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The Cabo de Gata: land of volcanic and gold mineralizing processes 

The Cabo de Gata Lighthouse (andesites) 

Foreword 

This work has been built upon geological observations made in the last 18 years in the Cabo de 

Gata region, during field work mapping with pre- and post-grad students of geological sciences 

from Madrid (UCM) and more recently from Münich (LMU). The work serves several 

purposes. On one hand, we highlight the importance of volcanism at a global scale, and describe 

one of the most spectacular volcanic regions of the world, that comprises an amazing variety of 

volcanic and subvolcanic rocks in a short and narrow belt of land along the coast of Almería 

(SE Spain): the Miocene Cabo de Gata Volcanic Block (CGVB). The most remarkable and 

didactic outcrops are indicated on a map and descriptions are provided. 

We offer some basic concepts on the main characteristics of volcanic rocks, also explaining how to 

make a simple classification in the field. Besides, the CGVB hosts one of the few epithermal 

gold deposits in Europe (Rodalquilar), which formed in relation to the Miocene magmatism. In 

this regard, the main features of gold hydrothermal deposits as well as alteration phenomena 

(hydrothermal and supergene) are also explained to understand Rodalquilar. The main 

geological and mining-metallurgical characteristics of Rodalquilar are also dealt with, as well 

as the main environmental hazards that may arise from the exploitation of mineral resources of 

this type. Finally, we introduce one of the most successful mapping procedures used in mining 

operations around the world: the Anaconda Method.  

We hope that this work can be useful for lecturers and students who visit this region. 

Sincerely, 

Roberto Oyarzun, José Ángel López García & Elena Crespo 

P.S. For what is worth, we would like to thank the many colleagues of the UCM and URJC (gracias 

Manuel, Marisa, Sol, Tomás, Javier, Alejandra, Pedro, Jose, Carlos, Pepa) and LMU (vielen 

dank Anke und Sara) with whom we shared observations and discussions in the field about the geology of 

this area. 



Important: a notice for geologists visiting the zone 

Sunset at El Playazo, January 2013. 

The Cabo de Gata Volcanic Block is an integral part of the Cabo de Gata - Nijar Natural Park. As 

such there are restrictions for visitors and some are particularly relevant for geologists or students of 

geological sciences visiting this park. An introduction to the natural park (in English) can be found at: 

http://www.juntadeandalucia.es/medioambiente/servtc5/ventana/mostrarFicha.do?idEspacio=7406&lg=EN 

First, the right thing to do is to ask for an official permission from the park authorities to make a visit 

with students. The letter should be addressed to: 

Director/Directora 
Parque Natural de Cabo de Gata – Níjar 
Calle Fundición s/n 
04115 Rodalquilar (Almería) 
Spain 

Phone: 34+ 950100394 
Fax: 34+ 950803049 

Important: any geologist must take into account that the use of the hammer and obtaining samples of 

rocks or fossils is forbidden by the authorities. That shouldn’t be a problem for teaching purposes, there 

are lots of pieces of rock (of all sizes) surrounding the outcrops, and these can indeed be examined in 

detail with the hand lens, and of course, there are no restrictions on the use of a compass  

To stay at the park there are two good possibilities, one is the Youth Hostel of San José: 

http://alberguesanjose.com/ 

The other one is the camping site of La Caleta in Las Negras. 

http://www.campinglacaleta.com/en 

We hope you have a great and fruitful stay in the park. 

R.O, JALG, EC 
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Why volcanic rocks? – R. Oyarzun, J.A. López García & E. Crespo 

1.1 Introduction 

Volcanic rocks are often the “poor relation” of BSc and MSc studies in geology. The 

lecturers of petrology usually treat the subject more from a geochemical and 

mineralogical perspective than a petrographic one. In other words, students learn a 

lot about the origin and evolution of magmas but little about how to classify and 

interpret volcanic rocks in the field. On the other hand, field work is much more 

oriented to sedimentary rocks and formations; in fact, one gets the feeling that 

stratigraphy deals only with “sedimentary rocks” ... This absurdity is immense, 

because volcanic rocks “do form” stratigraphic sequences. Even plutonic and 

metamorphic rocks receive more attention from field trips. Besides, volcanic rocks 

are not a rarity, as they cover extremely large regions of the World. Take as an 

example the LIPs (Large Igneous Provinces) (Fig. 1, 2), a continuum of voluminous 

magmatic constructions including continental flood basalts and associated intrusive 

rocks, volcanic passive margins, oceanic plateaus, submarine ridges, seamount 

groups, and ocean basin flood basalts (e.g. Coffin and Eldholm 1994). 

Fig. 1: World’s Large Igneous Provinces (Bryan and Ferrari 2013). 

1. WHY VOLCANIC ROCKS?
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Fig. 2: The Deccan Traps (flood basalts) from India (see Fig. 1 for location), one the most famous 

LIPs. Image: Mark Richards, in Sanders 2015). 

Even smaller examples of volcanic provinces are quite surprising, for example, the 

Altiplano-Puna volcanic plateau (APVP) in the area near to the boundaries between 

Chile-Argentina-Bolivia, cover more than 70,000 km2, with over 104 km3 of erupted 

volume, which makes the plateau the largest young ignimbrite province on Earth 

(Fig. 3). Ignimbrite activity in the APVP started at about 10 Ma and continued 

strongly until ~1 Ma. Single ignimbrite eruptions of silicic andesitic to dacitic 

composition (63–68% SiO2) exceeded 1000 km3 in volume, erupted from caldera 

systems, and constitute the dominant late Miocene–Pliocene volcanic deposits on 

the plateau. 

1.2 Volcanic rocks and society 

Beyond the undeniable academic interest that volcanic rocks possess, their 

importance to society is huge and twofold. On one hand there is the intimate 

relationship between volcanic rocks and ore deposits, for example, the volcanic 

hosted massive sulfides (VMS), with Cu, Pb, and Zn, and the epithermal precious 

(gold and silver) metal deposits (Fig. 4). Ore/mineral deposits are not just academic 

“curiosities” to be “dissected” in modern labs and studied by fancy techniques. In 

this respect, two definitions (Cox et al 2017):  

2



Why volcanic rocks? – R. Oyarzun, J.A. López García & E. Crespo 

 A mineral deposit is a mineral occurrence of sufficient size and grade that it

might, under the most favorable of circumstances, be considered to have

economic potential.

 An ore deposit is a mineral deposit that has been tested and is known to be

of sufficient size, grade, and accessibility to be producible to yield a profit. In

these days of controlled economies and integrated industries, the profit

decision may be based on considerations that extend far beyond the mine

itself, in some instances relating to the overall health of a national economy.

Fig. 3: Left, the APVP and nitrate deposits in the Atacama Desert (Oyarzún and Oyarzun 2007). 

Right, a view of the modern volcanoes sitting on top of the APVP. Ecotrips (2018). 

Fig. 4: Geologic setting of VMS (left) (Geology In 2018), and gold epithermal deposits (right) (Azo 

Mining 2018). 

Below, modern volcanoes on top of the APVP 
San Pedro de Atacama, Chile 

3
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We will focus on gold epithermal deposits as the Cabo de Gata Miocene volcanic 

belt hosts an excellent example of this type: the Rodalquilar gold deposits, hosted 

by pyroclastic rocks of Miocene age within a large volcanic caldera. 

In this respect, the growing need for minerals worldwide is progressively 

demanding increasing numbers of geologists, who are the professionals qualified to 

find new mineral resources, map mining sites, estimate ore reserves, and conduct 

the geological planning of a mining operation (Fig. 5). 

Fig. 5: Mining geology in the modern world (RIA Mobile GIS 2018). 

Without metals or minerals, today’s society, at least in the developed part of the 

world, would be inconceivable. Without metals 

or minerals, the other part of the world, the 

under-developed countries, cannot dream of 

possessing the privileges enjoyed by the 

inhabitants of the developed world. 

The second important role played by volcanic 

rocks in relation to society is the assessment 

of volcanic hazards, among them: earth-

quakes, directed blasts, volcanic gases, lava 

flows, debris avalanches, landslides, pyro-

clastic surges, pyroclastic flows, and lahars. 

The following is an extract from a web page of NASA (2013) on volcanic hazards 

(Fig. 6):  “Explosive volcanic eruptions pose both short-term and long-term hazards. 

Lava flows and lahars can wipe out the flanks of mountainsides. Volcanic ash can 

blanket the landscape for miles, and ash clouds can disrupt aircraft travel, such as 

the incident in 1989 when ash from Alaska's Redoubt volcano temporarily disabled 

a passenger airplane. On longer time scales, eruptions can inject massive 

quantities of ash into the atmosphere, greatly reducing the solar heating of the 

Could a career in mining geology be for

you? 

Mining can be an exciting and profitable 

career path for geologists. While the job 

market for mining geologists is cyclical, 

fluctuating along with the commodities market, 

mining geologists fulfill vital roles in industry 

and will always be in demand to some extent. 

They not only determine where the most 

substantial and profitable deposits are, they 

make sure mine operations run efficiently, and 

most importantly, safely. 

Somarin (2014) 
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Earth and potentially interrupting the global food supply for several years. In 1991, 

Mount Pinatubo in the Philippines erupted, and strong winds spread the aerosol 

particles from the plume around the globe. The result was a measurable cooling of 

the Earth's surface for a period of almost two years. The role of natural hazards 

research and developing applications to mitigate the effects of disasters has global 

implications for reducing loss and saving lives.” 

Fig. 6: Volcanic hazards and threats (USGS 2016). 

Thus, in the same way our society needs trained geologists in mineral deposits, 

experts on volcanic activity are badly needed in many regions of the World 

periodically subjected to dangerous volcanic episodes (e.g. Indonesia, Chile, 

Mexico, etc). This is not something that happens (only) in remote, exotic places, 

Europe also faces serious hazards in relation to volcanic activity (e.g. Italy, 

Greece). 

5
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2.1 When volcanoes ruled the geological scene in southeast Spain 

By mid Miocene time the Betic-Rif tectonic realm was starting massive gravitational 
collapse that ultimately would lead to the unroofing of metamorphic core 
complexes, formation of sedimentary basins, volcanism and metallogenic activity 
(in the Spanish sector).  

Fig. 7: Left, the array of regional tectonic and magmatic units in the Betics – Realm (Spain and 

Morocco) (Rosenbaum et al 2002). Right, the Almería–Cartagena volcanic belt (ACVB) and main 

mine districts (adapted from López García et al 2011). 

The geology of SE Spain (Almería and Murcia regions) is characterized by the 

presence of two of the most important Iberian Alpine complexes: Alpujarride and 

Nevado Filábride (Betic’s internal zone) (Fig. 7). These units were intensively folded 

and thrusted during late Oligocene – Early Miocene, and later underwent 

extensional collapse through major detachment systems in Middle-Late Miocene 

time (e.g. Doblas and Oyarzun 1989). The latter episode was accompanied by 

important calc-alkaline to high-K calc-alkaline and shoshonitic volcanism 

(andesites, dacites, rhyolites) along the Almería – Cartagena Volcanic Belt (Fig. 7), 

whereas sedimentation took place within restricted marine sedimentary basins. 

The volcanism triggered hydrothermal activity that led to formation of important ore 

deposits of Au at Rodalquilar (Almería) and Pb-(Ag)-Zn at Mazarrón and Cartagena 

2. THE CABO DEL GATA REALM:

PARADISE FOR THE MAPPING  

AND THE STUDY OF VOLCANIC 

ROCKS  AND ORE DEPOSITS 

See figure on  
the right 
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– La Unión (Fig. 7, 8). This is a most peculiar arrangement of volcanic series and

ore deposit types, the whole occurring within a short and narrow belt of ~ 160 x 20 

km between the localities of Almería and Cartagena (Fig. 7, 8, 9). 

Fig. 8: Left, the El Cinto gold mine at Rodalquilar (Rodalquilar to Los Albaricoques road). Right, 

the Mazarrón San Cristóbal – Perules Pb-Zn mines). See Fig. 7 for location. 

Fig. 9: Satellite image of the Gibraltar Arc, Betic and Rif Mountais (BM and RM) and the Alboran 

Sea (westernmost Mediterranean Sea) (image: NASA, visibleearth.nasa.gov)  

Almería 

Cartagena 

Alboran Sea 

Gibraltar Arc 

Spain 

Morocco 

BM 

BM 

RM 
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2.2 Sites which are worth a visit 

There are many sites to visit at the Cabo de Gata volcanic block (Fig. 10). To have 

a ‘glimpse’ of the geology we recommend at least two days, whereas a week or two 

would be far more convenient if geologic mapping for teaching purposes is the aim 

of the visit. The latter will allow the student to deal with contrasting settings such as 

the observation of slightly altered andesitic rocks (e.g Cabo de Gata, San José), 

highly altered pyroclastic flows and domes (e.g., Rodalquilar), a marine reef 

complex (Rodalquilar and Las Negras), the stratigraphic relationships between 

sedimentary and volcanic rocks (e.g. Rodalquilar Valley), old mining works (e.g. El 

Cinto) and decommissioned metallurgical sites (Rodalquilar).  

 Fig. 10: Left, main geologic units in the Cabo de Gata – Níjar Natural Park and sites (1 to 

10) that are worth a visit (suggested stops). Modified after Oyarzun et al (2009).

9
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2.3. A brief description of suggested stops 

2.3.1 From Cabo de Gata to San José (stops 1 to 3) 

The Cabo de Gata Lighthouse (1a) (Fig. 10, 11-13) viewpoint provides an excellent 

view of the oldest andesites (~ 14Ma) as well as ignimbrites and tuffs as the road 

goes upwards to Cala Rajá and Cerro de la Vela Blanca (Vela Blanca Hill) (1b) 

(Fig. 14, 15). The road continues to San José although cars are not allowed.  

Fig. 11: Left, the Cabo de Gata (from the southern salt pans). Right, the Cabo de Gata lighthouse 

and main andesitic outcrops (arrow). 

Fig. 12: The Cabo de Gata andesites (left) and detailed image (right). The observed banding 

corresponds to a tectonic fabric. See the lighthouse on the left. 

Fig. 13: Fault contact between white tuffs (WT) and andesitic rocks (AR). Detailed image on the 

right (F: fault).  

WT 

AR 

F 
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Fig. 14: View to the north from the lighthouse sector. Adapted from Braga Alarcón et al (2003). 

On the right (above), landscape corresponding to the figure on the left. 

Fig. 15: The Cala Rajá Ignimbrite 

To visit the Genoveses and Mónsul beaches (2) (Fig. 10) one can either walk from 

Cerro de la Vela Blanca (1b) to the beaches (an easy walk all the way down the 

slope) or drive to San José and take the road to the beaches. Both sites offer 

superb examples of multiple stratigraphic relationships between volcanic, 

subvolcanic and pyroclastic episodes. 

CRI 

Dome 

Cerro de la 
Vela Blanca 

White tuffs/ignimbrites               Gray tuffs and ignimbrites 

Domes: massive amphibole andesites    Domes: massive pyroxene andesites 

Pyroclastics pyroxene andesites         Alluvial sediments 

Cala Rajá 
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In Mónsul we can observe the site where hot basaltic andesites got brecciated by 

thermal contrast with cold seawater under submarine conditions. These are the 

Mónsul lithic autoclastic breccias (Fig. 16, 17). 

Fig. 16: The Mónsul lithic autoclastic breccias; the black clasts (basaltic andesites) are embedded 

in a light gray hyloclastic matrix.  

Fig. 17: A view of Mónsul beach and geologic explanation (adapted from Braga Alarcón et al 

2003). 

B 

A 

B 
A 

Cerro de la Vela Blanca 

Autoclastic breccias    Basaltic andesites    Sands  Colluvium 

Mónsul Beach 
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Only 2.5 km to the NE along the dirt road we find the beautiful Genoveses beach, 

which hosts a world-class outcrop of pyroclastic rocks (Fig. 18, 19) on the southern 

tip of the cove. The Genoveses outcrop (e.g. Oyarzun et al 2018) is characterized 

by a lower section of rhyolitic pyroclastic flow deposits (ignimbrite) (PFD) with 

angular pumice clasts ranging in length from a few to tens of cm, floating on a 

matrix of welded glassy fragments and rare crystals of quartz, feldspar and biotite 

(Fernández Soler 1996). The top surge deposit (ACS) is less than 2 m thick, and 

consist of well defined layers of sandy pyroclastic materials with some isolated 

small pumice clasts. Given the stratigraphic relationships between the pyroclastic 

flow and the upper surge, the latter can be ascribed to the “ash-cloud surges” type 

of Cas and Wright (1996), that is, turbulent low density flows generated in the 

overriding gas and ash cloud, and associated with the tops of the flow units. The 

Genoveses sequence is completed with a pumice-ash fall deposit (PAFD) with 

pumice-rich pockets, resting on top of the ash-cloud deposit. The whole sequence 

may correspond to a single eruptive event as shown by detached clasts of pumice 

from the pyroclastic deposit, that are here regarded as elutriated fragments from 

the top of the moving pyroclastic flow (e.g. Cas and Wright 1996). 

Fig. 18: The Genoveses outcrop of pyroclastic rocks. A: Stratigraphic relationships between the 

Geonoveses pyroclastic flow deposit (PFD), the ash-cloud surge (ACS) and the pumice-ash fall 

deposit (PAFD). B: Pumice clasts torn apart from the pyroclastic flow by the ash-cloud surge (see 

arrows). C: Isolated clasts of pumice within the ash-cloud deposit (see arrow). Simplified after 

Oyarzun et al (2018). 

PFD 

ACS 

PAFD 
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Fig. 19: The southern tip of Genoveses cove. Northern and southern cliffs. Lower image: Google 

Earth. BA: basaltic andesites, some of the rocks with small columnar jointing 

Other rocks in the sector include basaltic andesites (Fig. 20) that are part of the 

same volcanic episode that gave rise to the Mónsul autoclastic breccias. 

Ash-cloud surge and pumice-ash fall deposits 

Pyroclastic flow deposit (ignimbrite) 

Northern side 

Northern side 

Southern side 
100 m 

‘Mónsul’ autoclastic  

breccia 

Older breccia 2  

Older breccia 1  

Genoveses ignimbrite  

Southern side 

BA 

Fig. 20: Left, massive basaltic andesites in sector BA (see Fig. 19), and part of the same outcrop 

displaying columnar jointing (right).  
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Following the dirt road for 1.5 km we arrive to San José (3). The best outcrops are 

along the marina (Fig. 21-24) and consist of andesitic volcanic breccias (mildly 

altered: propylitic alteration), a red dacitic dome (that partly flowed down slop to the 

sector to Cala Higuera) (4), and ignimbrites (stratigraphically equivalent to these of 

Genoveses). These are also excellent outcrops for the study of faults (Fig. 21, 22).  

Fig. 21: Above, the San José Marina andesitic rocks; below left, the andesitic breccias; the more 

massive facies display millimetric to centimetric flow banding (right, pink arrow), note the holes 

left by eroded clasts (yellow arrows).  

Fig. 22: Intense faulting affects the andesitic volcanic breccias in front of the San José Marina. 

Andesitc volcanic 
breccias 

Fault zone 

Fault zone 

Fault Zone 

Red dacitic dome 
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Fig. 23: San José Marina. Left, the contact between the andesitic breccias (AB) and the 

ignimbrite (Ig). Right, a detail of the contact which occurs along a fault (F). 

Fig. 24: Main geologic units that can be observed in San José and Cala Higuera. MMC: Miocene 

marine carbonates; *: rock unit names belonging to the younger, Los Frailes Caldera (see next 

section). 

2.3.2 From Cala Higuera to Morrón de Mateo (stops 4 and 5) 

The Los Frailes Caldera (Fig. 25) formed at 14.4 Ma and is the oldest caldera in the 

Cabo de Gata Volcanic Block. The volcanic edifice formed in response to multiple 

eruptions of amphibole dacitic magmas (Cunningham et al 1990). The southern 

boundary between the caldera and the older rocks from San José runs along the 

San José 
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Ignimbrite 

Red Dacitic Dome 

Block & Ash* 
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Ignimbrite* Autoclastic Lithic 
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Dyke 
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Andesites 
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AB 
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Cerro de Enmedio 
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entrance to Cala Higuera (4). Within a small area we can find several pre-and post-

caldera volcanic units (Fig. 24). 

Fig. 25: Above, location of Los Frailes Caldera (photograph on the right: Barwaßer 2018). Below, 

Los Frailes: a ‘counterintuitive’ caldera. The confusion arises from the fact that the Upper Basaltic 

Andesites were emplaced as domes (Cunningham et al 1990) that account for the positive, 

double umbrella-type topography (blue color). These basaltic andesites are a late phenomenon 

that took place after the collapse of the volcanic edifice (leading to formation of the caldera). The 

rim is well depicted by the white dactic tuffs (green color); geology: adapted from Braga Alarcón 

et al (2003). 

The older, pre-caldera units comprise (Fig. 21-27): 

 Altered (propylitic alteration) andesitic rocks along the dirt road connecting

San José and Cala Higuera.

 The San José – Cala Higuera ignimbrite.

 The red dacitic dome, that flowed on top of the San José – Cala Higuera

ignimbrite.

 Hyaloclastic facies in the center of the beach.

 Autoclastic lithic breccias on the northern sector of the cove.

The younger (Los Frailes Caldera) units comprise (from base to top) (Fig. 24, 28-

31): 
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 The ‘block and ash’ deposit including large blocks of a disrupted dacitic lava

flow and welded anfibole tuffs. Some of the blocks display columnar jointing.

 A several meters thick banded dacitic dyke.

 The upper ignimbrites.

 The upper basaltic andesites.

Fig. 26: Left, the Cala Higuera autoclastic lithic breccias outcrop (ALB) (same unit as in Mónsul). 

Right, detailed view of the same outcrop. B&A: block and ash deposit. 

Fig. 27: The San José – Cala Higuera ignimbrite and a flow of the red dacitic dome (RDD). On 

the right the ignimbrite is deeply altered to clays (AI).  

B&A 

ALB 

RDD 

AI 

San José – Cala Higuera ignimbrite 

Blocks 
Tuffs 

Fig. 28: The Cala Higuera dacitic ‘block and ash’ deposit. Dirt road from San José to Cala Higuera. 
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Fig. 29: Left, a block (B) with columnar jointing resting on top the white dacitic tuffs (WDT) (Cala 

Higuera ‘Block and Ash’ deposit). Right, the contact between the banded dacitic dyke (BDD) and 

the white dacitic tuffs (WDT). 

Fig. 30: The Cala Higuera Upper Ignimbrite (left), hosting large clasts of pumice (arrow) floating 

on matrix of coarse dacitic lapilli (right). 

Fig. 31: Left, chaotic disposition of pumice clasts in the same outcrops. Right, an exotic clast from 

a previous eruption, that was dragged into the pyroclastic flow (circle). 

The northern rim of the caldera offers some beautiful stops. In this regard one has 

to return to San José, take the road to El Pozo de los Frailes (AL-3108), and then a 

detour to Rodalquilar (AL-4200) (Fig. 10). Before arriving to Morrón de Mateo (5) 

WDT 

BDD 

Cala Higuera Upper Ignimbrite 

WDT 

B 
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(on the left side of the road) there is a well preserved debris flow deposit (lahar), 

where cars can park on the right side of the road (Fig. 32, 33).  

Fig. 32: Location of the ‘parking site’ to observe the debris flow deposits. AL-4200 road. Image: 

Google Maps. 

Fig. 33: Left, the debris flow; note the chaotic arrangement of blocks and the greenish color of the 

finer matrix. Right, green tuffs thin layers (arrows) in the base of the debris flow deposit. The 

green color is due to the effects of propylitic alteration. 

The Morrón de Mateo stop (Fig. 10, 34) (5) is a quarry where a several meters thick 

sequence of well stratified but poorly consolidated fall and surge deposits have 

been exploited for clay type materials; the deposits are flanked on the northern side 

by a flow dacitic dome (Fig. 34). 

Recommended parking site 

Debris flow 

Morrón de Mateo hills 
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Fig. 34: The Morrón de Mateo fall and surge deposits and the dacitic dome. 

Shortly after leaving Morrón de Mateo you arrive at Los Escullos. From there it is 

worth to take an optional detour to the right, along a dirt road that leads to some of 

the best outcrops of the Los Frailes Caldera. The road leads to Cala Tomate (CT in 

Fig. 10), a quarry for clays and zeolites in altered ignimbrite. Several pre- and post-

caldera units can be observed and studied near the road (Fig. 35, 36). 

 

Fall and surge deposits 

Morrón de Mateo Dacitic Dome 

Fault 

Geological Sketch of Cala Tomate 
Informal units 

Colluvial (11) and alluvial deposits (12) 

Upper Basaltic Andesites 

Cala Higuera Pyroclastic Complex 

Gray Dacites 

Cala Higuera Block & Ash deposit 

Cala Tomate Quarry Ignimbrite 

Purple Tuffs 

Green Tuffs 

Cliff Complex 
1: Autoclastic lithic breccias 
2: Ignimbrites 
3: Tuffs 

Fault 

Quarry 

UTM Coordinates 

Fig. 35: A ‘one morning express map’ of Cala Tomate (high speed mapping ). Field work by R. 

Oyarzun & J.A. López García in 2006. Many of these units can be also observed at Cala Higuera. 
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Fig. 36: Los Frailes volcanic complex: from Cala Tomate to Cala Higuera. See also Fig. 29. 

2.3.3 Las Amatistas viewpoint (stop 6) 

The Las Amatistas (6) viewpoint (Fig. 37) is right before the Rodalquilar Caldera 

and is worth a stop to observe the Los Frailes volcanic complex and just to see the 

sea and cliffs. 

2.3.4 Rodalquilar, El Cinto, El Playazo and Las Negras (stops 7-10) 

Rodalquilar (7) is a small picturesque town (less than 200 inhabitants) inserted in 

the heart of the large volcanic caldera of the same name (Fig. 38, 39). In the town 

we can find the offices of the Natural Park of Cabo de Gata – Nijar. 

Los Frailes Caldera 

Las Amatistas Viewpoint 

Fig. 37: Las Amatistas: a worthwhile stop before entering the Rodalquilar Caldera. 

Los Escullos – Cala Higuera dirt road 

Quarry Ignimbrite 

Block & Ash 

Block & Ash Cala Higuera is behind this hill 

Messinian Reef Complex Cinto Ignimbrite 

Rodalquilar 

El Playazo 

Dirt road to Barranco de las Cuchillas 

Rodalquilar Valley 

Fig. 38: The village of Rodalquilar (looking northeast): main urban and geological features. 
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Fig. 39: Left, location of the Rodalquilar Caldera. Right, geological setting and alteration zoning of 

the Rodalquilar mining district; adapted from Arribas (1993) and Arribas et al (1995). 

The geological setting of the Rodalquilar mining district (Fig. 39, 40) includes 

Miocene rocks consisting of domes (caldera ring domes), ignimbrites, tuffs, 

massive volcanic rocks, and the so-called Messinian Reef Complex (limestones 

and dolomitic limestones).  

Fig. 40: Left, the Messinian Reef resting on top of the Cinto ingnimbrite on the northern side of 

the Rodalquilar Valley; The Messinian Reef Complex near El Playazo (8). 

The Rodalquilar valley and El Playazo beach (8) offer excellent sites to observe 

contact relationships between the Cinto Ignimbrite and the Messinian Reef 

Complex (Fig. 40). Its southern tip also provides an excellent view of the pyroxene 

andesites, which can also be studied at Las Negras (Cerro Negro outcrops) (10) on 

its northern side. These andesites display a weak alteration (propylitic) and are 

younger (8 Ma) (Toscani et al 1990) than the felsic units of the caldera. 

The most relevant activity took place about 11 Ma and involved the emission of 

ignimbrites (Cinto Ignimbrite), the formation of a large caldera, the emplacement of 

Messinian Reef Complex (MRF) 

Cinto Ignimbrite MRF 

Fault 

Contact 
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ring felsic domes, the emission of new ignimbrites (Las Lázaras Ignimbrite) and the 

formation of a smaller caldera: the Lomilla, where the main Cinto gold epithermal 

deposits are located (9) (Fig. 39, 41).  

The alteration model (Fig. 39) includes core of silicification, advanced argillic 

alteration (alunite and kaolinite) and a more external propylitic alteration. Massive 

oxidation of primary sulfides (mostly pyrite) and subsequent formation of acid 

solutions led to mineral overprinting by supergene kaolinite and alunite over the 

previous hydrothermal assemblages, thus giving to the area its characteristic white-

reddish color (Fig. 41). Gold epithermal mineralization is found in the western 

sector of the Rodalquilar caldera and consists of two types: 1) epithermal Au-As 

high sulfidation vein and breccia type (El Cinto mines); and 2) low sulfidation 

(peripheral) epithermal Pb-Zn-Cu-(Au) veins (e.g. Minas de Abellán) (Fig. 39, 42). 

El Cinto gold mine 
Gold epithermal deposits (high sulfidation type) Cerro Negro (Las Negras) 

Pyroxene andesites 

La Lomilla Caldera 

A 
B 

A 
B 

Main open cast front 
Cinto Ignimbrite 

Dome 

Waste rock dump 

Fig. 41: The el Cinto gold mines. Above, 

panoramic view (from the south) of the 

mines and the so-called Lomilla Caldera, 

related to Las Lazaras Ignimbrite (Arribas 

et al 1995). Middle, panoramic view of the 

main opencast front. Bottom, detailed view 

of the main sub vertical leached-oxidized 

veins of (gold)-alunite-silica (see arrows); 

effects of silicification and advanced 

argillic alteration (AAA). Supergene 

alteration overprinted hydrothermal AAA.  

C 

C 
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Fig. 42: Old mining works in the Minas de Abellán sector, a case of low sulfidation gold 

mineralization. Arrows: faults. See Fig. 43 for location. 

The Barranco de las Cuchillas valley allows a perfect observation of the Lázaras 

ignimbrite and its columnar jointing (Fig. 43).  

Cinto Ignimbrite 

Casa Biank zone 

Barranco de las Cuchillas Valley 

Dirt road to El Cinto gold mines 

Rodalquilar 

Denver Plant 

Denver Plant tailings deposits 

Fig. 43: Above, location of key observation points and roads around Rodalquilar; below left, the 

Lázaras Ignimbrite along the Barranco de las Cuchillas and one of the ring felsic domes; right, a 

detail of the Lázaras columnar jointing. 

Lázaras Ignimbrite 

Dome 

Cinto Ignimbrite 

Abellán mines 
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Although it is not a suggested stop for a short itinerary (and thus it lacks a number 

or symbol on Fig. 10), we nevertheless recommend a visit to the sector that we 

have here called Casa Biank (Fig. 43). There you can observe multiple contact 

relationships between the Cinto Ignimbrite and the Messinian Reef Complex (MRC) 

(Fig. 44). There you can also observe the presence of a completely silicified felsic 

dyke that cuts the carbonate rocks of the MRC. 

Fig. 44: Another ‘express map’  on the southern sector of the Rodalquilar Valley (Casa Biank 

zone; see figure 43 for location), which is worth a detour when going to visit El Playazo. We thank 

Anke Friedrich and Sara Carena (LMU) for introducing this great site to us. The dacitic pyroclastic 

flow rocks are part of the Cinto Ignimbrite, whereas the calcarenites and calcirudites are part of 

the Messinian Reef Complex. 

Last but not least we have the pyroxene andesites of El Playazo (8) and Las 

Negras (10), worth a visit too (Fig. 45). 

Fig. 45: The pyroxene andesites. Left, El Playazo outcrop; right, Las Negras (Cerro Negro 

outcrop).  

Pyroxene Andesites Messinian Reef Complex 
Pyroxene Andesites 
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3.1 Classifying volcanic and subvolcanic rocks in the field 

3.1.1 Introductory statement 

A very important part of the volcanic rocks that we shall be studying from Cabo de 

Gata to Rodalquilar are “pyroclastic”. The term pyroclastic is applied to volcanic 

products or processes that involve explosive ejection and fragmentation of the 

erupting material. The field interpretation of pyroclastic rocks can be complex, so 

much that sometimes the opinion of two experts on the same outcrop may differ. 

We also provide (nonetheless) some insights into domes and dykes as they are 

also present in the Cabo de Gata volcanic block. 

Additionally, we have to differentiate between “genetic” and “field” terms. For 

example, an “ash-fall deposit”, or simply, a “fall deposit” means that the pyroclastic 

material (e.g. ash) came from above as it usually occurs during an explosive 

eruption (Fig. 46). However, we can also classify these rocks in the field as “tuffs”. 

The latter is a lithological descriptive term that has not genetic connotations, 

although in our mind we should understand that the pyroclastic materials forming 

the tuffs were ejected from a volcano and fell later to the ground to form the (‘fall’) 

deposit that we are observing.  

Fig. 46: Pyroclastic flows and ash fall from Mayon Volcano, Philippines, 1984 (USGS 1999). 

Pyroclastic flows form ignimbrites whereas ash fall leads to formation of tuffs. 

3. VOLCANIC AND

SUBVOLCANIC ROCKS IN THE 

FIELD 

Pyroclastic flows 

Ash fall 
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3.1.2 Dykes and domes 

Having given a first simple view of what pyroclastic rocks are, it would be useful to 

briefly explain what dykes and domes are.  

Dykes are fairly easy to recognize since they present a tabular shape and are 

associated with faults. Domes on the other hand are perhaps a bit less known. The 

domes are roughly circular mound-shaped protrusions resulting from the slow 

extrusion of viscous lava, and usually range in composition from intermediate (e.g. 

andesitic) to felsic composition (e.g. rhyolitic) (Fig. 47). 

Fig. 47: Left, domes can be complex volcanic edifices, with steam and ash plumes and 

hydrothermal activity (Wohletz et al 1992); right, Mount St. Helens 2004-2008 eruption (USGS 

2013). 

Geologists usually associate columnar jointing to lava flows, where columns form 

during the cooling of the flow, resulting in heat loss and contraction (Fig. 48). 

Fig. 48: The physics of columnar jointing; the cooler conditions induce contraction and cracking. 

C: Contraction. Adapted from Reeves (2018). 

Heat loss    Heat loss 
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Hot 
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Ash plume 
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The typical image of columnar jointing is provided by vertical columns in a basaltic 

lava flow. This is because heat loss is channelized to the cool front provided by the 

air, eventually approaching an optimal hexagonal honeycomb-like pattern with 

vertical columns (Fig. 48). However, in a dyke this can be different, because the 

cool front is provided in depth by the colder host rock, therefore if a dyke is vertical 

the columns will form horizontally. In this respect, excellent examples of dykes with 

horizontal columnar jointing can be found near Mónsul (Fig. 49).  

Fig 49: Left, andesitic dyke (AD) with horizontal columnar jointing near Mónsul beach; a detail of 

the horizontal columnar jointing (HCJ). Photos: J Cervera & P Cubas (2017). 

3.2 Pyroclastic rocks in the Cabo de Gata Volcanic Block 

3.2.1 Tuffs (fall deposits) 

Tuff is a generic term for all consolidated (hardened and/or compacted) pyroclastic 

(explosive, volcanic origin) rocks. These can be confused with sedimentary rocks 

as they appear to be well stratified (Fig. 50). A most typical confusion will be with 

sandstones.  

Fig. 50: Fall deposits (tuffs) from Morrón de Mateo. Note the similarity to sedimentary rocks. 

HCJ 
AD 
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The classification of fall deposits is based on the size of the pyroclastic fragments: 

 

3.2.2 Ignimbrites (pyroclastic flows) 

Ignimbrite (pyroclastic flow deposit) is a hot (typically >800°C), chaotic mixture of 

rock fragments, gas, and ash that travels rapidly (tens of meters per second) away 

from a volcanic vent or collapsing flow front (Fig. 51). These rocks are usually 

associated with caldera formation while the volcano collapses, although this is not 

always the case. Ignimbrite deposits can be huge (tens of meters high) having 

differentiated sectors along the column. The base usually contains clasts from 

former eruptions that get dragged by the movement of the pyroclastic flow. The 

central part is usually rich in fragments of pumice, chaotically ‘floating’ on a matrix 

of fine ash (Fig. 52). The ignimbrite may well have a fall deposit on top of the 

column (Fig. 52) and yet both deposits can be regarded as coeval (that is: 

contemporaneous, generated by the same eruption, at the same time). 

Size of fragments (mm) Pyroclasts Pyroclastic rock 

> 64 Bombs 

Blocks 

Agglomerate 

Pyroclastic breccia 

2-64 Lapilli Lapilli tuff 

1/16-2 Coarse ash Coarse ash tuff 

< 1/16 Fine ash Fine ash tuff 

Tuffs 

 

Fig. 51: Left, relationships between pyroclastic flow deposits and fall deposits (image: USGS). 

Center, Ignimbrite from Cortijo de la Capitana (near Presillas Bajas), note the large pumice 

blocks (PB) ‘floating’ in a matrix of coarse ash and lapilli (CA&L). Right, ignimbrites at the base, 

and fall deposits on top of the outcrops of Cortijo de la Capitana. Some bedding can be 

observed in the upper part of the fall deposit.  

Fall deposit 

Pyroclastic flow (ignimbrite) 

PB 

CA&L 

Spectacular outcrop of pyroclastic rocks in the 

Puy Lemptegy (French Massif Central): 

breccias (above) and tuffs (below).  
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This is because a pyroclastic flow advances very fast while it will take longer for the 

ash (or lapilli) to fall onto the surface, in this case, on top of the already settled 

pyroclastic flow deposit. Ignimbrites can be fairly complex units, and difficult to 

interpret in the field (Fig. 52).  

  
Fig. 52: Late in the afternoon of the 8th of March 2018 our colleagues Anke and Sara ‘insisted’ that we should visit an 

outcrop with ignimbrites near Las Negras. To be honest, after a ‘long teaching day’, more ignimbrites were not in our 

list of priorities . In this regard, if someone believes that once you have seen an ignimbrite you have seen them all 

is awfully wrong. The Las Negras Rambla ignimbrite proved to be one the best sites for the study of these flows in the 

Cabo de Gata block. Never say no to a new outcrop, even if you are truly tired and the sunlight is not perfect . 
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A typical textural feature of ignimbrite rocks in well consolidated (welded) deposits 

are the so called fiamme (from the Italian: flames), which are black glass lenses 

formed by flattening of pumice lapilli or glass (Fig. 53). Given that fiamme form 

perpendicular to “g” (provided by the weight of the column: vertical vector) a 

deviation from the horizontal plane can indicate that the block has been tilted, and 

the inclination can therefore be measured. 

Fig. 53: Fiamme (the dark lenses) in welded ignimbrite (Image: Wikimedia Commons 2018). 

3.2.3 Base surge deposits 

Base surge is a deposit formed by a cloud of gas and suspended solid debris that 

moves radially outward at high velocity from the base of a vertical eruption column. 

The surge is also a flow deposit, but different from the pyroclastic flows, the initial 

proportion gas/fragments is much higher. Base surges may or may not be 

associated to pyroclastic flow deposits. Surges can be confused with sandstone 

outcrops with cross-bedding. An excellent example is found at Genoveses (Fig. 54). 

Fig. 54: Ignimbrite (Ig) and base surge (Bs) deposit at Genoveses. 

Bs 

Ig 
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3.2.4 Lithic autoclastic breccias 

There are wonderful examples of lithic autoclastic breccias at Mónsul and Cala 

Higuera. These rocks formed by thermal contrast (hot-cold) leading to rock 

fragmentation when massive basaltic-andesitic domes were emplaced onto the 

sea-floor. At Mónsul these rocks are accompanied by hyaloclastites (Fig. 55), 

hydrated, fine grained tuff-like rocks rich in volcanic glass that also formed 

underwater. 

Fig. 55: Lithic autoclastic breccias (AB) and hyaloclastites (Hy) at Mónsul beach. 

3.2.5 Block and ash deposits 

Block and ash deposits are composed of unsorted, angular, blocks of up to several 

meters in diameter in an ash-size matrix which forms less than 50% of the deposit. 

These large blocks come from the solidified (although still hot) outer part of a dome 

or lava. An excellent example can be found at Cala Higuera (Fig. 56). 

. 

 

AB 

Hy 

Fig. 56: Left, the Cala Higuera Block and Ash deposit. On the left, the arrows indicate the 

presence of large blocks (see arrows). Right, a block with columnar jointing (see arrow). The 

rocks, matrix and blocks have a dacitic composition. 
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3.3 Classifying rocks in the field: in dire straits (or… perhaps not) 

3.3.1 Simple (field) rules to determine the composition of a volcanic rock 

A crucial issue in mapping is providing a proper name for the rocks we are 

observing. We may say “this is a tuff”, but … what’s the tuff composition? We must 

also differentiate between the work that can be done “in the field” from that of the 

laboratory. Given that the top priority is returning with a map in which the units have 

been properly defined, we will provide now some useful tips regarding the 

composition and classification of volcanic and subvolcanic rocks “in the field”. Here 

is when the “hand lens” plays a crucial role (Fig. 57).  

Fig. 57: Left, this is what we call in Spanish a BBB instrument: Bueno, Bonito, Barato (Good, 

Beautiful, Cheap), the absolute perfect companion for a geologist working in the field. A tip: a 

magnification of 10x is the best option (image: The Complete Naturalist 2018). Right, put the 

hand lens near to your right or left eye and bring the sample “to you” (image: Dig It Up 2014). 

3.3.2 Don’t trust (too much) color, try minerals instead … 

Color can be misleading, as it depends on grain size, alteration and other factors. 

However, there is a rule of the thumb: white to cream color volcanic rocks are 

usually felsic, that is, they range in composition from rhyolite to dacite. A black 

colored volcanic rock is usually a basalt. On the other hand, andesites fall into a 

limbo, although they usually range from brown to very dark brown, whereas basaltic 

andesites are almost black. Thus, instead of color try minerals (Fig. 58), they 

neither lie nor try to confuse you . 

36



Classifying rocks in the field – R. Oyarzun, J.A. López García & E. Crespo 

Here you have some simple field rules. They might not be “very academic”, for 

example, as classifying the rock using a microscope and determining the name by 

means of a QAPF diagram (e.g. Streckeisen 1974), but ... who carries a 

microscope to the field?  

Using “3” minerals to determine composition in the field (have your hand lens ready) 

1) If quartz is “abundant” then, we have to observe the proportions between K feldspar and

plagioclase: 

Quartz > 10% and K Feldspar >2/3* → Rhyolitic composition  
Quartz > 10% and K Feldspar is between 1/3 - 2/3 → Rhyodacitic composition. 
Quartz > 10% and K Feldspar < 1/3 → Dacitic composition.  

Ferromagnesian minerals of these rocks are biotite and amphibole (usually hornblende). 

*: This means that K feldspar (sanidine in volcanic rocks) is far more important than plagioclase in the 
studied rock, i.e., more than two thirds of the feldspars are sanidine (plagioclase has a minor 
importance). Different from plagioclase (with a typical rectangular shape) sanidine may be more 
‘irregular’ due to metastable crystallization conditions in explosive volcanism.  

2) If quartz is present** but is not abundant:

Quartz < 10% and K Feldspar >2/3* → Trachytic composition.  
Quartz < 10% and K Feldspar is between 1/3 - 2/3 → Trachyandesitic composition. 
Quartz < 10% and K Feldspar < 1/3 → Andesitic composition.  

Ferromagnesian minerals of these rocks are (minor) amphibole and (abundant) pyroxene 
(usually augite).  

**: This can be tricky because quartz may not be as phenocrysts but in the matrix. See whether the 
rock produce sharp borders when struck with a hammer. Cavemen were good at doing this (and they 
didn’t have Estwing hammers) so it shouldn’t be “that” complicated. The sharper (and “dangerous”) the 
borders, the more quartz in matrix the volcanic rock should have.  

3) If the rock has no quartz, then you may be dealing with a basalt. Ferromagnesian minerals

of these rocks are pyroxene and olivine. 

Now you can name your lava flows, domes, dykes, and pyroclastic rocks 

If the sample has been taken from a lava flow of andesitic composition we shall say that the 

rock is an “andesite”; however, in the case of a dyke or a dome, we shall say that we are 

dealing with an “andesitic dyke” or an “andesitic dome”. Besides, in the case of pyroclastic 

rocks (e.g., ignimbrites, tuffs, breccias), we shall classify these rocks as (for example), a 

“dacitic tuff”, a “rhyolitic ignimbrite”, etc. 
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This procedure has (nevertheless) some shortcomings, for example, if we are 

dealing with alkaline rocks with feldspathoids. However, it works well for calc-

alkaline rocks that after all, are present in all island arcs (e.g. SW Pacific), active 

margins (e.g. Andean Chain), or “Almería”. Thus, is perfect for rocks such as 

dacites, andesites, rhyolites, and their plutonic counterparts (granodiorites, diorites, 

granites). See for example Figure 58. 

Fig. 58: A) How can anyone classify this highly altered ignimbrite? B) Easy, this is a Cinto dacitic 

ignimbrite. Blue arrows: quartz phenocrysts; Red arrows: fully altered (to kaolin) plagioclase 

phenocrysts. How can we tell these phenocrysts are plagioclase and not sanidine? Because 

plagioclase phenocrysts “usually” have a rectangular shape, whereas K feldspar “tends” to be 

irregular in pyroclastic rocks. Given that quartz is abundant and K feldspar is of minor importance, 

we say that this is an ignimbrite of “dacitic” composition.  

A 

B 

B 
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It doesn’t matter whether a mineral such as plagioclase is fully altered (for example 
to kaolin: a white powdery material) or not. Furthermore (worst case scenario), if 
plagioclase has been completed leached (“washed away”) because extremely acid 
conditions (e.g. full silicification of the rock), a rectangular shape will remain (we call 
it “a ghost”) (Fig. 59). In this regard, these principles are particularly important in 
mineral exploration for epithermal gold deposits, because alteration can be really 
strong (from advanced argillic alteration to silicification). 

Fig. 59: Left, fully silicified felsic dyke with (most probably) plagioclase ghosts; right, enlargement 

of the area outlined to the right of the laser pointer, see the roughly rectangular shapes (arrows). 
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4.1 Gold hydrothermal systems 

4.1.1 Introduction 

Hydrothermal systems can be found in many geological settings and can be hosted 

by different types of rocks units (Fig. 60). They are usually controlled by faults or 

small fractures, occurring as veins and stockworks, by strata or volcanic rocks in 

the case of stratiform ore deposits, or as a combination of these features in the 

case of the stratabound deposits. Ore-forming fluids with metals and sulfur can be 

derived from magmas or may originate from the underground convection of heated 

meteoric waters. In fact, the metals and sulfur (that will form the ore deposit) may 

come from the magma (fairly common) or can be leached from the host rocks. 

Temperature (T) can range from 50º to +700ºC. The lower T systems are called 

epithermal, medium range are mesothermal, whereas high T systems are defined 

as hypothermal. Given that we are in SE Spain we will focus on the epithermal 

deposits (or low T systems), which operate at temperatures < 300ºC.  

4. GOLD EPITHERMAL SYSTEMS,

ALTERATION AND 

EXPLORATION: WHAT WE NEED 

TO KNOW TO VISIT 

RODALQUILAR 

IRON FORMATION 

GRANITOID 
SHEAR ZONE 

VOLCANICS 

METASEDIMENTS 

 

DYKE 

STOCK 
VEIN 

Au SKARN 

Au MANTO 

Rodalquilar 

Fig. 60: The hydrothermal and skarn environments in which gold can form ore deposits of 

economic significance. Adapted from Gosselin and Dubé (2005). 

BRECCIA PIPE Au 
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From an economic point of view epithermal deposits became very important in the 

late 1970’s, when gold reached a peak price above US$ 800 per ounce (1 oz = 

31.1 g) in 1980 (equivalent to US$ 2396 in 2017 dollars). At present the gold 

epithermal deposits constitute the most explored Au deposits, and this exploration 

takes place in Cenozoic volcanic provinces. Why? This is because these deposits 

form in the volcanic environment. Why not older than Cenozoic? Because erosion 

wipes out fairly quickly deposits that form in the near-to-surface environment. Main 

regional targets around the world: 

 The Andean Mountains

 Central America and Mexico

 SW United States

 Indonesia

 SE Spain

4.1.2 Epithermal gold deposits: caldera-type settings 

Particularly relevant to the case of Rodalquilar is the study of the relationships 

between volcanic calderas and mineral deposits. In this respect Sillitoe and 

Bonham (1984) indicate the following: Calderas can be subdivided into small (<10 

km wide), roughly circular collapsed structures commonly centered on the summit 

regions of individual volcanic edifices, and large (10-30 km wide) Valles-type 

calderas, which may encompass portions of one or more constructional edifices. 

The former result from eruption of relatively small volumes of magma or ejecta, 

commonly as pyroclastic falls and flows, or from magma drainage, whereas the 

latter are produced by the evacuation of the upper parts of major magma chambers 

that generate large volumes (up to several thousand km3) of rhyolitic to dacitic 

pyroclastic flows (Fig. 61, 62). 

Emission of pyroclastic flows Collapse and caldera formation 

Ignimbrites

Fig. 61: Left, emission of pyroclastic flows that will form ignimbrites. Right, collapse, and formation 

of a caldera (adapted from Iriartea 2010). 
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However, caldera formation may involve much more than the emission of 

pyroclastic flows, because domes can also be emplaced and ore deposits formed 

(Fig. 62). 

Fig. 62: Idealized cross-section of a Valles-type caldera depicting main geologic features and 

potential types of ore deposits to be found in such environment (adapted from Sillitoe and 

Bonham, 1984). 

4.1.3 Are all calderas potential targets for mineral deposits? 

A caldera provides adequate structural paths along which domes and veins can be 

emplaced, but this may prove useless as an indicator if we do not take into account 

the rock types and their geochemical affinities. First, epithermal systems are usually 

associated with andesitic to rhyolitic volcanism. Second this volcanism must have 

calc-alkaline geochemical affinities. All this relates to the presence/absence of 

water in the magmatic chambers (Fig. 63). 

Stockwork/dissemination of Au, Ag 
in tuffs 

Au-Ag veins 

Dome 

Cu, Pb, Zn, Au, Ag 

veins 

Moat fill 

Tuffs 
Disseminated deposit 
of Au, Ag, Hg … 

Ring dome 

5 km 

Dissemination: fine grains of ore minerals 
dispersed in the matrix of a rock. 

Stockwork: complex system of randomly 
oriented small veins that intersect at different 
angles. 

Vein: ore deposit with a tabular morphology. 

Ring fracture Magma chamber 

Fig. 63: Comparison between calc–alkaline (1) and alkaline (2) magmatic systems in terms of 

their potential to scavenge and transport metal sulfides (based on Scaillet 2010). From Crespo et 

al (2013). 

Magma chamber

43



GEMM – Aula2puntonet (www.aulados.net) 2018 

Besides, calc-alkaline and high-K calc-alkaline magma chambers are much 

shallower than those that feed alkaline mafic volcanism, seated at the lowest 

crustal level or at the brittle-ductile transition (Fig. 64). 

Fig. 64: Comparison between (high-K) calc–alkaline (1) and alkaline (2) magmatic systems in SE 

Spain, in terms of their potential to scavenge and transport metal sulfides. Metallogenic and 

magmatic evolution from Miocene time onwards, depicting magma chamber emplacement (BDT, 

brittle-ductile transition; LCL, lower crustal level; MCL, mid-crustal level; UCL, upper crustal level) 

and hydrothermal convecting cells; ∗: Calatrava Volcanic Field, Columbretes Islands; ∗∗: 

Mazarrón District; ∗∗∗:  La Magdalena–Cabezo Negro (all in SE Spain). Crespo et al (2013). 

4.2 Gold epithermal deposits 

4.2.1 The two main types 

The two main types of gold epithermal deposits are the high-sulfidation type (= 

acid-sulfate type) and the low-sulfidation type (= adularia-sericite type). The high-

sulfidation type forms within the uppermost parts of a volcano or along caldera ring 

fractures. Acid-sulfate water is formed where the groundwater mixes with rising 

magmatic sulfur-rich gases. The low-sulfidation type forms within a flow regime 

system developing high above a deep heat source, and is characterized by neutral 

pH and alkali-chloride waters (e.g. Heald et al 1987). 

There is much confusion regarding the terms high- and low-sulfidation, because in 

the case of low-sulfidation the gold (± silver) deposit is often accompanied by an 

important load of base metal sulfides. In this regard, high and low sulfidation refers 

Mazarrón Pb-Zn District 

44



Gold epithermal systems – R. Oyarzun, J.A. López García & E. Crespo 

(only) to the form gold is transported in solution. For example, in the high sulfidation 

type, gold is transported by a hydrothermal solution in the form of a complex ion of 

the type Au(HS)2
−, then in the near surface environment (where the system 

becomes richer in O2) this is what will happen: 

2Au(HS)2
− + 8H2O + 4O2 → 2Au0 + 4SO4

2− + 4H+ + 8H2 

In other words, the complex will be no longer stable, gold will precipitate as Au0 

(native gold), and the HS- will form H2SO4 (2H+ + SO4
2-). Additionally, as the 

complexes approach the surface, pressure in the system will fall (especially if the 

fracture connecting the system with the surface suddenly opens); this will lead to 

boiling which will further destabilize the complex ion. 

The sulfuric acid generated in this O2 rich – near surface environment will act upon 

the feldspars by hydrolysis forming kaolinite (Al2Si2O5(OH)4) and alunite 

(KAl3(SO4)2(OH)6). In fact the complete hydrolytic process is a bit more complex 

and involves the following reactions: 

(1) 3KAlSi3O8 + 2H+ → KAl3Si3O10(OH)2 + 6SiO2 + 2K+ 

(2) 2KAl3Si3O10(OH)2 + 2H+ + 3H2O → 3Al2Si2O5(OH)4 + 2K+ 

(3) KAl3Si3O10(OH)2 + 4H+ + 2(SO4)2- → KAl3(SO4)2(OH)6 + 3SiO2

The process induces development of the so called advanced argillic alteration, 

which deeply modify the rocks from both, a chemical and mineralogical perspective 

(Fig. 65). 

Fig. 65: The Pascua-Lama high-sulfidation gold epithermal ore deposit in the Chilean Andes. This 

is a case of advanced argillic alteration (see the colors) induced by massive formation of sulfuric 

acid. The effect gets enhanced by a second generation of sulfuric acid, this time induced by the 

oxidation of pyrite (supergene alteration). Image: Bocanegra (2017). 

K feldspar Sericite 

Sericite Kaolinite 

Sericite Alunite 
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High- and low-sulfidation gold deposits have in common their relation to volcanic 

activity, although their settings differ (Fig. 66). 

Fig. 66: Schematic sections of high- (a) and low- (b) sulfidation epithermal systems. Epithermal: 

meaning a low T hydrothermal system, usually < 300ºC. These are the typical environments of 

the so called epithermal gold – (silver) – (base metals) mineral deposits. Image: Wohletz and 

Heiken (1992). 

4.2.2 A lesser known, “third” member of the family 

A third type of gold epithermal deposits is the Carlin type (Fig. 67), after the name 

of a famous belt in Nevada (USA), the so called Carlin Trend (NW-SE). There is 

also a second, parallel belt in Nevada hosting this type of deposits called the Cortez 

Trend. The majority of the gold currently mined in the USA is derived from Carlin 

type deposits. These deposits formed at a relatively shallow depth but may be a 
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little bit deeper than epithermal deposits. The Carlin deposits are hosted by silty 

carbonate rocks. The gold in Carlin type deposits is extremely fine-grained often 

just a few microns, and that is one of the reasons they are called “invisible gold 

deposits”. They are not easy to detect and one of the main exploration guides is the 

presence of jasperoids and silicifications (Fig. 67). 

Fig. 67: Conceptual model for Carlin type deposits (after Sawkins 1984). 

4.3 Exploring for gold epithermal deposits 

4.3.1 Hydrothermal alteration types and mapping 

Let us first introduce the main hydrothermal alteration types as they are key to 

understand and explore for epithermal gold deposits (simplified after Wohletz and 

Heiken 1992). 

Alteration type Alteration characteristics Common synonyms 

Silicification Characterized by introduced silica or a silica residue after total 
hydrolysis 

Silicic 

Sericitic Fine white mica-type minerals ± pyrite Quartz-sericite, phyllic 

Sericitic-Argillic Sericite + kaolin-smectite-group minerals Argillic, intermediate 
argillic, sericitic, phyllic 

Argillic Kaolin- and smectite-group minerals (for example, 
montmorillonite); does not typically include mica-type minerals 

Intermediate argillic 

Advanced Argillic 
Alteration (AAA) 

Minerals representing extreme base leaching (for example, 
alunite, kaolinite) and sulfates such as alunite (Fig. 68) 

Argillic, alunitic, quartz + 
alunite 

Propylitic Characterized by chlorite, albite, epidote, carbonate ± pyrite, 
Fe-oxides, and minor sericite 

Quartz-chlorite-pyrite 

Potassic Introduced potassium, resulting in recrystallization of wall rocks 
to K-feldspar- and biotite-rich assemblages 

Potassium silicate 

Adularization Low-T potassic alteration wik K feldspar (adularia) Adularia, potassic selvages 
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Fig. 68: Typical aspect of a hard welded Cinto ignimbrite outcrop in the Rodalquilar Valley (in the 

so called “19-Meters-Hill” by the LMU; Rodalquilar Valley), with veins of alunite (Al) (A and B), 

visible large grains of quartz (Qtz), and leached feldspars (Fsp) altered into kaolinite/halloysite. 

Exploration procedures are relatively simple (although exploration is not), and all 

eventually relate to mapping. While we map the geology of a target zone (e.g. 1: 

5000, 1:10,000) we can also plot (on a second map) the hydrothermal alteration 

types (Fig. 69).  

Fig. 69: Example of geological (above) and alteration mapping from Rodalquilar (adapted from 

Arribas et al 1995). For the legend of the geological map see Fig. 39. 

Geochemical samples (soils and/or stream sediments) are collected while mapping 

the geology and hydrothermal alteration. So we end up having a number of maps 
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(geology, alteration, and geochemical maps for different chemical elements). Other 

maps may contain geophysical (resistivity, IP), mine properties (if any), etc. Thus, 

the spatial coincidence of favorable features such as trace element geochemical 

anomalies (e.g. Au, As, Sb, Cu), the intersection of faults, silicification and/or AAA, 

and gossans (see below the section on gossans), will define the areas that have to 

be targeted for trenching and drilling.  

4.3.2 Is everything in order and in good order? 

This is a sound approach to exploration, however there is another phenomenon, 

typical of hydrothermal mineral deposits, that we should be aware of. The reason is 

simple enough, the supergene oxidation of pyrite (FeS2) eventually leads to 

formation of sulfuric acid and deposition of goethite (FeOOH): 

(4) 4FeS2 + 10H2O + 15O2 → 4FeOOH + 16H+ + 8SO4
2- 

The sulfuric acid reacts with feldspar in the same way acid hydrothermal solutions 

do (1-3), which leads to an important question, how do we differentiate between (for 

example) hydrothermal (h) and supergene (s) kaolinite and alunite? In fact, 

formation of epithermal gold deposits can be so near to the surface that 

hydrothermal and supergene processes may overlap in time and space.  

Then we are back to square one: see reactions 1 to 3. Minerals such as kaolinite 

and alunite start forming again, which means that we may end up having kaolinite(h) 

‘and’ kaolinite(s). In this regard, it is difficult to tell the difference in the field between 

hydrothermal and supergene kaolinite or alunite. However if the presence of 

goethite and jarosite (a yellowish supergene mineral of composition: 

KFe3(OH)6(SO4)2) is important, then we may assume that enough sulfuric acid was 

produced during supergene alteration to hydrolyze the remaining feldspars from the 

altered rock. Thus, it is likely that kaolinite(s) and alunite(s) are both present. This 

leads us to the next section, dealing with a new, critical scenario: the “gossan”. 

4.3.3 Something “not to miss” in exploration: the gossan 

A gossan is a rock body composed of iron oxides–hydroxides and silica derived 

from the oxidation and leaching of metal sulfides and the hosting rock and as such, 

it has served as an excellent field exploration guide leading to the finding of 

concealed ore bodies at least since Roman time (e.g. Blanchard 1968; Taylor 
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2011). This is because of two main reasons. First, given that a gossan is mostly 

made out of iron oxides–hydroxides plus silica, it is highly resistant to erosion. 

Second, because of this mineralogy, a gossan typically displays bright red to 

orange and even yellow colors which are hard to miss in the field. 

“Gossan” is an old term widely used in economic geology although at present it is 

losing some ground, being replaced by ‘leached capping’ (Taylor 2011). However, 

gossan is still a deeply entrenched term within the geologic community that will not 

go easily. The word gossan is derived from the ancient Cornish word “gos”, 

meaning blood, because of its rusty red color (Oyarzun et al 2017) (Fig. 70). 

Fig. 70: Gold in the San Juan Mountains (Colorado, USA). Note the lack of trees growing on the 

yellow, brown, reddish brown and tawny colored rock and soil: the gossan (arrow) (Gold Rush 

2013). 

The gossan is strongly oxidized, and can be found in the upper and exposed part of 

a sulfide ore deposit. The gossan appears as a red stain against the background 

rock due to the abundance of oxidized iron and may constitute a topographic 

positive area due to the abundance of erosion resistant quartz and iron oxides. 

Typical iron minerals present in a gossan are goethite (FeO(OH)), hematite (Fe2O3) 

and jarosite (KFe3(SO4)2(OH)6) (Fig. 71). 
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Fig. 71: Left, goethite and jarosite veinlets in the Cinto ignimbrite (entrance gallery to Cortijo de 

San Diego). Right, enlarged area; jarosite, yellowish veinlets; goethite: dark brown veinlets.  

Given the bright and conspicuous reddish to yellowish colors, the gossans are one 

of the most classical tools in mineral exploration (Fig. 72-74). 

Fig. 72: A silicified gossan developed on dacitic tuffs and ignimbrites (Cinto unit) in what we 

christianed as “Gossan Hill”  (Casa Biank Sector).  

Jarosite 

Goethite 

Gossan 

Tuffs 

Fig. 73: Gossan in silicified breccia (“Gossan Hill”). 
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Fig. 74: The Rodalquilar gossan with its characteristic reddish colors; who can miss these colors? 

The vertical white veins (that in turn are structurally controlled by vertical faults) are due to 

formation of alunite + kaolinite (advanced argillic alteration). 
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5.1 The Rodalquilar gold-(base metals) deposits 

There's a lady who's sure  
All that glitters is gold. And she's buying a stairway to heaven … (Jimmy Page & Robert Plant) 

The El Cinto gold mine 

5.1.1 A brief introduction 

The Rodalquilar gold-base metals deposits (SE Spain) (Fig. 75, 76) formed in 

Miocene time in relation to caldera volcanic episodes and dome emplacement 

phenomena. Two types of ore deposits are recognized:  

1. The inner El Cinto epithermal, Au-(As) high-sulfidation vein and breccia

type.

2. Peripheral low-sulfidation epithermal Pb-Zn-Cu-(Au) veins.

The first metallurgical plants for gold extraction were set up in the 1920’s and used 

amalgamation. Cyanide leaching began in the 1930’s and the operation lasted until 

the mid 1960’s. These operations left a huge pile of ~ 900,000 to 1,250,000 m3 of 

abandoned As-rich tailings adjacent to the town of Rodalquilar; a later and 

5. THE GOLD – (BASE METALS)

DEPOSITS OF RODALQUILAR: 

GEOLOGICAL WONDERS AND 

BROKEN DREAMS 
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frustrated initiative to reactivate the El Cinto mines took place in the late 1980’s and 

left a heap leaching pile of ~ 120,000 m3 (Oyarzun et al 2009). 

Fig. 75: Digital elevation model for Rodalquilar (Oyarzun et al 2009). 

5.1.2 Geology 

The geologic setting of Rodalquilar district includes Upper Miocene felsic domes, 

ignimbrites, ash fall deposits, massive volcanic rocks, and a limestone complex of 

uppermost Tortonian − Messinian age (Fig. 76).  

 

Area covered in Fig. 76 

Fig. 76: Geological setting, alteration zones, and location of the old mines of the Rodalquilar 

district. Adapted from Arribas (1993), Arribas et al (1995). 
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Arribas et al (1995) indicate that magmatic activity began at about 11 Ma ago with 

the emplacement of dacite domes and flows, an episode that was shortly followed 

by explosive volcanic activity that led to formation of the large, E-W elongated El 

Cinto caldera, and the small, WNW-ESE oriented Lomilla caldera (Fig. 39, 41). The 

El Cinto episode is dated at 10.8 Ma, and gave rise to the so-called El Cinto 

ignimbrite. Immediately after, the area was pervaded by the emplacement of ring 

domes complexes of rhyolitic composition. The pyroclastic activity came to an end 

with formation of the La Lomilla caldera and the emission of the Las Lázaras 

ignimbrite. Two more volcanic episodes are recorded in the area, one at 9 Ma with 

andesites and dacites, and a final one at 8 Ma with pyroxene andesites. 

Fig. 77: Block tilting resulting in a half-graben structure near the Cinto mines. EFZ: Extensional 

Fault Zone; R1: Riedel 1 fractures. 

Fig. 78: Left, tilted contact between the Lázaras ignimbrite and a debris avalanche deposit near 

the entrance to Barranco de las Cuchillas. Right, a detail of the former, see how the empty 

fiamme marks (arrows) are tilted too.  

Volcanic activity continued after caldera formation with dacites and pyroxene 

andesites. The area was finally covered by marine carbonates during late Tortonian 

− Messinian time (Messinian Reef Complex). The structural setting is relatively 

Lower block 
Cinto Ignimbrite 

Collapse breccia 

R1 

R1 

Collapse breccia Upper block 

EFZ 

Lázaras Ignimbrite 

Debris avalanche deposit 

Tilted contact 

Lower block 
Cinto Ignimbrite 
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simple, with faulting at different scales throughout the Rodalquilar District, including 

some remarkable examples of normal, wrench, and reverse faulting. Block tilting is 

recognized in many places (Fig. 77, 78). 

Hydrothermal alteration at Rodalquilar is restricted to the Caldera realm and is very 

intense (Arribas et al 1995). Virtually no rocks within this realm are unaltered, and 

some of them such as the ignimbrites from El Cinto unit or the domes are 

remarkably altered. An exception to this general rule is the Lázaras Ignimbrite, 

which is mildly altered in most of the outcrops (weak propylitic alteration). 

Gold epithermal mineralization is found on the western sector of the caldera, where 

mineralizing processes have been dated at about 10.4 Ma, and were accompanied 

by widespread hydrothermal alteration including zones of strong silicification, 

advanced argillic alteration, and argillic-propylitic alteration (Arribas et al 1995) 

overprinted by supergene alteration and gossan formation (Fig. 79).  

Fig. 79: Above, the main front of the Cinto opencast mine, the Rodalquilar gossan with its 

characteristic reddish colors; the vertical white veins are due to formation of alunite + kaolinite 

(advanced argillic alteration). Below, left and right, strongly altered felsic rocks and leached and 

oxidized veins in dome breccia facies, part of the Rodalquilar ring dome complex (looking SW 

from the main mine front). 

Dome 

Veins 

Cinto Ignimbrite 
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Dome

Dome 
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The primary ore mineralogy of the El Cinto high-sulfidation vein deposits is 

characterized by the presence of native gold (Au0), pyrite (FeS2), enargite 

(Cu3AsS4), tennantite (Cu12As4S13), tetrahedrite (Cu12Sb4S13), cinnabar (HgS), 

bismuthinite (Bi2S3), cassiterite (SnO2), galena (PbS) and sphalerite (ZnS). On the 

other hand, the primary ore mineralogy of the peripheral low-sulfidation deposits 

consists of native gold, sphalerite, galena, and chalcopyrite (CuFeS2). Apart from 

the ore deposits types described above, we must highlight the alunite veins (the so-

called tollos) that in older times were economically exploited in the Rodalquilar 

district and elsewhere in SE Spain. 

Massive oxidation of primary sulfides (mostly pyrite) and subsequent formation of 

acid solutions led to mineral overprinting by supergene kaolinite and alunite over 

the previous hydrothermal assemblages, thus giving to the area its characteristic 

white-reddish color. Due to the widespread oxidation sulfides and subsequent 

leaching-bleaching of the rocks it is somewhat difficult to distinguish in the field 

whether the minerals typical of advanced argillic alteration (AAA) are of 

hydrothermal or supergene origin.  

Supergene alteration involving formation of limonite (goethite and/or jarosite) 

affects most of the El Cinto unit, which indicates that pyrite deposition must have 

been a widespread, intense phenomenon throughout the Rodalquilar Caldera (Fig. 

80). Thus, even if at present no pyrite is found on the superficial environment, the 

presence of either goethite and/or jarosite serves as an indicator of its previous 

presence, and as such, associated alunite must be hydrothermal.  

Fig. 80: Silicified gossan on top of the Cinto ignimbrite (Casa Biank sector). In this case is difficult 

to separate the effects of the hydrothermal advanced argillic alteration from the strong acid 

leaching induced by the oxidation of pyrite. Whatever the case, and for mapping purposes, we 

should say that the rock display the effects of argillic alteration. 

Gossan (mostly goethite and silica) 

Cinto Ignimbrite (with kaolin and Fe oxides) 

59



GEMM – Aula2puntonet (www.aulados.net) 2018 

5.2 Rodalquilar (broken dreams) 

5.2.1 A chronology of “fails” 

Rodalquilar has been in many aspects a site of “broken dreams”. Mining initiated 

around 1825 for Pb, Zn, and Cu, and it was not until 1864 that the miners realized 

that the ore contained some gold as well. Mining operations belonging to this period 

are those of Consulta, María Josefa, San Diego and Triunfo. These were small-

scale operations and the ore was sent to Murcia for the melting and production of 

Au-rich Pb, a product ultimately sent overseas to Antwerp (Belgium) to separate the 

gold. By the beginning of the First World War (1914-1918) most of mines had 

closed. In 1925 a metallurgical operation for gold amalgamation with mercury at the 

María Josefa mine (Fig. 81) was set up, however, a year later technical problems 

led to the closure of the operation. Another failed incursion into industrial gold 

amalgamation was carried out between 1929-1930 at the so called Minas de 

Abellán (Fig. 81).  

Fig. 81: Ruins of old mining installations, María Josefa (above) and Minas de Abellán (below). 

See Fig. 76 for location. 

Modern mining in Rodalquilar initiates in 1930 by an English company called Minas 

de Rodalquilar S.A., with the set up of the first cyanide leaching metallurgical 
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operation (the so called Dorr plant) near the town of Rodalquilar. In 1934 they 

managed to mine some 29,000 tonnes at 12 g t-1 Au, recovering 240 kg of gold 

(Hernández 2005). An ore reserve estimation in 1952 yielded a figure of some 

3,348,297 tonnes at 4.7 g t-1 Au involving seven subvertical mineralized bodies 

(Hernández 2005). In 1956 the mining company ADARO (a Spanish state owned 

company) inaugurated a new cyanide operation, the so-called Denver plant (Fig. 

82), which at the time was the largest leaching plant in Europe. This operation 

lasted until 1966 and treated ore from the open pit mines of El Cinto. Between 1943 

and 1966 ADARO extracted some 1.6 Mt (106 metric tons) of ore grading 3.5 g t-1 

Au (~ 180,000 oz Au). Most if not all of the tailings around the town of Rodalquilar 

can be related to this mining period. Based on production data for the period 1943-

1966, the volume of the arsenic-rich tailings may be in the range of 900,000 to 

1,250,000 m3. Mining methods consisted in underground works to deal with the 

subvertical/steep dipping ore bodies during the English period and by open pit 

during the ADARO period.  

Fig. 82: The Denver cyanide plant for gold extraction at present (left) and during the ‘golden’ 

years (right). Image on the right: Hernández (2016). 

A new mining and metallurgical operation in the El Cinto sector began in 1989. This 

time the company was foreign (Cluff Resources – Antofagasta Holdings JV) and the 

chosen metallurgical procedure was heap leaching (Fig. 83). The intention was to 

mine some 750,000 metric tons of ore at 2.3 g t-1 Au, although by 1990 the 

operation was abandoned. As the result of this failed operation, some 120,000 m3 

of tailings still remain there, near to the Cortijo del Fraile, in close proximity to 

agricultural lands. 

All in all, this is long history of fails, but why? Perhaps because more gold has been 

mined from the thoughts of men than has been taken from the earth. Beyond 

delusional greed, there is a geologic explanation for this disastrous history of failed 

projects. 
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Fig. 83: Residues left after the last mining operation closed in Rodalquilar (1990). Above, the 

heap leaching pad; below, one of the cyanide solution ponds.  

5.2.2 Searching for answers: volatiles and the sparkling bottle connection 

Magmas have volatiles, and these volatiles are required to complex and transport 

metals, and eventually to form ore deposits. However, what happens if a magma 

loses its volatiles? That is important to take into account, particularly within a 

geologic setting such as that of Rodalquilar. What is a caldera related volcanic 

eruption? Basically a large display of fireworks, with all the volatiles being lost in a 

giant blast (Fig. 84, 85). 

Massive loss of volatiles 

Fig. 84: Montserrat’s Soufrière Hills Volcano eruption on February 11, 2010. Note the Plinian 

column. Image: Daily Mail Reporter (2010). 

Heap leaching pad 

El Cinto mines 

Cyanide solution pond 

Heap leaching pad 
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Fig. 85: Simplified model for volatile retention/loss. A: analogous to the CO2 soda bottle. B: 

Geologic case, with volatiles such as SO2 or Cl- that may or may not be retained depending on 

the tectonic regime. Pl: Lithostatic pressure. 

In other words, the explosive nature of supereruptions massively disperses the 

metal-rich volatiles into the atmosphere, thus preventing the formation of large ore 

deposits in depth (e.g. Pasteris 1996*; John 2008). Thus, as an ore deposit 

Rodalquilar became what the rules of chemistry and physics allowed it to be, no 

more, no less: an epithermal gold deposit with small tonnage and grades; a poor 

combination from an economic point of view (Fig. 85). 

A 

B 

*: We do recommend the reading of Jill Pasteri’s paper, an enlightened and brilliant work. 
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6.1 Mining epithermal gold deposits: environmental hazards and risks 

6.1.1 Hazards and risks 

Jerome F Lederer (American aviation safety pioneer) stated that “risk management 

is a more realistic term than safety. It implies that hazards are ever-present, that 

they must be identified, analyzed, evaluated and controlled or rationally accepted” 

(in: Nambisan 2017). In this respect, hazard (Fig. 86) is a source or situation with 

the potential to cause harm to people (injury or illness), property or the environment 

of the workplace and beyond. On the other hand, risk (Fig. 86) implies the 

consequences of a hazard, its severity, the probability that it will materialize, and 

the exposure or vulnerability of the affected people or facilities. 

Fig. 86: Relationships between hazards and risks. Images: Hina_ilyas (2018) and Middleton 

(2017) respectively. 

Following this definition we may say that all high sulfidation epithermal gold 

deposits pose a geochemical environmental hazard (after all they are rich in 

arsenic), however, the key question here is, when these ore deposits become a 

risk? And second, how important the risk can be? In other words, what is the 

likelihood of hazard becoming a risk? Now we talk about ‘risk management’. As 

shown by Jisk (2012) “Risk management is fundamentally about making better 

decisions. In education, as in any other environment, you can’t decide not to take 
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risks: that simply isn’t an option in today’s world. All of us take risks and it’s a 

question of which risks we take”. In this respect there are two important steps 

(among others): identifying the risk and assessing the risk.  

6.1.2 Hazards, risks and high sulfidation gold deposits 

As we will see next, the oxidation processes of sulphide minerals play a very 

important role in the dispersion and transport of heavy metals and metalloids. So 

another question we have to ask ourselves is, under what circumstances (not 

geological) can the oxidation processes be enhanced? The answer is simple: 

during the mining of these deposits, because the rock surface exposed to the 

atmosphere and water will be greatly increased. This does not mean that “natural 

processes” (including erosion and oxidation) cannot contribute to the dispersion of 

metals and metalloids, because they can indeed do it in a very powerful way (see 

Oyarzun et al 2007). However, no natural process will act as fast and as strongly as 

underground or open pit mining. In this regard, the risk will increase if the gold mine 

is located at high altitude in a mountainous scenario, where rain and river waters 

will strongly drain the area where mine rock wastes and the tailings are located. 

The process will be exacerbated by the existence of stormy episodes as it happens 

with El Niño years in the Andean Mountains (once every 2–7 years; average: 3–4 

years) (Oyarzun et al 2007). 

But this is one hazard only (metals and metalloids dispersion) in relation to gold 

epithermal deposits of the high sulfidation type. There is a second hazard (among 

others), and it is of paramount importance. Gold is extracted from the ore using 

sodium cyanide. In this respect we should make ourselves the same question 

again: how important the risk associated with the use of a hazardous chemical such 

as cyanide can be? To answer this question we have to “rate the risk”. See next 

table and Fig. 87. 

Scale Probability Impact 

Very low Unlikely to occur Negligible impact 

Low May occur occasionally Minor impact on time, cost, or quality 

Medium Is as likely as not to occur Substantial impact on time, cost or quality 

High Is likely to occur Substantial impact on time, cost or quality 

Very high Is almost certain to occur Threatens the success of the project 

A ‘five-point scale’ for probabilities and impacts (Jisk 2012). See also Fig. 87. 
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Fig. 87: Risk rating type graphs (Jisc 2012). Left and center, the ‘RAG status’ red, amber, and 

green designation (basically meaning: danger, caution, acceptable). The first graph on the left 

has a linear scale and it is pretty straightforward. For example, the worst case scenario is 

provided by: the highest probability that ‘something’ can happen (e.g. the spill of a toxic liquid) 

and the highest the impact that (this) ‘something’ can have (e.g. on the workers and/or the 

environment); in this case, you rate the risk at 25 (top-right corner). However, in the first graph 

(left) we may be underestimating the importance of some risks, thus in the next table (center 

graph) we double the numeric value each time on the impact scale. In this way we give more 

weight to risks with a high impact; a risk with a low probability but a high impact is thus viewed as 

much more severe than a risk with a high probability and a low impact. On the other hand, we 

may eliminate the amber color (to avoid ambiguities) and ‘promote’ or ‘demote’ the amber cells to 

either red or green (right graph).  

The key premises in our ‘cyanide example’ are: 1) cyanide is used to extract gold 

from the previously milled mineralized rock (a one inch size is usual for heap leach 

operations); and 2) cyanide is an extremely toxic chemical, and as such it is a 

hazard. But, to asses the risk (risk rating process) of using cyanide we have to 

estimate which is the likelihood of ending up having (for example) a cyanide spill, 

and if that happens, what would be the severity of the impact. In this respect, it is 

not the same having a cyanide spill in the middle of the Atacama Desert or a place 

with a rich biodiversity, for example in one of the islands of the Pacific (where a 

cyanide leaching operation is taking place). Thus, it is the combination of 1) the 

likelihood that a cyanide spill may actually occur, and 2) its associated impact, what 

will allow us to decide the threat level. We will return to the cyanide problem later in 

this chapter, but first we will have a glimpse on what metal (and metalloids) 

dispersal is.  

6.1.3 Factors controlling metal (and metalloids) dispersion 

Key factors that control the environmental behavior of a mineral deposit include ore 

and gangue minerals, lithology, hydrothermal alteration, and rock fracturing, which 

determine the chemical response of a deposit to the oxidation of sulfides (Plumlee 
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1999, Plumlee and Nash 2004), and therefore, to the transport and dispersion of 

metals (e.g. Cu) and metalloids (e.g. As) into the environment (Fig. 88). 

Fig. 88: Metal dispersion geochemical halos from an orebody. These halos allow evaluation of the 

environmental footprint of a mining operation.  

Hydrothermal alteration is particularly relevant because it defines which rock 

mineralogy will be stable after alteration has taken place. For example, potassic 

alteration, such as that of a porphyry copper deposit, results in formation of either 

secondary biotite or K feldspar, and does not affect significantly the reactivity of the 

host rocks. Furthermore, propylitic alteration actually increases the buffering 

capacity of the rocks (Plumlee 1999). In other words, the feldspar mineral phase 

will be stable as these alterations (typical of inner sectors of porphyry copper 

deposits) take place at nearly neutral pH. In other words, no hydrolysis of feldspars 

will occur.  

However, advanced argillic alteration (typical of high sulfidation epithermal gold 

deposits) has profound implications regarding metal dispersion, because this type 

of alteration greatly decreases the acid buffering capacity of host rocks (Plumlee 

1999) (Fig. 89).  

 

Orebody 

Metal dispersion geochemical halos (A-D) 

Decreasing metal concentrations 

Fig. 89: The “colors” of advanced argillic alteration and pyrite oxidation: Pascua Lama, high 

sulfidation epithermal gold deposits (Chile-Argentina). In this case: natural oxidation of pyrite 

leading to gossan formation and acidity (see reaction 4). Image: Orellana (2017). 
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The chemistry of this process can be summarized in the following way. Enhanced 

hydrolysis during hydrothermal activity leads to the destruction of feldspars in the 

volcanic host rock, through sequential formation of sericite (1), kaolinite (2), and 

even alunite (3) if H2SO4 is present in the system (Montoya and Hemley 1975): 

(1) 3KAlSi3O8 + 2H+ → KAl3Si3O10(OH)2 + 6SiO2 + 2K+ 

(2) 2KAl3Si3O10(OH)2 + 2H+ + 3H2O → 3Al2Si2O5(OH)4 + 2K+ 

(3) KAl3Si3O10(OH)2 + 4H+ + 2(SO4)2− → KAl3(SO4)2(OH)6 + 3SiO2 

This is particularly relevant to the case of high sulfidation epithermal deposits, 

which are rich in pyrite and other sulfides. Thus, when oxidation of pyrite begins in 

the weathering environment (4), no minerals (such as feldspars) will be left to react 

with the acid (reactions 1-3) (Oyarzun et al 2007): 

(4) 4FeS2 + 10H2O + 15O2 → 4FeOOH + 16H+ + 8(SO4)2- 

This increases metal mobility during the leaching of Cu from chalcopyrite (5) or Cu 

and As from enargite (6): 

(5) CuFeS2 + O2 + 2H2SO4 → CuSO4 + FeSO4 + 2H2O + 2S 

(6) Cu3AsS4 + 2.75O2 + 3H2SO4 → 3CuSO4 + 4S + H3AsO4 + 1.5H2O 

Processes of this type can be very intense as shown by the Elqui watershed in 

northern Chile (Oyarzun et al 2004, 2007), where the contaminated sediments have 

mean concentrations of 2,352 μg g-1 Cu and 202 μg g-1 As. Note that the World’s 

average concentration of As for river sediments is a mere 5 μg g-1, whereas the 

threshold effect concentration is 9.8 μg g-1 (below which adverse effects are not 

expected to occur). The Elqui river system initiates in the high altitude domain of 

the Andes (3500–4000 m) and drains important hydrothermal alteration zones and 

high sulfidation gold epithermal deposits, including the copper- and arsenic-rich 

gold veins of the well-known El Indio ore deposit. 

A similar case is observed in Rodalquilar (Oyarzun et al 2009) where the soils have 

a mean concentration of 180 μg g-1 As. A second, and major hazard in Rodalquilar 

is provided by the tailings deposits (adjacent to the town) (Fig. 90) and the 

abandoned heap leach pile (near El Cinto mines) (Fig. 83), with a mean 

concentration of 954 μg g-1 As. 
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Fig. 90: The lower and upper tailings in Rodalquilar (looking west). Most, if not all, of these 

tailings around the town of Rodalquilar can be related to the 1943-1966 mining period.  

6.2 Additional concerns: cyanide leaching 

6.2.1 Extracting gold from the ore via cyanidation (heap leaching) 

There is a permanent environmental concern in gold mining due to the massive use 

of cyanide as the main chemical in the hydrometallurgical process for gold 

recovery. In the case of gold epithermal deposits the standard procedure is usually 

at present a process called heap leaching, based on the capture of gold as an 

aurocyanide complex (7).  

(7) 2Au0 + 4CN− + O2 + 2H2O → 2Au(CN)2
− + 2OH- + H2O2

However, in the past (and in long-lived mining operations) VAT leaching was (and 

still is) the standard procedure. For example, from 1933 gold extraction at 

Rodalquilar was via VAT leaching, that is, the ore was treated with cyanide 

solutions in vats (a vat is a tub or tank like container), and gold recovered using 

zinc dust (Merril-Crowe process). This was done from the 1950’s to the 1960’s in 

the so called Denver plant (adjacent to the town of Rodalquilar), and is now one of 

the ‘tourist attractions’ (Fig. 91). 

On the other hand, heap leaching consists (basically) in stockpiling in pads, blasted 

and milled mineralized rock. In the pad the crushed ore is irrigated (using 

sprinklers) with a dilute alkaline cyanide solution (7). The solution containing the 

gold complex continues percolating through the crushed ore until it reaches the 

bottom of the heap where it drains into a pond (this is the so called ‘pregnant 

solution’). After separation of gold from the pregnant solution (usually in columns 

Upper tailings 

Lower tailings 
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with activated carbon) this now barren solution can be recycled to be used again in 

the heap-leaching-process (Fig. 92). 

Fig. 91: Left, simplified scheme of the Denver (Braga Alarcón et al 2007). Right, the Denver plant 

(numbers as on the left). The extracted ore from El Cinto mines was incorporated into a hopper 

(chute) (1) (see figure below), and subsequently subjected to primary crushing (2), and a 

secondary one in a cone mill (3). Then the ore was classified in vibrating screens (4 and 5). This 

product was subjected to electromagnetic separation (6) to remove other metals. Subsequently 

the material was ground in a ball mill crusher (7). The residues were classified (8) to separate the 

finer fraction (without gold), whereas the coarser materials (with gold) were crushed again in the 

mills. The concentrated mineral was mixed in two thickening tanks (9) with a cyanide solution 

(10). The mixture of cyanide and mineral was removed and aerated in 4 tanks (11) to obtain a 

solution rich in gold, which was recovered in a tank (12). The solution was clarified in tanks (13) 

and then subjected to filtration. Deaeration was then undertaken under partial vacuum by means 

of pumps in tanks (14). Subsequently, in a tank (15) zinc dust (16) was added to activate the 

precipitation of the gold following the reaction: 2 NaAu(CN)2 + Zn → Na2Zn(CN)4 + 2Au0 (Merril-

Crowe process); gold was finally obtained by melting. Adapted from Braga Alarcón et al 2007). 

  

Fig. 92: Typical flow-sheet of a heap leach operation (adapted from Chaarat 2018). 
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The main environmental accidents are related to the rupture of the containment 

system of the cyanide solution (usually a large pond). The most famous incident 

(because it affected the Danube River) was that of Baia Mare in Romania, on 

January 30, 2000 (Fig. 93). The cyanide solution was transported by a pipe to two 

solution tanks between the localities of Sasar and Bozanta, 12 kilometers south-

west of Baia Mare (BBC 2001). It was in the largest of the tanks where the 

containment dam collapsed on the night of January 30, 2000, pouring some 

130,000 m3 of cyanide solution into the Lupes and Somes rivers, finally reaching 

the Tisza and eventually the Danube river. Thousands of fish died during the 

incident throughout the countries where the fluvial system runs (Romania, Hungary, 

Serbia, Bulgaria, Moldova). 

Fig. 93: The Baia Mare incident; thousands of fish died along the rivers. BBC (2001). 

6.2.2 Turning problems into opportunities 

The severity of the environmental incident of Baia Mare led to the implementation of 

the International Cyanide Management Code (ICMC), developed to improve the 

management of cyanide at gold mines; the Code was underwritten by a group of 

gold companies and cyanide producers from around the world (Akcil 2010). The 

Gold Institute was instrumental in organizing the financial and technical support and 

provided the administrative and logistical support necessary to successfully 

complete the project. In this respect, there have been no major environmental 

incidents at certified sites since 2003 when the ICMC was finally implemented 

(Akcil 2010). 

Additionally, most if not all the important mining companies are at present ISO 

Certified. The international ISO standards are based on the idea of continuous 

improvement. These standards were developed first to manage the quality of the 

products and services of the companies, passing then to other fields such as 

environmental management. These standards are proposed, discussed, elaborated 
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and promulgated by an international organization: the International Standard 

Organization (ISO), in which 

participate public and private orga-

nizations from different countries, 

safeguarding the independence of 

the organization. As far as the 

environment is concerned the ISO 

14001 certification requires that the 

company has a solid environmental 

management system that allows 

handling these issues properly, as 

well as having the commitment to 

comply with the laws and regula-

tions of the host country. At present 

the companies may also apply for 

the European certification EMAS. 

The EU Eco-Management and Audit 

Scheme (EMAS) is a management 

tool for companies and other 

organizations, to evaluate, report and improve their environmental performance. 

Since 2001 EMAS has been open to all economic sectors including public and 

private services.  

The development of an International 
Cyanide Management Code is seen 
as an important and responsible 
action by gold producers, cyanide 
manufacturers, and associated 
transportation companies to augment 
existing regulatory requirements or 
fill in gaps when such regulatory 
requirements are lacking. The code 
provides comprehensive guidance 
for best practice in the use and 
management of cyanide at gold 
mines around the world, and reaches 
beyond the requirements of most 
governments and regulatory 
agencies. A significant body of 
technical and administrative work in 
developing the code has already 
been carried out by a large, and 
varied international group of 
contributors and stakeholders. The 
challenge now exists to carry this 
forward to practical implementation 
and administration. 

Gibbons (2005) 
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The beginnings of modern mapping: a bit of history 

Mapping is to geology what lab bench work is to chemistry. No mapping, no geology. 

All geologists have some notions about mapping, and some are specialists in the 

subject. But does a geologist (not specialized in mining) know how to map a gallery 

in an underground mine? or the face of a 

bench in an open pit mine? The curious thing 

in this regard is that in many ways modern 

mapping arose thanks to mining. Next we will 

tell you how and why. 

Modern mine mapping arises in Butte 

(Montana, USA) and in one mining company: 

the Anaconda Copper Company, back in the 

late 19th century and early 20th century (Fig. 

1). Having said that, how do you correctly 

map in an underground or an open pit mine? 

Today we assume that a geologist will enter to 

the mine ‘armed’ with his compass, hand lens, 

hammer, and a blank sheet of paper in which 

to draw the map. However, what compasses 

existed the late 19th century? Here is when 

two key characters enter into the story: David 

Brunton and Reno Sales. In 1890 Brunton 

was hired by the Anaconda Copper Company 

for its operations in Butte, where he 

performed the first tests of a compass he had 

invented. In fact, the geological compass, as we understand it today, was born in 

Butte and patented in the USA in 1894 (Fig. 1-3). The Brunton Compass was the 

APPENDIX: 

THE BEGINNINGS OF MODERN 

MAPPING: THE ANACONDA 

METHOD 

Geologists at the U.S. Geological Survey in the 
late 19th century laid the foundations for 
modern geological mine mapping, but the 
Anaconda Copper Mining Company, of 
Butte, Montana, was the first private-sector 
organization to systematically use geological 
mine maps on a significant scale. The mapping 
methodology developed by the Anaconda 
Company, and particularly by its chief geologist 
Reno Sales, in the first decade of the 20th 
century is still the basis for ore deposit 
mapping throughout the world. 

The Anaconda Company focused on 
geological mine mapping as a direct result of 
disputes associated with the rich copper 
deposits at Butte. Court cases based on the 
Apex Law led to the shutdown of almost all 
mining in Butte in 1903, and underground 
warfare between rival groups of miners 
threatened many lives. Scientific mapping of 
the disputed orebodies proved the best way 
to resolve the disputes. The development of 
economic geology as a science is thus 
intimately linked to legal and economic 
pressures, and to the powerful personalities 
that dominated Butte, its politics, economy, 
and society, in the period between 1890 to 
1910. 

Boland (2008)
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first instrument allowing proper measurement of the strike and dip angles of veins, 

faults, and layers. Reno Sales started working 

in Butte in 1900.  

The geologists of the late 19th century spent 

more time in court than mapping, and that 

was because the American mining law (Apex 

Law) granted ownership over mineralized 

veins, not over a specific block of rock. Then, 

in depth, two mining companies could argue 

that the vein in question was theirs. How to 

decide to whom belonged the vein? For 

geologists who do not work in mining or economic geology may think that all veins 

are more or less similar, but it is not the case. There are both subtle and important 

differences between veins in the same mining district. These differences lie in 

issues such as the hydrothermal alteration that accompanies the vein, its 

mineralogy, structure, etc. Here comes the important thing, if a vein could be 

mapped correctly, and these features put on a map, then yes, you could say (for 

example) that in fact the vein belonged to ‘your’ mining company.  

Fig. 1: A replicate of the original Brunton Compass. 

This was the great contribution of Reno Sales, creating a mapping methodology 

that would end the disputes. This system was later known as the “Anaconda 

Method” (e.g. Brimhall et al 2006). Of course, this could not have been done if 

David Brunton, in the same company, had not invented the modern compass. After 

the ownership of the mines was consolidated and the litigation period ended (see 

text frames: Apex Law), the Department of Geology of the Anaconda Copper 

Company began to focus more on the geological characteristics of the district. 

Initially, a priority was given to the operation of the mine and production. The known 

pattern of intersection of veins and faults was projected on maps for the first time. 

In addition, the nature and geometry of the mineralization received constant 

attention, and the variations of mineralogical and textural character, as well as the 

The Apex Law

This law gives the owner of a properly located 
claim on a vein the right to an indefinite 
extension on the dip of the vein beyond the 
vertical planes through the side lines of the 
claim. In order to secure this right, the owner 
must lay out the end lines of the claim parallel 
and of substantial length. A triangular claim 
would have no apex right and cannot be 
patented. 

Mindat.org (2017)
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intensity of the alteration in the host rock allowed the elaboration of the spatial 

zoning pattern (Fig. 2). In 1913, Reno Sales published a classic article on mineral 

zoning in Butte that stands as one of the greatest geological contributions made 

directly by a mining company. 

We can say that the history of the Anaconda Method begins in Butte, with the 

systematic mapping of the mineral mass, its structure, the lithology, and 

hydrothermal alteration. In the 1960’s, the method was “exported” to Chile, where it 

was perfected at the El Salvador mine to allow the mapping of elements typical of a 

porphyry copper mineralization. The method was first used for the mapping of 

galleries, then for core logging and eventually for the mapping of benches in open 

pit mines. Finally, the Anaconda method made the final leap to mining operations to 

ore deposits of different types. 

Fig. 2: Left, the original drawing of the Brunton Compass as it was submitted to the United States 

Patent Office in 1894. Right, an early example of the Anaconda Method for the mapping of veins, 

faults, lithology, and alteration (adapted from Cathro 2009). 

Fig. 3: Butte in the early days. Anaconda headframes overlooking the city of Butte (Wikipedia 2018). 
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How’s done? A few tips 

Underground mapping is done on a previously selected “virtual horizontal plane”, 

and the one that cuts the drift (gallery) at waist-height is usually the most practical 

(unless we are dealing with horizontal features) (Fig. 4). 

Fig. 4: Systematic mapping inside a drift (gallery). The geologist will also need a metric tape 

(between AD and BC) to map precisely the intersection of the different geological features on the 

theoretical horizontal plane (ABCD). Adapted from Marjoribanks (1997). 

A metric tape along the floor of the gallery (e.g. 25-50 m tape) will show you the 

exact position of every geological feature in the next 25 to 50 m of gallery. 

Moreover, if no maps of the underground works are available, you can “map 

(outline) the gallery”. This is simple: if 

you have a distance along the gallery, 

the width of the gallery, and an angle 

respect to the North (the direction of the 

gallery), then the problem is already 

solved: you only need a mapping sheet, 

a protractor, a ruler, and a pencil to 

outline the gallery on your mapping sheet. Then you can start drawing the geology 

(see figure above) on your sheet map; a suitable scale to have enough geological 

details is 1: 100. If you are mapping epithermal veins hosted by volcanic rocks, then 

do not forget the Anaconda Method. In this case your map should reflect lithology, 

structure, ore mineralogy, and alteration. 

On the other hand, open pit mapping is a different story, because the detailed maps 

only take into account the geology that appears on the near vertical face of 

benches. Why? Because these faces are “clean”, where you will be standing is also 

Fault plane 2 

Geologist 

Waist-height reference 

horizontal plane 

Folded layer 
Fault plane 1 

Geologist’s mapping sheet 

Drift (gallery) 
Fault plane 1 Fault plane 2 

Mining geology is an applied science which 
combines the principles of economic geology and 
mining engineering to the development of a 
defined mineral resource. Mining geologists and 
engineers work to develop an identified ore deposit 
to economically extract the ore. 

Wikipedia (2018) 
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“a road” for the large dumper trucks and other vehicles that move in and out the pit. 

Nonetheless, the principles of the Anaconda Method do apply in open pit mapping 

and they apply in most mines around the world (Fig. 5). 

Fig. 5: Mapping of a bench at Superior Mine (Lights Creek copper district, California) using tape 

and compass procedures, based on the Anaconda Method. From Stephens (2011). Air side: 

where the geologist is standing; rock side: the bench face and beyond for a few meters. 
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