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Characterization of firebricks used in 
copper smelting furnaces of the 19th 
century, Atacama, Chile
A. Nazer1, N. Toro2, O. Pavez3,4, and J. Guerrero4

Synopsis
In the 19th century, mining in northern Chile was of great economic importance. Today, the ruins 
of the copper smelters and abundant fragments of refractory bricks from their furnaces remain. The 
refractory materials have not been previously studied. the origin, physical and chemical properties, 
and compressive strength of 10 different samples of historical refractory bricks collected on-site 
were investigated. The characterization results showed that the bricks are silico-aluminous, unlike 
the magnesium-chromium bricks used by current foundries. It was determined that 90% of them 
were produced in the UK and 10% were manufactured in Chile. The phases present are mullite, 
quartz, cristobalite, and tridymite, and the chemical composition corresponds mainly to SiO2. The 
compressive strength of the historical bricks is similart to those currently used,. These results may 
contribute to the knowledge of the 19th century mining and metallurgical historical heritage of 
Chile and the UK. 
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Introduction 
In the 19th century, the so-called Norte Chico region, nowadays comprising the Atacama and Coquimbo 
administrative regions, played a fundamental role in the Chilean economy due to its outstanding mining 
and metallurgical production (Pérez et al., 2021). In northern Chile, valuable secondary veins containing 
copper-rich minerals were found. On the surface, oxidized copper minerals such as chrysocolla, malachite, 
and atacamite, were present. However, at greater depths, the richness of the deposit lay in abundant copper 
sulphides, such as chalcopyrite, chalcocite, and covellite. In the 19th century, the ores exploited were of high 
grade and were treated by direct smelting. The copper-rich material was sorted manually since mineral 
concentration technologies did not exist at that time.

In previous studies, the authors located 41 copper smelters in the Atacama Region, which were active 
during the 19th century and a few until the first decade of the 20th century (Nazer et al., 2016).

The growth of these metallurgical centres gave rise to settlement that housed the mining workers and 
their families, and which included facilities for commerce, religious worship, art and culture, education, 
transport (rail links), cemeteries, and offices (Sernageomin, 2020; Toro, et al., 2021). The copper produced 
was mainly exported to the UK. The copper boom caused a remarkable increase in the population of 
Atacama, going from 2 000 to 24 000 inhabitants between 1803 and 1872. During the period from 1843 
to 1872, the region generated a total income close to 200 million Chilean pesos, with more than half of 
this amount resulting from exports of copper bars, minerals, and primarily anodes. At the beginning of 
the 1830s in the province of Huasco, perhaps the most important development in copper mining was the 
introduction of reverberatory furnaces to replace the sleeve furnace. Reverberatory furnaces required 
specialized work and the incorporation of new refractory materials (Venegas, 2007). 

Nazer et al. (2016) identified four types of copper smelting furnaces that were used in the northern 
Chile in the 19th century:
 ➤  ‘Modern system’ reverberatory furnace, in which several of these furnaces were served by a single 

chimney
 ➤   ‘Ancient system’ reverberatory furnace, each with its own chimney
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 ➤   Calcination furnace, used to eliminate volatile elements 
from the mineral concentrates

 ➤   Sleeve or wind furnace, which used a bellows to improve 
combustion. This is a clay furnace, of low efficiency, and 
consumes a considerable amount of firewood.

According to Aracena (1884), the copper smelting process 
typically involved three successive smelting stages, with an ore feed 
containing up to 13% copper. The first smelting produced a matte 
containing 43 to 45% copper, which then underwent a second fusion 
to increase the grade to 68–70% copper. The third and final smelt 
produced bars with a purity of 98–99%. This metallurgical process 
was known as the ‘ancient system’. The average time for the first and 
second smelts was normally 5¼ hours, while the third smelt took 
between 27 and 28 hours. Later, a radical innovation reduced the 
successive smelting stages to just two, resulting in a significant time 
saving in the production of copper bars. This smelting process was 
called ‘Napier's improved system’, or ‘reformed system’. Based on 
historical statistics, Nazer et al. (2016) estimated that approximately 
6 t of copper ore and 5 t of coal were needed to obtain 1 t of copper 
with a purity of 96-97% using the reformed system.

The fusion temperatures in the furnace reached approximately 
1200°C. Nazer et al. (2016) studied four samples of copper slags 
from dumps in the Atacama Region. The slags were chemically 
classified as acidic slags and consisted mainly of SiO2 (38–49%), 
Fe2O3 (18–37%), CaO (8–26%), and Al2O3 (5–8%). The 
mineralogical compositions and structure showed diversity; one 
sample was amorphous, while the other three had a crystalline 
structure with some amorphous character. The major mineral 
phases were diopside, fayalite, magnetite, cristobalite, and 
clinoferrosilite.

The fall in international mineral prices from 1874 
(MemoriaChilena, 2021), together with the inefficient extraction 
techniques and dependence on foreign capital, created increasing 
problems for copper mining, which resulted in the closure of 
numerous operations. In 1879, Chile accounted for 30% of 
world copper production; in 1890, 9.7%; and, in 1900, only 5.5% 
(González, et al., 2016). Several factors contributed to this decline, 
including changes in global copper demand, competition from other 
copper-producing countries, the growing economic significance 
of nitrate production, depletion of deposits, the War of the Pacific 
between Chile and the Peru-Bolivian Confederation, lack of capital, 
and technological stagnation (Mamalakis, 1967). The  inhabitants 
abandoned the mining towns, which gradually fell into decay. 

 Few vestiges of copper smelting remain today, and these 
remnants coukd totally disappear in the future. Figure 1 shows the 
ruins of a smelter, with only the chimneys remaining standing. 
These chimneys, the only examples of their kind, have been declared 
a National Monument of Chile, in the category of Historical 
Monument (Consejo de Monumentos Nacionales de Chile, 1996).

Among the residues found in the abandoned mining settlements 
are a great variety of refractory bricks that were used in the copper 
smelting furnaces, which are mostly broken, with the manufacturers’ 
names partially or totally missing(see Figure 2). Until now, no 
studies have been reported that characterize these bricks. The 
objective of this research was to characterize 10 different types of 
refractory bricks (Figure 3), using various laboratory techniques to 
determine the chemical and mineralogical composition, mechanical 
resistance by a non-destructive method, the density, and in 
addition to identify the manufacturers. The results of this study can 
contribute to the knowledge of these materials that are a significant 
part of the Chilean mining and metallurgical heritage.

Materials and methods

Collection of Samples
Refractory bricks were collected from abandoned mining 
settlements in the Atacama Region, particularly from the towns 
of Púquios, Pan de Azúcar, Playa Negra, Totoral, Carrizal Bajo, 
Llanos de Challe, Canto del Agua, Vizcachitas, and Agua Amarga. 
The bricks collected were in small pieces with the manufacturer's 
mark printed in bas-relief; smaller quantities of whole bricks were 
also obtained. The samples were bagged and identified according 
to their origin and transferred to the laboratory of the Department 
of Construction at the University of Atacama. The bricks were 
cleaned by careful brushing to prepare them for physical, chemical, 
mineralogical, and mechanical characterization.

Manufacturer identification
Refractory bricks were identified by the manufacturer's mark 
engraved on one of their faces. Subsequently, several bricks of the 
same brand were selected. An internet search was carried ou to find 
information about the manufacturers.

Selection of bricks to study
Among the large number of refractory brick fragments collected 
in situ, several carrying the same manufacturer’s mark were found 
in different mining settlements of the 19th century, so it was 

Figure 1—Torres de Labrar in the commune of Freirina, declared a National 
Monument of Chile (Consejo de Monumentos Nacionales de Chile, 1996 
Consejo de Monumentos Nacionales de Chile, 2021)

Figure 2—Pile of refractory bricks on a copper dump at the coast
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assumed that these were widely used bricks. Of the total samples, 
only 10 different types were selected and bearing the following 
manufacturer's marks: Barlinnie, Garkirk, Garkirk Patent, Glenboig, 
Hannington, Lota, Ramsay, Rufford Stourbridge, Skinner, and Tcarr.

Characterization
To obtain the samples for characterization in the laboratory, a 
part of each refractory brick was broken off and ground in a disk 
pulverizer to a particle size less than 0.075 mm (–200#). The 
powders obtained were chemically analysed by atomic absorption 
spectr ometry(Shimadzu 6601F). 

The mineral species in the refractory bricks were aidentified  
by X-ray diffraction (Brucker D8 Advance). Real density was 
determined by the pycnometer method. The apparent density, 
on the other hand, was determined on the complete sample 
according to the NCh 116:2008 method (Instituto Nacional de 
Normalización, 2008) using an electromechanical scale with 
a capacity of 6 kgf. To obtain the resistance to compression, 
the Schmidt hammer (Proseq brand) was used according to 
the Chilean standard NCh1565:2009 (Instituto Nacional de 
Normalización, 2009), which is a non-destructive method 
used to determine the compressive strength of rock samples 
and construction materials such as concrete. The instrument 
was calibrated, and to determine the reliability of the results, 
modern refractory bricks were tested, which had been tested 
by the destructive method required by current regulations. The 
procedure applied was as follows: the historical brick samples 
were polished with a polishing stone, and then the Schmidt 
hammer was used in a direction perpendicular to the brick surface. 
In each determination, 20 strokes are applied in different areas of 
the sample to obtain results with a statistically reliable mean. The 
values obtained were corrected using the manufacturer's table of 
values.

Results and discussion
The identification of refractory bricks collected in situ was carried 
out visually on those specimens on which the manufacturer's mark 
could be easily read. For those brick fragments where identification 
was not evident, a rigorous internet search was carried out. The 
origin and manufacturer of the bricks are listed alphabetically in 
Table I.

The real and apparent densitues of the refractory brick samples 
are shown in Table II,  The real density of the samples varies 
between 2.57 and 2.76 g/cm3, for the Hannington and Rufford 
Stourbridge brands, respectively, while the apparent density is in 

the range 1.46 to 1.99 g/cm3 for the brands Tcarr and Glenboig, 
respectively.

The chemical analyses are presented in Table III. In general, 
the bricks containedavery high percentage of SiO2 and Al2O3. The 
Rufford Stourbridge brick had the highest SiO2 content with a value 
of 66.90%, while the Barlinnie brick contained 31.25% Al2O3. The 
bricks in general had a low content of CaO, MgO, and Fe2O3. Given 
the high values of SiO2 and Al2O3 that the bricks present, they 
would be classified as the aluminous silica type.

The results of the compressive strength tests of the bricks are 
presented in Figure 4. The maximum values were obtained for the 
Rufford Stourbridge and Glenboig bricks, at 41.92 MPa and 40.47 
MPa, respectively, while the minimum values was for Garnkirk at 
18.79 MPa. The strength of the Ramsay and Garnkirk Patent bricks 
was 23.13 MPa.

The mineralogical analysis showed that the phases present 
consisted of mullite (Al4.56 Si1.44 O9.72), quartz (SiO2), cristobalite 
(SiO2), and tridymite (SiO2). The relative abundances of the phases 
are shown in Table IV.

Discussions
The difference in compressive strength observed between the 
different bricks would be related to the compaction method of the 
fresh clay mortar before firing. On the other hand, the compressive 
strength values can be related to the apparent densities shown 
in Table II, from which it can be deduced that bricks with a low 
apparent density have a higher porosity, which adversely affects 
thw final strength. On the other hand, bricks may have suffered 
from microcracking due to thermal shock. Refractory materials 
are formulated to withstand rapid changes in temperature without 
fracturing. However, when subjected to repeated cycles of heating 

Figure 3—Refractory bricks studied

Table I

Identification of the refractory bricks studied

Mark Manufacturer Country

Barlinnie William Wilson, Glasgow. Scotland

Garnkirk, 
Garnkirk Patent

Garnkirk Fireclay Works, Garnkirk, 
Lanarkshire

Scotland

Hannington Hannington and Company, Swalwell,
Durham

England

Lota Refractarios Lota-Green Limitada, Lota Chile

Ramsay G. H. Ramsay, Derwenthaugh, 
Gateshead, Durham

England

Rufford 
Stourbridge

Rufford & Co. Stourbridge, Dudley England

Skinner J H Skinner & Co., Marshall-Green 
Colliery, Witton le Wear, Co.,Durham

England

Tcarr Thomas Carr & Son, Newcastle-on-
Tyne

England
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and cooling, especially if they occur rapidly, microcracks and 
fissures can arise in the material. These microcracks can weaken 
the brick's structure over time and affect its performance and 
durability in high-temperature applications. Moreover, these 
microcracks or fissures can provide pathways for the entry of gases 
or liquids into the interior of the brick, which could increase its 
porosity, consequently impacting its strength and durability. Today's 
refractory bricks differ from the studied bricks in their chemical 
composition and mineralogy. The refractory bricks analysed in this 
study are composed of a high percentage of SiO2 and Al2O3 and can 
be classified as aluminous silica bricks. 
The different chemical compositions of the old refractory bricks 

and those used currently would be related to the type of material 
smelted. The current grades, with low concentrations of valuable 
minerals and higher content of gange minerals, require higher 
temperatures for smelting, necessitating more resistant refractories, 
regardless of the furnace design. During much of the 19th century, 
the sleeve furnace was used, which could only process the oxidized 
minerals in the upper part of the copper deposits; when sulphide 
minerals were treated, a brittle mixture called ‘sandstone’ resultes, 
which was discarded as slag (Memoria Chilena, 2021; Folchi, 
2001). Later, at the end of the 19th century, the reverberatory 
furnace, which was able to treat sulphide ores,  replaced the 
sleeve furnace. Therefore, the metal product, as well as the slag, 
was different from those currently produced in copper furnaces. 
Possibly, given the metallurgical characteristics of the minerals 
treated in the sleeve furnaces, refractory bricks were required that 
were mainly composed of SiO2 and Al2O3, very different from 
the current ones, which are mainly composed of MgO and Cr2O3 
(Table V). On the other hand, according to information on the real 
density and compressive strength of current refractory bricks (C. 
Contreras, Engineer at Empresa Nacional de Minería, personal 
communication) the compressive strength of current refractory 
bricks ranges from 16 to 39 MPa, while the bricks studied are in the 

Table II 

Real and apparent densities of refractory bricks studied

Brick True density
(g/cm3)

Bulk density
(g/cm3)

Barlinnie 2.71 1.55

Garkirk 2.68 1.60

Garkirk Patent 2.68 1.63

Glenboig 2.65 1.99

Hannington 2.57 1.67

Lota 2.70 1.68

Ramsay 2.59 1.51

Rufford Stourbridge 2.76 1.77

Skinner 2.57 1.72

Tcarr 2.59 1.46

Table III

Chemical composition of the refractory bricks studied 

Brick
SiO2 
(%)

Al2O3 
(%)

Fe2O3 
(%)

CaO 
(%)

MgO 
(%)

Others 
(%)

Barlinnie 63.62 31.25 2.65 0.70 0.55 1.23

Garkirk 64.41 27.80 3.75 0.84 0.40 2.80

Garkirk Patent 61.92 30.49 3.60 0.78 0.73 2.48

Glenboig 65.46 28.60 3.67 0.76 0.36 1.15

Hannington 46.87 29.98 2.55 0.77 0.72 19.11

Lota 65.34 30.07 2.57 1.18 0.65 0.19

Ramsay 60.18 28.75 2.17 0.99 0.58 7.33

Rufford 
Stourbridge

66.90 26.22 4.79 0.77 0.65 0.67

Skinner 56.86 27.92 2.02 0.76 0.48 11.96

Tcarr 66.18 28.96 2.13 1.05 0.60 1.08

Figure 4—Average compressive strength of refractory bricks measured with 
Schmidt hammer

Table IV

Abundance of mineralogical phases in the refractory bricks 
studied 
Brick Mullite Quartz Cristobalite Tridymite

Barlinnie ≥10% ≥10% ≥10% ---

Garkirk ≥10% ≥10% ≥10% ---

Garkirk Patent ≥10% ≥10% ≥10% ---

Glenboig ≥10% ≥10% ≥10% ≥10%

Hannington ≥10% ≥10% --- ---

Lota ≥10% ≥10% ≥10% ---

Ramsay ≥10% ≥10% ≥10% ---

Rufford 
Stourbridge

≥10% ≥10% ≥10% ---

Skinner ≥10% --- ≥10% ---

Tcarr ≥10% ≥10% ≥10% ---
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range 19 to 42 MPa. A similar situation occurs with the true density, 
2.57–2.71 g/cm3 for old bricks and 3.0–3.2 g/cm3 for current bricks.

The bricks sampled in this study primarily consisted of SiO2–
Al2O3 and showed no signs of contact with slag and matte. Their 
surfaces were remarkably clean without any crystallized residues 
resulting from mineral fusion.

Conclusions
Ten types of refractory bricks that were used in 19th century 
copper smelting furnaces in the Atacama Region of Chile were 
studied. The samples were found at different sites in the region, so 
it could be assumed that they were common at the time. Almost 
all of the bricks studied came from factories in the UK, five of 
them from England, four from Scotland, and only one from Chile. 
The chemical characterization indicated that in the bricks are 
aluminous silica, unlike the refractory magnesia-chrome bricks 
currently used in copper smelting furnaces. The mineralogical 
characterization showed a predominance of mullite, cristobalite, 
and quartz. The apparent densities were in the range 1.46 to 1.99 g/
cm3. The resistance to compression, measured by means of a non-
destructive test, was in the range of 18.8 to 41.9 MPa. 

No characterization studies have been published on these 
refractory bricks to date. The results obtained in this study may 
contribute to the historical heritage of 19th-century mining in 
Chile. 
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