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Abstract 
 
Dimensional stones are known since the ancient world as noble mineral resources 

and have been used for the construction of magnificent pieces of art and architecture 

that were built to endure. Some examples are the Pyramids in Egypt or the Aphrodite 

of Milo in Greece. They maintain until today their position as a preferred building 

material because of their strength, varied color and décor and stability against 

environmental factors 

 

In Uruguay diverse varieties of dimensional stone are mined, commercialized and 

applied. High quality dolerites (commercially known as black granite) represent the 

most relevant variety, and therefore, were intensively studied in this research. The 

most important varieties of gray and colored commercial granites (lithologically 

granitoids and syenitoids) were also included in this research. The dolomitic slates 

have been also studied, since they represent a traditional natural stone in Uruguay. 

 

The main uses of the different types of dimensional stone of Uruguay are as façade 

cladding, countertops and outdoor and indoor floor slabs. Dolerites can also be used 

for special applications due to their excellent petrophysical properties, as for example 

precision tables and load-transferring masts. 

 

The lack of sufficient scientific studies in these important mineral resources led to the 

development of the present research. The main focus was in the petrographic, 

petrophysic and deposit characterization, and in the analysis of the economic aspects 

related to the dimensional stones of Uruguay. 
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Kurzfassung 
 

Natursteine werden seit dem Altertum als wertvolle mineralische Ressource 

geschätzt und dienten seitdem zur Errichtung der herausragendsten 

architektonischen wie künstlerischen Werke, die lange Zeiträume, teilweise 

Jahrtausende, überdauert haben. Bekannte Beispiele hierfür sind die Pyramiden 

Ägyptens und die Aphrodite von Milo in Griechenland. Die Wertschätzung als 

hervorragendes Baumaterial hat auch heute noch Gültigkeit dank ihrer Festigkeit, 

ihres Farbspektrums und Dekors, sowie ihrer Verwitterungsresistenz. 

 

In Uruguay werden vielfältige Typen von Natursteinen gefördert, vermarktet und 

verwendet. Dolerite von höchster Qualität (kommerziell als schwarze Granite 

bezeichnet) sind die bedeutendsten und werden deshalb in dieser Studie eingehend 

untersucht. Ebenso werden die wichtigsten Varietäten von grauen und farbigen 

Graniten (lithologisch: Granitoide und Synenitoide) hier betrachtet. Auch die 

dolomitischen Schiefer wurden in die Studie einbezogen, da es sich bei ihnen um 

einen traditionellen Werkstein aus Uruguay handelt. 

 

Die häufigste Verwendung finden Natursteine aus Uruguay als Fassadenverkleidung, 

Arbeitsplatten und Bodenfliesen im Außen- wie Innenbereich. Die Dolerite können 

aufgrund ihrer exzellenten petrophysikalischen Eigenschaften auch für spezielle 

Sonderverwendungen wie Präzisionstische oder lastabtragende Bauteile benutzt 

werden. Die vorliegende Forschungsarbeit soll helfen die bestehende Lücke an 

wissenschaftlichen Untersuchungen für diese wichtige mineralische Ressource zu 

schließen. Das Hauptaugenmerk richtet sich auf die petrographische, petrologische 

und lagerstättenkundliche Charakterisierung, ferner auf die ökonomischen Aspekte 

des Natursteinpotentials von Uruguay. 
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1. General introduction 

 

Dimensional stones are noble materials that have been used since the ancient world 

for the construction of pieces of art and architecture of great importance like temples, 

monuments, sculptures, fortified walls and castles. The Pyramids in Egypt, the 

Parthenon and the Aphrodite of Milo in Greece are witness of the resistance of the 

dimensional stone against the passing of time. Until nowadays, dimensional stones 

are appreciated due to their petrophysical properties that determine their durability 

and resistance, and the variety of color and fabrics that they offer. 

 

Their applications had partially changed from a structural use to a more decorative 

one. The granitic dimensional stones are at present mainly commercialized as 

polished slabs of one to three centimeters thickness and several quadratic meters in 

area. These slabs are applied, for example, as façade cladding, countertops and 

floor slabs. Slates and other similar fissile dimensional stones are used mainly as 

small tiles for wall and façade cladding as floor slabs. 

 

The world production of dimensional stones has been growing since the beginning of 

the last century, multiplying by 88 between the years 1926 and 2007 (Montani, 2008). 

According to Montani (2008), the main dimensional stones exploited, both in 1926 

and 2007, were marble and travertine. But while in 1928 the second most produced 

dimensional stone were the slates and similar rocks, in 2007 the commercial granites 

occupied this position. 

 

In Uruguay the dimensional stones have been mined since the beginning of the 

colony end of 17th century with the construction of fortress and citadels. The main 

materials used were granitic and metamorphic rocks, as it can be seen in the citadels 

of Montevideo and Colonia del Sacramento and the fortress of Santa Teresa. 

 

During the second half of the 20th century there were numerous quarries active in the 

country, which mined dolerites (commercially named “black granite”), granitoids, 

syenitoids, marbles, slates and sandstones. The most valuable dimensional stone is 

the dolerite, because of its deep black and dark gray colors and high quality 
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petrophysical properties. The colors offered by the other Uruguayan dimensional 

stones are white, gray and various shades of pink, red and greenish-gray. 

 

At the beginning of the 21th century just a few of the dimensional stone quarries are 

still in operation. These quarries mine dolerite, gray granite, slate and sandstone; all 

the others are actually inactive or abandoned since many decades. Many of these 

quarries are still potent of immense reserves that could make a profitable 

exploitation, but in many cases these reserves are unknown. The mining 

infrastructure in Uruguay mainly consists of two big industrial sawmills with 

technology to process large blocks for the production of polished slabs. 

 

Previous scientific research in Uruguay in these minerals resources is scarce. The 

main efforts in developing scientific knowledge were focused on the granitic 

dimensional stones, mainly on the dolerites (Bossi and Navarro, 1982; Bossi et al, 

1989; Bossi and Campal, 1991) and other commercial granites (Bossi and Navarro, 

2000; Morales Pérez, 2004; Morales Pérez and Muzio, 2005; Oyhantcabal et al, 

2007a). The petrophysical properties have been previously investigated by Comunità 

Economica Europea-Uruguay (no date).  

 

Hoffman (2006) and Hoffmann and Siegesmund (2007) investigated the dimensional 

stone potential of Thailand, with special focus on their deposits and petrophysical 

characterization. In Argentina a similar research was conducted by Mosch (2008) and 

Mosch et al (2007). The larvikites of Norway are internationally known commercial 

granites, which have been studied in detail by Heldal et al (2008). In São Paulo, 

Brazil, Artur et al (2001) did an exemplary study on the granitic batholith of Socorro 

from the petrophysical point of view. 

 

The main objective of the present work is to contribute to the scientific research in the 

field of dimensional stones and their exploitation in Uruguay. Despite the 

investigation presented a substantial contribution is considered to the development of 

the sector of dimensional stones, which requires further exploration, evaluation, 

mining and marketing of the valuable mineral resources that the dimensional stones 

represent. 



 General introduction 
 

 
3 

 

 

More particular objectives are: 

 

1. The identification of the dimensional stones mined in Uruguay and the 

evaluation of their geological setting, petrography, geochemistry, petrophysical 

properties and deposit characteristics. 

 

2. A contribution to the development of standard research methodologies for the 

prospection, exploration, evaluation and mining of the most important types of 

dimensional stones in Uruguay. 

 

3. The development of objective criteria for the international standardization of 

the evaluation methods for dimensional stones.  

 

The relevance and the representativeness of the dimensional stone varieties  studied 

in the present research ruled their selection. Dolerites, gray granitoids, pink- and 

reddish- colored syenitoid, greenish-gray granite and dolomitic slates are analyzed 

from the petrographical, geochemical and petrophysical points of view, as well as 

their deposits are characterized.  

 

The analytical procedures applied can be divided in field and laboratory methods. 

The field methodologies are the conventional ones for the geological exploration, for 

example compilation of previous geological investigations and mining records to 

detailed structural analysis of the quarries. New methodologies are applied in order to 

determine the possibly largest block size being mined in respect to their joint set 

distribution. Arithmetic methods (e.g. Singewald, 1992; Sousa, 2010) are compared 

to three dimensional ones (3D Block Expert software, Nikolayev, 2007). 

 

The laboratory methods applied include petrographical analyses, such as mineral 

optic microscopy, X-ray difractometry and fluorescence spectrometry. The 

petrophysical analyses for the assessment of pore space properties and water 

absorption behavior included the determination of porosity, density, pore radii 

distribution, water immersion evaluation, capillary, forced and unforced water 
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absorption, water vapor diffusion, thermal and hydric expansion. Finally the 

petromechanical tests include uniaxial compressive strength, tensile strength, flexural 

strength, abrasion strength, breaking load at the dowel hole. Color measurements 

were performed in the several black dimensional stones. 

 

The present work is divided in six main chapters: i. general introduction, ii. case study 

on dolerites, iii. case study on granitoids and syenitoids, iv. case study on slates, v. 

conclusions and vi. analytical procedures. The case studies are organized in relation 

with the relevance of the different groups of dimensional stones considered. 
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2. Case study: Dolerites 
 
Abstract 

 
Dimensional stones with a black color occupy a prominent place on the international 

market. Uruguayan dolerite dikes of andesitic and andesitic-basaltic composition are 

mined for commercial blocks of black dimensional stones. A total of 16 dikes of both 

compositions were studied and samples collected for geochemical and 

petrographical analysis. Color measurements were performed on different black 

dimensional stones in order to compare them with the Uruguayan dolerites. Samples 

of the two commercial varieties (Absolute Black and Moderate Black) were obtained 

for petrophysical analysis (e.g. density, porosity, uniaxial compressive strength, 

tensile strength, etc.). Detailed structural analyses were performed in several 

quarries. Geochemistry and petrography determines the intensity of the black color. 

The Uruguayan dolerite Absolute Black is the darkest black dimensional stone 

analyzed in this study. The petrophysical properties of Uruguayan dolerites make 

them one of the highest quality black dimensional stones. Structural analyses show 

that five joint sets have been recognized: two sub-vertical joints, one horizontal and 

two diagonal. These joint sets are one of the most important factors that control the 

deposits, since they control the block size distribution and the amount of waste 

material. 

 
2.1. Introduction 

 
Black dimensional stones are known on the international market as “black granites” 

because their hardness and strength are similar to those shown by granitic rocks. 

Petrologically these rocks are classified as gabbros, norites, diorites, dolerites (or its 

synonym: diabase), basalts and anorthosites. Five of them are considered mafic 

rocks, except for anorthosite, which is classified as a felsic rock. 

 

The Uruguayan Dolerite Dike Swarm, which intruded the Río de la Plata Craton at 

1790 ± 5 Ma (Halls et al, 2001) is composed of hundreds of parallel dikes with an 

average width of 30 meters and average lengths of around 1,000 meters. In Uruguay 

they have been quarried since the early 1960s due to their deep black color, which is 

always en vogue, and their excellent technical properties, such as extremely high 
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uniaxial compressive strength (UCS) and remarkable low porosity and water uptake. 

These dimensional stones are used as high quality cladding, worktops, bathroom 

vanities, tombstones and precision tables. 

 

Due to their physical properties and appearance, these rocks have been quarried 

since the time of ancient Egypt, where they were used for the construction of sacred 

monuments (tombs and temples) or magnificent buildings (palaces) (Ashurst and 

Dimes, 1998). They were also utilized for the production of various decorative 

elements, such as valuable pieces of art (e.g. statues, fountains, etc.). Over the 

centuries and even today, dolerites and other black dimensional stones are used for 

representative buildings and other constructions worldwide. 

 

 
Fig. 2.1: Examples of applications of black dimensional stones: a. Empire State Building (New York, 

USA) façade made of Ebony Black from Sweden; b. Office of the Federal President in Berlin 

(Germany) made of Impala Dark from South Africa. 

 

Examples of the use of black dimensional stones in Germany can be found in the 

Düsseldorf Airport, which uses the Shanxi Black (dolerite) from northern China for the 

interior flooring tiles. The Office of the Federal President in Berlin uses the Impala 

Dark (gabbro/norite) for the building façade (Börner and Hill, 2010) (Fig. 2.1a) and in 

Bad Homburg the footbridge masts are constructed of Nero Assoluto (gabbro) from 

Zimbabwe (Fig. 2.2). In the United States of America the base façade of the Empire 



 Case study: Dolerites 
 

 
7 

 

State Building utilizes Ebony Black (dolerite) from Sweden (Ashurst and Dimes, 

2004) (Fig 2.1b) and in Uruguay the entrance columns of the Antel Tower are made 

of Uruguayan Black Absolute dolerite. 

 

 
Fig. 2.2: Footbridge in Bad Homburg (Germany) made of Nero Assoluto from Zimbabwe (Source: SBP 

GmbH): a. General view of the footbridge; b. Detail of support mast. 

 

The prices for black dimensional stones on the international market vary from 900 to 

2,400 US$/m3, whereas the Uruguayan dolerites are priced at 900 to 1,700 US$/m3. 

Dolerites from China have prices ranging from 1,000 to 2,000 US$/m3, the South 

African gabbro/norite shows prices up to 2,000 US$/m3 and the most expensive black 

stone is the iridescent norite from India with a price of 2,400 US$/m3. Prices depend 

on two aspects: the intensity of the black color (the darker the stone, the more 

expensive it is) and the block size (the largest blocks are relatively more expensive). 

 

Present mining situation 

 

In Uruguay the methods of mining dolerites have evolved since the 1960s when 

quarrying began. Mining was initially done by manual extraction and then evolved by 

using the modern technique of the diamond wire saw, which has proven to be a 

highly effective method. 

 

The different periods in the production of dolerite blocks are closely related to specific 

economic cycles in Uruguay (Fig. 2.3). Since the beginning of production in 1960 and 

until the end of the 1970s it was a period of slow growth, with a maximal annual 
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production of around 1,000 tons. This first growth period was probably favored by the 

initial support that the mining and geological sector received from the military 

dictatorship during the period of 1973 to 1985. By the end of the 1970s, the 

government implemented a macroeconomic deflation plan via a pre-announced 

decrease of the exchange rate. Thus, Uruguayan products became more expensive 

than they really were and in the long run the exporters lost their competitiveness. 

This situation lasted until 1982, when the country was in the middle of a deep crisis. 

The government stopped bolstering the Uruguayan peso to the US dollar, leading to 

a strong devaluation of the national currency. In these years dolerite production 

suffered a sharp decline, of almost 90% in the deepest moment of the crisis with 

respect to that of the year 1978, which had the highest level of production on record. 

 

 
Fig. 2.3: Evolution of dolerite production in Uruguay (data after Bossi and Campal 1991; Morales 

Pérez 2004 and DINAMIGE 2010) and GDP (Gross Domestic Product) in constant local currency units 

(LCU) (data after World Bank homepage, 2010). 

 

Afterwards, the production entered into a new phase of growth until the beginning of 

the 1990s, which was related to regional/national growth cycles and the entry of new 



 Case study: Dolerites 
 

 
9 

 

investors in the stone sector. A new period of stagnation in dolerite production occurs 

at the beginning of the 1990s, when the national economy entered into a new 

recession phase. In the years 2001-2002, this period of recession turns into a severe 

crisis, accompanied with a new devaluation of the national currency. Dolerite 

production reaches the lowest level in the last 10 years, but as the economy recovers 

so does the production of black dimensional stone. 

 

 
Fig. 2.4: Satellite image showing different dolerite dikes in the region of Polonia-Pichinango  

with active and inactive quarries (Image Source: Google Earth, 2010). 

 

Today production is in a new growth phase, mostly influenced by the positive market 

trend for “Absolute Black”, which as of 2005 is due to the demand for stones of black 

color. Despite the facts that in the present only three companies are quarrying the 

dolerite dikes, the production in the last several years has exceeded the average of 

the last 45 years (Fig. 2.3). This can be directly related to the use of the diamond wire 
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saw, which that increases the efficiency of the extraction, and the recent trade policy 

strategy that promotes the export of these products. 

 

Historically there have been 19 quarries, four of which mined only superficial blocks. 

The quarries now active are distributed in two regions in the Department of Colonia, 

one in the region of Arroyo de la Quinta, and the other in the region of Polonia-

Pichinango (see Fig. 2.4). Two quarries are located in the same dike. Two large 

active sawmills are in operation in the region, which cut the blocks extracted from the 

quarries, produce polished slabs and sell the products on the national and 

international markets. One sawmill is located in Nueva Palmira with access to a 

harbor. The other sawmill is located in Las Piedras, 25 km away from the main 

harbor in Montevideo (Uruguay). Both harbors have the facilities to ship the blocks 

and other processed materials such as polished slabs. Numerous small sawmills in 

the country buy the already polished slabs. 

 

The non-metallic mineral export of Uruguay in the year 2007 was around 4.4% of the 

total export of the country. No information on the amount of dimensional stone 

exports is available. 

 

In the last ten years the dimensional stone sector in Uruguay has been represented 

by the production of granite and syenite (red, pink, gray and dark green), slate (black, 

gray, red and green), dolerite (black and dark gray), marble (white) and recently 

sandstone (orange and yellow) (Fig. 2.5). Granite and syenite production (plotted 

together in Fig. 2.5) has decreased in the last ten years as dolerite production has 

grown. Marble production is marginal and sandstone has entered the market in 2003 

with its production continuing to grow. Slate production has remained more or less 

constant in the last ten years. The strong decrease in the production of granite and 

syenite reflects the growing predominance of China as an exporter of these products. 

 

The production of dimensional stones in the year 2004 represents around 0.26% of 

the non-metallic mineral production (in tons). The dolerite production for the same 

year is about 22 % of the total dimensional stone production (in tons). In US$ the 

dolerite production is almost 40% of the total dimensional stone production 
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(DINAMIGE, 2010). This makes dolerite the most important dimensional stone 

product of Uruguay. 

 

 
Fig. 2.5: Dimensional stone production in tons (from DINAMIGE, 2010). 

Data for granites and syenites are combined. 

 

The world demand for black dimensional stones of high quality is not yet totally 

covered by the other productive countries such as China, South Africa, Sweden, 

Zimbabwe, India, and Brazil. Uruguay, whose production is not very large at the 

present time, will probably occupy a more constant position on the world market 

when more dolerite dikes are developed for production. 

 
2.2. Geological setting of the dolerite dike swarm in Uruguay 

 
The geology of Uruguay is characterized by a Precambrian basement that crops out 

in the south part of the country. This basement was originally divided into two regions 

by Ferrando and Fernandez (1971), taking into account their ages: the eastern 

domain belonging to the Brasiliano Cycle (Neoproterozoic) and the western to the 

Transamazonian Cycle (Paleoproterozoic).  

 

The Río de la Plata Craton was defined by Almeida (1971) including the 

Transamazonian outcrops of southern Brazil, Uruguay and Argentina. Fragoso-Cesar 

(1980) defined the Dom Feliciano Mobile Belt of southern Brazil and Uruguay, as a 

series of petrotectonic associations of Brasiliano age. 
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Fig. 2.6: Schematic geological map of Uruguay (modified from Hartmann et al, 2001). 

 

Bossi and Ferrando (2001) divided the Uruguayan basement into three 

tectonostratigraphic terranes: the Piedra Alta and the Nico Pérez Terrane (these two 

terranes correspond to the Río de la Plata Craton) and the Cuchilla Dionisio 

(corresponding to the Dom Feliciano Mobile Belt). These terranes are separated from 

west to east, by two first order tectonic regional discontinuities: Sarandi del Yí and 

Sierra Ballena Shear Zones (Fig. 2.6). 

 

Recently, Oyhantçabal et al (2010) proposed a redefinition of the Río de la Plata 

Craton, based on new and previously published geochronological and isotopic data 

that shows different events of crustal growth and crystallization ages for the Piedra 
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Alta and Nico Pérez Terrane. These differences support the exclusion of the Nico 

Pérez Terrane from the Río de Plata Craton, which now comprises the Piedra Alta 

Terrane in Uruguay and the Tandilia Belt in Argentina. 

 

The Piedra Alta Terrane is especially significant for this work because it contains the 

dolerite dike swarm. According to Oyhantçabal et al (2007), this terrane is composed 

of two supracrustal metamorphic belts with an E-W direction. Each one of them is 

composed of a metamorphic volcanic-sedimentary formation and spatially associated 

plutonic bodies, and extended granitic-gneissic belts in between (Bossi and 

Ferrando, 2001). 

 

The metamorphic belts are from north to south: the Arroyo Grande Belt and the San 

José Belt. The first one was defined by Bossi and Ferrando (2001) and corresponds 

to the Arroyo Grande Formation (a folded volcano-sedimentary succession of 

greenschist facies, Oyhantçabal et al, 2010) and associated intrusions formerly 

defined by Ferrando and Fernandez (1971). The San José Belt comprises the Paso 

Severino Formation and associated intrusions, the San José Formation and the 

Montevideo Formation (Oyhantçabal et al, 2007b). The Paso Severino Formation, as 

defined by Oyhantçabal et al, 2010 consists of a greenschist facies folded volcano-

sedimentary succession. The San José Formation is composed of paragneisses and 

garnet and staurolite-bearing micaschists (Oyhantçabal et al, 2003; 2007). The 

Montevideo Formation comprises amphibolites, paragneisses and garnet and 

staurolite-bearing micaschists (Bossi, 1965; Bossi et al, 1993; Oyhantçabal et al, 

2003; 2007). 

 

Between these belts there are elongated granitic-gneissic areas that also include 

decameter to kilometer-sized blocks of micaschists, paragneisses and amphibolites. 

These areas are known as the Florida Central Granitic-Gneiss Belt (Bossi and 

Ferrando, 2001; Oyhantçabal et al, 2010). 

 

The tectono-thermal activity of this terrane, and therefore the Río de la Plata Craton, 

consists of two Transamazonian events at 2.2 – 2.1 and 2.1 – 2.05 Ga (Oyhantçabal 

et al, 2010). An anorogenic event occurs with the intrusion of the basic dike swarm in 
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an extensional regime (Bossi and Ferrando, 2001) at 1790 ± 5 Ma (U-Pb on 

baddeleyite by Halls et al, 2001). This swarm encompasses an area of 25,000 km2 

(100 km width and 250 km length) with a general trend of ca. 060° and intrudes in all 

the lithologies of the Florida Central Granitic-Gneiss Belt (Bossi and Campal, 1991). 

This mafic dike swarm (Bossi et al, 1993) is also known as the Uruguayan Dike 

Swarm (Teixeira et al, 1999; Halls et al, 2001) or the Florida Dyke Swarm (Mazuchelli 

et al, 1995). 

 

The craton was stable for a long time after the intrusion of the basic dike swarm, until 

the last event at the end of the Proterozoic, when its edge was reworked by a dextral 

mega-shear known as the Sarandí del Yí Shear Zone. This event caused the rotation 

of the eastern extreme of the dike swarm to the south (Bossi and Campal, 1991). 

 
2.3. Characterization of the dolerite deposits 

 

In Uruguay a wide spectrum of names are used to describe these rocks. They have 

been called “black granites” (mostly in the commercial sector; Bossi and Navarro, 

1982; Bossi et al, 1990; Techera et al, 2004; Comunità Economica Europea-

Uruguay, no date), microgabbros (Bossi and Navarro, 1982; Bossi et al, 1989; Bossi 

and Campal, 1991; Bossi et al, 2000; Spoturno et al, 2004), andesitic and andesitic-

basaltic dikes (Bossi and Campal, 1991; Bossi et al, 1993; Bossi and Ferrando, 

2001), gabbros (Comunità Economica Europea-Uruguay, no date) and in the recent 

literature dolerites (Oyhantçabal et al, 2006; 2007; 2008). 

 

The term dolerite, synonymous with diabase and microgabbro, is used to describe an 

igneous hypabyssal rock of dark color composed of plagioclase (labradorite in 

composition) and clinopyroxene (normally augite or titanoaugite), with opaques as 

the main accessory minerals (magnetite, titanomagnetite or ilmenite). The grain size 

is between that of gabbro and basalt (medium-grained, between 1 and 5 mm) and 

the typical texture is ophitic or subophitic (laths of plagioclase totally or partially 

surrounded by crystals of augite) (Allaby and Allaby, 1990; Jackson, 1997). 

 

Campal and Garat (1990) and Bossi and Campal (1991) studied and related the 

petrographic characteristics to the geochemical features, dividing the dike swarm into 
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two groups. One group comprises rocks of of andesitic composition and high titanium 

content (Group A) and the other one of andesitic-basaltic composition and low 

titanium content (Group B). In the present work these two groups were also 

recognized. 

 

Table 2.1: Dike width and grain sizes in Zones 2 and 3. 

 

 

In each dike it is possible to recognize three zones when taking into account the 

grain size (see Fig. 2.7 and 2.8 and Table 2.1). Figure 2.9 depicts the distribution of 

the different zones. Zone 1 is in contact with the country rock; its thickness is not 

more than 60 cm, is normally very finely fractured and defines the chilled margin of 

the dike. Zone 2 is 1 to 1.5 m thick, is less fractured and characterized by a fine grain 

that increases towards the middle of the dike. Zone 3 is located in the center of the 

dike, representing ca. 90% of the width. The contact with Zone 2 is gradual. The 

grain size in this zone is medium-grained, ranging from 1 mm to 2 mm. 
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Fig. 2.7: Grain size distribution in three dolerite quarries. High TiO2: U8 (Rosarito) and U11 

(Blackstone); Low TiO2: U66 (Pimafox). Grain size of phenocrysts and groundmass separated. 

 

 
Fig. 2.8: Grain sizes in Zones 2 and 3 for both dike groups. 

 

In the three quarries where a grain size profile was taken and analyzed, observations 

indicate that Zones 1 and 2 on both sides of the dike represent not more than 11% of 

the dike width (Fig. 2.7). As shown in Table 2.1, no strong correlation between the 
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dike width and the maximal grain size exists, although the wider dikes (for example 

U8 and U59) show the coarser grain and the finer dikes (as the case of U62) show 

the finer grain. Further investigations are still necessary to clarify this observation. 

 

 
Fig. 2.9: Black Stone Quarry in dike of Group A. a. Schematic figure where Zones 1, 2 and 3 (Z1, Z2 

and Z3, respectively) are represented; b. General view of quarry, contact with country rock is shown; 

c. Contact zone of dike with the country rock. Strongly fractured chill margin (Zone 1), not fractured 

Zone 2; d. Zone 3, with few horizontal and vertical joints. 
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2.3.1. Geochemistry 

 
Major and minor elements were determined by x-ray fluorescence spectrometry. A 

total of 24 samples from 14 dikes were already investigated by Bossi et al (1993) and 

a total of 28 samples from 16 dikes were analyzed in this study. Another five dikes 

were identified but they were unreachable for samples collection. In some dikes two 

samples were analyzed, one from Zone 2 (fine-grained) and the other from Zone 3 

(medium-grained), in order to ascertain the geochemical differences that can be 

correlated to the petrography of these rocks. 

 

 
Fig. 2.10: Distribution of the dikes in a R1-R2 diagram (after De La Roche et al, 1980). 

 

The results of these analyses (Tables 2.2 and 2.3) corroborate the observations 

made by Bossi and Campal (1991), who divided the dikes into two groups based on 

their geochemistry that correspond to the two petrographic groups. Group A is 

characterized by relatively high contents of TiO2 (between 1.5 and 2.5%) and an 

andesitic composition, and Group B is defined by relatively low contents of TiO2 
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(<1.2%) and an andesitic-basaltic composition. This is shown in the De La Roche 

diagram in Figure 2.10. Group A also shows relatively higher values for the other 

major elements: FeOt, MnO, Na2O, K2O, P2O5, but lower values of Al2O3, MgO and 

CaO (Fig 2.11). They also exhibit different mg# values (MgO/MgO+ FeOt), where the 

values for Group A are around 0.17 and 0.25 and those for Group B are between 

0.35 and 0.45. 

 

Table 2.2: Major elements compositions of the dolerites (in wt%). 

 

 

Group B shows higher values of the following trace elements: Rb, Ni, Y, Zn and V 

and lower values of Cr with respect to Group A. The other trace elements, Nb, Zr, Sr, 

Ba and Ga, show a similar distribution between both groups. 

 

In both groups, a different geochemical signature in the two dike zones considered 

can be recognized. Regarding the major elements, Zone 2 represents an enrichment 

of the following elements in Groups A and B: TiO2, Na2O, K2O and P2O5, and a 

decrease of SiO2, MgO and CaO. For some other major elements a different 
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behavior can be observed. In Group A an enrichment of FeOt and MnO and a 

decrease in Al2O3 is observable, when compared Zone 2 to Zone 3. In the Group B 

the opposite behavior occurs. 

 

Table 2.3: Trace elements compositions of the dolerites (in ppm). 

 

 

Trace elements are distributed as follows: there is an enrichment of Rb, Nb, Zr and 

Ba in Zone 3 of both dike groups, whereas only Group A presents an enrichment of 

Sr and Ga in this zone. Cr, Ni and Zn behave differently between both groups, where 

enrichment occurs in Zone 2 of Group A and a decrease is observable in the same 

zone of Group B. Y and V also show a different behavior between both groups, with 

an enrichment of these elements in Zone 2 of Group B, and a decrease in Group A. 

Different geochemical signatures between both groups can be explained by various 

stages in the magmatic evolution within a tholeiitic series, with Group A being more 

evolved than Group B (Fig. 2.12). 
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Fig. 2.11: Box plots of major elements in Groups A (High TiO2) and B (Low TiO2) (in wt%) by taking 

into account the grain size. Group A is blue and Group B is red. Bold line: median; box: Q1 – Q3 

range; whiskers: standard deviation above and below the mean of the data; filled circles: outliers. 

 

 
Fig. 2.12: AFM diagram showing the distribution of the dikes  

(data after Bossi et al, 1993 and this research). 
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2.3.2. Petrography 

 
Bossi and Campal (1991) described the petrography of the dike swarm based on the 

differences correlated with the two geochemical groups in the dikes. According to 

these authors, the main petrographical differences between both groups are 

mineralogical, where the high TiO2 rocks (Group A) show lower plagioclase contents. 

The plagioclase is of andesine composition in Group A and in low TiO2 rocks (Group 

B) plagioclase shows labradoritic composition. 

 

The clinopyroxene present in both groups is augite, but in Group B orthopyroxene 

(broncite) can also occur. Bossi et al (1993) determined the composition of the 

clinopyroxenes as augite to subcalcic augite and pigeonite with high Ca contents. In 

Group A more opaques occur consisting of magnetite and ilmenite intergrowths, 

which are normally automorph crystals associated with pyroxene. Only small 

proportions of pyrite and chalcopyrite are present. In Group B the most important 

opaque mineral is skeletal ilmenite, which is associated with quartz-feldspar 

intergrowths and sometimes with pyroxene. Amphibole is present as a product of 

uralitization of clinopyroxene and is more common in Group A. 

 

 
Fig. 2.13: a. Absolute Black dolerite; b. Moderate Black dolerite. 

 

The term “micropegmatite” is used to refer to quartz intergrowths, normally composed 

of quartz and alkali feldspar, but sometimes also composed of quartz and 

plagioclase. These intergrowths are much more abundant in Group A, where they are 

composed of quartz and oligoclase. When apatite occurs, it is always related to these 
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intergrowths. According to Bossi and Campal (1991), the grain size between 0.1 and 

0.2 mm of the plagioclase laths characterizes the “Granito Negro Absoluto (Fig. 

2.13a). “Granito Negro Fino” (0.3 and 0.5 mm), “Granito Negro Oriental” (0.6 and 0.8 

mm) (Fig. 2.13b) and “Granito Negro Grueso” (plagioclase laths >1 mm) all show 

larger grain sizes. 

 

Table 2.4: Petrographical data (modified after Bossi and Campal, 1991). Mineral abbreviation after 
Kretz (1983): An anortitie, Aug augite, Pl plagioclase 

 

 

Spoturno et al (2004) have also studied these rocks but did not differentiate them into 

two groups. They described the rocks as being composed of plagioclase with grain 

sizes around 0.3 mm, when measured parallel to the long axis (approximate 

composition: labradorite) and pyroxene, i.e., augite, pigeonite and occasionally 

orthopyroxene. Occasionally, microphenocrysts of plagioclase and augite have been 
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observed with sizes up to 2 mm giving the rock a microporphiritic texture. 

Accessories include ilmenite with leucoxene rims and apatite. These authors also 

described the presence of amphibole of uralitic origin, a product of alteration of 

pyroxene.  

 

The petrographical observations corroborate the previous research, with new 

information being added by this study. In Table 2.4 the main observations are 

summarized and the petrographic details are shown in Figures 2.14 to 2.18. 

 

Using the Michel-Levy method, the plagioclase laths in Group A were determined to 

have an An34-An44 composition (andesine), whereas Group B shows an An47-An60 

composition (labradorite). In both groups plagioclase occurs as fine-grained 

euhedrally zoned laths (for grain sizes see Table 2.1 and Figures 2.7 and 2.8). In 

Group A the laths commonly contain inclusions of very fine-grained apatite crystals. 

 

The clinopyroxene is generally augite, but also some pigeonite can be observed. The 

augite in Group A occurs as small crystals with grain sizes between 0.4 and 0.6 mm. 

They are euhedral to subhedral, very often exhibit twining and are surrounded by 

amphibole and to a lesser extent by biotite. In Group B the augites are coarser 

grained, with sizes ranging between 0.4 and 2.4 mm. The crystals are euhedral to 

subhedral and generally show an aspect ratio up to four. Very often they show 

twining and are sometimes surrounded by amphibole and biotite. 

 

Biotite is present as euhedral to subhedral crystals with sizes up to 0.9 mm (with an 

aspect ratio of 4.5) in Group A. In Group B the grain size only reaches 0.2 mm with 

an aspect ratio of 2. In both groups it occurs as an accessory. The biotite present is 

always related to magnetite or augite. 
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Fig. 2.14: General overview of the Uruguayan dolerite fabrics: a. and b. Zone 2 in dike from Group A; 

c. and d. Zone 3 in dike from Group A; e. and f. Zone 2 in dike from Group B; g. and h. Zone 3 in dike 

from Group B.(Left column: plane polarized light; right column: crossed polarized light). 
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All samples exhibit the presence of granophyric intergrowth as described by Shelley 

(1993), which Bossi and Campal (1991) and Spoturno et al (2004) refer to as 

“micropegmatite” or interstitial quartz-feldspar intergrowths. In some cases microcline 

can be recognized within the granophyric intergrowth, but in other thin sections it is 

difficult to determine the nature of the feldspar present. They are normally up to 0.8 

mm in size in Group A, but up to 1.6 mm in some cases and smaller in Group B, up 

to 0.6 mm. 

 

 
Fig. 2.15: Texture and mineralogy of Zone 3 in dike from Group A: a. Biotite crystals surrounding 

magnetite-ilmenite and hornblende crystals partially surrounding augite and magnetite-ilmenite 

crystals (plane polarized light, width of view 1.8 mm); b. Same image as in a. but in crossed polarized 

light; c. Augite crystal almost totally replaced by hornblende with inclusions of opaque minerals (plane 

polarized light, width of view 0.45 mm); d. Same image as in c. but in crossed polarized light. 

 

Opaques are also present as accessory minerals and are much more frequent in 

Group A, where magnetite crystals are euhedral to anhedral and the ilmenite crystals 

are skeletal. Both crystals always occur with augite and biotite as intergrowths, never 

surrounded by plagioclase. Their size is between 0.2 and 0.8 mm. In Group B the 

opaques are skeletal, long and lath-shaped ilmenite up to 0.7 mm with an aspect 

ratio up to 14. The very fine-grained magnetite crystals are subhedral to anhedral 

with a size up to 0.3 mm. Both are often distributed around augite as well as around 
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the plagioclase. The opaques are homogeneously distributed in the grain size zones 

(1, 2 and 3), and in Zones 1 and 2 their grain size is generally smaller than the 

plagioclase laths. In Group B the opaques are sometimes surrounded by red spots of 

limonite or hematite. 

 

 
Fig. 2.16: a. Skeletal and euhedral ilmenite, dike of Group A, Zone 3 (plane polarized light, width of 

view 1.8 mm); b. Laths of plagioclase and granophyric intergrowth (same image as in a. but in crossed 

polarized light); c. Skeletal, long and lath-shaped ilmenite. Group B dike, Zone 3 (plane polarized light, 

width of view 1.8 mm); d. Laths of plagioclase and crystals of pigeonite with typically curved fractures 

(same image as in c. but in crossed polarized light). 

 

Apatite is found as an accessory, as very small (up to 0.1 mm in length) euhedral 

crystals with basal hexagonal sections and needle-like longitudinal sections. They are 

always included in the granophyric intergrowth and can be very often found as 

inclusions in the plagioclase of Group A. 

 

Hornblende occurs as a product of uralitization of clinopyroxenes, where they appear 

either with fibrous habit or as euhedral to subhedral crystals with sizes up to 0.4 mm. 

They are more frequent in Group A. 
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Fig. 2.17: a. Subophitic texture in dike of Group A, Zone 3 in plane polarized light (PPL), width of view 

3.6 mm; b. Same image as in a. but in crossed polarized light (CPL); c. Subophitic texture in dike of 

Group B, Zone 3 (PPL, width of view 3.6 mm); d. Same image as in c. but in CPL. 

 

Calcite only occurs as an accessory in a dike from Group B in Zone 3 (sample U13). 

It appears as very fine-grained (up to 0.2 mm) anhedral to subhedral crystals 

normally associated with biotite. 

 

The texture normally observed in both groups is subophitic, but there are some local 

variations. A porphyritic texture is observed in the chilled margins of two dikes from 

Group B and in one from Group A. In the dike from Group A the phenocrysts are 

plagioclase (sample U55) and in the dikes from Group B they are plagioclase and 

augite. In one sample (U13) they are altered to calcite and chlorite, respectively. 

 

In both dolerite groups the normative mineral compositions show more or less 

comparable values (see Table 2.5). The M value (color index: total volume percent of 

mafic minerals) varies between 29 and 37% in Group A and between 31 and 34% in 

Group B. 

 

For both groups the normative M values are comparable between Zone 2 and Zone 

3. For Group A, Zone 2 has a value of 31 and Zone 3 a value of 33%. In Group B 
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both zones have an M value of 33%. Only one sample of Group A shows an 

important difference: 37% in Zone 2 and 33% in Zone 3 (Quarry U55). Evenso, M 

values for zones 2 and 3 are comparable, the Absolute Black (Zone 2) appears much 

darker than the Moderate Black (Zone 3) due to the smaller grain size. 

 

Table 2.5: Normative minerals distribution in both groups (in wt%). 

 

 

This color index, which is determined by the normative mineral composition, shows 

some differences compared to the modal mineral composition. In Group A the modal 

mineral composition exhibits an M value of 49% in Zone 2 and 38% in Zone 3. Group 

B shows 49% in Zone 2 and 47% in Zone 3. All the samples have an M value higher 

than 30%, and therefore are classified as mesocratic. 
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Fig. 2.18: a. Equigranular texture in dike of Group A, Zone 2, where a homogenous distribution of the 

opaques is visible in plane polarized light (PPL), width of view 3.6 mm; b. Same image as in a. but in 

crossed polarized light (CPL); c. Porphyritic texture in dike of Group B, Zone 2. Several phenocrysts of 

plagioclase are visible (PPL, width of view 3.6 mm); d. Same image as in c. but in CPL. 

 

2.3.3. Determination of commercial varieties: influence of grain size, fabric, 

chemical and mineral composition 

 
A first classification based on the color of the rock and grain size of plagioclase was 

made by Bossi and Campal (1991) and continued by Bossi and Schipilov (2007). 

They determined that the Absolute Black is aphanitic with a mean grain size between 

0.1 and 0.2 mm. Fine Black is a fine-grained variety with a grain size between 0.3 

and 0.5 mm. Normal Black (known as Oriental) has a grain size between 0.6 and 0.8 

mm and the Coarse Black is coarser than 1 mm. 

 

The results and observations collected in the current investigation broadly agree with 

the above classification. However, a new one is proposed based on variations in 

grain size, measured on the c axes of the plagioclase laths that are slightly different, 

and therefore the Uruguayan dolerites can be classified as follows: Absolute Black 

(Negro Absoluto), with aphanitic texture, grain size <1 mm, Moderate Black (Negro 

Oriental) with phaneritic texture, 1-2 mm and Special Black, which is similar to 
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moderated black but with some heterogeneity in the color, for example: green or 

white spots due to the presence of large hornblende and plagioclase crystals, 

respectively. 

 

The chemical composition influences the mineralogy, and therefore the décor of the 

rock. For both groups, rocks of Zone 2 are darker than those of Zone 3, caused by 

higher modal M values, but also by their smaller grain size, as the mafic minerals are 

better distributed in the whole rock.  

 
2.3.4. Color measurements 

 
The black and dark gray color characterizes the dolerites mined in Uruguay. These 

colors are determined by a relatively high proportion of mafic minerals (e.g. 

pyroxenes, amphiboles, opaque minerals) and by the occurrence of clear 

plagioclase. Absolute Black Dolerite shows a deep black color that is very 

homogeneous due to the lack of veins and its very fine-grained texture. Moderate 

Black Dolerite, also commercialized as Sacramento or Oriental Granite, has a dark 

gray color, which is sometimes interrupted by white spots due to the presence of 

larger granophyric intergrowths. Light gray aplitic veins up to five centimeter in 

thickness are sometimes observable, but these can be easily avoided during the 

mining process. 

 

Color measurements were performed at the Labor für Baudenkmalpflege in 

Naumburg (Germany) on 12 different black dimensional stones. In Figure 2.19 all 

results are listed. The L* values, which determines the brightness, ranged from 25.22 

for the Absolute Black dolerite to 42.47 for the Kvemo quartz-phyllite. a* values are 

between -0.03 for the Impala gabbro/norite and 1.00 for the Galaxy Brazil. b* values 

range between -0.13 for Kvemo and 1.60 for Impala (Fig. 2.19). 

 

Motoki and Zucco (2005) developed a classification that takes into account the B 

parameter (brightness) from the HSB color system. The category limits determined 

by these authors have been converted to the CIE Lab color system as follows: black 

(L< 27), dark gray (27<L<58), light gray (58<L<87), and white (L>87). Utilizing this 
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classification, the Absolute Black dolerite can be defined as black and the Moderate 

Black dolerite as dark gray. 

 

 
Fig. 2.19: Color measurements for various black dimensional stones. 

 
The field observations made in the current investigation support most of the 

conclusions of the previously mentioned authors. They are: 

 

1. The dikes are parallel to each other and strike ENE. The length of each dike is 

usually greater than 1,000 meters. In the area of Polonia-Pichinango four quarries 

are located within the same dike (Fig. 2.4). Some dikes may have a greater extension 

as is presently assumed.  

2. According to Bossi and Campal (1991), the widths of the dikes range from 0.5 

to 80 meters, being in average 20 m. In this investigation the width of the dikes, 

where a quarry is located, were determined to be between 19 and 41 meters. 

3. The contacts with the country rock are usually plane and parallel, sub-vertical 

and dip steeply towards the southeast.  

4. The dikes crop out in different ways and not all along their projected paths. 

Sometimes large boulders crop out; similar to those of granitic rocks (Fig. 2.21a). In 

numerous cases the dolerites are poorly exposed and usually very fractured (Fig. 

2.21b). 
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5. There is no preferred topographical outcrop position. The dikes are found at 

the top and in the middle of hills but also at the same contour level as streams. 

 

2.4. Occurrences and deposits 

 
2.4.1. Regional distribution: length, width, frequency, country rock relations 

 
The two groups investigated from the dike swarm intruded into an area of 20,000 km2 

and in all the lithologies of the Piedra Alta Terrane, which consists of granites, 

metagranites and metasediments (Figure 2.20). Bossi et al (1993) pointed out that 

Group A crops out more often in the northern part of the Piedra Alta Terrane and 

Group B more to the southern part.  

 

The dikes and the quarrying were first mentioned in Bossi (1969). All the mining 

concessions and 15 locations where the dikes were mined, were mentioned in an 

internal report of the DINAMIGE (National Geological Survey of Uruguay; Medina and 

Carrión, 1986). In 1987, Medina and Carrión presented another report that described 

just the dikes affected by exploration and the mining permissions obtain from the 

Florida Department. 

 

Bossi et al (1989) presented the first photogeological map where the distribution of 

the dikes is shown. The map depicts thousands of parallel dikes intruding the 

“ancient orogenic cycle” or what it is now known as the Piedra Alta Terrane (PAT). 

The dikes follow a NE-E direction, but in the eastern margin of the terrane, near the 

Sarandí del Yí Shear Zone, they change direction to S-SE, due to the dextral shear 

activities during the Proterozoic. They were recognized using aerial photographs at 

1:20,000 scale and corroborated with field observations (Bossi and Campal, 1991). 

Since this map is based on photographic aerial surveys, it was impossible to verify 

the presence of all these dikes in the field, and therefore the number of dikes is 

probably smaller than originally proposed. 

 

More recently, Spoturno et al (2004) published a geological and mineral resources 

map for the San José Department at a scale of 1:100,000. This represents an area of 

almost 5,000 km2, which corresponds to approximately the half of the area to where 
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the Piedra Alta Terrane crops out. They recognized a total of eleven dikes; six of 

them have been mined in the past for the extraction of dolerite blocks for the 

dimensional stone market. Techera et al (2004) studied in detail the different quarries 

present in the San José Department and their observations are in accordance with 

those of Bossi and Campal (1991) and Bossi and Ferrando (2001). 

 

 
Fig. 2.20: Geological map with sampled quarries (map redrawn after Bossi and Ferrando, 2001). 

 

A summary of the dikes sampled are listed in Table 2.6. 

 

 
Fig. 2.21: a. Large boulder of dolerite weathered in place; b. Poorly exposed dolerite outcrop. 
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Table 2.6: Summary of dikes sampled. 

 

 

2.4.2. Characterization of dolerite deposits: controlling parameters 

 
The main controlling parameters affecting the deposits of dimensional stones are the 

volume of the deposit, the ensemble of lithological aspects (e.g. fabric, mineralogy, 

geochemistry, etc.) and the tectonic inventory. 

 

The volume is important because enough material has to be present in order to 

furnish a steady product for regional or international markets, and thus such an 

occurrence can be considered as a suitable provider. The dolerite deposits are 

characterized by their tabular shape, being a two-dimensional deposit. The volume of 

the deposit is limited by the length of the dike and its width, whereas the depth is 

determined by how deep it is technologically possible to mine. 

 

In Uruguayan deposits the maximum depth that has been reached in a dolerite 

quarry is around 10 m. Medina and Carrión (1987) reported that in the quarries U12A 
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and U12B drillings were performed, but any report on the results is lacking. This is 

also the case of drillings in the quarry U8, where the drill cores are available but the 

drilling location and direction is unknown, so that it is impossible to know the depth of 

drilling. The maximum mining depth in this kind of deposit has been attained in the 

dolerite quarries of Sweden, where the extraction of blocks can reach up to 50 

meters. 

 

The second controlling parameter is the ensemble of lithological aspects that 

indicates if the rock is suitable as a dimensional stone, since these influence the 

décor, e.g. the color and fabric of the rock. For black dimensional stones, the 

intensity and homogeneity of the black color is very important, so that no other color 

spots are present. Exceptions to this assumption are the cases where such 

heterogeneities make an improvement in the quality of the décor, e.g. the Star 

Galaxy from India or Black Galaxy from Brazil. 

 

Tectonic elements are the third controlling parameter. The main structural elements 

are joints, which are mainly distributed as orthogonal sets and are probably the result 

of the cooling and contraction of the rock. 

 

 
Fig. 2.22: 3D model of joint sets found in dolerite dikes. X direction: dike width, y direction: dike length, 

z direction: depth. Hz: horizontal, Vt 1: vertical 1 (parallel to dike length), Vt 2: vertical 2 (perpendicular 

to dike length), Dg 1: diagonal 1 (parallel to dike length) and Dg 2: diagonal 2 (perpendicular to dike 

length). 

 

In figure 2.22 the main joint sets are represented, which were observed in all the 

investigated dikes. Previous authors (e.g. Medina and Carrión, 1986; 1987; Bossi 
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and Campal, 1991) have also reported on these joint sets. Three main joint sets 

occur, two sub-vertical and one horizontal. The two sub-vertical sets are orthogonal: 

one parallel to the dike walls striking 070-085° and dipping towards the NW or SE 

(represented as Vt 1 in Fig. 2.22), and the other one perpendicular to the dike walls 

striking to 320-360° and dipping towards the NE or SW (represented as Vt 2 in Fig. 

2.22). The sub-horizontal joint set shows dips up to 10° in all directions. 

 

 
Fig. 2.23: a. Total joints measured; b. Joints measured in Group A dikes; c. Joints measured in Group 

B dikes. Stereograms: equal area, lower hemisphere. Contours: 1, 2, 3, 4, 5 times uniform distribution. 

 

The distribution of the joints in several quarries has been measured in order to 

calculate the potential block size that can be extracted. The first two joint sets 

observed are represented in the plots of Figure 2.23. A meaningful difference in the 

orientation of the joints cannot be observed between the dikes of Groups A (High 

TiO2) and B (Low TiO2). However, the dikes of Group A display a higher frequency of 

joints parallel to the dike wall, whereas the dikes of Group B show a higher frequency 

of joints perpendicular to the dike wall and of joints that dip to the SW. Since these 

joint sets are orthogonal to each other, regular-sized blocks can be quarried. If the 

spacing between the joints is large enough, the quarry is able to produce blocks on a 

profitable basis. 

 

The problem with this type of deposit is the existence of other joint sets that crosscut 

the orthogonal ones. Diagonal joints have also been previously described by Bossi 

and Campal (1991) and Medina and Carrión (1986). Although these joints are not 

very frequent, their significance for the quarrying operation is very important as they 

crosscut the regular blocks that could be extracted, increasing the proportion of 

waste material and minimizing the production of marketable blocks (Fig. 2.24). In 
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statistical documentations they are often overseen (Fig. 2.23). Diagonal joints have 

been isolated in the plots of Figure 2.25 in order to better visualize them. 

 

 
Fig. 2.25: a. Total diagonal joints measured; b. Diagonal joints measured in Group A dikes;  

c. Diagonal joints measured in Group B dikes. Stereograms: equal area, lower hemisphere. Contours: 

1, 2 3, 4, 5 times uniform distribution. 

 

The two diagonal sets are also orthogonal to the dike direction and both have dips 

between 11 to 75°. One diagonal set strikes N070-085° and dips towards the NW or 

SE (Dg 1 in Fig. 2.22), and the other one strikes N320-360 and dips to the NE or SW 

(Dg 2 in Fig. 2.22). 

 

 
Fig. 2.24: a. Diagonal joint dipping parallel to the dike walls; b. diagonal joints dipping perpendicular to 

the dike walls. 

 
2.4.3. Quality assessment of dolerite deposits 

 
All the dikes can be subdivided into three zones by their grain size: Zone 1 (very fine-

grained), Zone 2 (fine-grained) and Zone 3 (medium-grained). In quarries located in 

the dikes of Group A, in which their Zone 2 is unfractured, field observations indicate 
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that the Absolute Black variety can be mined (e.g. Black Stone Quarry, see Fig. 2.9). 

The Moderate Black variety (Negro Oriental in Uruguay) is extracted from Zone 3. 

Since Zones 1 and 2 are not more than 11% of the dike, the ratio between Absolute 

Black and Moderate Black is at best 0.124. 

 

Several decades ago the scarcity of joints in a dimensional stone deposit was a very 

negative aspect for the extraction, because they could not be used to facilitate the 

mining of the blocks (Bossi and Campal, 1991). Today the diamond wire saw makes 

it possible to cut a block of dolerite without any previous discontinuity. However, the 

problem of a greater proportion of joints in a quarry persists, which is one of the 

controlling factors in the quarrying of dolerite deposits. 

 

2.4.4. Characterization of the waste material 

 
Before starting the extraction of any dimensional stone, the weathered material 

(including rounded boulders) and sedimentary deposits that covers the fresh rock 

must be removed. These materials are called overburden or simply waste rock. In 

addition to these materials, an important amount of country rock (no matter if fresh or 

weathered) must also be extracted for safety reasons (instabilities etc.) while 

quarrying. Considering a mining depth of 50 m, a width of 30 m and a dike dip angle 

of 89°, the proportion of waste rock to be removed is about 6.5% of the total volume 

extracted and 26% when the dip is 70°. However the amount of waste rock will 

significantly increase by lower depths of exploitation as realize today in Uruguay 

(maximum depth up to 10 m). 

 

Another kind of waste rock produced comes from the sections of the quarry where a 

high frequency of fractures occurs. No production of profitable blocks can be 

performed in these sections (Fig. 2.26). When the extracted block, which differs from 

a rectangular cuboid, is squared into one, new waste rock is produced that is highly 

dependent on the joint systems. Internationally, the waste material produced in 

dimensional stone quarries is around 30-50% of the extracted volume; however in 

Uruguayan dolerite quarries this value can reach up to 90% (Oyhantçabal et al, 

2007a). 
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Fig. 2.26: Comparison of two sections of a dolerite dike: a. Section suitable for quarrying dolerite 

blocks; b. stereogram showing joint distribution; c. diagram showing distances between joints; d. box 

plots showing average distances between joints and the minimal, average and maximal block that can 

be extracted; e. section only suitable for quarrying gravel; f. stereogram showing joint distribution; g. 

diagram showing distances between joints; h. box plots showing average distances between joints 

and the minimal, average and maximal block that can be extracted. 
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2.5. Petrophysical properties 

 
The petrophysical investigations were carried out in the laboratories of the 

Department of Structural Geology and Geodynamics of the Geoscience Centre of the 

University of Göttingen, whereas the abrasion strength test (AST) was conducted at 

the laboratories of AMPA (Amtliche Materialprüfanstalt für das Bauwesen) of the 

University of Kassel. The materials used for the petrophysical testing are samples 

from Zone 2 and Zone 3 from the Black Stone Quarry (U11), which is located in a 

dike from Group A; and of samples of Zone 3 from the Pimafox Quarry (U66), located 

in a dike from Group B. All the results of the petrophysical properties are listed in 

Tables A.2.1, A.2.2, A.2.3 and A.2.4 in appendix. Table 2.7 shows the main 

petrophysical properties of other comparable black dimensional stones, such as 

basic plutonic rocks or volcanic rocks. 

 

2.5.1. Density, porosity and thermal expansion 

 
Density values are similar to gabbro-dioritic rocks, to which they can be compared. 

For the Oriental Dolerite variety the bulk density value is 2.97 g/cm3 and for the 

Moderate Black the value is 3.02 g/cm3. In both varieties the real density is quite 

similar, 2.98 g/cm3 for the Oriental Dolerite and 3.02 g/cm3 for Moderate Black. The 

density values of some comparable rocks vary between 2.8 (for Impala and Star 

Galaxy) and 3.3 g/cm3 (for Ebony Black) (see Table A.2.1). 

 

The dolerites have very small values of porosity under vacuum, around 0.03% for 

Absolute Black and 0.12% for Oriental Dolerite. Their pore radii distribution shows 

that the most abundant pore radii class is 0.01 µm for Absolute Black and 0.08 µm for 

Oriental Dolerite, whereas the average pore radii is 0.10 µm for Absolute Black and 

0.21 µm for Oriental Dolerite. 

 

The vacuum and atmospheric water uptakes are very low, 0.01 for Absolute Black 

and 0.03 and 0.04% for Oriental Dolerite due to the low porosity values. The values 

of the comparable rocks in Table 2.7 vary between 0.05 and 0.33%, for Preto 

Absoluto and Shanxi Black, respectively. 
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Table 2.7: Technical properties of comparable black dimensional stones (source: Börner and Hill, 

2010). 

 

 

The thermal expansion differs between 5.67*10-6 K-1 for Oriental Dolerite and 

6.90*10-6 K-1 for Moderate Black (Tab. A.2.2). These values can be compared to 

those determined by Hoffman (2006) for a hornblendite (6.64*10-6 K-1). There is no 

permanent change in length after the heating/cooling-cycles. 

 
 

2.5.2. Mechanical properties of black dimensional stones 

 
The dolerite Absolute Black shows uniaxial compressive strength (UCS) values that 

vary between 367 MPa in the z-direction and 400 MPa in the x-direction (Table 

A.2.3). Oriental Dolerite shows the lowest value: 260 MPa in the y-direction. The 

UCS values for basic plutonic rocks range from around 90 MPa to 400 MPa (Mosch, 

2008) (Fig. 2.27a and b). The Young´s modulus for Oriental Dolerite was determined 

to be 15.0 GPa in the z-direction and 29.2 GPa in the x-direction, whereas for 

Absolute Black the values are 29.60 GPa in the y-direction and 32.90 GPa in the x-

direction. 

 

The tensile strength values determined for the Uruguayan dolerites are between 16.7 

MPa in the x-direction and 19.5 MPa in the y-direction for the Absolute Black, and 

between 14.3 MPa in the z-direction and 14.7 MPa in the x-direction for the Oriental 
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Dolerite (Table A.2.3). According to Mosch (2008), the tensile strength for basic 

plutonic rocks is around 28 MPa. 

 

 
Fig. 2.27: a. UCS vs. bulk density; b. flexural strength vs. bulk density;  

c. UCS vs. porosity; d. flexural strength vs. porosity (modified after Mosch, 2008). 

 

The flexural strength values vary between 46.06 MPa in the z-direction and 52.75 

MPa in the y-direction for the Absolute Black dolerite, and between 35.72 MPa in the 

x-direction and 30.81 MPa in the y-direction for the Moderate Black dolerite (Table 

A.2.4). The flexural strength values for basic plutonic rocks are around 5 to 30 MPa 

(Mosch, 2008) (Fig. 2.27c and d). The breaking load at the dowel hole is 4.7 MPa for 

Absolute Black and 3.6 MPa for Oriental Dolerite. 

 

The abrasion strength varies between 2.2 cm3/50cm2 in the z-direction and 2.4 

cm3/50cm2 in the y-direction for Absolute Black and 2.0 in the x-direction and 2.1 

cm3/50cm2 in the y- and z-directions for Oriental Dolerite (Table A.2.4). These are 

very low values considering the values given by Hoffmann (2006) for diorite, between 
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7.5 cm3/50cm2 and 15 cm3/50cm2, meaning that the Uruguayan dolerites show a high 

resistance to material loss due to abrasion. 

 
2.6. Summary evaluation of the “black stone” deposits 

 
2.6.1. Quality assessment with respect to color and décor 

 

Dolerites are valuable dimensional stones, mainly because of two distinct properties: 

their black color and the possibility of extracting them in larger blocks. The black color 

is directly related to the décor, and therefore to three properties of the rock: the 

mineral composition, the texture (which includes grain size, grain shape, and its 

interlocking flow structures and the observed reaction textures) and the structure 

(e.g., layering or inclusions). The latter two belong to the rock fabric. 

 

The minerals that determine the black color are melanocratics such as pyroxene, 

hornblende, opaques and biotite. Changes in the color can be produced when 

leucocratic minerals are present or minerals resulting from autohidrothermal 

reactions. Minerals such as plagioclase, alkali feldspar and quartz-feldspar 

intergrowths create white spots in the rock. Green spots are developed when 

hornblende is present. 

 

The value of black stones increases when the minerals are homogeneously 

distributed in the rock, exhibit no flow textures, visible intergrowths, nor reaction 

textures or any visible structure that alters the black color of the rock. If melanocratic 

minerals are homogeneously distributed, then the rock will have a homogenous color, 

which can be black or gray depending on their proportion and on the grain size of the 

rock. Rocks with a finer grain size and the same percentage of melanocratic minerals 

tend to be darker. Layering in a black rock affects it negatively, as well as the 

presence of veins of leucocratic minerals. 

 

For all black dimensional stones three color qualities are defined: absolute black, 

moderate black and special black. The absolute black color in a dimensional stone 

can be developed in three different cases. First, when the rock is composed of 100% 

melanocratic minerals. Secondly, the rock is composed of melanocratic and 
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leucocratic minerals and the latter contain inclusions of melanocratic minerals, and 

when the grain size is extremely fine. 

 

The moderate black color can be generated when the melanocratic minerals make up 

30 to 60% of the rock and the grain size is coarse (up to 2 mm) making both mineral 

colors distinguishable. Three special cases can arise which affects the color of 

moderate black stones. The first can occur in both varieties when there are minerals 

present that interrupt the normal color of the stone. Two examples of this are the 

presence of granophyric intergrowths that produce white spots and the presence of 

broncite in gabbro that produces golden spots (such as in the Star Galaxy variety of 

India). Autohidrothermal alteration creates the second special case where whole 

color changes are produced in the rock. This occurs by the process of uralitization 

that produces a slightly green coloration. The third situation is given when the rock is 

cut by veins of different color or layering is present that modifies the whole rock color. 

 

The color index of the Uruguayan dolerites calculated using normative minerals 

varies between 31 and 33% in Group A and is 33% in Group B. When the color index 

is calculated using modal analysis, the values are higher. Zone 2 in both groups 

shows higher modal M values than Zone 3. Zone 3 of Group A shows lower M values 

(38%) with respect to Group B (47%), and in both groups Zone 2 can have the same 

M value (49%). The rock is therefore classified as mesocratic using both, the 

normative and the modal M value. 

 

Color variations are related to changes in the grain size, which determines the quality 

of the main rock varieties. In Uruguayan dolerites, the color of the Absolute Black 

variety is until now only found in the dikes of Group A. The most important 

characteristic of Absolute Black is the very small grain size and its homogeneity. The 

porphyritic texture observed in Zone 2 of some deposits drastically reduces its 

quality. 

 

The Moderate Black variety develops a dark gray color, in both groups. This is due to 

the medium grain size of the leucocratic and melanocratic minerals that are 

distinguishable without any optical aid. 
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Grain size variations are sometimes visible on the sides of the extracted and squared 

blocks. A clear layering of melanocratic and leucocratic minerals was not observed, 

however in three quarries (two classified as Group A and one as Group B) the 

presence of leucocratic veins has been observed. 

 

Autohidrothermal alteration can have a negative influence on the color in some parts 

of a deposit, especially in combination with a porphyritic texture as in Zone 2. When 

the autohidrothermal alteration is homogenously distributed throughout the entire 

deposit the quality of the Moderate Black variety is not negatively affected. 

 

Granophyric intergrowths are visible as white spots within a black background, when 

they are larger than one millimeter. These intergrowths affect the quality of the 

Absolute Black more negatively than the Moderate Black variety, because the latter 

one already has coarse white spots (the plagioclase laths) that are homogeneously 

distributed. 

 

From the color measurement results it can be concluded that Absolute Black dolerite 

is the darkest of the black dimensional stones considered in this study, followed by 

Shanxi Black, Yi and Dark Larvikite. The a* parameter for the samples analyzed is 

generally positive (in one sample negative) and very low, indicating that there is a 

very small proportion of red color in these rocks. The b* value is also generally 

positive (in one case negative) and very low, indicating that the rocks studied also 

have a proportion of yellow in their color. The values a* and b* for the samples 

considered are so small that they have no influence on the color of the sample, which 

is determined only by the L* value. 

 

Utilizing the classification scheme of Motoki and Zucco (2005), the rocks analyzed in 

this study are black and dark gray. Absolute Black dolerite is black, as well as 

Shanxi, Yi, Dark Larvikite and Brazil Black and Moderate Black dolerite is dark gray, 

as well as the rest of the rocks analyzed. 
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2.6.2. Petrophysical aspects 

 

The application and use of dimensional stones is finally controlled by the technical 

requirements and petrophysical properties. Under normal conditions in a building the 

technical requirements of a dimensional stone are moderate. Extreme applied loads 

are seldom. More often the dimensional stones have to show high flexural strength 

and high resistance to the climatic conditions or the chemical reactants to which they 

can be exposed to. 

 

In comparison to other black rocks on the international market, the Uruguayan 

dolerites have similar or even better physical (technical) properties. Particularly the 

Absolute Black variety shows a maximal compressive strength of 400 MPa and a 

maximal flexural strength of around 50 MPa. With such high resistance values, these 

rocks can be used safely in many building parts that require a high compressive and 

flexural strength. 

 

The low porosity, water uptake, thermal expansion and also the high abrasive 

resistance of the rock makes it an appropriate material for counter-tops and precision 

tables for technical/industrial purposes. These types of constructions usually require 

a high quality, pertaining to their physical, chemical and geometrical properties (e.g., 

length measures changes, susceptibility to chemical reactions, evenness of the 

surface, high strength, etc.). 

 

2.6.3. Block sizes distribution and modeling 

 

The dimensions of the preferred blocks are determined by the industrial processes 

that follows the extraction. The blocks are required to be rectangular cuboids (or right 

rectangular prisms) without irregularities (such as veins or joints) and with the 

specified dimensions required for extractable raw blocks. These dimensions 

determine whether the block is of minimum, optimal, maximal or special size. The 

minimum block is determined by the smallest piece that can be commercialized, 

which is a gravestone. The optimal block must have the adequate dimensions to be 

cut in a diamond gang saw. The available transport conditions possibilities determine 
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the maximal weight of a block and therefore the dimensions of the maximal block. 

The special blocks are determined by the demand. For example, precision tables for 

technical/industrial purposes may require the blocks to have the dimensions of three 

meters long, one meter wide and half a meter thick. 

 

Uruguayan dolerites have a density of 3 t/m3 and the maximum block weight cannot 

exceed 28 tons, because this is the maximum weight that can be transported in 

containers. The different block dimensions can be distinguished into: small ones 

(between 0.5 and 1 m3), medium blocks (between 1 and 3.3 m3), large blocks 

(between 3.3 and 6.6 m3) and very large blocks (larger than 6.6 m3). The maximum 

block must be smaller than 9 m3. 

 

 

Fig. 2.28: Production between 2005 and 2009 for the Black Stone Quarry. Block size frequency 

distribution of the Group A quarry for both color varieties (Source: Personal communication with Black 

Stone Quarry owner). 

 

The Black Stone Quarry is a good example for illustrating block production from a 

dolerite deposit in Uruguay. Between the years 2005 and 2009, this quarry produced 

a total of 2,536 m3 as shown in the block size frequency diagram in Fig. 2.28. Most of 

the block sizes produced is of the small dimensions with 34% of the total production 

and the medium dimension making up 44%. Large blocks represent 17%, the 

maximum blocks and the very large blocks come to 2.8% of the total production. The 

proportion of Absolute Black in production is very low, being 1.8% for the production 
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time span considered, 0.5% belongs to the small blocks, 0.8% to the medium and 

0.5% to the large blocks. 

 

 
Fig. 2.29: The raw block size distribution modeled for the three quarries investigated using the 3D-

Block Expert program. 

 

Sections of three quarries were modeled using the program 3D-Block Expert 

developed at the University of Göttingen (see Siegesmund et al, 2007; Mosch, 2008 

and Mosch et al, 2011, for details). The raw block size distribution for the models 

obtained is shown in Figure 2.29.  

 

For the Black Stone Quarry a section having the dimensions (8 x 8 x 6 m) has been 

modeled (Fig. 2.30a, c and d) and the block size distribution analyzed in order to 

determine its potential yield. The resulting prism is cut into slabs of 1 meter each (Fig. 

2.30b) and then a possible block distribution can be proposed (Fig. 2.31). From 

inclined joints it is evident that the block sizes do not match any minimum raw block 

volume, which corresponds to a higher amount of waste (Fig. 2.31). 

 

The deposits are characterized by their two-dimensional shape and their limited 

width, where the extraction can either develop along the length or with depth. The 

length of one single dike can be up to 3,500 meters, such as the dike of the Polonia-

Pichinango area, but normally they only attain a length of 1,000 meters. The depths 

of the dikes in the study area are unknown, but in other parts of the world economic 

mining in such deposits can reach 50 meters. Normally the dikes do not exceed a 
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width of 40 meters. The economically more interesting ones are those wider than 15 

meters, because initial observations show that the thinner dikes have a finer grain 

size and a greater proportion of Absolute Black. The dip of the quarry walls can 

present a problem for mining safety, especially when a certain depth is reached. The 

joint sets determine the efficiency of the quarry, because they control the block size 

and the amount of waste rock that will be produced. 

 

 
Fig. 2.30: a. and b. Section in the Black Stone Quarry modelled with 3D-Block Expert (x = 6, y = 8 and 

z = 8 m) and represented with Intel® Array Viewer. The different joint sets can be seen as well as the 

cross-cutting diagonal joints; c. Image of quarry section modelled; d. Image of quarry section modelled 

with slabs (one meter each) represented. 

 

When planning a mine based on the geometry of the deposit, the efficiency of the 

mining operation increases, and thus the production yield. Using the program 3D-
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Block Expert, the volume of blocks extracted in a sector of a quarry taking can be 

predicted, when taking into account the joint distribution and geometry. 

 

 
Fig. 2.31: Possible block size distribution for the Black Stone Quarry section using 3D Block Expert 

(each slab is one meter thick): a. First slab from top to bottom of the block; b. Second slab, etc. The 

black zones seen in d.; f. and g. represent waste material; i. Pie diagrams showing the yield of each 

model section. 

 

2.6.4. Estimation of the dolerite resources 

 

The total quantity of dolerite dikes in the Piedra Alta Terrane is difficult to estimate. 

The available information can be used to estimate a maximum and minimum amount 

of extractable dolerites. 

 

According to Bossi and Campal (1991), the number of dikes is around 300 and their 

average length and width is 460 and 20 m, respectively. The minimum value is based 

on observations published by Spoturno et al (2004) for the San José Department, 

where they found a total of 11 dikes in an area of 2,500 km². If a similar dike 

distribution is assumed for the rest of the area where the dikes crop out, a total of 88 

dikes may exist. The current investigation indicates that there are about 19 dolerite 
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quarries, where four of them have been superficially mined and five of them are still 

in operation. 

 

The geometry for this type of deposit is simplified to that of a cuboid or 

parallelepiped, where the width of the dike is “a”, the length is “b” and the depth of 

the dike is “c”. The volume can be calculated by V = a * b * c. To calculate the 

reserves of dolerites in the Piedra Alta Terrane, an average dike is considered to 

have a width of 30 meters, a length of 150 m and a maximum exploitation depth of 50 

m. The total volume of this average deposit is 225,000 m3. Considering that 19 

productive dikes at different stages of mining have already been identified in 

Uruguay, the volume of the reserve base is 4,275,000 m3. The efficiency of extraction 

for commercial blocks is not better than 10% (Oyhantçabal et al, 2007a) and that 

20,310 m3 were already extracted (Bossi and Campal, 1991; Morales Pérez, 2004; 

DINAMIGE, 2010), a volume of probable reserves of at least 407,500 m3 can be 

suggested. From this volume around 10% of the rock has the quality of Absolute 

Black. 

 

Comparable dolerite quarries to those in Uruguay can be found in Sweden. At 

present there are seven quarries in Sweden where each of them produces an 

average of 8,000 m3 of stone per year (Swedish Geological Survey, 2009). In 

comparison to Sweden, the production in Uruguay is very low. In the last several 

years the production ranged from 4,000 to 5,000 tons/year for the five quarries active 

in the country. This comparison indicates the production in Uruguay can be increased 

several times, provided that an adequate exploration strategy is followed. 
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Appendix 

 

Table A.2.1: Petrophysical properties: density, porosity, water absorption (W.A.). 

 

 

Table A.2.2: Petrophysical properties: thermal expansion, water vapor diffusion and ultrasound. 

 
 

Table A.2.3: Petrophysical properties: uniaxial compressive strength, modulus of elasticity and indirect 
tensile strength. 

 
 

Table A.2.4: Petrophysical properties: flexural strength, abrasion strength and breaking load at the 
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3. Case study: Granitoids and syenitoids 
 
Abstract 

 
In Uruguay commercial granite varieties consist of mafic rocks, granitoids and 

syenitoids. There is a long tradition of using dimensional stones in architecture and 

art. Some of the present applications of these dimensional stones are as façade 

cladding, countertops and outdoor and indoor floor slabs. The color spectrum varies 

from black to light gray, covering a wide variety of red and pink and minor greenish-

gray. The décor of these granitic dimensional stones is mainly determined by their 

fabric, fundamentally the grain size and the color distribution between the different 

minerals that compose the rocks. In the present research the most important 

commercial granites were sampled in order to analyze their petrography and 

petrophysical properties. A detailed structural analysis has been performed in several 

deposits, as well as the application of the software 3D Block Expert for modeling the 

possible raw block size distribution. Other factors controlling the mining viability of the 

deposits were also studied (e.g. homogeneity/heterogeneity of color and décor) and 

the possible reserves were calculated.  

 
3.1. Introduction 

 
Granitic dimensional stones are widely used in architecture. Some examples include 

paving tiles, monuments, interior and exterior wall cladding (Montani, 2008) (Fig. 3.1 

and 3.2). Its share of the market of dimensional stones has doubled in the period 

between 1995 and 2007 (Montani, 2008). Due to their durability, granite represents 

one of the preferred natural materials when deterioration risk is present. 

 

Commercially, the term granite is used for dimension stones consisting of all the hard 

rocks, even when their lithology strongly differs from that of true granite. In the Earth 

Sciences, the use is stricter and the name granite only applies to a plutonic rock 

containing quartz, alkali feldspar and plagioclase. These rocks plot in a specific field 

defined by the QAPF classification triangle (Streckeisen, 1976).  

 

Granitoid is a superordinate category designating a plutonic rock that has between 

20 and 60 percent quartz in the QAPF classification (Streckeisen, 1976; Le Maitre et 
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al, 2002; Allaby and Allaby, 1990; Jackson, 1997). It includes the alkali feldspar 

granites, granites sensu stricto, granodiorites and tonalites. Syenitoid is a term used 

for plutonic rocks with a quartz content ranging between 0 and 20% and a feldspar 

ratio (alkali feldspar/plagioclase + alkali feldspar) between 35 and 100% 

(Streckeisen, 1976; Le Maitre et al, 2002; Allaby and Allaby, 1990; Jackson, 1997). 

Gabbroids include all the plutonic rocks showing a feldspar ratio between 0 and 35% 

and quartz contents between 0 and 20% (Streckeisen, 1976; Le Maitre et al, 2002; 

Allaby and Allaby, 1990; Jackson, 1997). Mafic rock is a term that includes gabbroids 

but also other igneous rocks (e.g. basalt) composed chiefly by mafic minerals 

(Jackson, 1997). 

 

 
Fig. 3.1: Uses of Uruguayan commercial granites in the city of Montevideo: a. Outdoor façade 

cladding using Moderate Black Dolerite and flooring slabs using Cufré Granite in the Antel Tower; b. 
Outdoor sculpture (Vizconde de Mauá) using La Paz Granite, c. Outdoor façade cladding using 

polished and unpolished slabs of Violeta Imperial Syenite; d. Outdoor sculpture using Moskart Granite; 
e. Different sorts of outdoor flooring slabs using red granites; f. Outdoor socle and columns using Isla 

Mala Tonalite in the Central Train Station (Estación Central AFE). 
 
At the beginning of the 21st century, the European countries decided that 

dimensional rocks must be correctly named according to the petrological description 

and the standards of international geological terminology (e.g. EN 12407, EN 12440, 
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EN 12670). Outside Europe the American standards are normally used (e.g. ASTM 

C119). These standards allow the naming of granite as granular igneous rocks, which 

includes granitoids, syenitoids and mafic rocks (gabbros, dolerites), but also some 

granular metamorphic rocks such as gneisses and schists (Quick, 2002). 

 

 
Fig. 3.2: Global main uses of dimensional stones (in percentage) after Montani (2008): a. Global uses 

in 1995 (total finished production: 25 million tons); b. Global uses in 2007 (61 million tons). 

 

In Uruguay, what is commercially known as “granite” includes a wide variety of 

lithologies such as granitoids (granodiorite, tonalite, granite s.s.), syenitoids (quartz 

syenite, alkali feldspar syenite and quartz alkali feldspar syenite) and mafic rocks 

(gabbro-norite and dolerite) (Table 4.1). The colored commercial granites include 

syenitoids and granites s.s., whereas the gray granites comprise granites s.s., 

granodiorites and tonalites. The rocks that are commercially known as black granites 

are basically dolerites and gabbro-norites. 

 

The mining of dimensional stones in Uruguay began during the first settlements with 

the construction of fortifications and citadels between the end of the 17th and the 

beginning of the 18th centuries. Examples are the fortress of Santa Teresa, built from 

the porphyritic facies of the Santa Teresa Granite and the citadels of Colonia del 

Sacramento and Montevideo constructed from local granitic and metamorphic rocks. 

Since the beginning of the 20th century until today, commercial granites have been 

used for a wide variety of architectural and artistic purposes. 
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The dimensional stone sector had a very important productive phase at the beginning 

of the 20th century. Syenitoids of the Pan de Azúcar-Piriápolis area and granites of La 

Paz provided material for the construction of the most important cities of the region, 

especially for Montevideo and the neighboring city of Buenos Aires. 

 

Table 3.1: List of commercial granites from Uruguay (data source: Bossi and Navarro, 2000; 
DINAMIGE, 2011; Comunità Economica Europea, no date; author’s database). 

 

 

The international trend of using commercial granites mainly for decorative purposes 

and not for structural ones is a practice used by the architects and construction 

companies in Uruguay. Commercial granite is use in Uruguay for façade cladding, as 

paving tiles, for interior floor and wall cladding, countertops, stairs, columns, 

sculptures, monuments and precision tables, among other applications (Fig. 3.1). 

 

Similar investigations on granitic dimensional stones in Thailand were carried out by 

Hoffman (2006), Hoffmann and Siegesmund (2007), in Argentina by Mosch et al 

(2007) and in Uruguay by Morales Pérez and Muzio (2005) and Oyhantçabal et al 

(2007a). Some examples of detailed research in exotic granitic rocks included an 
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investigation on the larvikites of Norway (Heldal et al, 2008), on dolerites from 

Uruguay (Morales Demarco et al, 2011) and on a granitic batholith in São Paulo, 

Brazil (Artur et al, 2001). 

 

The dimensional stone market is particularly sensitive to fashion trends and 

economic constrains. Beginning in the year 2000 the economic crisis in South 

America led to a severe decline in the construction industry, and thus, in the 

dimensional stone production. 

 

Uruguay has a wide variety of dimensional stones in terms of color and décor, 

however, their occurrence has not been sufficiently studied. The present study aims 

to contribute to the economic geological development of the granitic dimensional 

stones of Uruguay with respect to further exploration, evaluation, mining and 

marketing. 

 

Another important goal of the present study is to evaluate the petrophysical 

properties of the different granitic dimensional stones of Uruguay in order to 

determine the best potential uses of these rocks. Furthermore, the deposits are 

characterized according to color and décor, so that the distribution of commercially 

interesting stones can be determined as well as the factors controlling the deposits. 

These factors are the volume of the deposit, the lithological aspects and the 

structural elements present. To provide a steady product for the market the volume of 

material available is important. However, the waste material is also of secondary 

economic value in the operation of dimensional stone deposit. Structural elements 

control the deposit by the joint system present, whereby their distribution determines 

the shape and volume of the blocks being mined. Lithological aspects define the 

suitability of a granitic rock for use as a dimensional stone, since it controls the color 

and décor. The mineral composition and fabric are important for the characterization 

of a dimensional stone with respect to the petrophysical properties of the rock, as 

well as its resistance to weathering. 

 

The economic geological evaluation of dimensional stone deposits essentially relies 

on two factors (e.g. Peschel, 1977; Singewald, 1992): i. the presumable occurrence 
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of raw blocks (referring to the proportion of raw blocks suitable for industrial 

processing) and ii. the petrophysical properties (tested according to EN norms), 

which provide information about the rock behavior under the influence of 

deterioration forces. 

 

The production of raw blocks of adequate sizes is a major factor in the economic 

evaluation of a deposit. An optimal block size is required for economical processing 

using modern cutting techniques (e.g. a minimum block size of 2.5 * 1.3 * 1 m is 

necessary when using the gang saw blade). This optimal size must also take into 

account the associated processing losses (e.g. oddments). This is essentially 

controlled by the structural elements (e.g. the spatial distribution of joint systems and 

their frequency) and the homogeneity of the rock deposit. Currently, no models exist 

for sustainable mining of these types of deposits, which reduces the waste material 

generated when producing an optimal block size. 

 

Production 
 

The world production of all types of dimensional stone in 2007 was 103 million tons 

(Montani, 2008). The leading productive countries in that year were China, India, 

Turkey, Italy and Spain, which together produced almost 60% of the dimensional 

stone (Montani, 2008). In 2007 Latin America produced 6.5 million tons, with Brazil 

being the main producing country with 5.75 million tons, followed by Argentina with 

0.35 million (Montani, 2008). Uruguayan production in the same year was of 7,048 

tons (Dinamige, 2008), just 0.11% of the total Latin American production. 

 

The most important countries in the granitic dimensional stone sector are China, 

India, Spain and Portugal as illustrated in Figure 3.3, where the dimensional and 

granitic stone production in million tons is shown. The importance of granitic rocks in 

this production is visible Figure 3.4, where the total dimensional stone production is 

divided into three main stone varieties: commercial granites, marble and travertine, 

and slate and others. Worldwide production of commercial granites has almost 

quadruplicated in 82 years (Montani, 2008). 
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Fig. 3.3: Examples of dimensional stone production in million tons for the year 2001 (Sources: Spain: 
Federación Española de la Piedra Natural; 2008; India: Centre for Development of Stones – Jaipur; 

2011; Portugal: Direção Geral de Energia e Geologia, 2011; China: Jorge Quiroz C Consultores 
Asociados, 2006). 

 

The production of dimensional stone in Uruguay today is mainly represented by 

granite, slates and sandstone with a marginal proportion of marble (Fig. 3.5). The 

most important variety in the commercial production of granite is the black granite 

(dolerite), mainly the Moderate Black variety. To gain a better idea of the importance 

of each commercial variety, the production (in m³) was calculated using the original 

data in tons from Dinamige (2008) for the year 2007 and the density values obtained 

in this research. Dolerites showed a production of 1,810 m³, representing 81% of the 

commercial granite production, gray granites represent 10%, greenish-gray granite 

5% (Soca or Moskart) and pink granite 4% (La Paz or Caramel Pink). 

 

 
Fig. 3.4: World dimensional stone production classified by rock type (in percentage): a. Production in 

1926 (total production is 1.79 million tons); b. Production in 2007 (total production is 103.5 million 
tons) (data source Montani, 2008). 
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Fig. 3.5: Production of dimensional stone in Uruguay in 2007 (in percentage) (total production is 5,322 

m³) (data source: DINAMIGE, 2008). 
 

3.2. Geological setting 

 
Uruguayan geology is characterized by an igneous-metamorphic basement and 

several basins distributed in different regions of the country (Fig 3.6). The crystalline 

basement was originally divided into two domains by Ferrando and Fernández 

(1971), the western domains belonging to the Transamazonian Cycle 

(Paleoproteozoic) and the eastern one to the Brasiliano Cycle (Neoproterozoic). 

 

Today the western domain is known as Rio de la Plata Craton (Almeida, 1973; Bossi 

and Ferrando, 2001; Oyhantçabal et al, 2010), which extends westwards into 

Argentina. The eastern domain is divided into the Nico Pérez and Punta del Este 

Terranes (Bossi and Ferrando, 2001; Oyhantçabal et al, 2010). A mobile belt known 

as the Dom Feliciano Belt is located between these two terranes (Fragoso-Cesar, 

1980; Oyhantçabal et al, 2009; 2010). The boundaries between these tectono-

stratigraphic units are from west to east: the Sarandí del Yí Shear Zone (SYSZ) and 

Sierra Ballena Shear Zone (SBSZ). 

 

Since the Neoproterozoic the Uruguayan continental area was quite stable, but was 

interrupted in the Lower Cretaceous by the opening of the South Atlantic Ocean. In 

this major event, rift basins with associated bimodal magmatism opened and flood 

basalts were deposited over a wide area of South America, known as the Paraná 

Basin, which also includes northwestern Uruguay. 
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Fig. 3.6: Geological map of Uruguay with deposit localities (redrawn after Oyhantçabal et al, 2010 and 

Sánchez Bettucci et al, 2010). 
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3.3. Regionalization of commercial granite deposits 

 
The commercial granite deposits found in Uruguay occur in three tectono-

stratigraphic units: the Río de la Plata Craton (RPC), the Dom Feliciano Belt (DFB) 

and the Punta del Este Terrane (PET) (Fig. 3.6). The main tectonic events did not 

negatively affect the petrophysical properties and the possibility of mining these 

intrusive rocks. Exceptions can be found locally in some deposits, where a brittle 

regime developed cataclastic zones were no mining can take place. 

 

In the RPC, a dolerite dike swarm crops out in an area of 20,000 km² (Bossi and 

Campal, 1991; Morales Demarco et al, 2011). The mined dolerite is commercialized 

as high quality black granite consisting of two varieties, based on the intensity of their 

black color: Absolute Black and Moderate Black (Fig. 3.7a and b; Coronel et al, 1987; 

Bossi and Campal, 1991 and Morales Demarco et al, 2011). Absolute Black is mined 

from dikes that have a fine-grained zone wide enough to produce marketable blocks. 

Two other mafic rocks with increasing importance are also located in the Piedra Alta 

Terrane (PAT): the gabbro-norite known as Mahoma Black belonging to the 

Guaycurú Complex (Bossi and Schipilov, 2007) and the Arapey Basalt, belonging to 

the Arapey Group. This group is composed of six different lithostratigraphic units 

(formations), each one interbedded with several lava flows that show variations in the 

geochemical and mineralogical composition (Bossi and Schipilov, 2007). 

 

Since the Paleoproterozoic the Rio de la Plata craton remained relatively stable 

tectonically, with no indication of deformational events or moderate ones. Evidence of 

high-grade metamorphic overprinting in the intrusions is absent. Thus, the extraction 

of commercial granites in this craton, due to the lack of these structural elements, 

makes mining possible. 

 

Gray granites, tonalites and granodiorites are very common in this craton. Some 

examples of commercial gray granitoids are the Chamangá Gray, Goñi Gray and the 

Cuchilla del Perdido Gray Blue (Fig. 3.7c). Cufré Gray Blue (Fig. 3.7f) has a 

moderate foliation not only determined by the biotite (Preciozzi et al, 1985), but also 

by the alignment of the mafic enclaves. Caramel Pink (Fig. 3.7i) is the porphyritic 

facies of the La Paz Granite (Preciozzi et al, 1985; Oyhantçabal et al, 1990a) and 
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together with the Mahoma Red and Moskart (Fig. 3.7d), they illustrate examples of 

colored granites s.s. in this unit. 

 

 
Fig. 3.7: Polished slabs of Uruguayan commercial granites (slab length = 10 cm): a. Absolute Black 

Dolerite; b. Moderate Black Dolerite; c. Cuchilla del Pérdido Gray Granite; d. Moskart Granite;  
e. Artigas Pearl Syenite; f. Cufré Gray Granite; g. Salmon Red Syenite; h. Violeta Imperial Syenite;  

i. Caramel Pink Granite. 
 

Most of the dimensional stone deposits in Uruguay are located in the DFB and many 

of them are granitic rocks. Syenitoid deposits, for example, are located in the Sierra 

de Ánimas Complex (Coronel et al, 1987; Bossi and Navarro, 2001; Morales Pérez, 

2004; Oyhantçabal et al, 2007a). The commercial varieties Artigas Pearl (Fig. 3.7e) 

and Pan de Azúcar White are located in the southernmost portion of this complex 

(see Fig. 3.6), whereas the Salmon Red (Fig. 3.7g) and the Violeta Imperial (Fig. 

3.7h) are in the central part. These commercial varieties are characterized by their 

light red, pink, violet and gray colors.  
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Deposits of the Luján or Santa Clara Granite are located in the central part of the 

DFB (Preciozzi et al, 1985; Bossi and Navarro, 2000; Bossi and Ferrando, 2001; 

Morales Pérez, 2004). Associated with the Sierra Ballena Shear Zone (SBSZ) are 

deformed gray granite deposits. Maldonado Gray is one of these granites, which 

shows the most developed features of synmagmatic deformation of all the 

commercial granites analyzed, having a very well-developed foliation and mineral 

lineation. The Guazunambí Granite is a red granite located further to the north in the 

DFB (see Fig. 3.6), (Preciozzi et al, 1985; Bossi and Navarro, 2000; Bossi and 

Ferrando, 2001; Morales Pérez, 2004). The rock shows a gentle foliation since this 

region experienced a progressive deformation towards the SBSZ. 

 

In the PET only gray granite deposits have been mined. Some of them are fine 

grained like the Cerro Áspero and Garzón granites (Preciozzi et al, 1985). Moreover, 

very coarse-grained granites showing oriented alkali-feldspar phenocrysts occur 

(Preciozzi et al, 1985; Muzio and Artur, 1999), and these are known as the Santa 

Teresa Gray. 

 
3.4. Lithological inventory 

 

Previous authors have studied the granitic rocks of Uruguay that are used as 

dimensional stones by paying special attention to the dolerites, syenitoids, greenish-

gray granites, and some of the red and gray granites (Scheer, 1964; Caruso, 1987; 

Bossi and Navarro, 2001; Morales Pérez, 2004; Spoturno et al, 2004a; b; c; Techera 

et al, 2004a; b; c). The different commercial granites of Uruguay are classified 

according to their mineralogical and geochemical composition into mafic rocks, 

granitoids and syenitoids. In Figure 3.8 the modal composition of the commercial 

granites is plotted using the QAP diagram proposed by Streckeisen (1976). In Figure 

3.9a the geochemical analyses are plotted in the R1-R2 diagram (De La Roche et al, 

1980) and in Figure 3.9b in the TAS diagram (Middlemost, 1997; Best, 2003). Table 

3.2 and 3.3 shows the geochemical analyses for the commercial granite varieties. 
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Fig. 3.8: QAP diagram of Uruguayan commercial granites (modified after Streckeisen, 1976). 

 

3.4.1. Mafic rocks 

 

The Uruguayan mafic rock rocks have SiO2 values between 48.6 (Mahoma Gabbro, 

Bossi and Schipilov, 2007) and 49.27 wt% (Arapey Black Basalt), FeOt values 

between 8.82 and 13.96 wt%, MgO between 3.04 and 4.74 wt% and CaO between 

6.97 to 8.67 wt%. These rocks belong in the basic to intermediate field (Table 3.2). 

The mafic rocks in this category all have a tholeitic affinity and their intrusion 

occurred in an extensional regime (Bossi and Campal, 1991; Bossi and Schipilov, 

2007). 

 

The rocks belonging to the mafic rock group are characterized by their black color 

resulting from their mineralogical composition and grain size. The dolerites have 

been extensively studied by Bossi and Campal (1991) and Morales Demarco et al 

(2011), and are described in chapter 2. 

 

Mahoma Black is classified as a gabbro-norite according to geochemical and 

petrographical analyses (Oyhantçabal et al, 1990b; Bossi and Schipilov, 2007). The 
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mineralogy is composed of plagioclase, orthopyroxene, clinopyroxene, olivine and 

spinel, and as accessories pyrrotine, pentlandite, chalcopyrite, pyrite, marcasite, 

valleriite, violarite, magnetite, ilmenite and magnetite (Oyhantçabal et al, 1990b; 

Bossi and Schipilov, 2007). 

 

Table 3.2: Major element composition of the commercial granites (in wt%). 

 
 

Table 3.3: Trace element composition of the commercial granites (in ppm). 
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Fig 3.9: a. Distribution of commercial granites in Uruguay: a. R1-R2 diagram (after De La Roche et al, 
1980), and b. TAS diagram (modified after Middlemost, 1997 and Best, 2003). Data of La Paz Granite 

after Oyhantçabal et al, 1990; 2010; Isla Mala Complex after Preciozzi, 1993; Soca Granite after 
Oyhantçabal et al, 1998; Santa Teresa Granite after Muzio and Artur, 1999; Pan de Azúcar Pluton and 

Maldonado Granite after Oyhantçabal et al, 2007b; Mahoma Gabbro-norite and Arapey Basalt after 
Bossi and Schipilov, 2007; Dolerites after Morales Demarco et al, 2011; Cufré and Mahoma Granite 

after Oyhantçabal et al, 2010; basalt, granitoids and syenites this study. 
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Arapey Basalt belongs to the Arapey Group, which is composed of several lava flows 

that show variations in the geochemical and mineralogical composition. In general, 

the rocks are medium-grained and composed of plagioclase and pyroxene with a 

subophitic texture (Fig. 3.10c). Some of the lava flows also contain olivine, 

granophyric intergrowths and opaques (Bossi and Schipilov, 2007). The analyzed 

rock belongs to the Itapebí Formation (Bossi and Schipilov, 2007). Its mineralogy 

comprises plagioclase, augite, opaques (magnetite and hematite), limonite and a 

minor amount of quartz. The augite is partially transformed to limonite, however finely 

disseminated limonite is also homogeneously distributed throughout the rock (Table 

3.4). This leads to the assumption that the rock is already partially weathered. 

 

3.4.2. Granitoids 

 

The granitoid rocks have SiO2 values that range from 66.67 to 75.34 wt%, classifying 

them in the field of acid rocks. FeOt varies from 1.31 to 3.49 wt%, MgO from 0.11 to 

1.21 and CaO from 0.93 to 4.35 wt%. The total alkalis range from 5.63 to 9.4 wt%, 

thus these rocks can be classified as transalkaline to calc-alkaline or tholeitic (Table 

3.2 and Fig. 3.9). They can be classified by their color in gray, red and greenish-gray 

and by their grain size in fine-, medium, coarse- and very coarse-grained. 

 
The mineralogy of the granitoids is represented by alkali feldspar (microcline and 

orthoclase), sometimes containing perthites (Moskart Granite), plagioclase, quartz, 

biotite, muscovite and hornblende (Table 3.4 and Fig. 3.10). Accessories are 

magnetite, pyrite, hematite, epidote, apatite, titanite, garnet, stilpnomelane, chlorite 

and calcite. Isla Mala is the only granitoid that contains ilmenite. Pyrite is always 

found as traces. Chamangá Granite is classified as a granodiorite and Isla Mala as a 

tonalite; the other granitoids that compose this group are classified as granites s.s. 

(Fig. 3.8). 

 

Some of these granites show signs of deformation. Cufré Granite shows a complete 

recrystallization of quartz, evidenced by the very fine-grained texture of this mineral 

and the absence of undulose extinction (Fig. 3.10f). The alkali feldspar (microcline) 

shows incipient recrystallization at the borders of the crystals, but also in thin cracks 

filled by very fine-grained feldspar crystals along larger crystals. A gentle foliation is 
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observable in the quarry and in extracted blocks, which is determined by the lineation 

of biotite crystals and mafic microenclaves. The Maldonado Granite has undergone a 

more intense synmagmatic deformation related to the activity of the SBSZ as 

described by Oyhantçabal (2005). This granite has a very well-developed foliation, 

with alternating bands some more rich in biotite and others rich in feldspar and quartz 

(Fig. 3.10h). 

 

Table 3.4: Modal composition of the commercial granites studied. Abbreviations after Kretz (1983) 
except the ones marked with *: Ab: albite; Amph*: amphibole; Aug: augite; Bt: biotite; Cal: calcite; Chl: 

chlorite; Festil*: ferristilpnomelane; Gr. Int.*: graphic intergrowth; Hbl: hornblende; Lm: limonite; Mc: 
microcline; Ms: muscovite; Op*: opaques; Or: orthoclase; Pl: plagioclase; Qtz: quartz). 

 

 

The Guazunambí Granite shows deformation features suggesting that it also intruded 

during the activity of the SBSZ (Bossi and Navarro, 2001). In this granite the 

feldspars are all aligned and define a gentle foliation. 
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Fig. 3.10: Thin section images of black and gray commercial granites: a. Arapey Basalt (U49) with 
medium-grained subophitic texture in plane polarized light (PPL); b. Arapey Basalt (U49) in cross 

polarized light (CPL), note the subophitic texture between Pl and Aug; c. Cerro Áspero Granite (U70) 
in CPL, fine- to medium-grained texture with Or and Qtz; d. Cerro Áspero Granite (U70), note the 

microcracks in Qtz crystals; e. Chamangá Granite (U4) in CPL medium-grained texture with Qtz, Pl, Or 
and Bt; f. Cufré Granite (U73) in CPL, to the right recrystallized Qtz (fine-grained) and to the left a Mc 

phenocryst; g. Cuchilla del Perdido Granite in CPL, medium-grained texture, Qtz, Pl, Or and Bt;  
h. Maldonado Granite in CPL, phenocrysts of Or and Mc in recrystallized matrix of Qtz with Bt. 

Abbreviations after Kretz (1983) except the ones marked with *: Aug: augite; Bt: biotite; Lm: limonite; 
Mc: microcline; Or: orthoclase; Pl: plagioclase; Qtz: quartz. 
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Fig. 3.11: Thin section images of colored commercial granites. a. Mahoma Red Granite (U88) in cross 
polarized light (CPL), Or has partially substituted Pl, as evidenced by sericitization in the center of the 
image; b. Close-up of the previous image. Mc relicts appear partially surrounded by Cal in new formed 

Or; c. Gray variety of Moskart Granite in CPL, Pl with intense sericitization and relicts of Mc;  
d. Moskart Granite (U7) in CPL, Qtz, Mc and Pl compose the rock, intra and intercrystalline 

microcracks are filled by Chl, Bt, Ser, Cal and Lm; e. Artigas Pearl Syenite (U46) in plane polarized 
light (PPL), observe the reddening of Or crystals in contact with ferromagnesian agglomerations;  
f. same as e but in CPL; g. Salmon Red Syenite (U15) in PPL, Pl with sericitization and partially 

altered to Or, in top of image Bt partially altered to Chl, and numerous Op grains; h. same as g. but in 
CPL. Abbreviations after Kretz (1983) except the ones marked with *: Ab: albite; Amph*: amphibole; 

Aug: augite; Bt: biotite; Cal: calcite; Chl: chlorite; Festil*: ferristilpnomelane; Gr. Int.*: graphic 
intergrowth; Hbl: hornblende; Lm: limonite; Mc: microcline; Ms: muscovite; Op*: opaques; Or: 

orthoclase; Pl: plagioclase; Qtz: quartz; *Ser: sericite). 
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3.4.3. Syenitoids 

 

The geochemistry of the four syenitoid deposits studied is very similar, with values of 

SiO2 ranging from 61.5 to 69.2 wt% (i.e. intermediate to acid rocks, Table 3.2). The 

values of Al2O3, TiO2, MgO, CaO and Pe2O5 are always higher in the Artigas Pearl. In 

the Pan de Azúcar White, the Na2O content is higher than in any other syenitoid or 

rock from the other groups considered. 

 

The syenitoids are characterized by low amounts of quartz and plagioclase and high 

alkali feldspar contents (Table 3.4). Their grain size is coarse to very coarse, 

normally showing an inequigranular texture. The syenitoids are composed mainly of 

orthoclase, microcline and amphiboles, the latter are normally hornblende, but in the 

Pan de Azúcar White, sodic amphibole (probably riebeckite or arfvedsonite) is the 

main amphibole found. Other minerals that occur in these rocks appear as 

accessories: plagioclase, quartz, biotite, chlorite, pyroxene (normally aegirine-augite), 

ferristilpnomelane, calcite, epidote, tourmaline, magnetite and zircon. Artigas Pearl 

shows traces of pyrite. Based on their mineralogical composition, these rocks can be 

classified as alkali feldspar syenite, quartz alkali feldspar syenite and quartz syenites 

(Fig. 3.8). 

 

3.5. Technical aspects 

3.5.1. Color and décor 

 

The mafic rocks mined in Uruguay as dimensional stones posses black and dark gray 

colors. These colors are determined by a relatively high proportion of mafic minerals 

(e.g. pyroxenes, amphiboles, opaque minerals) and by the occurrence of clear 

plagioclase.  

 

The dolerite varieties Absolute Black and Moderate Black have been already 

described in the chapter 2 and will not be analyzed again in this chapter. Mahoma 

Black is a dark gray fine- to medium-grained gabbro-norite (Oyhantçabal et al, 

1990b). The presence of sulfides in this rock (Oyhantçabal et al, 1990b; Bossi and 

Schipilov, 2007) limits its use as a dimensional stone to indoor applications, where 
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weathering processes do not alter its color or change the petrophysical and 

petromechanical properties. 

 

The granitoids can be further classified according to two specific fabric features: grain 

size (fine, medium- and coarse-grained) and the relationships between the mineral 

components (equigranular, porphyritic, etc.).The gray granitoids owe their color to the 

relatively high amount of limpid and gray feldspar, quartz, low amounts of mafic 

minerals and the absence of iron hydroxides (e.g. limonite). They can be sub-

classified into: i. fine-grained: Cerro Áspero (Fig. 3.10d) and Garzón; ii. medium-

grained: Chamangá (Fig. 3.10e), Cufré (Fig. 3.10f) and Cuchilla del Perdido (Fig. 

3.10g); and iii. very coarse-grained: Maldonado (Fig. 3.10h) and Santa Teresa. Cufré 

Granite shows recrystallization of quartz grains and a gentle foliation. The coarse-

grained granites also have a porphyritic texture with a preferred orientation of the 

phenocrysts (Muzio and Artur, 1999; Oyhantçabal, 2005).  

 

The red granites show a color range between carmine red and carmine pink, with 

small variations within a same variety. The red color in granitoids has been related to 

the presence of ferric iron oxides in the alkali feldspars, especially hematite (Boone, 

1969; Taylor, 1977; Nakano et al, 2002; Putnis et al, 2007; Plümper and Putnis, 

2009). Plümper and Putnis (2009) studied the re-equilibration of feldspars in the 

presence of a fluid phase in gray and red stained granites from southeast Sweden. 

They determined a three stage feldspar replacement within these rocks: i. the first 

stage consists of a replacement of original microcline by oligoclase due to fluid 

circulation (in the late magmatic stage) with a concomitant porosity development 

within the oligoclase; ii. a second stage is characterized by the circulation of Na-

enriched hydrothermal fluid leading to a replacement of the oligoclase by albite and 

sericite formation within the albite pores; and iii. the third stage includes fracturing 

and infiltration of a K-rich fluid that causes the K-feldspathization of sericite and albite 

with hematite precipitation in the orthoclase pores that produces the red coloration. 

 

In all the Uruguayan red granites evidence of these feldspar replacements can be 

observed. In the Mahoma Red Granite, for example, the plagioclase contains sericite 

and calcite inclusions, as well as microcline relicts. The plagioclase is partially 
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replaced by perthitic orthoclase and both feldspars show a red stain, probably due to 

precipitation of hematite (Fig. 3.11). The red granites are either medium-grained, with 

equigranular texture: Mahoma Red Granite, equigranular facies of the La Paz 

Granite; or medium to coarse-grained, with porphyritic texture (porphyritic facies of 

the La Paz Granite, Preciozzi et al, 1985; Oyhantçabal et al, 1990a) and eventually 

show a slightly orientation of their phenocrysts (Guazunambí and Luján Granites). 

 

The Moskart Granite is greenish-gray to brownish-gray and very coarse-grained (Fig. 

3.11c and d), with small variations of color in the area of the deposit. Bossi et al 

(1965) attributed its color to the growth of biotite and chlorite in the cleavage planes 

of microcline. On the other hand, Oyhantçabal et al (1998) suggested that a 

secondary paragenesis (stilpnomelane, chlorite, calcite, and bluish green amphibole) 

related to the activity of the SYSZ generates the color. The rock actually shows 

evidence of similar feldspar replacement as described for the red granites. It can also 

be observed in the gray non-commercial variety and the greenish-gray variety 

(commercialized as Moskart Granite) (Fig 3.11c and d). The main difference between 

these two color varieties is not the proportion of the feldspar replacement. The 

greenish-gray color of the commercial variety (Moskart Granite) is related to the 

presence of microcracks filled by chlorite, sericite, calcite and limonite. The 

differences in the distribution and proportions of these minerals determine the color 

variations observed in the quarries and in the commercialized Moskart Granite 

varieties. 

 

All these granites can show structural elements that disrupt their décor. The most 

frequent disruptions are due to mafic enclaves, biotite accumulations, mafic and 

aplitic dikes, schlieren, synmagmatic and convolute layering. 

 

As already described and illustrated by previous authors (Comunità Economica 

Europea-Uruguay, no date; Bossi and Navarro, 2001; Oyhantçabal et al, 2007a) the 

colors of the syenitoids are dark salmon, pink salmon and terracotta with white spots 

(Salmon Red), pale red-violet (Violeta Imperial) and light gray with black spots (Pan 

de Azúcar White). Artigas Pearl shows a distinct décor and color (Fig. 3.12), where 

bluish-gray feldspar crystals (up to 35 mm), sometimes showing iridescence, are 
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surrounded by a pink to intense crimson rim in their contact with the agglomerations 

of mafic minerals (up to 1 cm). This kind of color combination is relatively seldom in 

magmatic rocks. It optically attenuates and softens the intense coarse-grained 

texture, so that this rock will be preferably used for eye-catching applications such as 

countertops and façades. 

 

In these rocks the same feldspar replacements are observable as in the red and 

greenish-gray granites (Fig. 3.11e-h). Other evidences of hydrothermal alteration are 

the presence of biotite partially altered to chlorite, epidote and calcite (e.g. in the Red 

Salmon Syenite). 

 

 
Fig. 3.12: Different colors and décors of Artigas Pearl Syenite (slab length = 10 cm): a. Typical color 

and décor; b. Intense red variety; c. Pale pink and gray variety; d. Same variety as in c. but with 
incipient weathering. 

 

Salmon Red, Violeta Imperial and Pan de Azúcar White are coarse-grained, whereas 

Artigas Pearl is very coarse-grained and has a porphyritic texture (Fig. 3.11e and f). 

The texture is seriated in Salmon Red (Fig. 3.11g and h), Violeta Imperial and Pan de 

Azúcar White syenitoids, with feldspar crystals are between four to 15 mm in size. All 

the syenitoid deposits show occurrences of narrow schlieren (up to five millimeters), 

thin mafic dikes or aplitic veins, but only the Salmon Red and Violeta Imperial contain 



 Case study: Granitoids and syenitoids 
 

 
77 

 

mafic enclaves. Due to the special décor of these rocks, small changes in mineralogy 

and alteration (hydrothermal and weathering) can lead to very visible changes in 

color and fabric. The case of the Artigas Pearl is a good example, since its décor 

varies from the more typical variety (Fig. 3.12a) to the very intense red or darker gray 

varieties (Fig. 3.12b and c), which modifies the market value of this rock. 

 

3.5.2. Petrophysical and petromechanical properties 

 

The potential uses of the dimensional stones can be deduced from their physical and 

mechanical properties, which in turn are closely related with their petrography and 

degree of weathering. As discussed in detail in numerous publications (see 

Siegesmund, 1994; Strohmeyer, 2003; Ruedrich, 2003; Koch, 2005; Hoffmann, 2006 

and Mosch, 2008), the majority of the rocks when considering their fabric are 

anisotropic, and therefore, some of their physical properties are directionally 

dependent. To identify possible anisotropies these properties were measured in three 

orthogonal directions (Fig. 6.1, in general appendix). In the following subchapter just 

their mean values will be discussed. All the other data are listed in the appendix 

(Tables A.3.1, A.3.2, A.3.3 and A.3.4). 

 

3.5.2.1. Density and porosity 

 

The bulk density values of the Uruguayan commercial granites vary from 2.61 g/cm³ 

for the Salmon Red Syenite and 2.94 g/cm³ for the Arapey Black Basalt (Table 

A.3.1). All other Uruguayan commercial granites are in the above given range and in 

accordance with the values given in the compilation by Mosch and Siegesmund 

(2007) (Fig. 3.13a) and Siegesmund and Dürrast (2011). The mafic rock show the 

higher matrix density values determined by the higher proportion of heavier elements 

(mainly iron, calcium and titanium) forming minerals such as plagioclase, mafics and 

opaque minerals. The granitoids and syenitoids have lower amounts of these 

elements and higher proportions of the lighter elements (such as silicon and sodium), 

and therefore, show lower matrix densities. 
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The water that a dimensional stone is capable to absorb and retain in the pore 

spaces, as well as its mobility within the pore network plays an important role in the 

weathering process and the petrophysical behavior (Peschel, 1977; Weiss, 1992, 

Siegesmund and Dürrast, 2011). Porosity, pore radii distribution, water uptake and 

capillary water uptake, and water vapor diffusion were determined in the samples 

studied in order to evaluate their durability when applied for constructive purposes 

(Table A.3.1). 

 

In respect to their porosity all the mafic rock and syenitoid samples analyzed are 

outliers in the distribution of their respective groups as determined by the statistical 

compilation of Mosch and Siegesmund (2007) (Fig. 3.13b). The lower values, 

between 0.27 and 0.80%, are registered by the granitoids (e.g. Chamangá Gray 

Granite). They have a very compact fabric, where the interstitial space is completely 

filled by anhedral quartz. The Arapey Basalt, with a subophitic texture shows a 

porosity of 0.98%, the highest value in the mafic rock group. This fact is considered 

to be a consequence of the relatively altered or weathered condition of the Arapey 

Basalt samples studied as indicated by the presence of limonite and microcracks in 

plagioclase and pyroxene. 

 

The syenitoids show the highest porosity values of the different commercial granites 

considered, where the highest porosity value was registered by the Violeta Imperial 

Syenite: 1.34%. This rock, as in the other syenitoids studied, shows a more open 

interstitial space, where the feldspars show a complex replacement history (e.g. relict 

microcline in plagioclase showing albitization). The matrix is composed of a mixture 

of amphibole, pyroxene, chlorite, ferristilpnomelane and epidote, which indicates 

hydrothermal alteration and accounts for the higher porosity values measured. 

 

The pore size distribution determined by mercury injection porosimetry shows a low 

variation between the different groups considered (Table A.3.1). Granitoids and 

syenitoids show a similar mean pore size, e.g. the fine-grained variety Cerro Áspero 

Gray has an average pore radius of 0.09 µm and Artigas Pearl Syenite 0.08 µm. The 

most frequent pore radii are also very similar between all the rocks analyzed: 

between 0.008 (Artigas Pearl Syenite and Moskart Granite) and 0.335 µm (Violeta 
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Imperial Syenite). The pore size distribution has a significant influence on the water 

uptake and the capillary water uptake.  

 

 
Fig. 3.13: Box plots of some petrophysical properties of commercial granites worldwide (redrawn after 

Mosch 2008) and Uruguay (each colored dot represents an average value): a. Bulk density;  
b. Porosity; c. Uniaxial compressive strength (UCS); d. Flexural strength; e. Tensile strength. 

 

The capillary water absorption is the main mechanism acting in pores with a radius 

between 0.1 µm to almost 1 mm (Siegesmund and Dürrast, 2011). Since there is no 

water circulating in the pores the interactions between the rocks and the building 

materials (e.g. mortar) are insignificant, as well as the weathering processes that 

leads to the decay of the commercial granites. This is especially true for the 

granitoids, which show extremely low porosity and capillary water absorption. 
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The water absorption (or water uptake) of the studied commercial granites is very 

low, in accordance with the very low porosity (Table A.3.1). The granites show low 

unforced water absorption values between 0.07 and 0.27 wt%, whereas the basalt 

and the syenitoid have values between 0.28 and 0.43 wt% due to their higher 

porosity. 

 

Water absorption values for granites are between 0.1 and 1.5 wt% (Peschel, 1977). 

The DIN 52008 defines that rocks with water absorption at atmospheric pressures (or 

unforced water absorption) less than 0.5 wt% are weathering resistant, as is the case 

for all Uruguayan commercial granites.  

 

Fine-grained gray granites like the Cerro Áspero Gray (U70) are in demand because 

of their low water absorption (0.12-0.09, see Table A.3.1). The market for this kind of 

rock is led by the Chinese commercial granite Padang Light (G3533/G633). The data 

available for this granite are doubtful (Börner and Hill, 2010) and lower (0.36 wt%, 

Table A.3.1) than in the unpublished reports from different Chinese providers, where 

the water absorption of Padang Light Granite ranges from 1.5 to 3.0 wt%. The 

comparable granite from Uruguay, Cerro Áspero Granite, develops a lower amount of 

staining or spots due to its lower water absorption. 

 

The saturation coefficient S is the relation between the unforced water absorption 

and the forced water absorption, as defined by Hirschwald 1912. The author related 

this value with the capacity of a rock to resist weathering and freezing. All Uruguayan 

commercial granites show a very high S-value, but as described in Siegesmund and 

Dürrast (2011), this coefficient has little application in the case of plutonic and 

metamorphic rocks with a bulk density higher than 2.6 g/cm³. This assumption is 

derived from the fact that the porosity of these rocks tends to be very low, and 

therefore, their capacity to interact with water. This lack of interaction between the 

rock and water leads to a better rock stability against weathering and freezing. 
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3.5.2.2. Water vapor diffusion 

 

The highest vapor diffusion value indicates the higher resistance of the rock to the 

transmissivity of water, therefore the lowest permeability. Granitoids and syenitoids 

show similar values, with the exception of the Maldonado Granite, which has the 

lowest value of 83 (dimensionless) in the x-direction due to its fabric anisotropy 

(Table A.3.2). The other rocks in these groups show values between 374 (Moskart 

Granite) and 1,508 (Salmon Red Syenite). The values obtained in the present 

research for granitoids and syenitoids are in the range of those published by 

Siegesmund and Dürrast (2011) that measured values between 811 and 3,869 for 

plutonic rocks. 

 

In applications where the water vapor diffusion can have an impact, such as façades 

and fountains, the anisotropy of this petrophysical property should be taken into 

account. One example is the Maldonado Granite, which has an anisotropy of 1:3:3 in 

the x-, y-, and z-direction. Therefore, considering the direction of the cut is necessary. 

 

3.5.2.3. Ultrasonic wave velocities 

 

In addition to the static Young´s modulus, it has become commonplace to determine 

the dynamic Young´s modulus by measuring the ultrasonic velocity for evaluating the 

degree of structural damage in dimensional stones (Köhler 1991, Siegesmund and 

Dürrast 2011). Under dry conditions the Vp (compressive waves) velocities should be 

above 5 km/s in unweathered granitoids (Illiev 1967).  

 

The Uruguayan commercial granites show ultrasound velocities (Vp) between 3.38 

km/s (Cerro Áspero Granite in z-direction) and the 5.58 km/s (Arapey Black Basalt in 

y-direction). The only samples showing anisotropy values higher than 10% are 

Maldonado Gray Granite, with around 10% anisotropy and around 21% in the Cerro 

Áspero Gray Granite. 
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Sampling was carried out exclusively in fresh rocks, with the exception of the Arapey 

Basalt, where this was not possible. The values presented here can be used as 

standards for comparative measurements of fresh and unweathered rocks. 

 

3.5.2.4. Thermal expansion 

 

Numerous dimensional stones have a weathering sensitivity/vulnerability against 

thermal stresses, caused by an expansion of the material at high temperatures and a 

contraction with subsequent cooling. The thermal expansion is essentially controlled 

by the mineralogical composition and fabric of the rock (Koch and Siegesmund, 

2004; Koch, 2005; Siegesmund et al, 2008).  

 

In granites the thermal expansion and its associated processes (e.g. progressive 

microcracking leading to bowing) are more complex than in marbles. This is mainly 

due to the monomineralogical composition of marbles (calcite or dolomite), in 

contrast to granites that have at least three minerals present or generally more. Each 

mineral has a different thermal expansion and some of them are anisotropic with 

respect to this property. Quartz has the lowest thermal expansion coefficient (α) 

parallel to the c-axis (7.7 x 10-6 K-1) and the highest perpendicular to it (α = 13 x 10-6 

K-1) (Siegesmund et al, 2008). Biotite is also anisotropic with (α = 17.3 x 10-6 K-1) 

parallel to the c-axis and 9.7 x 10-6 K-1 perpendicular to it (Siegesmund et al, 2008). 

High plagioclase contents lead to low α values, due to the extremely small volume 

expansion of this mineral (Weiss et al, 2004).  

 

Castro de Lima and Paraguassú (2004) analyzed the thermal expansion coefficient 

(α) of 19 commercial granites and concluded that an increment in porosity leads to a 

decrease in α, whereas an increment in grain size or quartz content increases α. 

These authors also analyzed the directional dependency of α, concluding that for the 

samples studied there is no dependency.  

 

The thermal expansion coefficient (α) for the commercial granites varies from 5.74 

(Artigas Pearl in the x-direction) to 9.47 x 10-6 K-1 (Moskart in the y-direction) (Table 

A.3.2). The range of values obtained is comparable with those reported for magmatic 
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rocks by Strohmeyer (2003), Hoffmann (2006), Weiss et al (2004), Siegesmund et al, 

2008 and Vázquez et al, 2011. The mafic rock show the lowest mean α, since this 

rock show the lowest mean grain size and quartz content, and the highest proportion 

of plagioclase. Granitoids show the highest mean α value and the highest quartz 

content. The syenitoids, with intermediate α values, show a low proportion of quartz 

and the highest porosity values. These relationships are in accordance with the 

observations made by Castro de Lima and Paraguassú (2004) and Vázquez et al 

(2011). 

 

Generally, the samples show anisotropies lower than 11% in their thermal expansion, 

but there are two cases where higher anisotropies were measured: Artigas Pearl 

Syenite (15%) and Moskart Granite (18%). Both commercial granites are very 

coarse-grained. A similar behavior was reported by Vázquez et al (2011) in three 

coarse- to very coarse-grained commercial granites. 

 

Differential deterioration can occur in light-colored granitoids with dark-colored 

enclaves or xenoliths due to the albedo effect or differential thermal response to 

insolation (Gómez-Heras et al, 2008, Steiger et al, 2011). The deterioration will 

generally be expressed by the spalling of enclaves or xenoliths (Gómez-Heras et al, 

2008). 

 

The thermal expansion behavior of a dimensional stone is closely related to its 

bowing behavior when applied as slabs for outdoor façade cladding (Siegesmund et 

al, 2008; Vázquez et al, 2011). For bowing the same factors influencing thermal 

expansion are relevant: coarse- to very coarse-grained texture, mineral shape-

preferred orientation and porosity (Vázquez et al, 2011).  

 

When considering a building application with thermal exposure from one direction 

(e.g. façades), the rocks showing a high anisotropy in thermal expansion and flexural 

strength should be used in the most favorable direction (the one showing higher 

resistance to deterioration processes). The potential bowing behavior of a 

commercial granitic rock must be examined prior to its use as a building element.  
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3.5.2.5. Petromechanical properties 

 

3.5.2.5.1. Uniaxial compressive strength (UCS) 

 

According to Mosch and Siegesmund (2007), uniaxial compressive strength (UCS) 

values in plutonic rocks vary from 60 to 292 MPa; the values for the gabbro-diorite 

subgroup are always in the upper quartile (Fig. 3.13c). In Uruguayan commercial 

granites the same behavior can be observed (Table A.3.3 and Fig. 3.13c). The 

Arapey Black Basalt shows a mean UCS value of 228 MPa. The granitoids belong to 

the granite and granodiorite-tonalite groups determined by Mosch (2008). They show 

higher UCS values than the median for both groups, for some granite this value is 

higher than the upper quartile (197 MPa for Cuchilla del Perdido and Cerro Áspero 

granites). The syenitoids (monzonite-syenite group of Mosch 2008) also show higher 

or similar values that the median for this group, with the exception of the Artigas 

Pearl Syenite that has an UCS value lower than the lower quartile (137 MPa).  

 

The only rock analyzed showing a distinct rock fabric and a stretching lineation is the 

Maldonado Granite (Oyhantçabal, 2005). However, this rock also shows no 

anisotropy in the compressive strength. 

 

3.5.2.5.2. Young´s modulus 

 

The maximum Young´s modulus E value is 32.9 GPa for the Chamangá Gray 

Granodiorite in the y-direction (Table A.3.3). The Cuchilla del Perdido Granite shows 

the lowest value: 11.9 GPa in the z-direction. A general trend, similar to that 

described by Hoffmann (2007), can be observed in the relationship of the Young’s 

Modulus E and the UCS. The samples that have the higher UCS also have the higher 

Young’s Modulus E. 

 

3.5.2.5.3. Indirect tensile strength 

 

The indirect tensile strength values for all commercial granites considered are lower 

than the lower quartile determined by Mosch (2008) and most of the values are 
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outliers in the normal statistical distribution (Fig. 3.13e). The higher values are those 

of Cerro Áspero Gray Granite (11.7 MPa) and Arapey Black Basalt (11.1 MPa). 

Artigas Pearl Syenite shows the lowest value (5.8 MPa), followed by Moskart granite 

(7.7 MPa) (Table A.3.3). 

 

3.5.2.5.4. Flexural strength 

 

Comparing the flexural strength values with those of Mosch (2008) (Fig. 3.13d), it can 

be seen the granitoid groups show values that are either higher than the upper 

quartile (Cuchilla del Perdido and Maldonado granites, with 20.2 and 20.4 MPa, 

respectively) or lower than the lower quartile (Moskart Granite, with 8.3 MPa) (Table 

A.3.4). Chamangá Granodiorite shows a flexural strength that is higher than the 

upper quartile (20.4 MPa). The syenitoid group shows very different values. Salmon 

Red is in the upper quartile (15.6 MPa), the Violeta Imperial value is lower than the 

lower quartile (10.0 MPa) and Artigas Pearl is 8.3 MPa.  

 

3.5.2.5.5. Breaking load at dowel hole 

 

Values obtained for breaking load at the dowel hole vary between 1.8 kN (Moskart 

Granite) and 3.2 kN (Maldonado Gray and Cuchilla del Perdido granites) (Table 

A.3.4). Mafic rocks show the highest values, followed by the granitoids with the 

exception of Moskart Granite and then the syenitoids, with the lowest values, in 

particular Artigas Pearl Syenite with 1.9 kN. Due to its fabric anisotropy, the 

Maldonado Granite was tested in three different directions according to the standard 

procedure. It shows a variation between 2.8 (Type IIa, dowels parallel to foliation) 

and 3.5 kN (Type IIb, dowels perpendicular to foliation). According to the data of 

Rohowski (2001), mafic rocks can be compared with mafic volcanics and tephrite 

(basalt lava) with breaking load values around 4 kN. The granitoids and syenitoids 

can be compared with the granite and gneiss of Rohowski (2001), with values around 

3 kN.  

 

A slab with a thickness of 30 mm composed of coarse-grained or very coarse-grained 

granitoids or in particular syenitoids, can eventually be represented by only two or 
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three crystal grains. This kind of slab can thus have a limited strength (flexural, 

indirect tensile and compressive strengths, and breaking load at the dowel hole) and 

durability. 

 

3.5.2.5.6. Abrasion strength 

 

The lower values of abrasion strength show the higher resistance of the rock to 

abrasion, therefore the rock most resistant to abrasion is the Maldonado Gray 

Granite with a value of 2.2 cm³/50 cm² (Table A.3.4). The less resistant rock is 

Arapey Basalt, with a value of 3.8 cm³/50 cm². All Uruguayan commercial granites 

have lower values than those discussed in the literature (Peschel 1977, Strohmeyer 

2003, Siegesmund and Dürrast 2011). 

 

The difference in the mechanical strength values observed between the various rocks 

considered can be explained by the fact that they differ in their mineralogical 

composition and fabric (Strohmeyer, 2003). The granitoids, with the exception of 

Moskart Granite, show the highest strength values and this is related to specific 

characteristics of their fabric that make them more resistant: a medium grain size, 

compact texture where quartz seals the interstitial spaces between the other mineral 

crystals making the rock very cohesive. This is well illustrated when comparing the 

UCS and flexural strength values with the bulk density and porosity (Fig. 3.14).  

 

Generally, the very coarse-grained rocks show the lowest strength values; this is the 

case in the Moskart Granite and Artigas Pearl Syenite. This is probably related to the 

presence of microcracks and the cleavage of the large alkali feldspar present in these 

rocks. The strength of a rock can also be correlated with the bulk density and 

effective porosity: the higher density of a rock and the lower its porosity determines 

higher strength values (Morales Demarco et al, 2007; Mosch, 2008). This correlation 

can be observed in all commercial granites considered in the present study (Fig. 

3.14). 
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Fig. 3.14: Statistical values of some petrophysical properties of commercial granites worldwide (gray 
dots after Mosch 2008) and Uruguay (each colored dot represents an average value of a commercial 

granitic stone): a. Bulk density versus uniaxial compressive strength (UCS); b. Porosity versus uniaxial 
compressive strength, c. Bulk density versus flexural strength, d. Porosity versus flexural strength. 

 

3.6. Deposit characterization 

 

The evaluation of a mineral deposit is carried out following the International 

Framework Classification of the United Nations/UNFCR (UN 2009). The classification 

is based on three categories: i. degree of favorability of social and economic 

conditions (e.g. market prices, relevant legal and environmental conditions) (E axis); 

ii. maturity of studies and commitments to implement mining plans that determine the 

feasibility of the mining project (F axis); iii. level of confidence in the geological 

knowledge and potential recoverability of the quantities (the G axis). Commercial 

projects are the ones feasible from a technical, economic and social point of view. 

Dimensional stone deposits are not representative of typical mineral deposits as for 

example massive mineral deposits (construction aggregates, e.g. sand, gravel). The 

industrial requirements in décor and block volume (or size, or dimensions) determine 

the selection of a section inside a deposit, in which these requirements are achieved 

and are at the same time demanded by the market (Stein, 2007). Basically, some 
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aspects of the evaluation of aggregate deposits can be applied in the case of 

dimensional stones (Kelter et al, 1999). An example is the application of mining 

techniques (e.g. diamond wire saw) that have proved to be effective in comparable 

dimensional stone deposits. 

 

The geological and mining knowledge of the analyzed deposits exhibits a highly 

differentiated state of the art. This ranges from a general assignment of a geotectonic 

unit (Cuchilla del Perdido Granite) to many years of geological investigations in active 

mining districts (dolerite deposits, e.g. Moderate Black Dolerite U8, U11O, U66). Both 

the growth of the international market for dimensional stone and the industrial 

development in the production requires more intensive research into the feasibility of 

mining the deposits: 

 

1. The selection of the décor, especially the color is determined by international 

trends, which are not constant. Some trends are cyclical for decades, but 

others are acyclical. Rocks with colors outside of the prevailing trend are 

temporarily or only partially usable (e.g. the pink facies of Artigas Pearl 

Syenite).  

2. The dimensional stone raw blocks are processed mainly in industrial plants. 

For this purpose the blocks must have, on one hand, an orthogonal form (Fig. 

3.15) and a minimum size, and on the other hand the choice of the block size 

is often related to the optimal utilization of the resource related to the size of 

the end product (e.g. block size between 3.5 and 9 m³). 

3.  Due to modern requirements for the use and construction of buildings, rocks 

with the same color and décor will be chosen for a technical function in 

accordance to their maximum resistance of a selected property (e.g. rocks 

with high abrasion resistance as floor slabs). 
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Fig. 3.15: a. Stereogram of the Salmon Red Syenite deposit; b. Theoretical model of the joint sets 
affecting the Salmon Red deposit; c. Raw block resulting from the presence of the joint sets and 

possible block resulting from its squaring; d. Stereogram of the Moskart Granite deposit; e. Theoretical 
model of the joint sets affecting the deposit; f. Raw block and finished block as a resulting of squaring. 
 

The effects of the above mentioned international market mechanisms were directly 

decisive for the development of the natural stone industry in Uruguay in the last 20 

years. Because of its natural conditions (climate), the country could not follow the 

international trend towards yellow dimensional stones in the years 1995-2006. This 

particular color is due to limonitic alteration of the rocks (a characteristic of tropical 

countries), which, nevertheless, retain their essential petrophysical properties. The 

rocks offered did not fulfill the international trend and their business volume 

significantly declined. Only the timeless décor and color offered by the dark gray to 

black dolerites occupy a permanent place on the international market. Even this 

segment needs qualitative development to be able to compete with the blocks offered 

from Northern China and India exhibiting larger dimensions. 
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The criteria for deposit profitability require geologic studies that can determine the 

following controlling elements: 

 

1. An inventory of the joint sets to determine the frequency of minimum 

dimension of exploitable blocks in order to achieve the optimal block size for 

the industry, as well as to minimize the waste material. 

2. Mineralogical and structural factors that influence the formation, stability and 

variability of the fabric and color. 

3. Factors of the genesis of the deposit, as well as the influence of alteration, 

which causes an impact on the relevant petrophysical properties, that favor or 

limit the usability.  

 

3.6.1. Block sizes 

 

For the evaluation of the yield of a quarry, the block sizes must be estimated. This 

can be done as described by Singewald (1992), Palmstrøm (1982, 1996 and 2001) 

and Sousa (2010). All these authors use the joint set frequency to estimate the mean 

or median block sizes. Singewald´s (1992) method is the less complex to use, since it 

calculates Vb (block volume) by multiplying the average distribution of three main 

joint sets (see eq. 1). Palmstrøm (1982, 1996, 2001) uses the Jv (volumetric joint 

count) (see eq. 2) and β (block shape factor; eq. 3) for calculating Vb (see eq. 4). 

Sousa (2010) uses Jmed (median volumetric joint count) (see eq. 5); the block 

volume was calculated afterwards using (eq. 4). The parameters x, y, z and S1, S2, 

S3 are the distances between the different joints that compose a joint set, and α1, α2 

and α3 the angles between these joint sets. 

 

Vaverage = xaverage * yaverage * zaverage   (eq. 1) 

 

Jv = 1 / S1 + 1 / S2 + 1 / S3    (eq. 2) 

 

β = (α2 + α2 * α3 + α3)³ / (α2 * α3)²   (eq. 3) 

 

Vb = β * Jv-3 * 1 / Sin α1 * Sin α2 * Sin α3  (eq. 4) 
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Jmed = 1 / S1med + 1 / S2med + 1 / S3med  (eq. 5) 

 

 
Fig. 3.16: Block sizes of the different quarries analyzed using three different methods: Singewald 

(1992), Palmstrøm (1982, 1996, 2001) and Sousa (2010). 
 

The three methods were applied in several Uruguayan quarries and different block 

sizes were obtained (Table 3.5 and Fig. 3.16). Table 3.5 shows that the Sousa 

method (2010) is the most conservative estimation, since it uses the median and not 

the average joint spacing as the other methods. For all the cases analyzed the joints 

were measured and afterwards their spacing, taking into account to which joint set 

they belong. The orientations of the joints are shown in the stereograms in Figure 

3.17. 

 

When possible, the joint sets as well as their spacing in more than one floor were 

measured. In the case of the Artigas Pearl syenite quarry, the boulder zone at the top 

of the deposit was also measured. The sizes of these boulders are greater than the 

average and median blocks calculated using the equations above for the floors in the 

quarry itself (Table 3.5). In the case of the Rosarito dolerite quarry, block sizes in the 

lower floor are higher than in the upper floor, since the joint density is also higher in 

the upper floor (Fig. 3.18). 
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Table 3.5: Block volume calculated using different methods. * Cufré Granite quarry data may not be 
representative of the whole deposit; ** Chamangá Granite data Oyhantçabal (pers com 2011). 

 

 

 
Fig. 3.17: Stereograms (equal area projection, lower hemisphere) showing the measured joints using 

Stereo Net: a. Arapey Basalt from the Cerro del Estado quarry (contours 1, 2, 3, 4, 5 times uniform 
distribution: t.u.d.); b. Cerro Áspero Granite quarries (contours 1, 2, 3, 4, 5, 6 times uniform 

distribution); c. Sacramento Dolerite from the Rosarito quarry (contours 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 
t.u.d.); d. Moskart Granite (contours 1, 2, 3, 4, 5 t.u.d.); e. Artigas Syenite (contours 1, 2, 3, 4, 5, 6, 7 

t.u.d.); f. Violeta Imperial (contours 1, 2, 3, 4, 5 t.u.d.). 
 

In the Maldonado Granite and especially in the Artigas Syenite the opposite occurs. 

A possible explanation for this abnormal behavior can be found in the two-stage 

landform development model proposed by Büdel (1957) and described by Twidale 

(2002). In the first stage, surface rock is affected by the weathering of the materials 

around the joints, and boulders start to form. Weathering then proceeds downwards 
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into the subsurface, where the meteoric water stays longer in contact with the rock. In 

the second stage, the regolith between the joints of the surface is transported, but not 

with the regolith of the subsurface. Weathering can proceed more intensely in the 

subsurface since water is available. 

 

This results in a boulder zone at the top and a weathered zone underneath, whose 

thickness depends on the intensity and duration of weathering. For dimensional 

granitic deposits it is important to determine the depth at which this weathering effect 

ends. 

 

Another method for estimating block sizes can be done by using the software 3D-

Block Expert described in Nikolayew et al (2007), Siegesmund et al (2007a, b) and 

Mosch et al (2010). This program provides a better spatial distribution of the blocks in 

the section of the quarry considered for an optimized extraction. Sections of three 

quarries were modeled using this program: the Maldonado Granite (Fig. 3.19), Cufré 

Granite and the Salmon Red Syenite (Fig. 3.20). In the Cufré Granite the whole 

quarry was modeled (a total volume of 9,979 m³), but the total amount of joints 

measured was very low (seven). The quarry is most likely not very representative of 

the global behavior of the deposit, and therefore, the results of the tectonic analyses 

overestimates the block sizes obtained by real mining. 

 

In the Maldonado Granite model (Fig. 3.19a, b and c) two subvertical joint sets are 

observable, which are orthogonal to each other, and a third joint set that is 

subhorizontal with a significant dip (Fig. 3.19d and e). This last joint set affects the 

deposit negatively, since it diagonally crosscuts the blocks that would otherwise be 

regular. The joint set parallel to the yz-wall is determined by the foliation of the rock, 

as depicted in Figure 3.19a. The raw block size distribution (Fig. 3.19f) shows that 

the highest proportion of raw blocks is larger than 8 m³. 
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Fig. 3.18: Rosarito dolerite quarry: a. General view of the upper and lower floor; b. Joint set frequency 
of the upper floor; c. Joint set frequency of the lower floor; d. Median block volume of the upper floor; 

e. Median block volume of the lower floor. 
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Fig. 3.19: 3D Model of the Maldonado Granite made using 3D Block Expert: a. Section of the quarry 
modeled (total volume 191 m³), some joints are marked in red, yz-plane is the foliation plane, scale in 
meters; b. and c. 3D view of the section modeled; d. Stereogram of the Maldonado quarry with walls 
of section modeled in blue (x) and green (y); e. Joint frequency histogram of the quarry; f. Raw block 

volume distribution using 3D Block Expert. 
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Fig. 3.20: 3D Model of the Salmon Red Syenite made using 3D Block Expert: a. Section of the quarry 

modeled (total volume 396 m³) with some of the joints marked in red, scale in meters; b. and c. 3D 
view of the section modeled; d. Stereogram of the Salmon Red Syenite quarry with walls of section 
modeled in blue (x) and green (y); e. Joint frequency histogram of the quarry; f. Raw block volume 

distribution using 3D Block Expert. 
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The Salmon Red Syenite model (Fig. 3.20a, b and c) shows a lower amount of joints 

affecting the considered section. However, there are four joint sets affecting the rock 

and this is evidenced by the presence of vertical joints that are not orthogonal (Fig. 

3.20d and e). The raw block distribution shows that most of the blocks that this 

section is able to produce are between 3.5 and 6.5 m³ and larger than 8 m³ (Fig. 

3.20f). 

 

 
Fig 3.21: a., c., e. and g.: Cufré Granite quarry; b., d., f., and h.: Cerro Áspero Granite quarry number 
192. a. and b. Block deposit; c. and d. Block sizes measured directly in the quarries; e. and f. Joint set 

distribution; g. and h. Plausible block sizes being obtained in the quarries studied. 
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In two inactive quarries it was possible to measure the blocks remaining after the 

commercialization of the best ones. These are probably not the largest blocks that 

those quarries once produced (Fig. 3.21a and b). Most of the blocks in the Cufré 

Gray Blue quarry number 172 have a volume between 1 and 6.5 m³ (Fig. 3.21c) 

being larger than those in the Cerro Áspero quarry (Fig. 3.21d). This is in accordance 

with the joint set frequency measured for both quarries (Fig. 3.21e and f) and the 

results acquired by applying the method of Singewald (1992), Palmstrøm (1982, 

1996 and 2001) and Sousa (2010) (Table 3.5 and Fig. 3.16). The application of these 

methods in the Cufré quarry leads to a block size that is extremely large, but in 

accordance with those sizes obtained using the program 3D Block Expert. 

 

3.6.2. Reserves and economic aspects 

 

The feasibility of the utilization of a deposit is determined not just by the dimensions 

of the deposit, but also by the economic demands and the deposit geometry, the 

stability of the country rock and the environmental conditions. Nevertheless, the 

decisive criterion is the dimension of the deposit. This is the area of occurrence of the 

rock, which actually meets the criteria of a marketable color and décor with 

exploitable block sizes. 

 

For the calculation of maximal reserves, it is reasonable to assume a maximum depth 

of 100 m. The reasons for not considering a greater depth are the stability of the rock 

massif, the economic costs of mining (e.g. transport costs, mine ventilation, safety of 

the staff) and rock mechanical problems (stress relief at greater depth can lead to 

intense fracturing, limiting the production of blocks). In stratiform deposits only the 

maximum depth of the strata is exploitable. 

 

The exploration and evaluation of a dimensional stone deposit should consider, on 

the one hand, the maximum extension of the reserve. On the other hand, a minimum 

deposit volume is required. The opening and operation of a quarry demands a 

significant investment that is commonly covered by loans. The repayment period is 

between 10 years for movable goods and 30 years for immovable properties. For 

dimensional stones a 30 year repayment period is also normally accepted. The main 
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reason is that this kind of resource is not listed on the stock exchange and their 

commercialization allows relatively low profit margins, but also due to its dependence 

on the prevailing taste (color and décor trends) and the trade cycles of the 

construction industry. In many countries the approval of operating plans for a quarry 

is based on these terms of repayment. For these reasons a minimum reserve volume 

should be calculated for a 30-year operation: 

 

a. Scheduled annual production volume, taking into account non-productive 

periods (rainy seasons, freezing temperatures, impassable transportation 

routes, work regime). 

b. Mining rate related to the joint systems inventory of the deposit. 

c. Mining rate by squaring of the industrial blocks. 

d. Mining rate considering the influence of lithological elements, which require 

a differentiation by taking into account the quality of the color and décor, 

which causes an impact on the revenue. 

e. In addition, the rate of utilizable raw material for the fabrication of products 

that are not taken into account in the industrial usable blocks (e.g. small 

blocks for self-production, building bricks, paving materials). 

 

3.6.2.1. Granitoids 

 

The Uruguayan granitoids only show a small variety of the typical colors and décors 

of the internationally marketed granitoids. Most of the granitoids mined in the country 

are gray and medium-grained. This kind of hard dimensional stone is widespread 

worldwide and their décor is not so interesting for the international market. 

Nevertheless, three of them are interesting for the local and regional markets: Cufré, 

Maldonado and Cerro Áspero. The last one is possibly the most relevant due to its 

fine-grained texture, light gray color and excellent petrophysical properties. 

 

Cerro Áspero Granite 

 

The mining district Cerro Áspero Granite (U70) is located around 13 km west of the 

city of Rocha, in eastern Uruguay (Fig. 3.6). This district contains four quarries. Two 
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of them are relatively large quarries (about 3,000 m²), which are presently inactive 

and the other two are still active but smaller (around 400 m²).  

 

The rock is a fine- to medium-grained light gray granite with a relatively scarce 

occurrence of enclaves or veins. Its color and décor are very interesting for the 

international market, and since this rock has very good petrophysical qualities, it 

could compete for a place in the fine-grained gray granites sector.  

 

The quarries are located in a granitic massif occupying an area of approximately 1.8 

km², which is expressed in the geomorphology as a hill, known as Cerro Áspero. The 

rock mined is characterized by a slight differentiation in grain size between fine- and 

medium-grained and a light gray color. Phenocrysts of plagioclase of white and light 

gray colors (up to 10 mm) and black clots of biotite (up to five mm) can eventually 

appear. Small mafic enclaves (up to three cm) and narrow aplitic dikes (up to one 

cm) are relatively rare. The décor and color of this granite is very homogeneous. 

 

A boulder zone occurs at the top of the hill, with potential interest for the squaring of 

large blocks. There the yield of production is expected to be very high (around 90%). 

The underlying weathered zone is around two meters thickness in the already 

opened quarries. This zone represents waste material for the dimensional stone 

industry, but it could be used for road paving and quarry filling after the mining 

ceases, thus reducing the cost of mining.  

 

The most economically interesting sector is on the eastern side of this granitic massif, 

where one of the large inactive quarries is located (quarry number 192). The factors 

that make this sector more interesting are the fine grain size of the rock and the more 

favorable joint set distribution.  

 

The distribution of the fine-grained area is around 90,000 m². A minimum depth of 10 

m can be easily reached taking into account the mining situation in the deposit. The 

raw production of this sector would be around 0.9 million m³. The yield of production 

inferred is 50% taking into account the blocks in the deposit and the waste material 

produced: 450,000 m³. The block size determined using the Singewald (1992); 
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Palmstrøm (1982, 1996, 2001) and Sousa (2010) methods are 6.16 and 3.27 m³, the 

maximum and median, respectively. The sizes of the blocks in the deposit were 

measured (Fig. 3.18b and d) and they are smaller than those calculated using the 

cited methods. This is because they are the blocks left behind after the 

commercialization of the better ones, probably due to their inferior quality or smaller 

size. 

 

Quarry number 193, the second largest quarry that is also currently inactive, is 

located in the western sector of the deposit. The rock is characterized by its medium-

grained texture and by the relatively higher frequency of joints. From the joint set 

distribution measurements, a fault-damage zone presumably affects this quarry, 

since the block sizes calculated using the Palmstrøm (2001) and Sousa (2010) 

methods are significantly smaller than those obtained for quarry number 192 (Table 

4.5). In fact, this quarry produces small paving stones (around 0.04 m³) using 

unsophisticated technology. 

 

Cufré Gray Blue Granite 

 

The Cufré Gray Blue Granite deposit is located 16 km from Nueva Helvecia, in the 

Colonia department. The only quarry in the area is now inactive. The rock is a 

medium-grained gray granite with relatively frequent mafic enclaves and narrow 

aplitic dikes and a gentle foliation.  

 

The previously described methods of Palmstrøm (1982, 1996, 2001) and Sousa 

(2010) probably overestimate the plausible block sizes being mined in this deposit. 

This is due to the lack of visible joints affecting the rock massif in the observed 

quarry. Nevertheless, taking into account the real block size distribution measured in 

the blocks left out in the quarry, it is possible to assume a production of large blocks 

suitable for processing by gang saw blade. 

 

The total outcrop area is around 15 km², but the potentially most interesting zone is 

about eight hectares (80,000 m²), where the quarry was opened. The weathered 

zone is relatively narrow, around 1 to 1.5 meters that has to be considered waste 
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material in the cost calculation. A minimum mining depth of 10 meters would lead to a 

total volume available for extraction of approximately 800,000 m³. A yield of 30% is 

possible for this deposit taking into account the structural elements, such as mafic 

enclaves, dikes and the low incidence of joints. From this 240,000 m³ to be produced, 

just around 10% will attain the requirements for exportable blocks. 

 

Maldonado Granite 

 

Maldonado district is located five km from the cities of Maldonado and Punta del 

Este. There are three active quarries, whose production consists mainly of small 

blocks with rough surfaces for the local market.  

 

The rock is characterized by a dark gray color and a coarse-grained and foliated 

fabric. In the upper floor of the quarry the evidence for weathering is visible by the 

oxidation of the biotite clots as limonitic (orange) spots. Elongated mafic enclaves 

and aplitic dikes are aligned within the foliation and so homogeneously distributed 

that they act as part of the décor.  

 

The district area is about 1.3 km² and 5% of it could be possibly mined. Considering a 

mining depth of 10 m at several levels, the total volume would be 650,000 m³. The 

normal yield for this kind of mining in Uruguay is around 30%. Since the requirements 

for this rock are not high, there is no limitation in respect to block size. This is very 

relevant because, even though the raw block size distribution modeled using the 

software 3D Block Expert show positive results (Fig. 3.19), the block size calculations 

using the Palmstrøm (1982, 1996, 2001) and Sousa (2010) methods show very small 

block sizes (<0.20 m³) (Table 3.5), making this rock incapable of entering 

international markets.  

 

Moskart Granite 

 

The Moskart Granite district is situated in the locality of Soca, about 50 km east of 

Montevideo. Several quarries were active in this district; however, at present there 



 Case study: Granitoids and syenitoids 
 

 
103 

 

are no mining activities. These activities were in close connection with more 

traditional farming activities (e.g. agriculture and livestock).  

 

This district has an area of about 800,000 m², being 10%, located in different sectors 

of the district and interesting for mining. For a reserve calculation a mining depth of 

10 m can be considered, even though it is possible to reach larger depths due to the 

stability of the rock massif. The yield of this dimensional granite is considered to be 

high (about 50%) allowing for the absence of waste material in the areas surrounding 

the quarries. A probable reserve of 400,000 m³ is calculated for the Moskart Granite 

deposit. 

 

From the block size calculations relatively small block sizes are expected. The most 

conservative method (Sousa, 2010) calculations determine a median block size of 

1.8 m³. 

 

Economic aspects of granitoid deposits 

 

Granitoid deposits show a wide décor range and their petrophysical properties are 

very good. The prices for the gray granites range between 200 and 300 US$/m³ FOB 

and the red granites between 300 and 400 US$/m³ FOB (Table 3.6).  

 

From the reserve calculations, the Cerro Áspero Granite deposit could produce 

annualy up to 15,000 m³ of large-, medium- and small-sized blocks. These blocks 

could be traded with prices of around 200 to 300 US$, depending on their sizes, color 

and décor quality. The annual quarry gross income would be between 3 to 4.5 million 

US$. 

 

For Cufré Gray Granite an annual production rate of 8,000 m³ is proposed. 

Considering an international price for this kind of dimensional stone of 200 US$/m³, 

the annual quarry gross income would be around 1,600,000 US$. 

 

An annual rate of 6,500 m³ is estimated for Maldonado Gray Granite deposit. The 

annular income taking a price of 200 US$/m³ would be 1,300,000 US$. 
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Table 3.6: Summary of lithological, mineralogical and petrophysical aspects, deterioration risks and 
possible markets for Uruguayan commercial granites (* data from CEE-Uruguay no date, Q1, Q2 and 

Q3 values from Mosch 2008). Abbreviations after Kretz (1983) except the ones marked with +: Ab: 
albite; Cam: Ca clinoamphibole; Aug: augite; Bt: biotite; Cal: calcite; Chl: chlorite; Stp: stilpnomelane; 

Gr. Int.+: graphic intergrowth; Hbl: hornblende; Lm: limonite; Mc: microcline; Ms: muscovite; Op+: 
opaques; Or: orthoclase; Pl: plagioclase; Qtz: quartz). 

 
 

The Moskart Granite is with no doubt the exception in this group, since its décor is 

very unique and it is possible to square large blocks making this rock very 

competitive. Its price is between 400 and 500 US$/m³ FOB (Table 3.6). The yearly 

production rate would be 13,000 m³. Considering that 10% of this production are 

exportable blocks and taking the price in m³ of 450 US$, an exportation income of 

585,000 US$ should be expected. 
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3.6.2.2. Syenitoids 

 

Uruguayan syenitoids are mined in two districts in the Sierra de las Ánimas Complex. 

Since the start of production at the beginning of the 20th century and before the 

economic crisis in Uruguay in 2002, the production took place in small quarries 

offering a diverse color spectrum. In the southern mining area (Pan de Azúcar - 

Piriápolis) large quarries were located in the Cerro Pan de Azúcar and Sierra de las 

Palmas hills with a capacity to provide material for export. During the 1980’s and 

1990s, mining activity was concentrated in small quarries in the northern mining 

district (the Camino del Amigo-Estancia Guazubirá). Nowadays all quarries are 

inactive.  

 

The color and décor of the syenitoids are a major controlling parameter of the 

deposit. They are related to the amount and grain size of the feldspars, and the color 

development related to hydrothermal alteration. 

 

Artigas Pearl 

 

This deposit shows intensive hydrothermal alteration and comprises a total exposure 

of 4.6 km². Considering the outcrop conditions and the geological findings, an area of 

90,000 m² can be mined. Due to the intrusion of effusive rocks appearing as dikes, a 

decrease of 30% in the possible reserve volume has to be considered. The high rate 

of waste material due to the presence of dikes (mainly quartz alkali feldspar trachyte) 

is a consequence of their geometry (dip and strike) and spatial occurrence. 

 

Not included in this estimation is the waste material of the weathered section on the 

top of the deposit. Individual boulders are exposed in this section and are of industrial 

value, as long as they are not affected by joints. However, the amount of the waste 

material to be removed in the weathered section below the boulder zone is calculated 

to be around 90%. 

 

The joint distance measured thus far within the outcrops of the deposit indicates a 

decrease of the joint distance with the depth (see Table 3.5). At what depth the rock 
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(Artigas Pearl Syenite) is weathered and the joints opened, is still an uncertainty. 

Hence, only boulders at the top of the hill and in the upper floor can be mined at 

present. Average block sizes of 38.1 and 2.14 m³ (median) were determined for the 

boulder zone and upper floor, respectively. A new exploitation of this upper floor 

should be geared to the geometry of the surface. The mining rate of the boulder zone 

is estimated to be very high (around 50%), being drastically lower in the upper floor 

by around 10%. Considering that the boulder zone extends for an area of 240,000 m² 

and the average height is 5 m, the probable reserve of this zone taking into 

consideration the yield of the mining would be around 600,000 m³. The upper floor 

could be mined in a similar area and at similar depths, but as the yield is lower here a 

probable reserve of 120,000 m³ is expected.  

 

Pan de Azúcar White 

 

In the southern mining district white syenite crops out in the hill Cerro Pan de Azúcar. 

Commercially it is known as Pan de Azúcar White, but the quarry from where it was 

mined is now inactive. This dimensional stone is characterized by its light gray color 

and coarse-grained texture. Even though this rock shows feldspar substitutions, the 

absence of red stain is related to the lack of hematite in the pores of the feldspar, 

probably due to the lack of hydrothermal influence. 

 

The surface distribution of this deposit is unknown, due to the steep slope of the hill 

and the lush vegetation that covers the outcrops. A minimum area of 21,000 m² is 

determined by the extent of the inactive quarry and its surroundings. Considering a 

safe mining depth of 10 m, the probable reserves would be about 210,000 m². With a 

mining yield of 50%, a block production of 105,000 m³ is expected. 

 

Guazubirá Syenites: Salmon Red and Violeta Imperial 

 

In the northern mining district the pink and light red colors dominate (Salmon Red 

Syenite). The mining district has an area of about 5 km². Typical for this district are 

numerous wide fault zones as indicated by the valleys. Former mining in the center or 

nearby these zones produced only ballast and rubble (aggregates).  
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The joint set distribution has been measured and analyzed using the previously 

described methods of Palmstrøm (1982, 1996, 2001) and Sousa (2010). A deposit 

(quarry number 075) for production of dimensional stone localized in a fault zone has 

a median block size of just 0.4 m³. In another deposit (quarry number 079) outside 

the fault zones a median block volume of 4.89 m³ is calculated. Considering the 

tectonic setting the potential mining area is reduced to almost 30% of the whole 

deposit: 1.5 km². The waste material would be considered a cost factor, but not as a 

decrease in the reserves.  

 

For a realistic calculation of the deposit reserves, quarry 079 will be used as an 

example. Its dimensions are around 700 x 300 m, therefore an area of 210,000 m². 

Using a conservative mining depth of 10 m and a mining yield of 60%, the reserves 

would be about 1,260,000 m³. The yield proposed is based on the international 

experience and the model of a section of quarry 075 using 3D Block Expert (Fig. 

3.20). 

 

A theoretical annual production capacity of 42,000 m³ is calculated for a mining 

duration of 30 years in the quarry 079. Oscillations in the world market must be 

considered. It is also necessary to evaluate the considered area using economical 

geophysical methods in order to determine the distribution and magnitude of the 

waste material to be removed.  

 

Regarding the cost of mining an optimization can be proposed using two different 

mining procedures. One procedure would be to use a greater surface area for mining 

at lower depth, and the second the construction of numerous mining levels in order to 

reach greater depths in a smaller area. The influence of volcanic rocks occurring at 

the rim of the deposit cannot be easily evaluated. It cannot be excluded that the 

deposit is affected by dikes, veins or sills.  

 

The small deposit of Violeta Imperial Syenite is a special case in regards to décor, 

where it shows smaller and narrow alkali feldspars that partially exhibit an interstitial 

fabric and a red violet color. Its dimension is less than 10,000 m². Considering a 
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mining depth of 10 m and a rate of 60%, the possible reserves of this deposit are 

calculated to be 60,000 m³. A production would be possible as a special target and 

would only be economically viable in combination with the main production of the pink 

colored syenite. 

 

Economic aspects of syenitoid deposits 

 

The syenitoid group may also have a good position on the international market, since 

the range in décor for these rocks is quite uncommon and very pleasing to the eye. 

As the petrophysical properties are not a limiting factor for their commercialization, 

these rocks could be sold at prices between 400 and 500 US$/m³ FOB. An annual 

production of 24,000 m³ is proposed for the Artigas Pearl Syenite. The attainable 

average market price of 500 US$/m3 would account for 12 million US$ per year.  

 

For the Pan de Azúcar Syenite an annual production of 3,500 m³ can be calculated. 

At market prices for white granitic stones of 200 US$/m³ FOB, the annual income of 

its mining would be 700,000 US$. 

 

Due to its color and décor the Salmon Red Syenite could be easily placed on the 

market in the category of red granitic dimensional stones. Its fabric makes it 

particularly interesting, because it gives the impression of being optically 

homogeneous. Taking an average price level of 500 US$ per m³ and an average rate 

of 50% of exportable industrial blocks would result in an annual amount of 

10,500,000 US$. 

 

For the Violeta Imperial deposit the annual production of 2,000 m³ can be calculated. 

The prices for this kind of colored granitic stones average 450 US$/m³ FOB, allowing 

an annual profit of 900,000 US$. 

 

3.7. Conclusions 

 

The Uruguayan commercial granites can be classified by their petrography and 

geochemistry into mafic rocks, granitoids and syenitoids. For the last two groups a 
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characterization has been carried out considering their color and décor, their 

petrophysical properties and their economically profitable occurrence in the field 

(deposit). 

 

The only mafic rock deposits successfully mined in Uruguay today as dimensional 

stone are the dolerites. They will not be described in this chapter since they have 

been considered in chapter 2. 

 

Table 3.7: Worldwide known commercial granites (Source: Börner and Hill 2010 except values 
marked with * Strohmeyer 2003).  

 

 

The fine-grained gray granite varieties Cerro Áspero and Garzón Gray are similar in 

décor to the Padang Light Granite (G633/G3533) (China) and Kuro Gray (Finland). 

The petrophysical properties of the Uruguayan fine-grained gray granites are 

between those of these two internationally known granites (Table 3.7). Cerro Áspero 

Granite show higher UCS values as Padang Light, as well as slightly lower water 

absorption values. Oxidation of biotite under normal weathering conditions has an 

adverse effect on the color (by the staining of surrounding minerals) and in the rock 

stability. In the Cerro Áspero Granite no accumulation of iron hydroxide occurs due to 

the extremely low capillary water uptake. This characteristic places this granite in a 

better market position in comparison to the Padang Light, which is one of the most 

commercialized light gray and fine-grained granites. In its porosity and pore-related 

petrophysical properties, the Cerro Áspero Granite is comparable to the Kuro Gray 

Granite from Finland. 
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The Cerro Áspero Granite deposit can provide material for the dimensional stone 

industry as well as directly for the building sector. The large blocks can be cut with a 

gang saw blade for the production of polished slabs for wall cladding. The small- and 

medium-sized blocks provide material for flagstone and other products using normal 

saw blades or by simple handwork.  

 

The color and décor of the Cufré Gray Blue Granite is not particularly interesting for 

the international market, but the rock can be commercialized at local and regional 

markets. Oxidation of the mafic enclaves and biotite clots with the development of 

orange colored limonitic spots has been observed in the quarry. This phenomenon 

has not been seen in polished slabs used for outdoor façades (e.g. Torre de Antel, 

see Fig. 3.1a). The stone has a very high content of quartz (40%), and thus a good 

stability as a polished surface. Due to the presence of a foliation, mafic enclaves and 

biotite clots, the décor of this rock will vary within a block. The entire block needs to 

be cut in order to classify the finished product according to the décor (i.e. the 

presence or absence of heterogeneities that will determine the products quality). 

Taking into consideration these facts and also the low porosity and low capillary 

water absorption, the Cufré Gray Blue can substitute for high quality imported stones 

for indoor and outdoor floor and façade cladding.  

 

Maldonado Gray Granite is comparable in décor and petrophysical properties with 

the Italian Serizzo Antigorio gneiss. The Uruguayan granite shows higher strength 

values and lower water uptake. An optimization of the mining of this commercial 

granite could eventually lead to a higher production of larger blocks, which could 

place this granite on the international market. 

 

Moskart or Soca Granite has similarities in décor (the greenish-gray color, the very 

coarse-grained texture and the occasional iridescent feldspar) with the Flash Blue 

Granite from India and the Verde Butterfly from Brazil. The compressive strength is 

higher in the Uruguayan Granite and its flexural strength and water uptake values are 

in between both international granites. These characteristics make the Uruguayan 

granite a good competitor against the Indian and Brazilian granites. Due to its very 
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coarse-grained texture and the presence of microcracks, the best method for mining 

this dimensional stone has proven to be the diamond wire saw. These 

characteristics, together with the relatively low values of its petrophysical properties, 

make a previous treatment of the slabs necessary in order to ensure their stability 

(e.g. chemical treatment to prevent water infiltration). Examples of this assessment 

are illustrated in Figure 3.22a, where a step of a stone staircase broke due to the low 

flexural resistance of this stone. In Figure 3.22b an outdoor façade cladding with 

precipitated calcite in the microcracks is shown, probably due to the remobilization of 

the cement material. Despite these application problems the Moskart Granite was 

commercialized on the international market during the last decade of the 20th century. 

 

The décor of the Uruguayan colored syenitoids is so unique that there are no rocks to 

compare them with. The red granites, on the other hand, can be compared with 

numerous rocks. The equigranular facies of the La Paz Granite can be compared to 

the Rosa Santa Eulalia, a granite from Portugal; the porphyritic facies with the 

Rosavel Granite from Spain and the Guazunambí Granite with the Marrom Gaucho 

Syenite from Brazil. Their petrophysical properties are comparable to those of the 

international granites, but the compressive strength is clearly higher than the Rosavel 

quartz-syenite. 

 

The appearance of numerous open pores in polished slabs of the Artigas Pearl 

Syenite, as well as in the deposit, is a factor to consider for its application. A coating 

will be necessary before its utilization as a working table or high quality flooring slabs. 

The use as a funerary monument is limited due to the high requirements in this 

sector. Basically, the application of this rock in the heavy duty sector has to be 

carefully considered, since it has relatively low petrophysical values in comparison to 

those of the syenite-monzonite groups of Mosch (2008). 
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Fig. 3.22: Damages. a. Moskart Granite broken floor cladding due to the low flexural strength of this 

rock; b. Moskart Granite outdoor façade cladding with calcite precipitated in the microcracks, probably 
by the remobilization of the cement material; c. Artigas Pearl Syenite outdoor cladding; precipitation of 

calcite from the cement in the joint between two slabs; d. Artigas Pearl outdoor monument cladding 
with a crack presumably posterior to the placement. Note the microcracks and little pores 

homogeneously distributed in the entire polished slab; e. La Paz Granite urban monument affected by 
biomechanical deterioration due to the growth of a tree; f. The same monument shows anthropogenic 

deterioration (graffiti). 
 

The Salmon Red Syenite is in demand on the international market because of its 

color and décor, where it can be used in combination with rough surfaces and more 

dark red rocks for indoor and outdoor flooring slabs. Comparing the petrophysical 

values with the syenite-monzonite group investigated by Mosch (2008), this syenite 

has a very good position, allowing its use in sophisticated construction locations such 



 Case study: Granitoids and syenitoids 
 

 
113 

 

as façades and countertops. Pore formation can be problematic in this dimensional 

stone, so that special attention has to be taken in the posterior industrial process 

(cutting and polishing). No negative aspects are known in regards to the weathering 

behavior.  

 

The Pan de Azúcar White Syenite is comparable in décor to the Bianco Sardo from 

Italy. This rock could be interesting for the international market, as long as it can be 

extracted in industrially utilizable blocks. It could occupy a segment in the market, 

because the color “white” in hard rocks is not very common. In this sector, aplites and 

gneisses are offered, which very often show problems with posterior alteration 

accompanied by the formation of visible limonite. 

 

Uruguayan syenitoids have been in use for several decades in the harbor facilities of 

Argentina and Uruguay. They have a high salinity resistance as well as a high 

resistance against applied loads (wash of the waves). This allows the application of 

small blocks on the international market for sectors that need high chemical resistant 

materials. With this special utilization, the deposits would be more competitive and 

have a better mining yield, since the high proportion of waste material is composed of 

small blocks. The waste material could be minimized by the production of aggregates 

parallel to the production of large blocks. 

 

In summary, the color and décor, together with the petrophysical properties of the 

Uruguayan commercial granites places them in a very good position to compete with 

internationally known granitic stones. The fine-grained gray granites are particularly 

interesting because they show very good petrophysical properties that allow their use 

in practically all types of building applications. Their color and décor make the 

commercialization of these rocks relatively independent of the changing fashion 

demands of the market. 
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Appendix 
 

Table A.3.1: Petrophysical properties: density, porosity, water absorption (W.A.). 

 
 

Table A.3.2: Petrophysical properties: Thermal expansion, water vapor diffusion and ultrasound. 
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Table A.3.3: Petrophysical properties: uniaxial compressive strength, modulus of elasticity and indirect 
tensile strength. 

 
 

Table A.3.4: Petrophysical properties: flexural strength, abrasion strength and breaking load at the 
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4. Case Study: Slates 
 
Abstract 

 

Slates are internationally known as roof and façade cladding material since 

prehistoric times. The methods required to mine and manufacture these dimensional 

stones are relatively simple in comparison to those utilized in granitic dimensional 

stones. This has led to a worldwide rentable commercialization of slate in the last 

centuries and also to the development of characteristic cultural landscapes.  

 

In Uruguay several slates are mined and used in architecture, especially as façade 

cladding and floor slabs. The most important slates regarding their production and 

utilization are the dolomitic slates. These dolomitic slates are associated with the 

Neoproterozoic thrust and fold belt of the Dom Feliciano belt.  

 

Representative samples have been geochemical and petrographical characterized, 

as well as petrophysical and petromechanical analyzed. The petrophysical and 

petromechanical properties were investigated in a very systematic way with respect 

to the new European standards, showing values comparable to those registered for 

internationally known slates. 

 

Detailed structural and deposit analysis were carried in out Uruguay in order to 

evaluate the dolomitic slate deposits. The slates are linked to calc-silicate strata in a 

greenschist facies volcano-sedimentary sequence and the deposits are located in the 

limb of a regional fold, where bedding and cleavage are parallel. The main lithotype 

is a layered and fine-grained dolomitic slates with a quite diverse palette of colors: 

light and dark green, gray, dark gray, reddish and black. The mined slate is split into 

slabs 0.5-2 cm thick.  

 

In the past, the average production in Uruguay was around 4,000 tons/year and a 

historical maximum of 13,000 tons was reached in 1993. The oscillations in the 

regional demand were the cause of several flourishing and decay cycles in the 

activity, but our investigation shows a considerable volume of indicated resources 

and therefore a very good potential. 
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4.1. Introduction 

 

Over the millennia slates in a broader sense have been one of the most favorite 

dimensional stones because of their particular attributes, such as fissility in a 

preferred direction and their high strength. Different shapes can be produced by 

simple technical means for roof and façade cladding (Fig. 4.1a), as well as for 

everyday objects and floor consolidation. Slate tablets and chalk (Fig. 4.1b) are one 

of the most important precursors to the personal computer, to which several 

generations owe their education in the acquisition of writing and mathematical skills. 

 

Slate has been used as a roof cladding material since Neolithic times (Card, 2010). In 

regions where this resource was easily mined, the widespread application of slates in 

constructions resulted in the development of characteristic cultural landscapes. The 

traditional slate roof cladding has been displaced by other building materials since 

middle of the 20th century, leading to a dramatic decline of the traditional slate 

industry. 

 

Some rock types (e.g. sandstones, gneisses) also show fissility and are often sold as 

slates because they are used in similar applications (floor slabs, wall cladding, etc.). 

The term slate defines a fine-grained metamorphic rock that underwent low-grade 

regional metamorphism and possesses slaty cleavage (Allaby and Allaby, 1990; 

Jackson, 1997; Bucher and Frey, 2002). This cleavage is defined as a foliation, which 

results from the alignment of phyllosilicates in response to compressive tectonic 

deformation (Allaby and Allaby, 1990; Jackson, 1997; Bucher and Frey, 2002). With 

respect to the DIN EN 12326-1, a slate is a metamorphic rock with slaty cleavage 

formed by the alignment of phyllosilicate minerals (mainly mica and chlorite), quartz 

and other typical minerals. From the commercial point of view, a slate is a 

dimensional stone with a very well developed fissility, which allows the rock to be 

easily split. Afterwards the stone can be manufactured into roofing and cladding 

slate, or be used in special cases such as billiard table-tops, laboratory benches, and 

blackboards (Allaby and Allaby, 1990). 
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Fig. 4.1: Typical applications of slates in Uruguay and Germany: a. Roof and wall cladding in 

Germany using traditional black slate; b. Slate tablets and blackboards for writing and drawing;  
c. Dry stone wall of black slate used for a fern bed (Germany); d. Polygonal floor slabs of Brazil 

colored slate and stair trades of black slate (Germany); e. Uruguayan colored dolomitic slates used 
as wall cladding, note that the slabs are parallel and perpendicular to the slaty cleavage;  

f. Uruguayan colored dolomitic slate applied as chimney cladding, socle cladding and polygonal 
floor slabs. 

 

Rocks possessing this property are slates, some gneisses and phyllites, some 

limestones, quartzites and fine-grained pyroclastic rocks. In contrast, fine-grained 

sedimentary rocks with a high proportion of clay minerals are defined as shale. When 

they are split into thin slabs they are also commercialized as slates. 

 

When the rock splits along the original bedding the terms used are “mass slate” or 

“parallel slate” (from the German term “Parallelschiefer”). When the dominant fissility 
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is defined by a new developed cleavage, the term “transversal slate” (from the 

German “Transversalschiefer”) is preferred. The angle between the slaty cleavage 

and the bedding can vary and is essentially the result of the tectonic overprinting. 

 

Prior to the application of new varieties, it is necessary to analyze the stone 

petrographically and conduct petrophysical investigations to ensure a safe use for 

construction purposes. In the slate group it is critical to evaluate the amount of ore 

minerals (pyrite, chalcopyrite, etc.) and carbonates. Also petromechanical properties 

are of particular relevance, especially flexural strength, as well as water uptake, 

thermal behavior and freeze-thaw stability. 

 

Another factor to be taken into account prior to the application of new slate varieties 

is the reliability of the supply. This is related to the fact that some slates are only 

available for a short time and only in a few specific formats. Relying on established 

commercial varieties will possibly prevent constructional and technical delivery 

problems. 

 

In addition to the geology of the deposit, the durability of the slate plays a decisive 

role in their possible applications. The expected economic lifetime of roof and façade 

cladding slate depends on the resistance against environmental agents, especially 

weather conditions to which they are exposed. These include salt attack or freeze-

thaw stability as well as impacts of thermal and hydric variations. Slates with 

inclusions, e.g. coarse-grained pyrite, are not very stable against temperature 

changes, due to the difference in thermal expansion among the rock components. 

This differential behavior can lead a loosening of these inclusions from slates used 

for different constructive purposes. Chemical and biological weathering can be critical 

for different types of slates, especially when considering the relevance of color 

stability. 

 

In this study the Uruguayan slates are characterized in detail based on their 

petrography and petrophysical properties. In order to perform a comparison several 

slates from Spain, Brazil, Argentina, Portugal and Germany are also characterized 
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from the petrographical and petrophysical point of view. Three groups of slates have 

been defined: dolomitic, semipelitic and pelitic slates. 

 

Overview of the slate market and slate applications  

 

According to Montani (2008), the main producers of slate in 2007 were, in order of 

importance, Spain, Brazil, China, Canada and India (Fig. 4.2); together these 

countries produce almost 75% of the world production. Other countries supplying 

slate as a dimensional stone are Italy, the USA, Germany, Belgium, Norway, France, 

Portugal and Turkey. The most important consumer is France. Traditional slate 

countries in terms of use are also Germany, Benelux and Great Britain. 

 

 
Fig. 4.2: Export of processed slate from the main producing countries between 1995 and 2007 

(data after Montani, 2008). 
 

A highly appreciated feature typical of slates is their uniform fabric and, in most of the 

cases, a deep black color. Their schistose structure is advantageous and convenient 

for mining and processing. Traditionally slates have been used as roof and façade 

cladding material. The optimization of modern mining techniques allows the 

excavation of larger blocks and better processing. This has led to a greater spectrum 

of products, and therefore, a wider application of slates. 

 

For the design of outdoor areas the new application for slates include floor slabs (in 

various polygonal shapes), garden and landscaping elements (Fig. 4.1c), stone stair 
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treads (Fig. 4.1d), gabions, stream and spring cladding, rubble stone and dry stone 

walls. Even gravestones and tombs are constructed using slate. 

 

For indoor use several examples include pavements (in various polygonal shapes), 

wall cladding, window sills, marquetry elements for tables and furniture, as well as gift 

items (watches, platters, etc.). The spectrum of products also includes anti-bacterial 

washbasins and kitchen countertops with smooth, polished or rough surfaces. The 

use of slates for roof and façade cladding material has not lost its architectural 

importance. For this reason standards and quality criterions have been defined for 

roof and façade cladding slates in several economic regions (EU, USA, etc.). The 

quality criteria defined by these standars are matched by the traditional slate deposit 

(e.g. Mosel slate, Thüringer slate, Spanish slates, English slates), as well as by some 

of the new slate deposits (e.g. Chinese slates). 

 

Traditional local use of fissile rocks in the areas of their exploitation is still common 

today, e.g. Gneiss in Switzerland and the “Alta Quartzite” in northern Norway. Since 

the middle of the 20th century, slates from Uruguay have been utilized in the whole 

country for wall cladding and floor tiles (Fig. 4.1e and f). 

 

4.2. Geological setting of Uruguayan slates 

 

The Precambrian basement of Uruguay is represented, from west to east, by the Río 

de la Plata Craton (Almeida, 1971; Oyhantçabal et al, 2011), the Nico Pérez Terrane 

(Bossi and Ferrando, 2001; Oyhantçabal et al, 2011), the Dom Feliciano Belt 

(Fragoso-Cesar, 1980), the Punta del Este Terrane (Preciozzi et al, 1999) and the 

Rocha Group (Fig. 4.3). The Río de la Plata Craton (RPC) in Uruguay corresponds to 

the Piedra Alta Terrane, which includes metavulcanosedimentary belts and a central 

granitic-gneissic complex of Paleoproterozoic age (Bossi and Ferrando, 2001; 

Oyhantçabal et al, 2011). 

 

The Nico Pérez Terrane (NPT), which was originally defined as part of the RPC 

(Bossi and Campal, 1992), was recently excluded from the craton by Oyhantçabal et 

al (2011) on the basis of differences in the tectono-stratigraphic evolution of both 
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units. The NPT is bounded to the west by the RPC through the Sarandí del Yí Shear 

Zone (SYSZ) and to the east and southeast with the Dom Feliciano Belt (DFB) (Fig. 

4.3). 

 

 
Fig. 4.3: Geological map of southeastern Uruguay. The location of the dolomitic slates mining 
district is indicated (redrawn after Oyhantçabal et al, 2010 and Sánchez Bettucci et al, 2010). 

 

The DFB is the result of the collision of the Río de la Plata, Congo and Kalahari 

cratons that took place during the Late Neoproterozoic (Brasiliano Cycle) (Porada 

1989). This collision led to the amalgamation of West Gondwana (Brito Neves and 

Cordani, 1991). The DFB comprises a granite, schist and foreland belt that extends 
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from southernmost Uruguay to southern Brazil (Rio Grande do Sul and Santa 

Catarina states) (Basei et al, 2000). The Lavalleja Group (Bossi et al, 1965; Sánchez 

Bettucci 1998) represents the schist belt in Uruguay (Basei et al, 2008). 

 

Especially relevant for the present work is the Lavalleja Group (LG), since here are 

located the dolomitic slate deposits. This unit was first defined by Bossi et al (1965), 

being further studied by Midot (1984), Sánchez Bettucci (1998), Sánchez Bettucci 

and Ramos (1999) and Oyhantçabal et al (2001). All these authors agree that the LG 

is composed of metavolcanic and metasedimentary sequences that underwent 

metamorphism under greenschist to lower amphibolite facies conditions. This group 

crops out to the north of Pan de Azúcar city to 70 km northwest of Treinta y Tres city, 

and between SYSZ and Sierra de Ánimas Complex (to the west) and Carapé 

Complex (to the east) (Fig. 4.3). 

 

In the southern region the LG was further subdivided by Midot (1984), Sánchez 

Bettucci (1998) and Oyhantçabal et al (2001). The first author defines the Minas and 

Fuente del Puma Series, while the second author, recategorized these units as 

formations and added a third one: the Zanja del Tigre Formation. Oyhantçabal et al 

(2001) proposed a different approach, subdividing the LG into four lithological 

associations. These associations are, from west to east: La Plata (LPA), Peña Blanca 

(PBA), Minas Viejas (MVA) and Zanja del Tigre-Cuchilla Alvariza (ZTCAA). 

 

The lithologies of the current investigation belong to the Fuente del Puma Formation 

(Midot 1984, Sánchez Bettucci 1998) or to the lithological association Minas Viejas 

(Oyhantçabal et al, 2001). The preferred classification used in this study is the one 

defined by Oyhantçabal et al (2001), since it presents a more detailed analysis in the 

considered area. The MVA is where the dolomitic slate deposits are exposed. The 

northwestern boundary of this association with the PBA is the Peña Blanca 

Lineament, which also acts as a boundary with the LPA to the south. The Mina 

Oriental Lineament is the boundary of the MVA with the ZTCAA (to the east) and with 

the Carapé Granitic-Gneissic Complex, the syn-tectonic Brasiliano granites and a 

pre-Brasiliano basement (to the north). 
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The MVA, as originally defined, is composed of calcareous phyllites, basic 

metavolcanics, limestones, and metapelites. Geomorphologically, this association 

forms NNE elongated hills in the south central region, with very steep slopes and 

associated V-shaped valleys. While in the north the hills show less pronounced 

slopes and the valleys are narrow and flat bottom-shaped (Oyhantçabal et al, 2001). 

These authors considered that the calcareous phyllites are the predominant 

lithological type. They form outcrops of elongated ridges kilometers in scale and 

always in the upper topographic positions. An excellent layering defines these 

exposures, determined by alternating carbonate and phyllosilicate layers and a well-

developed cleavage. 

 

These structural features correspond to a regional transpressional tectonic regime 

and are defined by strike-slip faults, thrust faults and megafolds observable in aerial 

and satellite images. Further details to the structural features observed in the studied 

lithologies are described in the deposit characterization subchapter. 

 

4.3. Lithological inventory 

 
The main slate quarries active in Uruguay today were sampled for geochemical and 

petrographic analysis. In order to identify the factors leading to a commercially viable 

stone, other locations were sampled where mining was unsuccessful. Several 

internationally known slates were also analyzed as a reference for comparison (e.g. 

the Spanish roofing slates). All the rocks investigated are listed in Table 4.1 with their 

corresponding lithology, location and sample abreviation. 

 
4.3.1. Geochemistry 

 
The geochemistry of the slates was determined by X-Ray fluorescence (XRF). The 

results are given in Table A.4.1 and A.4.2 (appendix). The major components of the 

slates are SiO2, Al2O3, Fe2O3t, MgO, CaO, Na2O, K2O and CO2. 

 

The SiO2 content varies from 29.15 wt% in the red-green variety (UY-21) to 66.9 wt% 

in Vila Nova de Foz Côa (PO). The Uruguayan varieties that show higher contents of 
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SiO2 are Piedra laja rosada con gris (UY-106) and Piedra laja Puntas del Chafalote 

(UY-108), with 56.27 and 60.92 wt%, respectively. 

 

Al2O3 shows a similar distribution, although is present in a lower proportion: between 

6.07 wt% in Piedra laja verde oscura (U38C) and 24.49 wt% in Ardósia de Canelas 

(PL). The proportion of Al2O3 is higher for the Uruguayan varieties UY-106 and UY-

108 than the other 15 Uruguayan samples. The highest Al2O3 values were analyzed 

for the samples of other countries (e.g. Argentina, Spain; Table A.4.1). 

 

Table 4.1: List of investigated slates. 

 

 

The Fe2O3t content shows a similar trend, varying from 1.90 wt% in Piedra laja verde 

clara (U38D) to 10.21 wt% in Ardósia de Canelas (PL). In the Uruguayan varieties 

the higher values of Fe2O3t are found in UY-106 and UY-108, with 6.52 and 4.78 

wt%, respectively. Note that all the Fe present is shown as Fe2O3t, not discriminated 

from FeO. 

 

The MgO, CaO and CO2 contents show a clear relationship, so that the samples with 

higher contents of MgO and CaO also show the higher content of CO2. This is due to 
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the fact that these three oxides combine with CO2 to form carbonates. Ardósia 

Gaspar (GA) shows the lowest CO2 content. The highest contents of MgO are 

observed in the variety Piedra laja gris plomo (UY-19) with 12.84 wt%, and in 

general, for all Uruguayan slates analyzed with the exception of UY-108. 

 

Another negative correlation is observed between the carbonate forming oxides and 

SiO2 as well as Al2O3. Na2O varies from less than 0.01 wt% in almost all Uruguayan 

slates to 2.52 wt% in Xisto negro de Foz Côa (PO). K2O values range from 1.83 wt% 

in Piedra laja verde clara y oscura “macho” (UY-19) to 4.64 wt% in UY-108. 

 
4.3.2. Organic carbon 

 

Knowing the organic carbon content is essential when relating it with some of the 

rock properties, such as the color and the antibacterial properties. The total carbon 

(Ctot) in the analyzed slates varies from 0.00 wt% in the Theuma Fruchtschiefer (TH) 

(Fischer et al, 2011) to 7.34 wt% in the Piedra laja verde clara (U38D) (Table 2). 

Dolomitic slates show a higher proportion of Ctot in all the samples analyzed, with the 

proportion varying between 3.40 wt% in Piedra laja negra Rufo Hnos (U45) and 7.34 

wt% in the already mentioned U38D. The pelitic and semipelitic slates contain Ctot 

values up to 0.87 wt%, as in the case of Ardósia Apiúna (AP). 

 

Considering how much of the carbon present is actually organic carbon is important 

because of the antimicrobial properties of the organic compounds, especially of the 

sulfonated shale oils (Listemann et al, 1993; Fluhr et al, 1998; Gayko et al, 2000). 

Organic carbon (Corg) contents are very low in all the samples analyzed; between 

0.00 wt% in TH (Fischer et al, 2011) and 0.51 wt% in the Sauerland Schiefer (WS). 

The Corg content in the dolomitic slates ranges from 0.10 to 0.18 wt% and represents 

between 1.6 and 3.8% of the Ctot present. 

 

Pelitic and semipelitic slates show a Corg content between 0.11 and 0.51 wt% of the 

whole sample, being markedly higher for some samples in comparison to the 

dolomitic slate group. The proportion of Corg in the Ctot is very high and ranges 

between 18.8 and 95.5 wt% in the pelitic and semipelitic slates (Table 4.2). 
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Table 4.2: Total carbon (Ctot), total organic carbon (Corg), total carbonatic carbon (Ccarb),  
total nitrogen (Ntot) and total sulfur (Stot) (*: data after Fischer et al, 2011). 

 

 

4.3.3. Petrography 

 

The petrography of the investigated slates show a wide variation (in mineralogy, 

fabric, etc), especially when comparing the dolomitic slates to the pelitic and 

semipelitic slates. The main difference is the occurrence of carbonate minerals, 

which are present in very high proportions in the first group, and are practically 

absent in the other two groups. 

 

Determining mineral compositions in fine-grained metasedimentary rocks is often 

difficult by conventional optical microscopy, and thus alternative approaches were 

applied. The software Slatenorm (Prof. Dr. Dieter Jung, p. c.) and the X-ray diffraction 

Rietveld method were used to quantify the mineralogical composition (Tables 4.3 and 

A.4.3). 

The first method calculates the normative minerals using the geochemistry, while the 

second performs a quantitative phase analysis using the XRD results. A strong 

correlation exists between both methods on the amounts of quartz. However, in the 

case of the phyllosilicates the correlation is not so obvious because of the uncertainty 

concerning the composition of these minerals (Ward and Gómez Fernández, 2003). 

In the dolomitic slates, the values for these phyllosilicates obtained by both methods 
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are similar when illite coexists with muscovite. However, for the rest of the slates 

studied such a simple correlation does not exist; the chlorite contents are higher 

using the Rietveld method. Dolomite contents are similar when using both methods. 

 

Table 4.3: X-ray diffraction result for the Uruguayan dolomitic slates. 

 

 

The normative mineralogical composition obtained has been used to classify the 

slates with respect to the nomenclature of the British Geological Survey (Robertson, 

1999). Following this classification schema, three different categories are used based 

on the quartz, feldspar, phyllosilicate and carbonate mineral contents. 

 

The first category is for rocks containing mostly quartz, feldspar and mica. A second 

category is for rocks that have between 10 and 50% carbonate and/or calc-silicate 

minerals and at least 50% quartz + feldspar + mica. A third category uses another 

ternary diagram for the classification of rocks containing more than 50% calc-silicate 

and/or carbonate minerals (see Fig. 4.4). Textural and mineralogical qualifiers (e.g. 

slaty, dolomitic) are used to present more information on the classification of these 

rocks (see Robertson, 1999). For all the rocks studied, the qualifier “slaty” will be 

used because all of them show a slaty cleavage that determines their strong fissility. 

 

Uruguay has a relatively large variety of slates, which are incorrectly described as 

quartzites (Comunità Economica Europea-Uruguay, no date) or chloritic phyllites 

(Coronel et al, 1987). Most of the Uruguayan rocks analyzed contain dolomite as the 

main carbonate mineral, and the qualifier “dolomitic” is used instead of the word 

“calcareous”. 
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Fig. 4.4: Classification of the investigated slates based on the normative composition of their 

sedimentary protolith (after Robertson 1999). a. Pelitic and semipelitic slates and b. dolomitic slates 
(mica*: includes all the minerals not considered in the other vertices). 

 

The investigated slates (Table 4.1) were classified into five subgroups using the 

schema of Robertson (1999) and their normative mineralogy (Table A.4.3 in appendix 

and Fig. 4.4). These groups are: i) Slaty semipelites, e.g. Xisto negro de Foz Côa 

(PO) and Lotharheil Schiefer (LO) (Fig. 4.4a); ii) Slaty pelites, includes the majority of 

the investigated rocks, as well as the Piedra laja Puntas del Chafalote (UY-108) (Fig. 

4.4a); iii) Slaty dolomitic metacarbonate rocks, comprising the following commercial 

varieties: Piedra laja verde oscura (U38C), Piedra laja verde clara (U38D) and Piedra 
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laja verde clara “macho” (U38M) (Fig.5.4b); iv) Slaty dolomitic semipelites, e.g. 

Piedra laja ocre (U38A), Piedra laja negra Caorsi Hnos (U33) and Piedra laja gris y 

negra (UY-85) (Fig. 4.4b). Note that the last variety occurs at the border between the 

calcareous semipelites and calcareous psammite, due to its higher content of quartz 

and feldspar, and finally v) the slaty dolomitic pelites, composed of only one variety: 

Piedra laja rosada con gris (UY-106) (Fig. 4.4b). 

 

For simplicity the five subgroups mentioned above will be categorized into three main 

groups. Dolomitic slates are those rocks that classify as slaty dolomitic 

metacarbonate rocks, slaty dolomitic semipelite or slaty dolomitic pelite; as pelitic 

slates, rocks that group as slaty pelites; and as semipelitic slates are those 

designated as slaty semipelite. 

 

4.3.3.1. Dolomitic slates 

 

The dolomitic slates are composed mainly of dolomite, quartz and phyllosilicates 

(muscovite, illite and chlorite) (Table A.4.3, Fig. 4.4b and 4.5). The normative amount 

of dolomite varies between 11.86 wt% in the Piedra laja rosada y gris (UY-106) and 

57.92 wt% in the Piedra laja verde clara (UY-90). The grain size ranges from 0.04 to 

0.18 mm. Grains are generally anhedral and very difficult to discern as individual 

grains (Fig. 4.5). The black slates show a lower normative dolomite content, between 

23.39 and 32.97 wt%. Calcite is present in a low normative proportion, ranging from 

zero to 4.12 wt%, and normative siderite is present in only two samples at very small 

amounts, between 0.08 and 0.16 wt%. 

 

Quartz is the second most important mineral, as its normative abundance comprises 

between 19.64 wt% in the Piedra laja ocre (U38A) and 36.01 wt% in the Piedra laja 

rosada con gris (UY-106). It occurs as anhedral grains with sizes that generally range 

from 0.05 to 0.12 mm. In the black slates grain sizes can reach up to 0.30 mm, and 

sometimes up to 1.10 mm as in some psammitic layers of the Piedra laja negra 

Caorsi Hnos (U33) (Fig. 4.5a). The quartz grains are normally elongated parallel to 

the foliation with an aspect ratio between 1.5 and 4. In the black variety of Rufo Hnos 

(U45) thin layers of about one centimeter, containing up to 50% medium-grained 
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(0.30 mm) quartz grains, have been recognized (Fig. 4.5b). Quartz sometimes 

appears recrystallized or with undulose extinction. 

 

Phyllosilicates form the third most important mineral component in these rocks. In 

thin section determining which phyllosilicate is present is difficult due to the very fine 

grain size. The most recognizable is muscovite. This mineral is one of the main 

normative phyllosilicates calculated using the program Slatenorm, as it comprises 

between 14.59 wt% in the Piedra laja negra con gris (UY-85) and 31.82 wt% in the 

Piedra laja rosada con gris (UY-106). 

 

However, in the majority of the dolomitic slates, the normative muscovite content is 

not higher than 24.07 wt% (Piedra laja negra, Caorsi Hnos). Muscovite appears as 

subhedral crystals of around 30 to 150 µm in size with an aspect ratio of 4 to 12. 

Normative paragonite, a sodium-rich mica, is only present in the Piedra laja negra 

Rufo Hnos and when these two micas coexist, they represent 24.41 wt% of the rock. 

Therefore, the black dolomitic slates contain the greater proportion of mica minerals. 

Only some of the dolomitic slates studied show normative chlorite. This mineral has 

been recognized in hand specimens due to its typical green color, as well as in thin 

sections (e.g. U38A, Fig. 4.5c) and in x-ray diffraction (Table 4.3). The phyllosilicates 

occur parallel to the S0-1 foliation and in some varieties also along a second foliation 

S2 (Fig. 4d) or to folds developed in a later deformation phase (Fig. 4.5h). 

 

In the calculations using Slatenorm (Table A.4.3), the normative chlorite mineral is 

defined as daphnite (Fe-Al-chlorite) and the serpentine group consisting of the 

minerals serpentine (Mg-serpentine), amesite (Mg-Al-serpentine) and greenalite (Fe-

serpentine). The serpentine group minerals were not identified in thin section and are 

not present in the x-ray diffractograms, being only present as normative minerals. 
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Fig. 4.5: Thin section images of the investigated samples. The slaty foliation is parallel to the image 
length. a. Black dolomitic-slate (U33) in cross polarized light (CPL) with a large quartz clast visible 

in the upper left corner; b. Piedra laja negra Rufo Hnos (U45) in CPL containing a distinct 
psammitic layer; c. Piedra laja ocre (U38A) in plane polarized light (PPL), the phyllosilicatic layer in 
the center shows a light green colouration due to chlorite. Note the iron hydroxide staining above; 

d. Piedra laja gris plomo (U38B) in CPL. S0-1 and a S2 are indicated by the phyllosillicates; e. Piedra 
laja verde oscura (U38C) in PPL showing a poor development of phyllosilicatic layers; f. Piedra laja 

verde clara (U38D) in PPL, phyllosilicate layers are missing; g. Piedra laja verde clara “macho” 
(U38M) in PPL. Relatively coarse dolomite, quartz and opaque grains are visible; h. Sample UY-87 

in PPL is a green dolomitic slate which shows a folded S0-1. 
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There is an inverse correlation between the normative amount of dolomite on the one 

side and the normative content of quartz + feldspar and mica on the other. The 

Piedra laja verde oscura (U38C) and verde clara (U38D) have the highest normative 

dolomite content of the commercial varieties analyzed and the lowest proportion of 

normative quartz and muscovite (Table A.4.3, Fig. 4.4b). On the other hand, the 

Piedra laja rosada con gris (UY-106) shows the highest quartz and muscovite 

normative proportions and the lowest dolomite normative content. 

 

Accessory minerals determined are feldspar, apatite, tourmaline, zircon and opaques 

(magnetite and pyrite). In the black Rufo Hnos (U45) variety, psammitic layers 

containing anhedral grains of plagioclase are recognizable with sizes similar to those 

of the quartz grains (30 µm). The reddish colored varieties (U38A to U38M) show 

patches red and orange in color (possibly iron hydroxides, Fig. 4.5c). 

 

The black slates have lower proportions of normative dolomite when compared to the 

colored slates and show, in turn, higher proportions of normative quartz and 

phyllosilicates (muscovite, chlorite and illite). This relationship between the 

mineralogical composition and the color is confirmed by the variety Piedra laja gris 

plomo (U38B), which is the darkest slate of the northern district (AMVD) and shows 

the lowest proportions of dolomite in the entire mining district. 

 

4.3.3.2. Pelitic slates 

 

The pelitic slates are the most heterogeneous of the rocks investigated (Table A.4.3, 

Fig. 4.4 and 4.6). These rocks have a high proportion of normative phyllosilicates 

(between 38 and 68%), mainly muscovite, but also chlorite, chloritoid and minor 

biotite (in Ardósia Apiúna, AP). The other main constituents are quartz and feldspar. 

 

Muscovite appears as euhedral crystals with sizes ranging between 50 and 100 µm. 

They have an aspect ratio of 20 and are oriented parallel to the foliation. In the 

psammitic layers of sample AP, muscovite grains show sizes up to 250 µm with an 

aspect ratio up to 16. Chlorite is the dominant phyllosilicate in the Piedra laja San 

Luís (AR). Chlorite is observable in the varieties Pizarra de techar La Fraguiña 
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(sample 120) and Valdemiguel (sample 150), where they appear as mica fishes 

ranging from 60 to 100 µm in size with an aspect ratio up to two (Fig. 4.6f). This 

observation has also been reported by Ruiz García (1977) and García-Guinea et al 

(1998). 

 

Chloritoid is present in the Ardósia de Canelas (PL) as euhedral crystals with a size 

range of 50 to100 µm and an aspect ratio of 10. Their long axes are parallel, 

transverse or perpendicular to the foliation (Fig. 4.6h). 

 

Another important constituent is quartz with a smaller variation of its proportion, the 

normative content ranges between 28 and 34 wt%. This mineral forms anhedral 

grains with sizes ranging between 40 to 80 µm, and up to 300 µm in size in the 

Ardósia de Canelas (PL) or 600 µm in the psammitic layers of the Ardósia Apiúna 

(AP) (Fig. 4.6a). Commonly, in the more phyllosilicate-rich slates the grains are 

elongated parallel to the foliation with an aspect ratio up to six (e.g.: Pizarra de techar 

La Fraguiña) (Fig. 4.6e and f). In the other varieties, those with lower phyllosilicate 

contents, the grains are very well rounded. Undulose extinction was not observed. 

 

The other main constituent is feldspar, whose normative amount varies between 0 to 

20.3 wt%. Due to the very fine grain size, determination with the petrographic 

microscope was not possible, with the exception of the feldspars in the psammitic 

layers of the Ardósia Apiúna (AP). The accessory minerals consist of rutile, apatite, 

magnetite and pyrite. In the Sauerland Schiefer (WS) carbonate is also observable as 

an accessory mineral. 

 

Varieties with a higher content of normative phyllosilicates (and lower feldspar) are 

Arouca (PL), La Fraguiña (sample 120), Valdemiguel (sample 150), Theuma 

Fruchtschiefer (TH) and Sauerland (WS). The high amount of Corg in the form of 

graphite ranges between 0.39 to 0.53 wt% (Table 4.2), and is responsible for their 

characteristic black or dark gray color. An exception to this characteristic is sample 

TH, which shows no presence of Corg and whose dark gray color is dotted by 

millimeter sized chlorite pseudomorphs after cordierite (Fischer et al, 2011). 
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Fig. 4.6: Thin section images of the investigated slates. The slaty foliation is parallel to the image 

length. a. Ardósia Apiúna (AP) in CPL with quartz grains showing undulatory extinction in the 
psammitic layers; b. Piedra laja San Luís (AR) in PPL. Quartz vein crosscuts the foliation as 

determined by the alignment of chlorite; c. Ardósia de Canelas (PL) in CPL. Quartz microlithons 
between phyllosilicatic layers and a lens of tiny pyrite porphyroblasts; d. Ardósia de Canelas (PL) in 

PPL. Note the chloritoid porphyroblast surrounded by or transversal to the foliation; e. Pizarra de 
techar La Fraguiña (120) in CPL with a very well-developed foliation. Quartz and chloritoid grains 
are elongated parallel to the foliation; f. Detail of the texture in the Pizarra de techar La Fraguiña 

(120) in PPL. Note the chlorite “fish” in the center with a light green color and the white quartz 
grains; g. Xisto negro de Foz Côa (PO) in PPL with opaques and a phyllosilicate–rich, irregular 
solution transfer foliation. Note the lighter and darker domains, the latter with a relatively higher 

proportion of phyllosilicates and a finer grain size; h. Detail of the solution transfer foliation.in the 
Xisto negro de Foz Côa (PO) in PPL. 
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Slaty pelites with lower amounts of normative phyllosilicates are, in decreasing order: 

Piedra laja San Luís (AR), Ardósia Gaspar (GA), Ardósia Apiúna (AP) and Piedra laja 

Puntas del Chafalote (UY-108). Higher proportions of normative serpentine minerals 

occur with respect to the other phyllosilicates. These rocks show green colors, due to 

the relatively high proportion of modal chlorite. 

 

4.3.3.3. Semipelitic slates 

 

Semipelitic slates are rocks with even lower normative phyllosilicate contents (Fig. 

4.6). Their main constituent is quartz, whose normative abundance ranges between 

33 and 50 wt%, and occurs as anhedral rounded grains of up to 120 µm. In the Xisto 

negro de Foz Coa (PO) two families of grain sizes can be differentiated, the smaller 

group ranges 40-50 µm and the larger 80-100 µm (Fig. 4.6g). 

 

Feldspar, with 14 to 34 wt% normative abundance, is mainly represented by 

plagioclase grains showing a similar grain size to quartz (40 and 100 µm). The 

normative phyllosilicates comprise 28 to 30 wt%, and consist of muscovite, biotite 

and chlorite. Muscovite appears as euhedral crystals 150 µm in size and has an 

aspect ratio up to 15. Biotite is subhedral to anhedral and finer in sample PO (up to 

30 µm in size with an aspect ratio of around one). In the Lotharheil Schiefer (LO) 

biotite is subhedral, shows a grain size up to 100 µm and an aspect ratio of around 

three. Euhedral hexagonally shaped crystals of chlorite are less frequent and around 

30 µm in size. 

 

Calcite appears as anhedral crystals generally 80 µm in size. Sometimes it exhibits a 

poikiloblastic texture in the LO (patchy-shaped grains) ranging in size between 150 

and 300 µm, partially surrounding grains of quartz and muscovite. The normative 

abundance is higher in the LO (5.5 wt%). Very coarse calcite crystals are also found 

occurring as veins in the PO (e.g.: one calcite vein is 2.8 mm in length and 0.16 mm 

wide). 
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Accessory minerals include euhedral apatite and zircon, and anhedral to subhedral 

magnetite and pyrite. They are disseminated throughout the rock and show very fine 

grain sizes up to 20 µm. 

 
4.3.3.4. Opaque minerals 

 

The opaque minerals present in all the slates include magnetite, chalcopyrite and 

pyrite. Their shapes, proportion and distribution vary widely from slate to slate. 

 

In the dolomitic slates the opaques mainly consist of magnetite and pyrite. Magnetite 

appears in almost all samples as 5 to 20 µm anhedral to euhedral crystals, normally 

disseminated in the rock. Pyrite usually appears as 5 to 20 µm anhedral crystals. In 

some of the samples, relatively coarser (350 to 500 µm) euhedral crystals are 

present, in veins or in the foliation surface, especially in the black varieties (U33, U45 

and UY-85) and in a non-fissile variety (U38M) (Fig. 4.5g). Chalcopyrite is present in 

two of the samples as euhedral crystals 5 to 20 µm in size. 

  

Magnetite and pyrite are also the main opaque constituents of the pelitic slates. 

These two minerals are present as very fine-grained disseminated crystals (around 

20 µm). Pyrite tends to be euhedral and magnetite subhedral to anhedral. However, 

in the variety Ardósia de Canelas (PL) the fine-grained pyrite crystals (20 µm) occur 

in lenses of up to 2.6 mm in length and 1.0 mm in width. 

 

In the Piedra laja San Luís (AR), subhedral magnetite is the dominant opaque 

mineral and shows two distinct grain sizes. The finer grained crystals are about 20 

µm in size and the coarser grains are up to 110 µm. Pyrite crystals are subhedral and 

tend to be elongated, having a size up to 130 µm with an aspect ratio of four. Their 

proportion in these rocks is relatively higher than for the other rocks analyzed. 

 

Magnetite and pyrite also appear as anhedral to subhedral grains in the semipelitic 

slates. They have very fine grain sizes (up to 20 µm) and are evenly disseminated 

throughout the rocks. Pyrite is also found in veins, around 60 µm thick and 15 cm 

length. Together with magnetite pyrite is also found along solution transfer surfaces. 
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4.3.3.5. Rock fabric 

 

The rock fabric together with the mineral composition controls the physical and 

mechanical properties and the décor of a dimensional stone, which holds true 

especially in the case of the slates. As illustrated in figure 4.7 four main rock fabric 

types have been determined for the slates analyzed. The presence of a spaced 

foliation is a characteristic feature common in the majority of the fabric types. This 

foliation is defined by cleavage domains that are essentially composed of orientated 

phyllosilicates and microlithons consisting of an ensemble of minerals that are in 

between these cleavage domains (Passchier and Trouw, 1996). According to Shelley 

(1993), the cleavage domains are M or P domains (for mica- or phyllosilicate-rich 

domains) and the microlithons are the Q domains (quartz-rich domains). In the 

dolomitic slates the microlithons have, in addition to quartz, also a high proportion of 

dolomite. 

 

 
Fig. 4.7: Rock fabrics (see explanation in the text). 

 

i. Fabric type I: the cleavage domains are practically absent or poorly developed 

due to the very low grade metamorphic conditions that the rock underwent. The 
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rock splits parallel to the bedding plane, especially along bedding planes that are 

characterized by significant differences in grain sizes. These are the so-called 

parallel slates. The individual grains do not show any preferred orientation and 

are equidimensional. The slate Ardósia Gaspar (GA) is a good example for this 

fabric type (Fig. 4.7a). This sample shows layers that are more fine-grained, with 

a poorly developed S1 foliation, which determines an intersection lineation (L1) 

with the foliation S0. 

 

ii. Fabric type II: is characterized by the abundance of cleavage domains 

determining a very well developed slaty cleavage, being the plane along which 

the rock splits. Individual quartz and chlorite grains of the microlithons are 

deformed, generally showing oblate to prolate shapes. A stretching lineation is 

defined by the grains that are oriented with their long axis parallel to the foliation 

plane. A typical example is the Spanish slate Pizarra de techar La Fraguiña 

(sample 120), whose fabric is illustrated schematically in figure 4.7b. A special 

case of this fabric type is the slate Ardósia de Canelas (PL), where the long axes 

of chloritoid porphyroblasts are perpendicular, transversal or parallel to the 

foliation and also millimeter thick lenses composed of tiny pyrite porphyroblasts 

occur. The chloritoids of Ardósia de Canelas are wrapped by the last foliation 

Sn+1, therefore they are pre-deformation phase Dn+1. They are post-tectonic to the 

foliation developed in deformation phase Dn, since they are not completely 

aligned. 

 

iii. Fabric type III: A wider range of fabric types is summarized in this group. This 

group shows more than one foliation and the angle between the planar fabrics 

may differ. The main foliation, which can be described as a slaty cleavage, is 

generally parallel to the original bedding plane of the protolith due to 

transposition, e.g. in the slate Laja Negra Rufo Hnos (U45) and it is defined as S0-

1. In most of the cases another foliation occurs (S2), as some of the phyllosilicate 

flakes were reoriented in response to a later folding event. Consequently, this kind 

of fabric also contains a lineation as the result of the intersection of these two 

foliations (L2). If both foliations have a relatively small angle between each other 

(e.g. 8° in sample UY-45) scales or flakes that easily break will develop. In cases 
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where the angle between both foliations is larger (e.g. 15° in sample U38B or 23° 

in U38A), the main foliation shows undulations on the order of microns. In figure 

4.7c this fabric is illustrated for the Uruguayan dolomitic slates. For commercial 

use the S0-1 should be the dominant foliation because it controls the mechanical 

behavior. Additionally, the angle between both foliations should not be larger than 

30°, because then the rock does not split easily parallel to S0-1 and the surface 

obtained will not be smooth (e.g. development of steps). 

 

iv. Fabric type IV: it is mainly characterized by the lack of flatness of the foliation 

surface. The most complex example is illustrated by the Xisto negro de Foz Côa 

(PO), which shows a foliation characterized by pressure solution and solution 

transfer processes and two domains with different grain sizes. The cleavage 

domains are composed of pyrite, muscovite and biotite and their thickness varies 

between 8 µm and 65 µm. The microlithons comprise very fine-grained domains 

(quartz grains <63 µm) and coarser grained domains (quartz up to 80 µm). The 

coarser grained domains are prolate, one to five millimeters in diameter and one 

to ten centimeters in length. Their long axes define a lineation parallel to the 

foliation plane very often surrounded by the solution transfer foliation. Another, 

less well-developed foliation can be observed perpendicular to the main foliation, 

which is characterized by pelitic domains. Additionally, carbonate, quartz and 

pyrite veins crosscut the rock in all directions. As for the Lotharheil Schiefer (LO), 

this kind of fabric is responsible for a very rough foliation surface (Fig. 4.7d). 

 

4.3.3.6. Mica layers and mass value 

 

The mass value is a very important parameter to be taken into account when 

evaluating the suitability of a slate for commercial use, as it controls its fissility. This 

parameter was developed by Bentz and Martini (1968) and later included in the DIN 

EN 12326-2. 

 

No clear knowledge exists of how exactly the mica layers influence the flexural 

strength and workability of the slates. The modality for measuring the mica layers is 

described in European technical norm for roofing slates (DIN EN 12326-2); however, 
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this parameter should be taken as an approximation. Variations of 10-15 mica layers 

per mm can occur depending on the person measuring and the procedure used (e.g. 

measurement with the microscope or using a printed image). Wagner (2007) 

calculated the mass value for several slates. This parameter is the product of the 

number of mica layers per mm by the average width of the mica layers multiplied by 

ten. 

 

The values obtained for the studied slates varies from 0.12 to 8.12, and although 

these values are lower when compared with those obtained by Wagner (2007), a 

general trend can be observed (Table 4.4 and Fig. 4.8). The dolomitic slates show 

lower mass values. They represent a lower number of mica layers per millimeter, 

between 7.5 and 39.7, and similar mica layer widths as the pelitic slates, with the 

exception of the Piedra laja ocre (U38A) that shows a mica layer width of 0.106 mm. 

 

Table 4.4: Width of mica layers, mica layers per mm and  
mass value calculated for the samples analyzed. 

 

 

The phyllosilicate-rich pelitic slates show a very high mica layer per millimeter, 

between 40.5 (Ardósia de Canelas) and 123.7 (Pizarra de techar La Fraguiña). 
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Although the Ardósia Gaspar and Ardósia Apiúna are pelitic slates, they have with a 

very low mica layer number per millimeter of 1.2 and 2.5, respectively. 

 

The semipelitic slates show the lowest mass values as they represent extremely low 

values of mica layers per millimeter, between 0.5 and 0.7. Wagner (2007) observed 

that the slates with a number of mica layers per millimeter lower than 40 are not 

suitable as roofing and façade slates. The analyzed slates that have a higher number 

of mica layers per millimeter than 40 are the Spanish roofing slates (samples 120 and 

150), Piedra Laja San Luis (AR), Sauerland Schiefer (SW) and Ardósia de Canelas 

(PL). 

 

 
Fig. 4.8: Diagram width of mica layers versus mica layers per mm (modified after Wagner, 2007). 

 

4.4. Physical and mechanical rock properties 

 
The application of a slate is fundamentally determined by its physical and mechanical 

properties. The relevant properties are flexural strength, relative water uptake, 

temperature cycling tests, and stability during freezing, color, acid, leaching and heat. 

According to Wagner (2007), a low flexural strength is associated with a high water 

uptake. At a water uptake of about <0.4 wt% a flexural strength of 50-70 MPa is 

expected (see discussion in Wagner, 2007). Also a high water uptake can be related 

to the weathering of ore and carbonate minerals. 
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4.4.1. Bulk density, matrix density, porosity 

 

The mechanical instability or mechanical deterioration of the rock fabric, for example 

through frost damage or other climatic influences, is related to a high porosity, 

therefore a low density, but also to a high water uptake. For the application as roofing 

or façade cladding a comparable high flexural strength is required. 

 

The bulk density of the investigated slates ranges from 2.72 to 2.83 g/cm³ (Table 

4.5). The lowest values are observed for the Ardósia Apiúna (AP) and Lotharheil 

Schiefer (LO), while the higher values belong to the Piedra laja verde oscura (U38C), 

Piedra laja verde clara (U38D) and Piedra laja verde clara “macho” (U38M). 

 

Table 4.5: Density, porosity and pore radii distribution in the analyzed samples (*: data after 
Siegesmund and Stein, 2007; **: data after Weiss et al, 2004, +: data after Fischer et al, 2011; ++: 

data after Naturstein Theuma AG, 2011). 

 

 

The matrix density shows a similar variation, between 2.73 and 2.87 g/cm³ (Table 

4.5) for the Ardósia Apiúna (AP) and Lotharheil Schiefer (LO), varieties which show 

the lowest values. Ardósia de Canelas (PL) shows the highest matrix density 
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corresponding to the high content of Fe2O3t (10.21 wt%), which is mainly present as 

magnetite lenses parallel to the foliation. 

 

The dolomitic slates show relatively high matrix densities, e.g. between 2.78 and 2.84 

g/cm³. This is due to the higher proportion of dolomite in these rocks, a mineral with a 

higher density (2.87 g/cm³, Robie and Bethke, 1966) than the main constituents of 

slates (quartz and the chlorite group). 

 

The porosity of the slates is normally low, between 0.10 and 2.46% (Table 4.5). The 

lowest value is registered by the Piedra laja verde oscura (U38D) and the highest is 

observed for the Ardósia de Canelas (2.46%). With respect to the porosity two 

groups of slates can be distinguished: one group, represented by the dolomitic slates 

has values lower than 0.30% corresponding to a higher bulk density. The second 

group is represented by slates with ≥ 0.30% porosity, e.g. quartz- and phyllosilicate- 

rich slates. 

 

The values of the bulk density of the slates given in Table 4.5 are higher than the 

75% quartile for metamorphic rocks discussed by Mosch and Siegesmund (2007). 

Comparing the porosity values compiled by these authors, it is obvious that the 

dolomitic slates represent the upper (dolomitic slates) and lower extreme values 

(pelitic slates), whereas the pelitic and semipelitic varieties are the upper outliers. 

 

The average pore radius determined by mercury injection porosimetry ranges 

between 0.01 µm for the Piedra laja negra Rufo Hnos (U45) and 0.31 µm in the 

Pizarra de techar Valdemiguel (150). Most pore radii range between 0.05 µm and 

5.31 µm. The lowest values are observed for the following samples, e.g.: Piedra laja 

negra Rufo Hnos (U45), Ardósia Apiúna (AP) and Theuma Fruchtschiefer (TH); while 

Xisto negro de Foz Côa (PO) exhibits the highest value. According to Klopfer (1985), 

in micropores with a pore diameter < 0.1 µm, water will condense at relative humidity 

(RH) values below 99%. Capillary suction is practically relevant to materials for pore 

diameters between 1 µm and 1mm, the so-called capillary pores.  
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The atmospheric water uptake or absorption is relatively low for all samples studied 

covering the range between 0.03 to 0.74 wt% (Table 4.5). Most of the samples show 

values lower than 0.30 wt%. The exceptions are the Theuma Fruchtschiefer (TH) and 

the Ardósia de Canelas (PL) with values of around 0.40 wt% (Natursteinwerk 

Theuma AG, 2011) and 0.74 wt%, respectively. All the dolomitic slates show values ≤ 

0.12 wt%, in contrast to some pelitic and semipelitic slates (see Table 4.5). 

 

The values of water uptake of the Uruguayan commercial slates are within the upper 

and lower quartile of the values for roofing slates compiled by Wagner (2007). Most 

of the slates belonging to the pelitic and semipelitic groups have values between both 

quartiles, but some of them (PL and TH) show values higher than the upper quartile. 

If the water uptake is higher than 0.6 wt%, the frost resistance must be determined 

using the DIN 52104 for 100 freeze-thaw cycles.  

 

4.4.2. Antimicrobial properties 

 

For the utilization of slates as countertops and even as cutting boards is relevant to 

know their antimicrobial properties. For this porpouse the studied slates were 

exposed to two kinds of bacteria: Escherichia coli (E. Coli) and Bacillus subtilis (B. 

subtilis) and a fungus: Aureobasidium pullulans (A. pullulans). Their growth after ten 

days was evaluated. Two kind of standard medium were used for the growing of the 

bacteria: lysogeny broth (LB) and potato-dextrose agar (PDA). 

 

The results obtained are listed in Table 4.6. It is observed a lower growth of E. coli in 

the LB medium, being in most of the samples no growth observed. The samples that 

show weak growth of this bacterium are Piedra laja negra Rufo Hnos (U45) and 

Pizarra de techar Valdemiguel (150). Ardósia Apiúna (AP) and Piedra laja verde clara 

“macho” (U38M) show a moderate growth. In PDA medium a higher growth it is 

observed for some of the samples considered, especially in Piedra laja verde claro 

macho (U38M), Ardósia Apiúna (AP), Xisto negro de Foz Côa (PO) and the control 

sample Moskart Granite (U7), which show high growth (confluent growth of colonies).  
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In the case of B. subtilis it is observed a higher growth for both mediums, being for 

most samples moderate to high, with the exception of Ardósia de Canelas (PL), 

which shows a weak growth. Ardósia Apiúna (AP) shows no growth in LB medium 

and a very high growth in PDA medium.  

 

Table 4.6: Bacterial growth on the studied slates in different growth mediums (LB: lysogeny broth 
and potato-dextrose agar). Evaluation of the growth: 0: no growth, 1-2: weak to moderate, 3: 

confluent growth of colonies. The last three samples are sandstone (U1), granite (U7) and marble 
(U27) for comparisson. 

 

 

For A. pullulans the number of colonies in 0.25 mm² gives the information of the 

antimicrobial property of a slate. Most of the slates show no growth of colonies, with 

the exception of Ardósia Apiúna (AP) and Ardósia Gaspar (GA). The first pelitic slate 

show one to two colonies and GA show five, which is the highest value registered for 

the samples considered. The control group, composed by sandstone, granite and 

marble, presents zero to two colonies. 
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4.4.3. Mechanical properties 

 

A coordinate system determined by the foliation and lineation observed in the rocks 

was established. The foliation determines the xy-plane and the lineation the x-

direction. 

 

4.4.3.1. Flexural strength 

 

The relevance of the flexural strength in any dimensional stone is because this 

petrophysical property determines the resistance to bending stresses, such as those 

experimented on with rear-ventilated façades or stairways (Siegesmund and Dürrast, 

2011). According to these authors, the damages produced by the overcoming of 

these stresses are more important than those produced by shear or compressive 

stresses. 

 

The fissility of a natural layer is a positive aspect during the manufacturing of building 

elements on one hand; on the other hand it is the weakest point of strength in the 

construction. Therefore, each contribution using fissile dimensional stones must take 

into account the flexural strength. Flexural strength tests have to be performed and to 

be compared to the potential flexural forces in the construction. This is of primary 

importance for the following construction elements: façade panels with lateral and 

back slide anchors, floor tiles with dynamic shear stress (heavy-duty loading) and 

construction elements with static loads within the foliation plane (e.g. columns). 

Minimum requirements for the thickness of construction elements are therefore 

dependent on the dimension of the surface in relation to the flexural strength. Also 

lithological and tectonically induced points of weaknesses have to be considered. 

 

The anisotropy of the slates fabric must be carefully taken into account in the 

evaluation of most of their petrophysical properties. The most important fabric 

elements in slates are the planar structures, e.g. slaty cleavage, as they are surfaces 

of natural weakness, i.e. the preferred splitting direction in slates. They determine the 

quality and uses of these rocks, being the most important property for the production 

of thin tiles for roof or façade cladding. Therefore, in this investigation the flexural 
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strength is only measured with the load applied perpendicular to the foliation, the z-

direction as described in Siegesmund and Dürrast (2011). 

 

 
Fig. 4.9: Flexural strength transverse to lineation versus flexural strength  

parallel to foliation (modified after Wagner, 2007). 
 

The presence of linear elements is also of importance because it may significantly 

influence the flexural strength. The lineation can be the result of the intersection of 

two planar elements as discussed in the subchapter rock fabrics (4.3.3.5) and 

illustrated in Fig. 4.7 for the dolomitic slates (U33 and U38A). Slate producers also 

define the lineation as “grain” (hilo in Spanish and Faden in German), which defines a 

penetrative lineation parallel to the x-direction of the deformation ellipsoid (García-
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Guinea et al, 1998; Wagner 2007). In the Spanish roofing slates (La Fraguiña and 

Valdemiguel), the grain is defined by deformed grains of quartz and chlorite.  

 

Considering these two main structural elements, the flexural strength was determined 

with the load applied perpendicular to the bedding and with the lineation parallel 

(longitudinal) and perpendicular (transverse) to this linear load (see Fig. 4.9). The 

flexural strength for the studied slates varies from 16.4 to 71.9 MPa (Table 4.7). The 

lowest value of 16.4 MPa was measured in the Xisto negro de Foz Côa (PO) in the 

transversal direction. Piedra laja San Luis (AR) shows the highest value, 71.9 MPa, 

for the longitudinal direction (Mosch, 2008). 

 

Table 4.7: Mechanical properties of the samples analyzed (*: data after Mosch, 2008; **: data after 
Siegesmund and Stein, 2007, +: data after Naturstein Theuma AG, 2011). 

 

 

Wagner (2007) presented a diagram relating the values of flexural strength obtained 

for several slates in the two directions. All slates considered show higher values in 

the longitudinal direction (Fig. 4.9), which is similar to the current investigation, 

although in many cases the difference between both values is within the standard 

deviation (e.g.: Ardósia Gaspar, Pizarra de techar La Fraguiña). Nevertheless, for the 
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Piedra laja verde clara “macho” (U38M), the flexural strength in the longitudinal 

direction is 16% lower than in the transverse direction. 

 

The most extreme anisotropy is evidenced by Xisto negro de Foz Coa (PO), which 

shows a flexural strength value three times higher in the longitudinal direction than in 

the transverse one. This behavior is related to linear elements of the rock fabric. As 

described in the rock fabric subchapter, this rock represents coarser grained domains 

with prolate shapes that are limited by solution transfer foliation and surrounded by 

fine-grained domains. When the flexural load is applied parallel to the long axes of 

this prolate domain, the solution transfer foliation acts as cement and raises the 

strength of the rock. On the other hand, when the load is applied perpendicular to 

these prolate domains, just the contacts between the grains have to be broken, which 

are weaker in comparison with the solution transfer foliation. 

 

 
Fig. 4.10: Average flexural strength versus water uptake (modified after Wagner, 2007). (LO: data 

after Siegesmund and Stein, 2007; TH: data after Naturstein Theuma AG, 2011). 
 

A negative correlation occurs between the flexural strength and water uptake as 

illustrated by Wagner (2007). Figure 4.10 shows this relationship. The samples 

showing relatively high water uptake (values higher than 0.60 wt%) are the ones with 

the lowest flexural strength (PL). The samples showing the highest flexural strength 

have relatively low water uptake; generally below 0.40 wt% as seen in samples 120, 
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150 and U33. A1 and A2 are codes defined in the DIN EN 12326-1. The first 

comprises the slates with water uptake below 0.6 wt%, which are freeze-thaw 

resistant. The second code is used when a slate has a water uptake over 0.6 wt%. A 

freeze-thaw test of 100 cycles must be performed in order to prove the stability of the 

rock in cold climates. In addition, Wagner (2007) takes into account the NF norm 

used in France, whereby the resistance to freeze-thaw processes requires a water 

uptake below 0.4 wt%. 

 

All the samples analyzed in this study, with the exceptions of PL and TH, have water 

uptakes below 0.4 wt% (see Fig. 4.10). They belong to the category A1, and hence, 

stable against freeze-thaw phenomena. 

 

4.4.3.2. Uniaxial compressive strength 

 

Another important parameter to be determined for rocks is the uniaxial compressive 

strength (UCS), which is the maximum compressive stress in one direction until it 

fails. This property is especially relevant for rock elements that have to bear a planar 

load (Siegesmund and Dürrast, 2011), which is seldom the case in slates. Therefore, 

this property was determined only for two slate varieties: Piedra laja negra Rufo Hnos 

(U45) and Piedra laja gris plomo (U38B). For these samples the test was performed 

using the x-y-z coordinate system (see Table 4.8). The UCS values show the 

maximum differences between the x- and y-directions, e.g. 191 MPa in the x-direction 

and 116 MPa in y-direction for U45 (Table 4.8). Such anisotropy is related to the 

influence of the S2 foliation, which weakens the UCS of the rock in the y-direction. 

This is also true for the Piedra laja San Luís (AR), whose values are between 143 

MPa (y-direction) and 215 MPa (x-direction) (Mosch, 2008). 

 

The UCS values for other slates found in the literature lack orientation, and therefore, 

the directional dependence is unknown. For the Portuguese commercial slates the 

UCS values are 144 MPa (Xisto negro de Foz Côa, PO) and 159 MPa (Ardósia de 

Canelas, PL) (Laboratório Nacional de Energia e Geologia, 2012). The lowest value 

is 90 MPa for the Theuma Fruchtschiefer (Natursteinwerk Theuma AG, 2012), while 

Siegesmund and Stein (2007) found values of around 173 MPa for the Lotharheil 



 Case Study: Slates 
 

 
152 

 

Schiefer. All these samples can be classified as hard rock (UCS values higher than 

110 MPa), according to the classification scheme discussed in Siegesmund and 

Dürrast (2011), while the Theuma Fruchtschiefer belongs to the medium hard rock. 

 

Table 4.8: Mechanical properties of the samples analyzed (*: data after Mosch, 2008; **: data after 
Siegesmund and Stein, 2007). 

 

 

The Young´s modulus ranges from 16 GPa for the Piedra laja gris plomo (U38B) in 

the y- and z-directions to 31 GPa for the same variety in the x-direction. The Young´s 

modulus values of U45 are higher in the y- and z-direction than in the x-direction, but 

the opposite occurs in sample U38B (see Table 4.8). 

 
4.4.3.3. Tensile strength 

 

Tensile strength was measured indirectly by the Brazilian method as described by 

Siegesmund and Dürrast (2011). Three directions (x, y and z) with respect to the 

foliation and lineation were analyzed for the variety Piedra laja gris plomo (U38B). In 

addition, the values determined by Mosch (2008) for the Piedra laja San Luis (AR) 

will also be discussed. 

 

AR shows the highest values for the z- and x-direction, with 8.0 and 21.4 MPa, 

respectively (Mosch, 2008). However, U38B shows the highest value in the y-

direction (15 MPa) (Table 4.8). The average values for both slates are within the 

upper and lower quartiles of the tensile strength values, which were reported for 

metamorphic rocks in the data set of Mosch and Siegesmund (2007). 
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For both commercial slate varieties the values in the z-direction are the lowest and 

the ones in the x-direction are the highest. This anisotropy is to be expected, as 

these rocks show a very well developed slaty cleavage. 

 
4.4.3.4. Abrasion strength 

 

The relevance of the abrasion strength in slates, and generally in all natural stones, is 

mainly related to their use as floor tiles and staircases. Floor tiles are exposed to 

grinding forces produced by footsteps and walking, and the abrasion strength test is 

a method that measures the resistance of a rock against these forces (see 

Siegesmund and Dürrast, 2011). 

 

The abrasion strength was performed using a Böhme abrasion testing machine. The 

abrasion strength of the xy-plane (parallel to the foliation) was measured for all 

samples analyzed, since this surface is generally used for floor cladding. In the 

varieties Piedra laja negra Rufo Hnos, Piedra laja gris plomo and Piedra laja San 

Luís the xz- and yz-plane were also measured. The results are shown in Table 7. The 

values measured show a large variation, between 3.6 to 33.4 cm³/50 cm², for the 

Xisto negro de Foz Côa (PO) and the Sauerland Schiefer (WS), respectively. The 

samples that show lower abrasion strength, and therefore higher values of volume 

lost, between 28.2 to 33.4 cm³/50 cm², are the slates (PL, WS, 120, 150). These 

rocks show the highest proportion of normative phyllosilicates, between 61% and 

68%. The highest abrasion strength values exhibited by the samples with the lowest 

proportion of normative phyllosilicates (between 22% and 30%) are samples PO and 

U38D, respectively. Therefore, a negative correlation between abrasion strength and 

normative phyllosilicate proportion is evident when this property is measured parallel 

to the foliation. 

 

In the directions perpendicular to the foliation this correlation is not so clear. Further 

investigation should be done to analyze the impact of structural elements in the 

abrasion strength of slates. 

 

Based on SEM investigations Strohmeyer (2003) found that the abrasion strength for 

highly anisotropic rocks is lower parallel to the foliation, although the total anisotropy 
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is less pronounced compared with the flexural strength or tensile strength. For 

example, the abrasion resistance for the slate from Argentina is between 7 and 21 

cm3/50cm2 (67% anisotropy). In the abrasion test the minerals hardly show 

scratching or grinding marks. The minerals apparently suffer crystal fragmentation, 

which ultimately leads to the disintegration of the whole mineral assembly by fabric 

loosening. 

 

Considering their abrasion strength behavior slates do not form a homogeneous 

group when compared to granitoids or quartzites (see Siegesmund and Dürrast, 

2011). The highest abrasion strength values measured for the slates (e.g. PO, U38D) 

allow them to be grouped between the most resistant dimensional rocks, which are 

the dolerites, e.g. the variety Absolute Black with an abrasion resistance of 2.2 

cm³/50cm² (Morales Demarco et al, 2011). The lower abrasion strengths measured in 

the analyzed slates (e.g. PL and WS) makes them similar to the group containing 

clay shale, porous limestone and sandstone (Siegesmund and Dürrast, 2011). 

 
4.4.4. Thermal and hydric expansion and freeze-thaw tests 

 

The influence of external environmental conditions (weather, antropologic factors) is 

important when considering the use of slate as a dimensional stone. High resistance 

is usually expected in slate, regardless of their application as roofing or façade 

cladding or in garden and landscaping. The causes of weathering result from thermal 

factors, such as changes in temperature and also the impact of snow and rain. To 

assess these relationships, thermal, hydric and freeze-thaw analyzes were 

performed. 

 

4.4.4.1. Thermal expansion 

 

Changes in temperature can result in volume expansion or contraction of a stone. 

Even if the temperature changes are not large, the repeated heating and cooling of 

stones could produce a significant deterioration over time. This holds true especially 

in heterogeneous rocks, e.g. with respect to the rock fabrics and the mineralogical 

composition. 
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Thermal expansion measurements of the slates were performed using a dilatometer 

(for details see Strohmeyer 2003 or Koch and Siegesmund 2004). In order to 

simulate temperature changes comparable to those observed under natural 

conditions for building or ornamental stones, the temperature cycles were fixed at 

90°C. The thermal expansion was measured in three directions: one perpendicular to 

the foliation (z-direction) and two parallel to it (x- and y-direction). The values 

measured for thermal expansion (Table 4.9) vary from 7.0 to 13.3 *10-6 K-1 for the 

Ardósia de Canelas (PL) and the Piedra laja gris plomo (U38B), respectively. 

 

In the x- and y-direction the values are generally lower than in the z-direction 

(perpendicular to the slaty cleavage), between 8.5 and 10.3 *10-6 K-1. This anisotropy 

is related to the preferred orientation of the phyllosilicates in these rocks. In 

muscovite, for example, the lowest thermal expansion coefficient is parallel to the 

crystallographic a-axis and the highest parallel to the c-axes: 9.9 and 13.8 *10-6 K-1, 

respectively (Fei, 1995). 

 

Table 4.9: Thermal and hygric expansion of the analyzed samples (*: data after Mosch, 2008; #: 
data after Weiss et al, 2004;+: data after Siegesmund and Dürrast, 2011;). 
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Exceptions are the Ardósia Apiúna (AP) and Ardósia de Canelas (PL). AP is more or 

less isotropic when comparing the three measured directions (Table 4.9), while PL 

exhibits anisotropy of around 25%. Although muscovite crystals are oriented parallel 

to the slaty cleavage in the Ardósia Apiúna (AP), biotite is randomly distributed and it 

may be responsible for the more or less isotropic behavior. The anisotropic behavior 

of PL can be explained by the chloritoid porphyroblasts, which are oriented with their 

long axes perpendicular, transversal or parallel to the foliation. Ivaldi et al (1988) 

found that chloritoid is an anisotropic mineral with respect to thermal properties. 

 

The dolomitic slates show slightly higher values perpendicular to the foliation than the 

pelitic and semipelitic slates. This could be related to a higher thermal expansion 

coefficient in dolomite, superposing the effect of the oriented phyllosilicates in the 

whole rock behavior. Dolomite shows thermal expansion anisotropy, being higher 

parallel to the c-axis than parallel to the a-axes (Reeder and Markgraf, 1986; Weiss 

et al, 2004). 

 

To summarize, the values given in Table 4.9 are in agreement with those compiled 

by Siegesmund and Dürrast (2011) for slates. According to these authors, their 

thermal expansion varies between 9.3 and 12.8 *10-6 K-1, showing also higher values 

in the z-direction. 

 

The residual strain, which is the permanent length change of a sample after the 

thermal expansion measurement, is between 0.02 and -0.30 mm/m. The lowest 

values are observed in the Piedra laja negra Caorsi Hnos (U33) and Ardósia de 

Canelas (PL) and the highest in the Ardósia Apiúna (AP) and Theuma Fruchtschiefer 

(TH). The Theuma Fruchtschiefer contains predominantly quartz and mica and 

shows high thermal expansion coefficients. These minerals also have a high volume 

expansion coefficient. Feldspar (with a low volume expansion coefficient) is lacking. 

The thermal expansion curve of the Theuma Fruchtschiefer is also characterized by a 

dehydration reaction, which is most pronounced perpendicular to the foliation 

(residual strain -0.3 mm/m at 20°C) and almost negligible parallel to the foliation 

(Weiss et al, 2004). 
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Fig. 4.11: Thermal expansion diagrams for: a. Piedra laja gris plomo (U38B) and b. Pizarra de 
techar La Fraguiña (120). Hydric expansion diagrams for: c. Piedra laja gris plomo (U38B) and  

d. Pizarra de techar La Fraguiña (120). 
 

4.4.4.2. Hydric expansion 

 

The hydric expansion is a measurement of the dilatation of a rock when completely 

submerged in water (Siegesmund and Dürrast, 2011). The weathering behavior of 

dimensional stones is, for these authors, strongly influenced by the processes 

involved in hydric expansion together with the thermal expansion. 

 

This property was also measured using the x, y and z coordinate system. The values 

obtained (Table 4.9 and Fig. 4.11) vary between 0.0 in the y-direction for the Piedra 

laja ocre (U38A) and 6.75 mm/m in z-direction for the Ardósia de Canelas (PL). The 

range in x- and y-direction is between 0.00 to 0.79 mm/m and in the z-direction is 

between 0.13 to 6.75 mm/m. As for the thermal expansion this anisotropy is related 

to the preferred orientation of the phyllosilicates, the higher proportion of 

phyllosilicates in a slate leads to a higher hydric expansion. 
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In comparison to other dimensional stones, slates show a wider range of hydric 

expansion, especially in the case of pelitic and semipelitic slates (Fig. 4.12). The 

values of hygric expansion shown by the dolomitic slates are comparable to those of 

marble, limestone and sandstone with the lowest hygric expansion (type I, 

measurments after Hockmann and Kessler, 1950). 

 

 
Fig. 4.12: Hydric expansion of dolomitic, pelitic and semipelitic slates in comparison to different 

rock types (modified after Siegesmund and Dürrast, 2011). 
 

4.4.4.3. Freeze resistance 

The freeze resistance is a very important property of dimensional stones, especially 

the slates. When the water uptake is higher than 0.6 wt%, the safeness against 

freeze has to be determined in accordance with the DIN EN 12326:1 (2004). 
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In order to know the weathering stability of the selected commercial slates in cold 

climates, a total of 100 freeze-thaw cycles were carried out. The weight of the 

samples and the Young’s modulus were measured every four cycles. 

 

The mass variation for all the slates considered is very low, as shown in Figure 4.13, 

between an increase of 0.01% in the Ardósia Apiúna (AP), which can be considered 

an experimental error, and a decrease of 0.19 wt% measured in the Ardósia de 

Canelas (PL). The samples that showed a higher weight loss (between 0.12 and 0.19 

wt%) are in increasing order the Piedra laja verde oscura (U38C), Piedra laja verde 

clara “macho” (U38M) and the Ardósia de Canelas (PL). In the first two samples the 

loss of weight is determined by the dissolution of dolomite on the sample surface. 

This phenomenon is also visible in the other dolomitic slates. Pyrite present as veins 

and disseminated shows an incipient oxidation, but no color spots develop 

surrounding them. A variation in color is noticed for this group of slates in the sawed 

surfaces, but no change is perceived along the foliation surfaces. 

 

 
Fig. 4.13: Mass variation after 100 freeze-thaw cycles for: a. commercial dolomitic slates;  

b. commercial pelitic and semipelitic slates. Young´s modulus variation after 100 freeze-thaw cycles 
for: c. commercial dolomitic slates; d. commercial pelitic and semipelitic slates. 
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In the Ardósia de Canelas an opening of the foliation surface is noted, as well as 

orange and white spots due to the oxidation of pyrite and precipitation of salts 

(probably gypsum), respectively. All these processes can explain the loss of weight in 

the freeze-thaw experiment. The values determined for all slates studied are very low 

compared to those measured by Rüdrich et al (2010) for the Habichtswald tuff but 

similar to those of the Kuaker limestone, Lobejuen porphyry and Knaupsholz granite. 

 

The values for the Young’s modulus range from 77.7 to 120.7 kN/mm2 in the Ardósia 

Apiúna (AP) and in the Piedra laja verde oscura (U38C), respectively (Fig. 4.13). The 

variation of the Young’s modulus ranges between an increase of up to 10.81% in the 

Ardósia de Canelas (PL) and a decrease of up to 24.86% in the Ardósia Apiúna (AP). 

 
4.5. Deposit characterization 

4.5.1. Regional mining districts 

 

The dolomitic slate deposits in Uruguay are located 25 kilometers north of the locality 

of Pan de Azúcar and about 100 km from Montevideo. There are two main dolomitic 

slate mining districts in the region (Fig. 4.14). The northern one is located at the 

source of the Arroyo Minas Viejas and is accessible from Route 60 (Arroyo Minas 

Viejas district: AMVD). The southern district is located at the source of the Arroyo 

Mataojo and accessible from Route 81 (Arroyo Mataojo district: AMD). 

 

The dolomitic slate deposits are located in the eastern limb of a regional fold, known 

as the “Road 81 syncline”, and are related to a second deformation phase. The 

mining districts are situated in the center of the Minas Viejas Association and bound 

to the east and west with phyllites and metabasalts. A metagabbro body crops out in 

the western boundary of the northern district (AMVD). 

 

A minor slate mining district is represented by two quarries where the variety Piedra 

laja rosada con gris (UY-106) was mined. This district is located one kilometer east of 

the AMVD but in another lithological association, known as the Zanja del Tigre-

Cuchilla Alvariza Association. Another slate mining district is located in the Rocha 

department, represented by the slate variety Piedra laja Rocha (UY-108) and 

belonging to the lithological unit of the Rocha Group. 
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Fig. 4.14: Location of dolomitic slate mining districts in Uruguay. 

 

The AMVD is three kilometers long in a NE-SW direction and 300 meters wide. This 

district is characterized by the presence of dolomitic slates showing light and dark 

green, red, gray and bluish gray colors. A total of 18 quarries of different sizes are 

located in this district, in which just four are being actively mined. About three 

kilometers to the southwest the Arroyo Mataojo district is located. It extends further to 

the southwest for about four kilometers and is 500 meters wide. Five quarries of dark 

gray and black dolomitic slates are found in this district, but at the present only one is 

active. 

 

The dolomitic slate deposits are characterized by their elongated shape parallel to 

the S0-1 foliation, which makes their mining similar to the quarrying of dikes (e.g. 
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dolerite). Since the slate deposits are related to strata with a defined composition, 

they can be defined as stratabound deposits in the sense of Canavan (1972). To 

define a dolomitic slate deposit is necessary not only to find the characteristic mineral 

composition, but also an ensemble of structural factors that will allow their profitable 

mining (e.g. parallelism between S0 and S1, absence of highly folded sectors). 

 

The mining districts have a width of 300 to 500 meters, however, the individual slate 

bodies can range between eight to 50 meters in width, but generally most show 

widths of around 12 meters. Their length varies between 60 and 150 meters and the 

current exploitation depth ranges between six to 15 meters. The northwest walls tend 

to be unstable, due to the fact that the foliation dips around 80° to the northwest. In 

active quarries those walls are controlled daily to prevent collapse. 

 

The dolomitic slates deposits in Uruguay occur in the greenschist facies volcano-

sedimentary Lavalleja Group, which forms part of the Dom Feliciano Belt in Uruguay. 

These deposits are, therefore, controlled by the regional structures that affect all the 

lithologies comprising this group. 

 
4.5.2. Structural framework and controlling factors of the deposit 

 

The structural framework of the studied area was investigated in detail by Midot 

(1984), who recognized three phases of deformation. The first phase (D1) generated 

the foliation S1 with the oriented recrystallization of the phyllosilicates and the 

stretching of other minerals such as quartz, feldspar and dolomite. S1 is described as 

an axial plane foliation resulting from isoclinal folding. Due to transposition, the 

primary foliation of these rocks (S0) is similar to the foliation S1. Midot (1984) defines 

these foliations as S0-1, because with few exceptions it is very difficult to distinguish 

them both (e.g. in intrafolial microfolds). The S0-1 is the slaty cleavage that 

characterizes the dolomitic slates and creates the condition for their extraction. The 

cleavage dips between 70 to 90° to the NW with a NNE strike (Fig. 4.15 and 4.16). 

 

Boudinage of the carbonate and quartzite layers interlayered in the dolomitic slate 

body also belongs to the D1 (Fig. 4.17a). Generally, the boudins are between two and 

five centimeters thick, and show extension in two directions perpendicular to one 
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another, which produce irregularities in the surface of the slate. These boudins are 

more frequent in the AMVD, and thus create problems for the extraction of the mined 

slates in this district. Another structural element related to this D1 is the mineral 

lineation L1, as evidenced by the alignment of fine-grained chlorite and sericite 

aggregates in the foliation plane. 

 

 
Fig. 4.15: Stereonets showing the structural elements in the dolomitic slate deposits (lower 

hemisphere): a. Foliations; b. Fold axes and lineations; c. Joint sets (1, 2, …, 13 multiples of 
random distribution). 

 
The second deformation phase defined by Midot (1984) is a folding event, which 

generated folds of millimeters to kilometric in magnitude. The last ones are the most 

frequently recognized, e.g. the Road 81 syncline, which is one of the major folds 

acknowledged in the area. Midot (1984) described the structures developed in the 

dolomitic slates in this phase as fracture cleavage, which is the old term for 

disjunctive foliation or cleavage. A spaced cleavage is characterized by the presence 

of microlithons between the cleavage domains (Passchier and Trouw, 1996). 

Disjunctive foliation can evolve to “strain-slip schistosity” or, using a term with no 

genetic connotations: crenulation cleavage (Passchier and Trouw, 1996). This 

disjunctive foliation or crenulation cleavage is an axial plane foliation (S2) that 

intensely deforms the S0-1, when the angle between both foliations is near 90° (in the 

hinges of the folds of D2). When the angle between both foliations is small, the S0-1 

surface is not affected and S2 is parallel to S0-1. There is no evidence of 

recrystallization associated to this deformation phase D1. 

 

Midot (1984) described the D2 microfolds in the slates as being of two types: kink (or 

chevron folds) and others with more rounded and open hinges. The kink folds are 
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asymmetric and they negatively affect the mining of the deposit, only when their 

amplitude is larger than 2.5 cm (Fig. 4.17b and c). However, these kink folds 

generally have smaller amplitudes (on the order of 0.5 cm) and larger wavelengths 

(>4 meters), and therefore they do not affect the extraction of the slates. 

 

 
Fig. 4.16: a. Joint sets in the black calc slate (U33, Caorsi Hnos Quarry); b. Stereonet depicting the 

three main joint sets; c. Histogram showing joint set distribution. 
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The lineation L2 develops as the foliations S0-1 and S2 intersect and is parallel to the 

fold axes. The folds belonging to the second type are decimeters in size, but 

composed of a multitude of millimeter-sized microfolds that generate an embossing 

of the S0-1 surface. The axes of these microfolds produce a microfolding or 

intersection lineation, also called L2 by Midot (1984). 

 

 
Fig. 4.17: Structural elements negatively affecting the dolomitic slate deposits in Uruguay.  

a. Carbonate boudins with quartz necks; b. Foliation in slate showing large amplitudes and very 
frequent kink bands; c. Highly folded slate; d. Scales develop where S0-1 and S2 intersect at a low 

angle of 8°; e. Main foliation indicated by pencil (S0-1) and posterior foliation (S2) intersecting at 
approximately 30°; f. Joint systems: subhorizontal, subvertical perpendicular and parallel to the 

foliation. 
 

Another element that negatively affects the quality of the mined slate in the deposits 

is the foliation S2. When the angle to the foliation S0-1 is less than 10°, scales will 

develop on the S0-1 surface. Also when the angle between S0-1 and S2 is greater than 
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30°, the mining will be negatively affected because the slate does not split as easily 

through the S0-1 foliation. 

 

Structures of the last deformation phase (D3) are only locally found near areas with 

high brittle deformation. These structures represent a second disjunctive foliation (S3) 

that deforms both S2 and S0-1. The S3 is vertical and is sometimes accompanied by 

inverse fractures dipping to the west. The frequency and intensity of S3 determines in 

some cases the length of the deposits, since this S3 foliation frequently crosscuts 

them. 

 

To summarize, all these structural factors control the following aspects of the 

deposits: 

 

a. width of the deposits, due to the occurrence of strongly folded sectors that 

progressively limit the mining on both lateral walls of a quarry;  

b. length of the deposits, which determines either the occurrence of E-W strike-slip 

faults (dextral and sinistral) and/or boudins affecting decameter-scaled dolomitic 

slate bodies, both elements disrupting the continuity of these bodies; 

c. depth of the mining, controlled by the dip angle of the foliation S0-1, which 

determines the stability of the northwestern quarry wall. 

 

To investigate the relationship between geochemistry of the different dolomitic slates 

and their mechanical response to the deformation phases, several samples have 

been analyzed by XRF (Tables A.4.1 and A.4.2). Samples were collected from quarry 

G119 (the commercial varieties U38B and U38C) and in quarry G120 (U38D and 

U38M), located ten meters to the southeast from the first quarry. The samples U38B, 

U38C and U38D show a very good fissility along the foliation S0-1, whereas the 

fissility is very poor in sample U38M. This last sample is characterized by the 

abundance of isoclinal folds and its inhomogeneity, defined by the intercalation of 

layers with coarse-grained quartz and pyrite grains, and layers with similar 

composition and fabric as U38D. When comparing the geochemistry of these three 

rocks, the main difference is in the composition of U38B, which shows more SiO2 and 

less MgO, CaO and CO2 than the other three varieties. In the case of U38M it is very 
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probable that the coarser grained layers affect the rheology of the rock, producing 

more folds and a well-developed S2. 

 

Another example is given by quarry (G115) where the samples (U38A and UY-54) 

are not affected by folds, when compared with a sample located five meters 

southeast from the quarry wall and strongly folded (UY-87). These three rocks do not 

show any significant differences in their geochemistry or petrography, but they do 

show variations in the quality as a marketable slate. 

 

The structural development in the dolomitic slate body (e.g. folds, boudins, faults) 

appears to be controlled by the preexisting rock fabric and the deformation regime. 

The joint systems that developed later do not necessarily affect the mining of the 

slates. They are generally orthogonal to one another (Fig. 4.17f) and their 

frequencies allow the acquisition of sufficiently large blocks (up to 50 cm 

perpendicular to the foliation and up to 4 m² parallel to the foliation). 

 
4.5.3. Mining techniques in Uruguay 

 

The techniques used in Uruguay today for exploiting dolomitic slates do not include 

the most modern ones, such as the diamond wire technique. Instead small explosive 

charges are used to remove relatively large blocks (up to 4 m³). The direction of 

mining is perpendicular to the foliation and always from above. These blocks are 

reduced to smaller blocks with a pneumatic hammer in the quarry and then 

transported to cutting shed (Fig. 4.18a and b). There the blocks are cut to preset 

dimensions (e.g. 30 by 40 cm) and afterwards split by hand to a desired thickness 

(generally 16 mm) (Fig. 4.18 c and d). 
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Fig. 4.18: Mining activities in a typical dolomitic slate quarry in the Arroyo Minas Viejas district 

(AMVD) in Uruguay (Company Carmine Rufo): a. Active slate quarry where Piedra laja ocre (U38A) 
is mined; b. Active slate quarry where Piedra laja gris plomo (U38B) and verde clara (U38C) are 
mined; c. Sawing of selected material to standard sizes; d. Manual splitting of small tiles for wall 

cladding. 
 

4.5.4. Economic aspects 

4.5.4.1. Estimation/evaluation of the deposits 

 

Dolomitic slate deposits are characterized by their elongated shape and relatively 

small sizes. The three spatial dimensions (width, length and depth) are limited by the 

structural controlling elements that define the geometrical distribution of the lithology 

of interest. No data of continuity with depth exists for the dolomitic slate deposit, 

however, based on the vertical exposure of the dolomitic slate body, it probably 

continues for at least 50 meters in depth. This is also the maximum depth for mining 

without taking the safety precautions into consideration, especially in cases where 

the deposits are very narrow. The possible occurrence of inverse fractures from the 

deformation D3 (Midot, 1984) could interrupt the continuity of the deposit at depth. 
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A typical dolomitic slate deposit from the northern district was evaluated for its 

economic potential, whereby the results can be extrapolated to the other deposits in 

both mining districts. The chosen deposit, composed of quarries G118 and G119, is 

bound to the northeast and south by strike-slip faults, having a length of 400 meters. 

These strike-slip faults are recognizable in aerial photos and satellite images. In the 

field small valleys are recognizable in the deposit boundaries, which indicate the 

presence of faults. Furthermore, exploratory quarries have been opened near these 

faults and the mining was discontinued due to intensive folding (related to the major 

regional folds) or a very well-developed S2 foliation (with an angle to S0-1 of 30°), or 

both. The deposit width is 12 meters, being bounded by folded zones to the 

northwest and southeast, which produces a loss of fissility and the mining there 

becomes unprofitable. The raw blocks extracted from these folded zones are not 

suitable for the production of marketable slabs with at least 30 cm in length. 

 

The deposit is separated by a fault along the middle of its length, which leads to a 

cessation of mining at about 30 meters. The lithologies are the same on both sides of 

the fault, as well as the dip and direction of the main foliation. Both sectors of the 

deposit have been successfully mined; the northern one corresponds to the inactive 

quarry G118, and the southern one to the active quarry G119. 

 

Two color varieties are available in this deposit: Piedra laja gris plomo (U38B) 

cropping out as a five meter “layer” on the northwest side and Piedra laja verde 

oscuro (U38C), which is exposed as a seven meter “layer” on the southeast side. 

These varieties are designated first quality (Q1), meaning that they represent an 

excellent fissility and the plates obtained by splitting are very thin (16 mm). On both 

sides of the deposit varieties with inferior quality can be mined. The second quality is 

defined as Q2, having this variety an angle between S0-1 and S2 larger than 30°, and 

therefore, a non-completely parallel foliation and splitting in wider plates. The third 

quality, Q3, is a variety with bad fissility due to the occurrence of folds (kink bands) 

and a stepped foliation surface. 
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Currently the depth of the deposit is 15 meters. Considering that the foliation S0-1 dips 

about 80° to the northwest and the deposit has a maximum width of 12 meters, the 

maximum depth to which the mining could proceed without considering the safety 

risks would be 50 meters. A simplified model of the impact of the foliation dip and 

how it would influence the mining is illustrated in Figure 4.19. Others factors also 

influence the depth of mining. The depth of the water table plays an important role in 

mining since the annual rainfall in Uruguay is relatively high, about 1,200 mm, which 

affects the pumping of water in a quarry at a 50 meter depth. 

 

 
Fig. 4.19: Idealized model of a slate deposit with waste material to be extracted. 

 

The rate of exploitation of marketable products with a quality level Q1 is relatively low 

in comparison to other dimensional stone deposits. The current yield of 7% in 

dolomitic slates, based on international comparable deposits and the mining 

efficiency according to the local producers, could be considerably improved by the 

commercialization of the Q2 and Q3 varieties. 

 

For the calculation of the reserve in the southern section of the deposit (G119) a 

length of 200, a width of 12 and a depth of 20 meters are considered. From a total 

volume of 48,000 m³ a yield of 7% is expected. Therefore, the dolomitic slate 

reserves in quarry G119 would be 3,360 m³. For the northern section of the deposit 



 Case Study: Slates 
 

 
171 

 

(G118) the length considered is 100 m, the width and depth remain the same as in 

the southern section. Considering the yield of 7% again, the estimated reserves for 

this section are 1,680 m³. Taking into account that the material extracted will be split 

into slabs of 16 mm thickness, a production of 315,000 m² could be expected from 

this deposit. 

 

For a mining depth of 50 meters the total production of the deposit would be 12,600 

m³ or 787,500 m² (for 16 mm thick slabs) considering a yield of 7%. Due to the 

instability of the northwest wall, a large amount of waste material has to be extracted 

in order to reach a depth of 50 meters. Around 66,150 m³ have to be extracted, so 

that around 15% of this material could be commercialized as second and third quality 

slate (Q2 and Q3) for use as rubble stone and stone stairs. This would make an 

additional production of 9,920 m³. 

 

According to DINAMIGE (2008), the total production of slates in the year 2007 was 

2,073 m³ consisting of the black and colored slate varieties, where the volume 

production of both varieties are equal. When considering a slab thickness of 16 mm 

again, the production of colored slates is almost 75,000 m². Around 60% of the 

annual colored slate production presumably comes from the deposit described and 

analyzed above. The mining of this deposit produces 45,000 m² annually and when 

the mining only goes to a depth of 20 meters, the life of the quarry would be seven 

years. Using a depth of 50 meters would allow the deposit to be active for a period of 

17 years and six months. 

 

To increase the 7% yield, the raw material should be reassessed in order to 

transform it into a marketable product. The raw material is defined as quality Q2 and 

Q3. The alternative uses for Q2 and Q3 are rubble stones, stone stair treads, thick 

polygonal slabs and irregular material for gardens (e.g. as stepping stones) and 

landscaping stones. The raw material that is intensively jointed, and therefore, small 

in size can be commercialized as tiles for indoor or outdoor cladding. Intensively 

folded material can also be applied as stone block steps. All these products can be 

sold on the local, regional (Latin America) and international markets. Other 

alternative uses for the local market are those which utilize the waste material 
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resulting from the sawing. These small pieces can be reselected for the design of 

mosaics, for example; or be used as raw material for road construction or 

maintenance. For the local situation in Uruguay this has no relevancy, but the 

dolomitic slates show little impact to freeze-thaw and could be used without any 

problems in countries with colder climates. 

 

The external factors that influence the mining costs are mainly energy (fuel), 

purchase of machinery, pumping of water (at 30 meters depth), salaries, cost for 

mining preparation and organization, environmental costs and royalty (government 

taxes). Credit costs are also considered in the economic costs as they are of 

fundamental importance for the initial investments. 
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Appendix 
 

Table A.4.1: Major element geochemistry of the investigated slates. 

 
 

Table A.4.2: Trace element geochemistry of the investigated slates. 
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Table A.4.3: Normative minerals calculated using Slatenorm.exe (ab: albite, an: anorthite, ap: 
apatite, cc: calcite, ct: chloritoid, dol: dolomite, fac: daphnite, fc: greenalite, gr: graphite, ilm: 

ilmenite, mac: amesite, mc: serpentine, mu: muscovite, or: orthoclase, pa: paragonite, pt: pyrite, qz: 
quartz, sid: siderite). Data from Theuma Fruchtschiefer (TH*) after Fischer et al (2011). 
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5. Conclusions 
 
General remarks 

 

Dimensional stones are rocks used in architecture for decorative and structural 

purposes because of their décor, color and petrophysical properties. The main 

applications of dimensional stones are as façade cladding, countertops, floor slabs, 

floating stairs and columns, but there are also used in the industrial sector as 

precision tables, in works of art like sculptures and in funerary art as gravestones. 

 

The dimensional stones sector in Uruguay is nowadays mainly restricted to the 

mining, industrialization and commercialization of „black granite“ (dolerite), gray 

granite, dolomitic slate and sandstone. In the past colored granites (in different 

shades of pink, red and greenish-gray) and marbles have also been mined. 

 

The commercialization of dimensional stones in the country starts in the beginning of 

the 20th century with the mining of granites and syenitoids. The production was 

mainly for the local and regional market, where they have been used in the 

construction of representative public buildings. In the last decades some dimensional 

stones have been exported as it is the case for the dolerites, some gray granites and 

dolomitic slates. The marbles have been used mostly in the local market but in the 

last decades the sector is experiencing difficulties to compete with the cheaper 

imported marbles. The slate sector suffers from similar difficulties: After it began to 

develop rapidly in the middle of the 20th century it is still nowadays active but with 

very modest annual production. 

 

Geological setting and regionalization of the deposits 

 

The Uruguayan geology allows the mining of a wide variety of dimensional stones. 

The most interesting geological units for the exploration and mining of dimensional 

stones are located in the southern area of Uruguay. Here crops out the Precambrian 
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basement, which is composed of magmatic and metamorphic units with a complex 

geological history and structural relationships. 

 

The Precambrian basement is composed of the following tectono-stratigraphic units, 

from west to east: Rio de la Plata Craton (RPC) (Almeida, 1971; Oyhantçabal et al, 

2011), Nico Pérez Terrane (NPT) (Bossi and Ferrando, 2001; Oyhantçabal et al, 

2011), Dom Feliciano Belt (DFB) (Fragoso-Cesar, 1980) and the Punta del Este 

Terrane (PET) (Preciozzi et al, 1999; Basei et al, 2011). These units are separated 

by different tectonic discontinuities, two of them being of first order, from west to east: 

Sarandí del Yí and Sierra Ballena Shear Zones. The Sarandí del Yí Shear Zone 

(SYSZ) separates the RPC to the east and the NPT and the DFB to the west. The 

Sierra Ballena Shear Zone (SBSZ) bounds the NPT and the DFB to the east and the 

PET to the west. 

 

After its new definition, the RPC in Uruguay corresponds to the Piedra Alta Terrane 

(Oyhantçabal et al, 2011) and includes metavolcano-sedimentary belts and a central 

granitic-gneissic complex of Paleoproterozoic age (Bossi and Ferrando, 2001; 

Oyhantçabal et al, 2011). This central complex is also known as Florida central 

granitic-gneissic belt (FCGGB) and late- to post-orogenic intrusions are widespread 

within this unit (Oyhantçabal et al, 2010). Several commercial granite deposits are 

located in these intrusions, mainly of gray granite (e.g. Chamangá, Cufré, Cuchilla 

del Perdido) but also of red granite (e.g. La Paz and Mahoma Red) and greenish-

gray granite (Moskart). 

 

Another important unit of the Piedra Alta Terrane is the mafic dike swarm that 

intruded in an extensional regime all lithologies of the terrane (Bossi and Campal, 

1991; Bossi and Ferrando, 2001). The age of intrusion is given by Halls et al (2001), 

1790 ± 5 Ma (U-Pb on baddeleyite). The commercial varieties Absolute Black and 

Moderate Black are mined from dolerite deposits located in this swarm. 
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Two other mafic rocks being potentially of interest as black dimensional stone are 

also located in the Piedra Alta Terrane (PAT). These are the gabbro-norite known as 

Mahoma Black belonging to the Guaycurú Complex (Bossi and Schipilov, 2007) and 

the Arapey Basalt, belonging to the Arapey Group. 

 

Many dimensional stone deposits are located in the Dom Feliciano Belt (DFB). The 

syenitoid deposits (e.g. Artigas Pearl and Salmon Red syenites) are exclusively 

located in the Sierra de Ánimas Complex (Coronel et al, 1987; Bossi and Navarro, 

2001; Morales Pérez, 2004; Oyhantçabal et al, 2007a). The Maldonado Granite 

deposit is located in the southern part of the DFB, directly in the SBSZ. Therefore it 

has the most developed features of synmagmatic deformation of all the commercial 

granites analyzed. In the central part of the DFB other colored commercial granite 

crops out: the Luján or Santa Clara Granite (Preciozzi et al, 1985; Bossi and Navarro, 

2001; Bossi and Ferrando, 2001; Morales Pérez, 2004). The red-colored 

Guazunambí Granite crops out further to the north in the DFB (Preciozzi et al, 1985; 

Bossi and Navarro, 2001; Bossi and Ferrando, 2001; Morales Pérez, 2004). This 

granite presents a gentle foliation evidencing a less developed synmagmatic 

deformation compared to Maldonado Granite. 

 

The dolomitic slates deposits are located in the southernmost portion of the Lavalleja 

Group (LG) (Bossi et al, 1965; Midot, 1984; Sánchez Bettucci, 1998; Sánchez 

Bettucci and Ramos, 1999; Oyhantçabal et al, 2001) which belongs also to the DFB. 

According to these authors the LG is a volcanosedimentary unit of greenschist to 

lower amphibolite facies metamorphism. Further subdivisions of the LG were made 

by Midot (1984), Sánchez Bettucci (1998) and Oyhantçabal et al (2001). The 

dolomitic slates compose the Fuente del Puma Formation of Midot (1984) and 

Sánchez Bettucci (1998) and the lithological association Minas Viejas of Oyhantçabal 

et al (2001) 

 

Other gray granite deposits are located in the PET. The fine-grained varieties Cerro 

Áspero and Garzón granites occur in the center of this unit (Preciozzi et al, 1985). 
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The Santa Teresa Granite is a porphyritic granite that crops out in the east of the 

PET. 

 

Case study: dolerites 

 

The dolerites of the mafic dyke swarm represent the most relevant and promising 

dimensional stones from Uruguay, due to their deep black to dark gray color, 

homogeneous décor and the excellent quality of their petrophysical properties, as 

well as from the high volume of reserves potentially available. Due to their 

fundamental importance in the dimensional stone sector they were exemplary studied 

in the present work. 

 

The dolerites comprise two geochemical and petrographic groups: A and B. The 

rocks of Group A are composed of plagioclase, lower amounts of augite, exhibit a 

greater granophyric intergrowth, amphibole and opaques than Group B and are 

characterized by high TiO2 contents and an andesitic composition (Bossi and 

Campal, 1991; Morales Demarco et al, 2011). Group B, with a low TiO2 content, has 

an andesitic-basalt composition. In both groups the opaques are magnetite, ilmenite 

and hematite, although they differ in the total amount present and in their texture. 

 

The black and dark gray colors of the dolerites are related with a relatively high 

proportion of mafic minerals (e.g. pyroxenes, amphiboles, opaque minerals) and with 

the occurrence of transparent plagioclase. Color measurements were performed in 

several internationally known black commercial granites, such as Shanxi Black from 

China, Star Galaxy from India and Sweden Black in order to determine the quality of 

the black color of the Uruguayan dolerites. The Absolute Black Dolerite from Uruguay 

is the darkest rock of all the samples analyzed. 

 

The deep black homogeneous color of the Absolute Black Dolerite is determined by 

its mineralogy, very fine-grained subophitic texture and lack of veins. It has only been 

found in a small proportion in the deposits of Group A. Moderate Black Dolerite is 
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characterized by a medium-grained subophitic texture and a dark gray color, which is 

sometimes interrupted by white spots due to the presence of larger granophyric 

intergrowths. Light gray aplitic veins up to five centimeter in thickness are sometimes 

observable, but these can be easily avoided during the mining process. This variety 

is also commercialized as Sacramento or Oriental Black Granite and is found in 

groups A and B. 

 

The high densities and especially the very low porosities and pore-related properties 

(e.g. water absorption, water vapor diffusion) of these rocks make them a high quality 

granitic dimensional stones. They occupy a very favorable position in regards to their 

diverse applications; since they are very resistant to weathering and freezing and 

present no deterioration risks. The isotropic character of their petromechanical 

properties make possible their use as constructive elements subjected to high 

uniaxial applied loads, independently of the orientation of these elements. Examples 

include building façades, free-standing constructions in a building such as floating 

stairs, columns, and architraves or counter-tops. The footbridge in Bad Homburg 

(Germany) is a very good example of the use of this type of high strength rock, where 

individual blocks of Nero Assoluto dolerite from Zimbabwe are used as load-

transferring masts. Similarly, the thermal expansion is also isotropic making possible 

the application of these rocks as elements that require an extreme low anisotropy 

(e.g. precision tables). Uruguayan dolerites, therefore, can be used as constructive 

elements in all indoor and outdoor applications and can occupy a relevant position on 

the international market. 

 

The Uruguayan black commercial granites are comparable with several worldwide 

known dimensional stones in regards to décor and petrophysical properties. The 

Absolute Black Dolerite can be compared with the Shanxi Black from China. They are 

similar in décor but the Uruguayan variety is slightly darker than Shanxi Black. In 

respect to their petrophysical properties they are very similar. Moderate Black 

Dolerite is comparable to the Impala Dark from South Africa. The Uruguayan dolerite 

has a finer grain size and higher compressive strength than the Impala Dark. 
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The dolerite deposits occur in the dolerite dike swarm, which intrudes an area 

covering 20,000 km² in the southwestern part of the country: the Rio de la Plata 

Craton. The dikes are normally not wider than 40 meters and around one kilometer 

long. The maximal depth reached in the quarries by the prevailing mining method is 

about ten meters. In similar deposits in northern China and southern Sweden depths 

of more than 50 m are possible. 

 

The mining yield of the Uruguayan dolerite deposits, which is around 10%, could be 

improved by an optimization of the extraction. This optimization can be performed 

mainly by the application of the software 3D Block Expert. The visualization of the 

raw blocks in three dimensions that this software allows, can be used to plan the cuts 

using a diamond wire saw in order to obtain the maximum block size possible. 

 

Case study: granitoids and syenitoids 

 

Other important group of dimensional stones in Uruguay is represented by the 

granitoids and syenitoids. These rocks cover a relatively wide color spectrum (gray 

and diverse shades of pink, red and greenish-gray), with interesting décor and very 

good petrophysical properties. Petrologically most of the granitoids are granites s.s., 

except Chamangá Granite, that is actually a granodiorite and Isla Mala Granite, 

which is a tonalite. The syenitoids are alkali feldspar syenite, quartz alkali feldspar 

syenite and quartz syenite. 

 

The gray granitoids present a light gray color given by the combination between the 

gray and white feldspars, transparent quartz and mafic minerals. Their décor is 

mainly determined by their texture and the occurrence of dikes, mafic enclaves and 

other elements that disrupt the homogeneity of the color. In the present work several 

commercial gray granites were analyzed (e.g. Cerro Áspero, Chamangá and 

Maldonado granites). Generally these commercial granites show a homogeneous 
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décor, with the exception of Cufré, Maldonado and Santa Teresa granites, which 

show a magmatic foliation. 

 

The red granites present different shades of carmine red and carmine pink, with small 

variations within a same variety. The red color in granitic rocks has been attributed to 

the presence of ferric iron oxides in the alkali feldspars that underwent a complex 

replacement history (Boone, 1969; Taylor, 1977; Nakano et al, 2002; Putnis et al, 

2007; Plümer and Putnis, 2009). They are either medium-grained (Guazunambí 

Granite) or coarse-grained with porphyritic texture (La Paz and Mahoma Red 

granites). La Paz Granite also presents an equigranular facies. 

 

The Moskart Granite shows a homogeneous greenish-gray to brownish-gray color 

and a very coarse-grained porphyritic texture. The color is attributed to chlorite, 

sericite, calcite and limonite filling the microcracks that affect all the minerals of this 

rock. 

 

Artigas Pearl, Pan de Azúcar White, Salmon Red and Violeta Imperial belong to the 

syenitoid group. Similarly as for the red granites, they present feldspar replacements 

that together with the iron oxides (precipitated in the pores of the feldspars) are 

responsible for the different shades of pink, red and bluish-gray of these rocks. The 

exotic décor of Artigas Pearl makes it particularly interesting for the international 

market. 

 

The building applications of commercial granites (granitoids and syenitoids) with 

higher requirements are outdoor façades and floor slabs, countertops in kitchens and 

bathrooms and special uses such as precision tables. For the application of 

commercial granites as outdoor façades are of fundamental importance the porosity 

and its related properties (e.g. capillary water absorption) as well as the resistance 

against thermal changes and freeze conditions. The absence of mafic minerals or 

mafic enclaves (elements that easily oxidize) is decisively in outdoor applications and 

in countertops, or in any other application where water and other fluids interact with 
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the rock. This is mainly because these minerals and enclaves oxidize and stain the 

original color of the rock. The Uruguayan gray granites are suitable for this 

application based on their low porosity, although special care must be taken with 

Cufré Granite, since this variety contains biotite clots and mafic enclaves that could 

eventually oxidize. 

 

The syenitoids show higher porosity, capillary and unforced water absorption values, 

but their application as outdoor façades has proved to be safe. This can be seen in 

façades of 60 years old buildings in Montevideo and Buenos Aires, which until the 

present show no signs of stone weathering or deterioration. An exception is the 

Artigas Pearl Syenite, which show open pores in some polished slabs and in the 

deposit. For this special case a coating is necessary to prevent further deterioration. 

 

For floor slabs and stairs the flexural and abrasion strength requirements are very 

relevant. All the Uruguayan granitoids and syenitoids analyzed have high abrasion 

strength, but the flexural strength values vary widely. The gray granites, with the 

higher flexural strength values clearly satisfy the demands, but this is not the case of 

the Moskart Granite and the syenitoids, with the exception of Salmon Red. 

 

The block sizes that can be extracted in a quarry were calculated using two different 

approaches. The first one is based on arithmetic methods, such as those proposed 

by Singewald (1992), Palmstrøm (1982, 1996 and 2001) and Sousa (2010). These 

methods use the distances between the joints that compose a joint set and calculate 

the average or median regular block size by relatively simple calculations. The 

second approach is the one developed by Nikolayew et al (2007), Siegesmund et al 

(2007a, b) and Mosch et al (2010) and is based in the application of the software 3D 

Block Expert. This software calculates irregular raw block sizes using the spatial 

distribution of the joints in a selected quarry section. The method proposed by Sousa 

(2010) is the most conservative of the arithmetic methods, because it uses the 

median distances of the joint sets and not the average as the other two methods 

mentioned. The advantages of the arithmetic methods in comparison with 3D Block 
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Expert is that the firsts are faster (in data collection and in the posterior analysis), 

require only one person to perform the data collection in the quarry, larger sections of 

a quarry can be analyzed and the results are sizes of regular blocks. 3D Block 

Expert, however, gives a 3D image of the quarry section studied, allowing a better 

planning of the mining operations. In the structural studies of a dimensional stone 

quarry both methods should be used, as they complement each other. 

 

The sizes of the blocks calculated using the arithmetic methods for the deposits of 

Cerro Áspero, Chamangá, Cufré and Moskart granites are large enough to be 

commercialized in the dimensional stone industry for a posterior fabrication of 

polished slabs. An example is in the Cerro Áspero quarry number 192 where median 

block sizes of 3.3 m³ were obtained applying the method developed by Sousa (2010). 

 

The Maldonado Granite, on the other hand, would only produce small blocks, which 

can be used as floor slabs or material for dry stone wall. The model obtained for a 

section of Maldonado Granite deposit using 3D Block Expert, however, led to a much 

larger block size, which would allow this rock to enter the dimensional stone industry 

for polished slabs. As described in the previous paragraph, 3D Block Expert takes in 

account irregular raw block sizes, while the arithmetic methods calculate regular 

(orthogonal) raw block. This means that the irregular raw blocks must still be squared 

into one, being the resulting block size smaller. Even taking this into consideration, 

the differences in the block sizes obtained using both methods is important and it is 

not believed that Maldonado Granite can offer a continuous supply of large block as 

required by the dimensional stone industry. 

 

The most important syenitoid deposits, Artigas Pearl and Salmon Red, show good 

possibilities of providing a steady product for the dimensional stone industry, but a 

careful planning of the mining is essential, as these deposits present some problems. 

In Artigas Pearl main quarry, the arithmetic methods for calculating block sizes were 

applied and with the exception of the boulder zone located on the top of the deposit, 

the block sizes obtained are not sufficiently large when applying the most 
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conservative method of Sousa (2010). However, this quarry once produced large 

blocks and was known in the regional and international market. Further investigation 

should be performed in this deposit to determine the real possibilities of restarting the 

mining. 

 

The Salmon Red Syenite presents the mining limitation of the occurrence of fault 

zones within the deposit. Here, the block sizes obtained by applying the arithmetic 

methods and the three-dimensional modeling are sufficiently large for the industry 

requirements. Using the Sousa (2010) method a regular raw block size of 4.9 m³ is 

calculated for the quarry 079, which is not affected by any fault zone. This is in 

accordance with the results obtained by modeling a section of quarry 075 with the 

software 3D Block Expert. The model for this quarry section determines that 85% of 

the total volume modeled would produce irregular raw blocks larger than 8 m³. A 60% 

mining yield is to be expected with a careful planning of the mining in selected 

sections of the Salmon Red deposit. 

 

The Uruguayan commercial granites, such as the gray and red granitoids, have very 

good petrophysical quality, but their color and décor are common and already offered 

at very favorable prices by other countries such as China, India and Brazil. The 

relevance for the Uruguayan dimensional stones to enter the international market is 

that the regional economy is not very stable. For example the economic crisis of 

2001-2002 that affected Uruguay and Argentina lead to a dramatic decrease in the 

dimensional stone production in Uruguay. This crisis was coincident with the 

international demand for yellow-colored granites. Uruguay, due to its climate, cannot 

provide these color varieties and could not participate in the international market for 

yellow granites. In 2010 the fashion changed, the colors in demand are black, red, 

blue and green. Uruguay has an important potential for the international market in 

regard to the black, red and green commercial granites. 

 

The Uruguayan granitoids at the present economic conditions are only interesting for 

the local and regional market. An exception to this statement is the fine-grained light 
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gray variety Cerro Áspero Granite. Due to its very good petrophysical properties and 

relatively seldom color and décor could compete with the leading granite Padang 

Light from China. Other commercial granites that could enter are the syenitoids, 

especially Artigas Pearl and Salmon Red. Artigas Pearl shows an exotic décor, even 

though its petrophysical properties limit its applications. Salmon Red meanwhile 

presents very good petrophysical properties for a syenite and a décor that is 

nowadays in demand in the international market. 

 

Case study: dolomitic slates 

 

The Uruguayan slates, regardless of their high dolomite content (between 24.5 and 

58.5 wt%), present excellent petrophysical properties when compared to traditional 

slates such as the Spanish roofing slates. The variety of colors offered makes them 

very interesting for the local, regional and even for the international market. 

 

The difficulty to determine the mineral composition of slates by conventional optical 

microscopy made it necessary the use of alternative approaches in the present 

research. These are the software “Slatenorm” that calculates the normative minerals 

(Prof. Dr. Dieter Jung, p. c.) and the X-ray diffraction Rietveld method. The slates 

were classified based on their normative mineral content with respect to the 

nomenclature of the British Geological Survey (Robertson, 1999). The Uruguayan 

slates classify mostly as dolomitic slates. 

 

The colors of the Uruguayan slates are mainly determined by their mineralogy. They 

are composed of dolomite, quartz, phyllosilicates (mainly muscovite, illite and 

chlorite), accessory opaque minerals (e.g. magnetite and pyrite) and other accessory 

minerals. The gray and black dolomitic slates varieties show higher proportions of 

quartz and phyllosilicates, and lower contents of dolomite when compared to the 

green and reddish varieties. It is probable that these dark colors are related only to 

the phyllosilicate content and not to the higher content of quartz. The red color is 

attributed to the presence of patches of iron hydroxides in red and orange colors. The 
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greenish varieties show sometimes chlorite flakes visible to the naked eye, even 

though their chlorite proportion is not higher than in the other dolomitic slates. 

 

Although the carbonate content is seen as negative for the use of slates as roofing 

material, these dolomitic slates have proved to be suitable for other applications. As 

the carbonate present is dolomite and not calcite, these rocks show a higher stability 

against weathering and degradation. 

 

The most important property of a slate is its fissility. The dolomitic slates from 

Uruguay show a good fissility, which is directly related to the slaty foliation that this 

kind of rock presents. The mass value is a parameter used to quantify the mica 

layers present in a slate (Bentz and Martini, 1968; DIN EN 12326-2). Although it is 

not perfectly accurate, this parameter determines if a slate is suitable for its 

application as a roofing material (DIN EN 12326-2). Based on this parameter none of 

the Uruguayan slates can be used for this purpose and in fact there is no knowledge 

that they have ever been used as roofing slate. 

 

The fabric of these dolomitic slates is composed by a main foliation (slaty cleavage), 

which was defined as a S0-1 by Midot (1984) and a secondary foliation S2. The angle 

between these two foliations is very relevant, as it determines if the rock will be 

suitable for commercialization. When this angle is higher than 30° the rock will not 

easily split through the S0-1 foliation. When it is lower than 10° small scales will 

develop in the S0-1 foliation, but this is not consider negative for the 

commercialization of the slate. 

 

The application of a slate, as for all dimensional stones, is fundamentally determined 

by its physical properties. The dolomitic slates analyzed show high bulk densities 

(about 2.80 g/cm³) and low porosities (lower than 0.30%). The water absorption is 

also very low (≤ 0.12 wt%), belonging to the category A1 determined by the EN DIN 

52104, and hence, stable against freeze-thaw phenomena. 
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From the mechanical point of view these rocks can be classified as hard rock (UCS 

values higher than 110 MPa), according to the classification scheme discussed in 

Siegesmund and Dürrast (2011). The highest abrasion strength values measured for 

the slates (e.g. U38D) allow them to be grouped between the most resistant 

dimensional rocks, which are the dolerites, e.g. the variety Absolute Black with an 

abrasion resistance of 2.2 cm³/50 cm² (Morales Demarco et al, 2011). 

 

The thermal expansion of these rocks are comparable with sandstones (Siegesmund 

and Dürrast, 2011) and pelitic slates, with values between 8.8 and 13.3 *10-6 K-1. The 

values of hydric expansion shown by the dolomitic slates are comparable to those of 

marble, limestone and sandstone reported (Hockmann and Kessler, 1950). These 

slates show also a high freeze resistance with losses in weight lower than 0.15 wt%. 

 

In comparison with other slates the Uruguayan dolomitic slates show very good 

petrophysical properties. With the exception of its use as roofing slates these rocks 

can be used in all applications. They have been traditionally used in Uruguay mainly 

as façade cladding and floor slabs. 

 

The dolomitic slate crops out about 100 km to the northeast of Montevideo. There are 

two main dolomitic slate mining districts in the region: Arroyo Minas Viejas in the 

north and Arroyo Mataojo district in the south. They are located in the eastern limb of 

a regional fold (known as the “Road 81 syncline”) in the center of the Minas Viejas 

Association and bound to the east and west with phyllites and metabasalts. 

 

There are two other minor slate mining districts in Uruguay. One is represented by 

two quarries where the variety Piedra laja rosada con gris (UY-106) was mined, 

about one kilometer east of the Arroyo Minas Viejas District. Another slate mining 

district is located in the Rocha department, represented by the slate variety Piedra 

laja Rocha (UY-108) and belonging to the Rocha lithostratigraphic Group. 
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The dolomitic slate deposits are characterized by their elongated shape parallel to 

the S0-1 foliation, which makes their mining similar to the quarrying of dikes (e.g. 

dolerite). These dolomitic slate deposits are defined as stratabound deposits in the 

sense of Canavan (1973). To define a dolomitic slate deposit it is necessary to find 

the characteristic mineral composition and mainly two structural requirements must 

be achieved: parallelism between S0-1 and S2 and absence of highly folded sectors. 

 

Reserves 

 

The mining of a deposit is mainly controlled by the three categories of the 

International Framework Classification of the United Nations for fossil energy and 

mineral reserves and resources (UN, 2010). These categories are: i. degree of 

favorability of social and economic conditions (e.g. market prices, relevant legal and 

environmental conditions) (E axis); ii. maturity of studies and commitments to 

implement mining plans, which will determine the feasibility of the mining project (F 

axis); iii. level of confidence in the geological knowledge and potential recoverability 

of the quantities (the G axis). Commercial projects are the ones feasible from a 

technical, economic and social point of view. 

 

The reserves of a mineral resource are a very important factor that will determine the 

feasibility of its mining. For the case of dimensional stones, the reserves calculations 

consider the dimension of the deposit and the mining yield (including the waste 

material that is possible to commercialize as aggregate). 

 

The probable reserves for the dolerite deposits were estimated taking an average 

dike of 30 m width, 150 m length and a mining depth of 50 meters, a mining yield of 

10% and considering the mining of 19 dikes that were determined as productive. A 

volume of 20,310 m³ was already extracted (Bossi and Campal, 1991; Morales 

Pérez, 2004; DINAMIGE, 2010) and, therefore, was subtracted from the reserve 

calculated. The present probable reserves estimated for the dolerites are 366,750 m³ 

for Moderate Black and 40,750 m³ for Absolute Black. 
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The potential areas to be mined in each granitoid or syenitoid deposit are between 

10,000 to 210,000 m², being in general about 80,000 m². The mining depths 

considered in the reserves calculation were of 10 m and exceptionally of 20 m 

(Salmon Red Syenite), which is conservative when compared to mining depth of 

similar commercial granites worldwide. 

 

The historic mining yields in granitoid and syenitoid deposits in Uruguay were 

between 20 and 30%. But nowadays with the new technology applied, mainly the 

diamond wire saw, the yields have incremented. A maximum mining yield of 60% is 

estimated for some of the deposits, when also taking in consideration the revaluation 

of the waste material for its commercialization. 

 

The total probable reserves for three of the gray granites are 1,090,000 m³ (Cerro 

Áspero, Cufré and Maldonado granites) and for Moskart Granite is around 400,000 

m³. For the four syenitoids analyzed the probable reserves are around 3,405,000 m³. 

 

Considering international cubic meter prices between 200 and 300 U$ for the fine-

grained granite and of 200 U$ for the other gray granites, the total capital that the 

mining of their deposits could produce would be of 240,500,000 U$. The mining of 

Moskart Granite deposits would led to a capital generation of 200,000,000 U$ 

considering a price of 500 U$/m³. The mining of the syenites would produce an 

income of 1,506,000,000 U$, considering an m³ price of 200 U$ for the Pan de 

Azúcar White and of 450 U$ for the other three syenitoids. 

 

Future development of the mining sector in Uruguay and new commercial varieties 

 

For a further development of the mining in the deposits it would be necessary to 

assess their depths, since is the only direction in which the mining could proceed 

once the limits of the areas are defined. The best methods for this assessment are 
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geophysical (e.g. vertical electrical sounding and geoelectrical tomography) and 

perforations with drill core sampling. 

 

Other potentially interesting rocks in Uruguay for their utilization as dimensional 

stones require more research in order to characterize the materials and their 

deposits. These researches should take into account the methods described in the 

present work in order to correctly evaluate the petrophysics of the materials and the 

viability of the mining through an analysis of the deposit characteristics, in particular 

the joint set frequency as it determines the block sizes that could be extracted. 

 

Some of these potentially interesting rocks are: i. the basalt of the Arapey Group of 

the northwest of Uruguay, which shows a dark gray color and good petrophysical 

properties; ii. the Mahoma Black in Piedra Alta Terrane (southwest of Uruguay), 

which could be eventually commercialized as black dimensional stone for interior 

applications where no water is present; iii. the conglomerate of Las Ventanas 

Formation, associated to the Sierra de Ánimas Complex (southeast of Uruguay); iv. 

Tacuarembó Sandstone and other sandstones associated to the Paraná Basin 

(northern of Uruguay), mainly to indoor application due to their high porosity. 

 

The future development of the dimensional stone sector in Uruguay should focus in 

the further evaluation of these resources in order to study all the potentially 

commercial varieties. For an increase in the mining yield it is of primary importance 

the reassessment of the waste material to transform it in aggregate and other 

construction materials. 
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6. General appendix: Analytical procedures 
 

6.1. Density and Porosity, Mercury Injection Porosimetry and Water Absorption 

 

The standard parameters bulk density (ρbulk), matrix density (ρr) and effective porosity 

(Φ) were determined as described in Hoffmann (2006) using the Archimedes 

Principle and relating the masses of a sample in dry (md), wet (mw) and under water 

(buoyancy) (mb) conditions in accordance with the following equations: 

 

(1)  ρbulk = md / mw – mb  

 

(2)  ρm = md / md – mb 

 

(3)  Φ = mw – md / mw – mb 

 

The pore size distribution was measured by applying the Mercury Intrusion 

Porosimetry using a “Porosimeter 2000” from the Company Carlo Elba. The samples, 

cylinders of 10 mm diameter and 40 mm length, are placed in a cell where a vacuum 

is generated and afterwards filled with mercury. The mercury is then forced into the 

pores of the sample, by applying pressure in a progressive way. Since the pressure 

at which the mercury enters the pores is inversely proportional to the pore size, this is 

easily calculated. 

 

Water absorption was measured following the DIN EN 13755 in 65 mm length cubes 

under atmospheric pressure and under vacuum pressure. Simplifying, the first 

procedure consists in drying the sample and registering its mass and then placing it 

under water and waiting 48 hours until the sample is completely wet, measuring the 

mass. The second procedure consists in evacuating the dry sample for 24 hours, 

registering its mass and then placing it in under water for 48 hours and afterwards 

registering the mass again.  
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6.2. Expansion Properties: Thermal and hydric expansion 

 

Thermal expansion was determined in cylindrical samples of 15 mm diameter and 50 

mm length in three spatial directions (X, Y, Z) in a special device called dilatometer, 

as described in Strohmeyer (2003). The samples to be measured were placed in the 

dilatometer which has six linear displacement transducers with an accuracy of 1 µm 

and two resistance thermometers (one of which is inside a dummy) with an accuracy 

of 1°K. The samples were subjected to temperature cycles beginning at 20° up to 90° 

C with a rate of increase of 1 °C/min, which ensures the thermal equilibration of the 

sample (Weiss et al, 2004). The thermal dilatation coefficient α is a measure of how 

much the length of a sample varies with a change in temperature. The following 

formula allows its calculation:  

 

(4)  α = ∆l / (l * ∆T) 

 

where ∆l is the length change, l the length of the sample at the beginning of the 

measurement and ∆T the temperature change in units of 10-6 K-1. Residual strain ε is 

the ratio between the change in the length of a sample ∆l and its original length for a 

defined temperature interval in units of mm/m. 

 

6.3. Mechanical properties 

 

The mechanical tests were performed using a Universal Testing Machine Class 1 

from the company Walter and Bai. For each test, samples were prepared in order to 

recognize anisotropies, therefore they were drilled in three orthogonal directions (see 

Figure 6.1). 

 

The uniaxial compressive strength (UCS) test was performed following the DIN EN 

1926 in at least 6 samples, having a diameter and length of 50 mm. The method 

consists in applying a maximum force up to 1000 kN whith a load increase of 1000 

Ns-1 perpendicular to the sample faces (which are plan-parallel polished until ± 0.1 

mm accuracy). The UCS (σucs) is calculated by using this equation: 
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(5)  σucs = F / A 

 

where F is the maximum force at which the sample breaks and A is the area in which 

this force is applied.  

 

Young´s modulus (E) is determined in the UCS test and is a measurement of how 

much a material resists being deformed when a uniaxial force is applied to it. 

Therefore it relates the strength (σ) applied and the strain (ε) of this material, 

following this equation: 

 

(6)  E = dσucs / dε 

 

For the measurement of the tensile strength the norm DIN 22024 was followed. A 

maximum force of 50 kN is applied with a load increase of 30 Ns-1 onto cylinders of 

40 mm diameter and 20 mm length, but in order to develop a tensile strength this 

force is applied perpendicular to their faces. The tensile strength (σT ) is calculated by 

the following equation: 

 

(7)  σT = 2F / d * l * π 

 

where F is the maximum force at which the sample is crushed, d is the diameter and l 

the height of the sample.  

 

Breaking load at the dowel hole was determined following the DIN EN 13364. Instead 

of using samples with a 200 mm edge length and 30 mm thickness, smaller samples 

were used (150 mm edge lengths and a thickness of 30 mm), which do not have 

significant difference in the resistance value according to Koch (2005). This method 

consists in applying a force (up to 50 kN) at a load increase of 50 Ns-1 perpendicular 

to a dowel fixed in the side of the sample and registering the maximum force at which 

it breaks down. 
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Fig. 6.1: Orientation of the samples in a three-coordinate system for tensile and uniaxial compressive 

strength (a) and flexural and abrasive strength (b). The thick arrows represent the force applied to the 

sample and the thin arrows the resulting strain directions in the samples. In light violet color are 

represented the zones where the strains led to rock failure. Between brackets is the number of 

samples (n) measured for each direction (modified after Strohmeyer, 2003 and Hoffmann, 2006). 
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The flexural strength under concentrated load is determined by the norm DIN EN 

12372 in samples with 150 mm length, 50 mm width and 25 mm height. The 

procedure consists in placing the sample over two supporters with 125 mm distance 

between them. In the middle of the sample a maximum linear force of 50 kN is 

applied with a load increase of 50 Ns-1 until the rock failure. The equation used to 

calculate the flexural strength is the following: 

 

(8)  σF = 3 * F * d / 2 * w * h2 

 

where F is the maximum force at which the samples breaks down, d is the distance 

between the supporters, w is the sample width and h is its height. 

 

Abrasive resistance was performed by the Böhme Method as described in the DIN 

52108. A square sample with side lengths of 71 mm (with a surface area of 50 cm2) 

and a height of 25 mm is placed in a grinding path with some pressure above it and 

an abrasive powder underneath it. The grinding path rotates at a speed of 30 rmp 

and after 22 revolutions it stops. The sample is then rotated in 90° and another 22 

revolutions are started. After the sample has been rotated four times its weight is 

measured. This procedure is repeated another four times. The value of the abrasive 

resistance is expressed in the volume lost per 50 cm2 of sample (∆V / 50cm2) and is 

calculated by the following equation: 

 

(9) ∆V50cm2 = (∆m * 50) / (ρr * ar) 

 

where ∆m is the loss in mass, ρr is the bulk density and ar is the real area of the 

sample surface. 

 

6.4. Color Measurements 

  

Color measurements were performed using a Konica Minolta Chroma Meter CR 300 

with a xenon flash-lamp with a measuring spot of 8 mm in diameter. The results are 

expressed in L*a*b* as required by the International Commission on Illumination 
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(CIE: Commission Internationale de l´Eclairage), where L* is the brightness (0 is 

black and 100 is white), a* is the green/red axis (-60 is green and +60 is red) and b* 

is the blue/yellow axis (-60 is blue and +60 is yellow). 

 

Organic carbon was determined at the Department of Geobiology of the Geoscience 

Center of the University of Göttingen (GZG) with a C/S analyzer (CS-800, Eltra 

GmbH, Neuss). 
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