas, 1987; Albrich et
al., 2006).

The basement-cover ensemble is crosscut by NE—
SW- and NW-SE-striking fault systems that were
generated during the Alpine orogeny and have
associated fault breccias and fault gauges (Guim-
era, 1984). These faults define also the horst and
the late Neogene—early Quaternary coastline and,
later, the contact with the Pleistocene—Holocene
deltaic materials of the Llobregat River plain.
The Pleistocene—Holocene erosion shaped a land-
scape that is characterized by smooth hills with
Paleozoic rocks (Gaspar-Escribano et al., 2004).
There 1s evidence of a weathering period during
the lower Pleistocene, which produced strong
changes in the outcropping basement. First, the
pyrite-bearing black shales were oxidized; the re-
sulting acidic and oxidizing fluids interacted with
the shales and removed the organic matter. This
process generated the discoloration of Silurian
black shales, which became pale grey, as well as the
development of sulfates like jarosite and alunite.
Dating of such alunite from Gava yielded aK-Ar
ageat 1.20 = 0.05 Ma, and alunite in a similar as-
semblage from Montcada i Reixac yielded aK-Ar
ageat 1.33 £ 0.05 Ma (Calabrian; Camprubi et al.,
2003). These ages correspond to the formation
of variscite, closely associated with the alunite.
The weathered domain extends up to 10-20 me-
ters below the unconformity between the Silurian
shales and the Quaternary cover. In addition, this
alteration led to the development of karstic ferru-
ginous ores on the Silurian-Devonian ankeritized
limestones (Costa et al., 1993).

The Paleozoic materials in the lowest part of these
hills are unconformably covered by Quaternary
sediments. The Quaternary cover generally starts
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at the bottom by creamy calcretes, up to 2 m thick,
that may grade vertically to reddish clays with car-
bonate nodules (up to 2 m thick), unconsolidated
breccias with a red clay matrix (up to 3 m thick),
brownish paleosoils (up to 2 m thick), and finally
reddish-brown clays (up to 2 m thick), which used
to be covered by anthropogenic sediments. This
sequence is similar to that found in many areas of
the Quaternary of the Barcelona-Llobregat do-
main, the so called “tricycle,” which corresponds
to humid and warm edaphic episodes (i.e., Solé
Benet ¢t al., 1988; Casassas and Riba, 1992; Riba
and Colombo, 2009). To the SE, the Llobregat
delta plain consists of deposits of river terraces,
flood plain facies, and Pleistocene—Holocene pa-
leochannels (Daura ¢t al., 2013).

3. Styles of phosphate mineralization
in the Gava Neolithic Mining Complex

Variscite, other phosphates, and minerals of the
alunite supergroup (APS) occur only in the Paleo-
zoic basement (Mata-Perell6 et al., 1983; Gimeno
et al., 1995). The following types of phosphate
mineralization have been distinguished (Costa et
al., 1993; Camprubi e al., 1994, 2003):

a) Primary synsedimentary fluorapatite thin
beds (1 mm to 2 cm thick) or nodules (spherical or
flattened bodies of 1-3 c¢cm in diameter, occasion-
ally produced by boudinage of the apatite beds in
the flanks of Hercynian folds). Fluorapatite occurs
as grayish to black cryptocrystalline radial groups.
These phosphates are interbedded within the Silu-
rian black shales and therefore were affected by all
the deformation episodes described above.

b) Strata-bound variscite and APS phosphates
that replace the above primary stratiform depos-
its. This replacement occurs only in the weathered
profile domain (grayish shales), and may be com-
plete or only partial along the border of the beds
or neighboring cracks. Black phosphosiderite, dark
reddish strengite or yellowish aluminian strengite
accompanied with jarosite and alunite are the
dominant phosphates in the uppermost weather-

ing profile domain (up to 4 m in depth), yellowish
green ferrian variscite is common at intermediate
depths (4-8 m) and gemmy green variscite occurs
mainly at the bottom of the weathering profile
(8-15 m).

¢) Subvertical variscite and APS phosphate
veinlets. They are restricted to the weathered part
of the profile. These are generally thin (1 mm to 2
cm) and occur as joint linings. There is a vertical
zoning of the infilling minerals, similar to the one
observed in the replaced synsedimentary phos-
phates: in the upper domain (up to 4 m in depth)
alunite or jarosite, aluminian strengite and cupri-
an crandallite are found; yellowish green ferrian
variscite is typically found at the intermediate do-
main (4-8 m), whereas the apple green to bluish
variscite is found at the lower domains. The un-
weathered black shales do not contain phosphate
veinlets.

d) Strata-bound Ca- and Fe-rich phosphates
such as tinticite, montgomeryite, calcioferrite,
hydroxylapatite, and dufrenite occur in veinlets
or nodules. They are commonly associated with
goethite, alunite, jarosite, and secondary carbon-
ates. These “secondary” phosphates are probably
generated when the weathering affects the anker-
itized or dolomitized limestones, and marls over-
thrusted by the phosphate-bearing black shales.
The deposits of “secondary” phosphates are usu-
ally unconformably covered by Quaternary cal-
cretes, rarely by red clays, or maybe eventually
found in surface exposures.

Pe-Piper and Dolansky (2005) suggested that the
occurrence of APS minerals is a good proxy to the
existence of acidic and oxidizing solutions in as-
sociation with APS minerals precipitation. There-
fore, the genesis of the variscite mineralization in
the Gava area and in similar deposits along the
CCR can be explained as a result of the weath-
ering of the phosphate layers interbedded within
the Silurian pyrite-rich black shales. The resulting
acidic fluids leached phosphate and aluminum
from the host rocks, necessary to produce second-
ary Al-rich minerals such as variscite, crandallite,
alunite, and jarosite. The Al-phosphates were



Boletin de la Sociedad Geoldgica Mexicana | 2019 / @

STYLES... / DISTRIBUTION OF

MINING OPERATIONS...

(A) General view of the central cavity of the ensemble of mines 3, 5, 7, and 11, from the surface towards the WNW. (B) View of
the mine complex from the opposite side of the cavity, towards the ESE. (C) Detail of variscite veinlets (green) within phosphosiderite
layers (black) hosted by weathered Silurian shales (gray).

formed by direct replacement of the apatite beds
or by precipitation in veins along the weathering
profile. Similar processes have been invoked to
explain the genesis of APS concentrations in re-
cent paleosurfaces in Sudan (Dill ¢t al., 1991) or in
the basement below the Permo-Triassic weather-
ing profile in the Iberian Ranges (Borruel-Abadia
et al., 2016). In addition, APS minerals were also
formed by diagenetic processes in the Triassic
cover (Galan-Abellan et al., 2013). Thus, when the
P-rich acidic fluids reached the Silurian-Devonian
carbonates they produced Ca- and Fe-rich phos-
phates, such as apatite, strengite, dufrenite, tintic-

ite, and calcioferrite (Costa et al., 1993), and were
accompanied by the formation of large amounts
of “secondary” Fe oxides and hydroxides.

4. Distribution of mining operations in
the Gava area

The archacological excavations in the study area,
which were indirectly (and unintentionally) helped
by the urban development in the last decades of
the 20th century, have unraveled more than 100
old mines in the area. The archaeological excava-
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tions in most of these mines were followed by their
geological mapping, which led to the identification
of the extracted material and the host rocks. Two
different main types of mining operations can be
recognized in the area: (1) iron mines, which cor-
respond initially to the Iberian and Roman period
sand were intermittently exploited until the 20th
century (Diaz-Acha et al., 2019), and (2) variscite
mines, Neolithic in age, and several are found near
each other.

The Neolithic mines consist of shafts with vari-
able complexity, trenches, or tunnels dug into the
Silurian gray shales and crosscutting, in many
cases, the overlying Quaternary sediments. Fif-
ty-four Neolithic mining operations of this type
have been discovered (Figure 3). However, most
of the preserved mines are found in a 30000 m?
area around Gan Tintorer, which is by far the larg-
est known Neolithic mining complex in the Gava
area (Figure 3). The Can Tintorer area is locat-
ed on a plain near the foot of Les Ferreres range,
where the Quaternary cover may achieve several
meters in thickness, covering Paleozoic outcrops.
Another significant group of mines is located in
the Can Badosa—Les Ferreres area, in the middle
part of the Les Ferreres range. In the latter there is
no Quaternary cover on the Paleozoic rocks, and,
consequently, variscite and other phosphate occur-
rences are found in surface exposures.

5. Description of the mining operations

The geology of mines 1, 2, and 8 was already de-
scribed in detail by Costa et al. (1994) and Cam-
prubi et al. (2003). Therefore, the present work is
focused on more recent archaeological excavations
of the Neolithic mines. The mines have been de-
veloped in two different stages: (a) completion of
the excavation of the galleries discovered in the
1970s, and (b) exploring new galleries that were
discovered during new housing development in
the Can Badosa—Les Ferreres area.

5.1. MINES 3, 5, 7, AND 11 (CAN TINTORER AREA)

The excavation of mines 3, 5, 7, and 11, which
were initially considered to be individual mines,
showed that they were in fact connected at depth
and can consequently be considered a single mine.
These are the most complex excavated mines in
the Gava area, and their continuity at depth could
be even greater, as some of the internal galleries
collapsed and others have not yet been excavated.
The excavated exploitations consist of a large cav-
ity connected to a complex system of galleries and
mine shafts (figures 4A and 4B). All the mining op-
erations were developed into the Ludlowian grey
shales and the overlying Quaternary calcretes. Va-
riscite is visible i situ in most of the galleries and
pits (Figure 4QC).

The large central cavity (labeled A in Figure 5) has
an elliptical shape, is oriented roughly E-W, and is
limited by vertical walls (35 m deep with respect
to the present-day surface). The original surface
of the cavity walls was clearly covered by Quater-
nary calcrete. Some walls show evidence of hav-
ing been developed after older vertical shafts. This
cavity is connected to several shafts open in the
vicinity by tunnels underground; however, most of
the galleries, trenches, and shafts appear to be de-
veloped from the cavity A.

Up to eight levels of exploitation have been rec-
ognized in this mine. Their vertical spacing gen-
erally ranges between 0.5 and 3 m, and it can be
less than 25 cm. The levels of exploitation were
generally connected by shafts and exceptionally by
ramps. Most of the galleries are horizontal, and
most of the galleries and shafts are excavated fol-
lowing the variscite mineralization and associated
minerals. Yet, some tunnel slack such mineraliza-
tion, such as tunnel B (see Figure 5). This mine
is the deepest one in the mining complex, which
allows visualization of the vertical zoning in the
variscite mineralized structures; the variscite with
the brightest colors have been found at the deepest
levels of the mine. Variscite is notably abundant
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in most of the galleries and pits, as can be seen in
end cuts, tops and bottoms of the stopes, pits and
galleries used for exploitation, as well as many pil-
lars. The mineralization occurs mainly as variscite
or strengite veins, although some strata-bound va-
riscite is also found.

In order to better describe the system of exploita-
tion, we have divided the mine in different cavities
(Figure 5). Cavity A contains high-quality green-
ish-blue variscite in vertical veinlets that roughly
strike E-W. The distribution pattern of the vein-
lets rules the exploitations geometry. The variscite
veinlets usually range between 2 mm and | cm,
and can be up to 3 cm thick, which provide large
enough fragments to be crafted as beads. Rela-
tively thick and continuous veins occur in trench
1 and in some shaft walls, especially the shaft 1,
which is crosscut by the main cavity. Some of these
veins were tracked by galleries and stopes in the
underlying levels and are accessed through 1.5 to
3 m long vertical shafts. In addition, some short

exploration tunnels start from the main cavity and
follow thin vertical green variscite veinlets, as in
the case of the tunnels A, B, C, and D (Figure 5).
Tunnel A constitutes the uppermost level in the
mine, but it would be unlikely older than cavity A.
In tunnel A, itis possible to distinguish associated
exploration galleries crossing in different direc-
tions and aiming at several vertical veins contain-
ing greenish clay minerals that resemble variscite.
However, such clay minerals are too soft to be used
to produce ornaments and therefore these galler-
ies were abandoned.

Also, the miners dug stope D (Figure 6) through
barren shales that connect with an exploration
gallery (E) that follows greenish clays and small va-
riscite veinlets. Gallery E continues a few meters
towards the SE, and has a NW branch that has
not been completely excavated. These galleries
follow a fault breccia that strikes NW—SE, proba-
bly associated with the Alpine orogeny. The target
material in this gallery was mainly greenish clay
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m Geological section along A-A' in Figure 5, with Neolithic mining works and mineralized veins indicated therein. The position

of the mining levels is also indicated.

minerals, similar to those found in gallery A, in
the form of numerous mm-wide subvertical vein-
lets. Finally, this gallery communicates with cavity
A by means of gallery I, which was used for the
extraction of variscite from veinlets.

The prolongation of gallery D towards the SW
changes slightly in direction following strengite
and ochreous jarosite veins and then gives access
to a large closed tunnel (labeled B in Figure 6).
This cavity achieves the deepest point in the mine
(15 m). It follows numerous subvertical variscite
veinlets that strike E-W and N—S,being the top of
the cavities about 2 to 3 m above stope D entrance

(Figure 6). The veins follow all types of discontinu-
ities, mainly the foliation of tight folds and joints,
but in some cases the variscite mineralization can
be strata-bound. Hence, there is a large density of
phosphate veins in this sector, which are continu-
ous for several meters. This arrangement allowed
the miners to exploit these veins by an ensemble
of parallel and perpendicular stopes separated by
rock pillars (Figure 5).The B-B’ section (Figure
7), which is located in sector A, also shows types
of exploitation that follow mineralized veins. At
the NE part of this sector some galleries and pits
were communicated only by small holes (10-20
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cm in diameter), a space clearly unable to permit
the passage of the miners. Some of the galleries
were separated from other levels only by a few cen-
timeters of rock, thus resulting in a high risk of
collapse.

Cavities A and C are communicated at depth by
another complex system of galleries, all of them
exploited following the network of variscite vein-
lets. Large stopes are found again in arcas E and
I, and remnants of subvertical variscite veins up to
1 cm thick can be observed in the fronts of these
stopes (Figure 8).

Inside the mine, many different archaeological re-
mains were found, even though burials were ab-
sent in this case. The mine 7 was dated at 2360
BC using "C from charcoal (Villalba et al., 1986).

5.2. MINE 16 (CAN TINTORER AREA)

Mine 16 has not been completely excavated and,
therefore, its possible links with other mines is not
yet established. Its provisional mapping suggests
that it cannot be connected with the neighbor-
ing mines 7 and 11. Mine 16 starts with a shaft
plunging 50/030 that first passes across 2.5 m of
a slightly dipping reddish Quaternary calcrete
and continues 3.5 m on subvertical lower Siluri-
an grayish chert and shales that are widely altered
(Figure 9). Then the plunging changes to 45/290
in the same folded Paleozoic rock assemblage. A 5
m long gallery, not completely excavated by mod-
ern archeologists, is located at the bottom of this
shaft and plunges 10/024. This gallery follows thin

Altered shales (Silurian)

Variscite vein

Other veins

==

A ™

----------
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«= Level 1 Level 4,5
=== Level 2 Level 5
e Level 2,5 seeeeeneeenes Level 6
=== Level 3 Level 7
ee LEGEbl, | esessssssiies Level 8

Geological section along B-B’ in Figure 5, with Neolithic mining works and mineralized veins indicated therein. The position

of the levels is also indicated.
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~._ | Variscite nodule beds

subvertical greenish variscite and reddish strengite
veinlets, and cuts some small fluorapatite levels re-
placed by variscite. The mine was filled with detri-
tal sediments and contained many archaeological
artifacts, among which stands out the well-known
Gava Venus (Bosch, 2010). The mine was dated
as 5190 +40 B Pusing "*C from charcoal (Bosch,
2010).

5.3. MINE 42 (CAN TINTORER AREA)

Mine 42 is located at the NW corner of the Ar-
chaeological Museum of the Gava Mines building,
and the gallery roof was partially removed during

Altered shales (Silurian) ==

Variscite vein

- Calcretes (Quaternary) sweseenes [ eyel 1

------

Level 4,5
Level 2 Level 5
Level 2,5 =serneneee Level 6
Level 3 Level 7
Level 4  soesensens Level 8

Geological section along C-C’ in Figure 5, with Neolithic mining works and mineralized veins and layers or nodules indicated
therein. The position of the mining levels is also indicated.

the placement of the building foundations. Also,
the mine entrance is not conserved and there are
only some remnants of the bottom of the mine.
The galleries were very superficial, less than 1.5 m
deep, as indicated by joints lined by calcrete. This
also suggests that this mine was originally excavat-
ed in calcrete. The preserved part of the mine fol-
lows an E-W direction, is about 5 m long, and is
completely hosted by Ludlovian folded gray shales.
There are thin brownish strengite veinlets with the
same orientation as the mine, thus indicating that
the gallery was excavated following such veins. No
archaeological material was found inside this mine
and no chronological information is available.
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5.4. MINE 110 (CAN TINTORER AREA) NW

SE

Mine 110 is near the NW corner of the Museum
building, and the upper half of the galleries was

DESCRIPTION OF THE MINING

OPERATIONS

destroyed when preparing the foundations of this
building. The deep part of the mine is not com-
pletely excavated and may be connected with
mine 2. A reconstruction of the preserved galler-

ies suggests that after the entrance (probably by a

short shaft, less than 2 m in depth) a gallery with
a round section and about 1.5 m in diameter has Debris (mine infilling)
a SW direction for 3 m, and then has a SE direc-
tion for 3 m more. After that, the gallery branches
out towards the SW (for 2 m) and towards the S

(not excavated). These two last galleries follow thin

Calcrete (Quaternary)
~— Strengite veins
Variscite veins and beds

~—— Faults

Chert beds interbedded
with grey shales

subvertical yellowish green variscite veinlets. The
ensemble of galleries plunges 10°SSE. No archae-
ological material was found inside this mine and

»
o+ Lower
= gallery

no chronological information is available.

5.5. MINE 83 (CAN BADOSA-LES FERRERES AREA)

- - *Te,  Lower gallery
.

Mine 83 is located at the foot of the Les Ferreres | i 3
Range, NW of Gava. It was discovered during the ,}J’

it has been possible to reconstruct the morphology ' —
of the mine (Figurel0). The mining development m Top: Geological profile along the shaft of mine 16, with

can be easily established considering that this mine Neolithic mining works indicated in red. Bottom: Floor plan of the
lower gallery, showing phosphate veins and levels.

Connection
with
the shaft

.
.'.' L

excavation for the foundations of a nearby build-
ing. Unfortunately, the mine roof was destroyed but fan, ot

has a sole entrance, by means of a 2 m-long pit.
This entrance was dug in an outcrop of weathered
phosphate beds (up to 10 ecm thick) interbedded

W4 ml d the other t ds the NE (3
with Lochkovian grayish shales, near the contact (+m long) and the other towards the (3m

_ . : , long). The mine does not contain variscite, but
with alternating reddish shales and limestones 8 X

of the middle Lochkovian. The phosphate beds
consist of black cryptocrystalline phosphosider-

white apatite occurs in some vertical thin veinlets
(less than 2 mm thick). The mine was recycled as
ite (FePO, 2H,O, a mineral of the metavariscite a grave and a large conglomera.te st.one e 1.Jsed

to seal the entrance. The burial site contained
archaeological material (Bosch et al., 2009). The
mine is dated at 52201110 BP using radiocarbon

in coal (Borrell ez al., 2009).

group). This set of geologicalmaterials is strong-
ly affected by Hercynian chevron-style folding of
the second phase of deformation (Melgarejo et al.,
2009). From its entrance the mine continues to fol-
low the phosphosiderite bed along two horizontal ¢ ¢\ np oy (CAN BADOSA-LES FERRERES DOMAIN)
galleries: one towards the SE (2 m long), and the
other towards the N (3 m long) that after a short

) ] ; The site of mine 84 is at the Can Badosa neighbor-
step bifurcates into two galleries, one towards the

hood at the lower part of the Les Ferreres range,
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NW of Gava. The mine has a relatively simple
structure and consists of an exploration gallery (la-
beled gallery A in Figure 11) and an exploitation
gallery (gallery B in Figure 11). The only entrance
is a NE-SW ramp dipping around 25° following
an outcrop of black phosphosiderite that replaces
I cm thick apatite beds (Figure 12). After 10 m,
gallery A finds a back thrust in the Lochkovian
red shales with limestones. At this point the mine
has two steps of about 1 m each towards the SW
that follow the gray shales, probably because the
miners recognized that multicolored shales and
dolostones were devoid of phosphates, and started
two new galleries (2A and 2B in Figure 11) towards
the NW and SE (10 m long each) that follow small
NW-SE striking variscite veinlets. These veins
occur close to phosphosiderite beds and opal nod-
ules (figures 11 and 12). These veins were thin (less
than 4 mm thick) and therefore the mine proba-
bly failed to supply good quality variscite and was
consequently closed and recycled as a sepulchral
camera whose entrance was sealed with a large
block of Pridolian limestone. The mine is dated at
4960£40 BP by means of radiocarbon from coal
(Borrell et al., 2009).

5.7. MINE 90 (CAN BADOSA-LES FERRERES DOMAIN)

Mine 90 was open in the Can Badosa neighbor-
hood in the Les Ferreres range, but the access was
destroyed by excavation for the foundations of a
modern building. However, the position and the
direction of the final section of the gallery of the
mine (less than 1.5 m) suggests that it would have
consisted of a short shaft (less than 3 m long) and a
short gallery (less than 3 m long). The mine follows
a 607 dipping thin veinlet (less than 2 mm) of dark
reddish strengite (Melgarejo et al, 2009). Abun-
dant similar strengite veinlets cropped out at the
bottom of the foundations of the building nearby
and probably occurred in surface exposures be-
cause no Quaternary cover is found in this area.
These veinlets were probably recognized in mines
86, 87, 88, 89, and 91.Thosemines were unfortu-

nately destroyed during building operations. Mine
90 is dated at 5000£40 BP by means of radiocar-
bon in coal (Borrell ¢t al., 2009).

5.8. MINE 15 (CAN BADOSA-LES FERRERES DOMAIN)

Mine 15 consists of a short tunnel (less than 5
m long) opened in the flank of the Les Ferreres
range, NW of Gava. The tunnel is horizontal and
has an approximate circular section, around 1.5
m in diameter, and follows small outcrops of yel-
lowish ferrous variscite (up to 1 cm thick). The va-
riscite is accompanied by thin veinlets (less than 2
mm thick) of pale greenish cryptocrystalline crusts
of secondary phosphates such as montgomery-
ite [Ga,MgAl (PO,)(OH), 12H,0], calcioferrite
[Ca ke (PO,),(OH) 7H,O], and white hydroxi-
lapatite [Ca,(PO,),(OH)] that are hosted by weath-
ered Silurian grayish shales in the vicinity of the
Silurian-Devonian limestones. These phosphate
veins are visible in the adit. The tunnel was not re-
filled with sediments. No archacological material
was found inside this mine and no chronological
information exists.

6. Discussion

The available data suggest that the Neolithic
mines were generally opened in the weathered
Silurian gray shales. In consequence, shafts and
tunnels might have been unstable because Silurian
rocks were intensely cleavaged and weathered and
have enhancee gallery collapse, especially during
rainy seasons.

However, in some cases, mines were also initiat-
ed in the unconformably overlying calcretes, those
are harder and more compact than the Silurian
shales. The shafts opened in calcretes would have
protected the intricate mine works and also would
have stabilized the mine entrance.

In addition, shafts and ramps that were dug on
the hard Quaternary cover suggest that some of
the mines were opened just following a mineral-
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-Shales with interbedded dolostones (Lockovian)
u Altered black shales(Lockovian)

?ﬂ Opal-CT nodules

i Phosphosiderite nodules

=== mm1 Steps in the mine

= Profile of the walls of
the Neolithic mine

‘ t ‘ Apatite veins

m Topography and geological map of mine 83, showing the distribution of the mineralized units. Modified after Melgarejo et

al. (2009).

ized outcrop. A possible explanation for such fea-
tures, especially in complex mines that have not
been completely excavated so far, could be that
their original access entrance has not yet been
discovered. According to this hypothesis, the orig-
inal entrance could have been opened following a
variscite outcrop, and the shafts would have been
opened from the inside of the mine to the outside
in order to create a ventilation system or emergen-
cy exit, or for fast transfer to the surface of ex-
tracted material. Nevertheless, some shafts have
no communication whatsoever with any galleries,
as 1s the case of mines 4 and 16. Consequently, it

is likely that the Neolithic miners eventually un-
derstood that veins occur underneath the barren
calcrete.

The mineral exploration systems seem to be di-
verse. Mine 11 could have been dug following va-
riscite subvertical veins, as perhaps happened in
shaft 1 at cavity A (Figure 5). Also, mine 84 can
be interpreted as a result of reconnaissance survey
following the phosphosiderite units, as it consists
of an access shaft that follows an outcropping sub-
vertical mineralized layer and two exploration gal-
leries follow the phosphate beds. The hypothesis

of this mine being used as a reconnaissance survey

DISCUSSION
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stems from the fact that phosphosiderite has not
been found in Neolithic beads, and therefore this
mine did not actually produce any valuable mate-
rial. A similar interpretation can be made for mine
84. It would then turn out that the Neolithic min-
ers would have recognized that phosphosiderite
and variscite were found in the same mineralized
structures and that one could eventually lead to
the other. In other words, it encapsulates the con-
cept of mineral association. The use of such con-
cept for exploratory purposes could be extended
to other minerals besides phosphosiderite, a prac-
tice that could have been turned into a routine in
exploration and that is still successfully used today.
The entrance to mines may be through (1) a ver-
tical shaft, as in mines 7, 11, and 16; (2) a ramp,
as in mine 84; or (3) a tunnel, as in mine 15. The
type of access depends on the orientation of var-
iscite mineralization in outcrops and the existing
relief conditions. Ramps were developed directly
on outcrops of slightly dipping phosphate beds,
as in mine 83 where the mine follows a replaced
phosphate bed dipping to the SW. However, in the
outcrop variscite is absent and the ramp clearly
follows strata-bound phosphosiderite mineraliza-
tion as replacements after apatite beds.

There is no evidence for exploitation of any
minerals other than variscite. Significant mining
operations were not carried out on opal-CT nod-
ule horizons, not even when mining operations
crossed such layers. However, at least in mine 84,
there is evidence that the miners excavated small
pits on such nodules, probably to produce tools for
exploitation of the mine.

The mines in the Can Badosa—Les Ferreres area
consist of a single access (shafts, ramps, or tun-
nels) and galleries of exploitation were developed
once the mineral was found, which is a relatively
simple method. However, the mining and explo-
ration techniques in the Can Tintorer area are
much more complex than that. The occurrence
of tunnels and galleries, with or without variscite
in them, suggests that some of them were used as

exploration galleries, as is the case of gallery B.
Once a mineralized vein was found, as is the case
of tunnel C, the galleries progressed following the
vein or, in some cases, the vein was exploited in-
tensively, thus producing large stopes. In the case
of stope B, at least its upper part was exploited by
the system of overhand stoping, because the top
of the stope is up to 3 m higher than the access
galleries (very close to the surface), and there is no
other access. Similarly to cavity A, the present day
risk that the top of stope B may collapse, suggests
that cavity A was produced by partial collapse of
old mines after their intensive exploitation. Also,
stope B is found below the topographic level of
gallery B, which suggests that such mine works
could have been carried out by underhand stop-
ing. These mines make probably the oldest case for
such systems of exploitation.

The stability of such complex mining structures
relies in the remaining pillars, and the existence
of unexploited mineralization in most of the pil-
lars demonstrates that the Neolithic miners were
aware of this need. In some cases, the galleries
situated at different levels are communicated by
small holes (too small to allow the passage of a
person) that could have been used for ventilation.
The archaco-anthropological analyses performed
on the human bones found in the burial sites in
mines 84 and 90 revealed injuries and malforma-
tions. This could be the result of the hard work
conditions inside these mines (Casas and Majo,
2009) and that the persons buried in them could
have been miners themselves. These burial sites
contain variscite beads, which would imply that
the miners were buried with ornaments that were
crafted with the very same material that they ex-
tracted in life.

The tools used for the exploitation were very rudi-
mentary: rocks were crushed with hornfels ham-
mers and bone chisels, and mine walls would have
been expanded by lighting fire on the surface and
then inducing their quick cooling (Villalba and
Edo, 1991). The variscite fragments were trimmed
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and polished up to the desired barrel shape and
finally pierced using a drill (Edo et al., 1995; Noain,
1996).

In general, a typical operating mine consists on an
extraction area, a processing plant where ore and
gangue are separated, and an area to throw the
rejected undesired material (dumps). In the case of
Gava the processing areas and the dumps have not
been found, probably due to the erosion process-
es active during more than 5000 years. However,
some concentrations of unprocessed variscite frag-
ments were found near the entrance of mine 84,
suggesting the existence of a processing area near-
by (Borrell ¢t al., 2005). Further, a large amount
of pieces partly elaborated or rejected were found
in the inner part of mine 85 (Borrell and Estrada,
2009; Borrell and Bosch, 2012; Borrell ez al., 2015),
suggesting that at least part of the elaboration of
the beads could have been performed, in certain
periods, inside this mine.

7. Conclusions

The aim for exploitation in the Gava Neolithic
Mining Complex was variscite that was formed
during the Calabrian in a lateritic context by
replacement of Silurian apatite beds, and by
precipitation in fractures and veins due to the re-
mobilization of phosphate and Al from the host
rocks. Other minerals associated with variscite
were not profited, but the occurrence of accom-
panying phosphates were used in the Les Ferreres
sector as a criterion of exploration for new var-
iscite deposits, as indicated by shafts and galleries
opened in phosphosiderite mineralization. There-
fore, the Les Ferreres mines were opened on the
basis of previous mining operations that provided
the necessary observations to infer mineralogical
and geological criteria for exploration in other
areas. Many of these operations were unsuccessful
due to the complex tectonics of the area, which

made the understanding of the continuity of min-
eralized structures very difficult. The common
presence of mines that were initiated on the bar-
ren Quaternary calcrete deposits (instead of the
weathered Silurian shales that host the mineral-
ization) in all the sectors means that miners did
not always start the mines following an outcrop-
ping deposit, and demonstrates that the Neolithic
miners had some geometrical and practical under-
standing of the unconformity concept.

Most mineral operations in the Gava area did not
achieve more than 40 m in total length and consist
of trenches or a combination of galleries, ramps,
and shafts with only one underground level. These
works do not contain variscite, or contain variscite
of poor quality (too-thin veinlets or unappealing
coloration), and therefore these mines can be in-
terpreted as unsuccessful exploration works.

The successful mineral exploitations had more
than 200 m in total length and reached up to 15
m in depth, and were abandoned once they were
unable to produce material that met the desired
quality. The mines are restricted to the weathered
part of the host weathered Silurian shales and
the water table at the time of Neolithic mining
did not correspond with the deepest evidence for
mining. The occurrence of different mineraliza-
tion styles (strongly folded strata-bound NW—SE
and subvertical veins - with various strikes) forced
the Neolithic miners to build a complex system of
galleries. Further, provided that the variscite with
deeper green color (the highest quality material)
tends to occur in the deepest part of the profile,
the mines reached greater depths by means of
steps, ramps, or shalfts.

As mining progressed deeper and the network of
galleries became more complex, the risk of col-
lapse increased, the daylight dimmed, and the
ventilation worsened. The first problem was ad-
dressed by means of the excavation of shafts on
Quaternary calcrete, the exploitation by the sys-
tems of overhand and underhand stoping sus-
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tained by pillars (probably the oldest example of
this type of exploitation in history), and the refill-
ing of the exploited galleries with rubble coming
from other galleries and shafts. The use of some
kind of lamps would be necessary to light up
working fronts, but no evidence of light systems
has been found. General ventilation in the mines
was favored by opening new shafts or connecting
different mining works. Some small holes that con-
nect galleries at different levels are interpreted to
have been dug with the purpose to improving air
circulation.

Therefore, the Neolithic miners were not only able
to construct complex stable galleries up to 15 m
deep, but also to understand the geometric controls
for mineralization, and designed their exploitation
accordingly. This complex activity suggests a high
degree of specialization for miners.
Deeper-colored variscite is still abundant in many
fronts of the preserved mines. Therefore, the mines
were not closed because they were exhausted, but
other reasons must be found to explain why most
active mines, as those of the Can Tintorer sector,
were abandoned. Future archaeological works, to-
gether with geological studies, may be able to pro-
vide such valuable information.
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