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a b s t r a c t

This study presents an evaluation of the quartz sand occurrences of the Santa Maria Eterna formation, in
northeastern Brazil, as a potential source of raw material for silica glass manufacturing. Samples of quartz
sand were analyzed by ICP-MS to determine a range of trace elements and establish its chemical purity.
The technological potential of the sand was obtained by counting the quantity of bubbles formed during
flame fusion over silica plate. Both chemistry and bubble formation indicate that the raw material is
suitable for producing silica glass. The work also investigated the composition of fluid inclusions in the
quartz grains and the surface micro-texture by scanning electron microscopy. With the results obtained
by these procedures, we inferred that the quartz sand was probably formed in a marine environment, by
the precipitation of silica in the form of quartz. The main impurities of the samples are probably present
in the mineral inclusions implying that purification is possible and probably competitive.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

High purity quartz has been an important raw material for
several industrial applications (Haus et al., 2012; Müller et al., 2012;
Moore, 2005; Haus, 2005; Müller, 2007). It is used for the pro-
duction of silica glass, a key material for high-end products, such as
UV-lamps for purifying water (Barkhudarov et al., 2008; Wait et al.,
2007); poly- and monocrystalline silicon solar cells, through its use
as a material for crucibles (Gao et al., 2011; Kodama et al., 2010),
and special devices with low thermal expansion. In order to be
turned into a good quality silica glass, the quartz rawmaterial must
have unique characteristics. It must be pure, containing very low
levels of metallic impurities such as Al, Fe and Ti, which can
severely compromise the quality of the silica glass, jeopardizing its
applications. Regarding the manufacturing of crucibles, Al excess
can generate brown spots in the glass when it is in contact with the
silicon melt and produce devitrification, reducing the lifetime of
S~ao Paulo State, 13500-163,
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the device, whereas Fe, Ti and other metallic impurities can
contaminate the silicon melt (Minami et al., 2011; Yamahara et al.,
2001; Huang et al., 1999). In the case of lenses and tubes, chemical
impurities can affect the transmittance significantly, especially in
the ultraviolet range (Schreiber et al., 2005; Kuzuu et al., 2003;
Schultz, 1974).

Quartz for silica glass production must also contain low
amounts of fluid inclusions. Such inclusions can produce bubbles
during the fusion of the raw material into silica glass (Santos et al.,
2013; Griscom, 2006). Usually, the amount of fluid inclusions in
quartz is related to its opacity (Santos et al., 2013; Fujiwara et al.,
2015), which can be used to grade the samples in order to obtain
a better material quality.

Quartz resources with such characteristics are rare and their
exploitation and processing are very costly (Santos et al., 2015;
Suzuki et al., 2012; Haus et al., 2012; G€otze, 2009). Often, com-
panies start from less pure raw materials and use industrial pro-
cessing to achieve the desired chemical purity. Such processing
commonly involve acid leaching using HF and other hazardous
materials (Li et al., 2010). The higher the amount of impurities in
the raw material, the more expensive and environmentally
damaging is the purifying process. Some chemical impurities, as Al,

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:murilo@bmrc.com.br
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsames.2015.06.002&domain=pdf
www.sciencedirect.com/science/journal/08959811
http://www.elsevier.com/locate/jsames
http://dx.doi.org/10.1016/j.jsames.2015.06.002
http://dx.doi.org/10.1016/j.jsames.2015.06.002
http://dx.doi.org/10.1016/j.jsames.2015.06.002


M.F.M. Santos et al. / Journal of South American Earth Sciences 62 (2015) 176e185 177
Ti and Ge, substitute Si atoms in the quartz lattice and are much
harder to be removed (Romanelli et al., 2012; Rakov, 2006; G€otze
et al., 2004), than Na, Ca and K that are often located in fluid in-
clusions (G€otze, 2009). As a result, the chemical composition of the
raw material, that is, the abundance and characteristics of its im-
purities, is a key factor in determining the economic potential of the
quartz resource.

Extraction of the quartz rawmaterial and its transformation into
powder contributes significantly to the costs and, for this reason,
sand constitutes as much cheaper and interesting resource than
crystalline hard rocks. Brazil hosts many different kinds of quartz
resources (Suzuki et al., 2012; Haus et al., 2012), many of themwith
a high degree of purity and favorable technological characteristics
for silica glass production. However, most of the mines ascribed
with high chemical purity, are rocky quartz deposits, but there are a
number of quartz sand deposits as well. Most quartz sand deposits
explored in the country are located in south and southeastern Brazil
(Ruiz et al., 2013; Cruz, 2011) and are widely used by float glass
manufacturers. Those resources, however, are not as pure as the
rocky quartz deposits, what make them unattractive for silica glass
manufacturers. They also contain large amounts of accessory
minerals that are difficult to fully remove by industrial processing
(Banza et al., 2006).

In this study, a newly discovered quartz sanddeposit of economic
potential, located in the state of Bahia, northeast Brazil, is described.
Samples from the deposit were characterized by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS), fluid inclusion anal-
ysis, Scanning Electron Microscopy (SEM), cathodoluminescence
and fusion over silica plate to document the chemical and physical
properties of the raw material. This information were analyzed in
order to evaluate whether or not the sand is fit for producing silica
glass and to better understand its geological history.

2. Geology and petrology of the deposit

2.1. Geological setting

The deposit is located in a geological formation called Formaç~ao
Santa Maria Eterna, in the south of the Bahia State, Brazil. This
formation belongs to the Rio Pardo Group (Pedreira, 1999). The
formation itself has not been precisely dated yet, but the age of
other formations within the group were estimated as Neo-
proterozoic, between 800 and 500 Ma (Babinski, 2011; Pedreira,
1999). The maximum age of the Rio Pardo group is reported to be
about 1.0 and 1.1 Ga, according to measurements on basal basaltic
pebbles located within the Panelinha conglomerate (Teixeira et al.,
1997; Karmann, 1987).

The Santa Maria Eterna formation is situated southwest to the
city of Belmonte. The formation crops out in an area of approxi-
mately 30 times 20 km as shown in Fig.1 (Babinski, 2011). Themine
is located in the central part of the area. The formation consists
almost exclusively of quartz sand and minor quantities of quartz
pebbles up to 20 cm. Conglomerates and carbonatic intercalation
with tepee structures are also found in the formation (Cezario et al.,
2011). The surrounding formation within the Rio Pardo Group,
called Serra do Paraíso formation, comprises carbonate rocks with
stromatolites and quartzites (Babinski, 2011; Cezario et al., 2011;
Karmann, 1987). It is generally accepted that both the Serra do
Paraíso and the Santa Maria Eterna formations were deposited over
the Panelinha conglomerate in a marine environment (Babinski,
2011). A more detailed description of the geological setting of the
formation is found in the above cited literature.

The deposit itself is not being commercially exploited. There are,
however, projects for using the sand in the manufacture of special
glasses and mining activities may start within the next few years.
2.2. Petrography

The deposit is composed of highly homogeneous white-colored
sand. The sand is covered by black soil containing burned organic
matter. The organic layer is approximately 20 cm thick and,
immediately below it, occurs a layer of yellow clay. The clay layer is
usually less than ameter in thickness. Fig. 2 displays an image of the
outcrop. Other layers, composed of red and yellow (in the web
version) clays up to 15 cm thick, can be developed at greater depths.
Below these depths, pure quartz sand occurs to a depth to 30 m.

The sand is presented as gravel. No sandstone or agglomeration
of quartz grains were present. An estimation of the particle size
distribution was made by sieving. The higher amount, about 80%e
85% of the particles passed through the 35 mesh sieve (Tyler scale,
with an opening of 0.5 mm) and was retained in the 80 mesh sieve
(with an opening of 0.18 mm). Larger particles, i. e., retained in the
35 mesh sieve, contributed in average for 15e19% of the total
amount. Smaller particles contributed for 2e3%. The shape of the
particles were mainly irregular. The general aspect of the sand can
be seen in Fig. 3.

The quartz sand contains a few brownish spots, probably Fe-
bearing accessory minerals. Fig. 4 shows one of these spots. The
brown (in the web version) material is trapped within an aggregate
of smaller quartz grains, and has no apparent crystal habit. X-ray
diffraction analysis of the bulk sand, displayed in Fig. 5, can confirm
the lack of crystallinity (or the extremely small concentration) of
the Fe-bearing impurity, since no other peaks than those of the a-
phase of quartz are developed. The SEM-EDX analysis of the spot
revealed a significant Fe concentration.

A detailed description of the fluid and melt inclusion inventory
of quartz grains in the sand is provided in the result chapter.

3. Analytical methods and characterization of technological
(physicochemical) properties

3.1. Fluid inclusion observation using optical microscopy

For the fluid inclusion observation, a small amount of sand was
placed on amicroscope slide. In order to improve the observation of
the sand grains, a film of kerosene was applied over the sand. The
kerosene has a refractive index similar of that of the silica, which
reduces undesired surface observation.

A Nikon optical microscope operated at 500 � magnification
was used to acquire transmitted light photographs for fluid inclu-
sion analysis, using a Nikon digital camera. All photographs were
taken at room temperature.

Using this methodology, it was possible to obtain insights on the
nature of the fluid and mineral inclusions present in the sand.
Although a more complete analysis were not carried on, regarding
homogenization temperature and other key properties of the in-
clusions, it was possible to obtain good quality data on mineral
inclusions. This data was vital in order to reconstruct the genetic
conditions of the mineral.

3.2. Chemical analysis using inductively coupled plasma mass
spectroscopy (ICP-MS)

For the chemical purity evaluation, eight samples were collected
from the mine. The samples were distant to each other at least
10m, to evaluate the variability of the chemistry within the deposit.
All samples presented the same visual aspect, consisting of white
sand with eventual black spots. The samples were collected using a
drill at a depth of about 2 m. This procedure avoided the upper
parts of the deposit, i. e., the black organic matter layer and the
yellowish sand layer. About 300 g of sand was collected in each site.



Fig. 1. Geological map of the studied area showing the position of the Seanta Maria Eterna formation and its neighboring formations according to Babinski (2011).
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Each sand sample was washed with distilled and deionized
water, and dried and crushed in a silica glass mortar, in order to
avoid contamination. The crushed powder was sieved with a 500
mesh nylon sieve, to guarantee that the particles were smaller than
25 mm.

Test portions of 100 mg were weighed and digested in per-
fluoroalkaloxy vessels (PFA, Savillex, USA) by adding 0.5 mL of
purified HF and heated at 80 �C for 1 h, followed by evaporation to
dryness at 120 �C. After cooling to room temperature, 0.5 mL of HF
Fig. 2. Image of the sand outcrop (upper part of the photo).
and 0.1 mL of distilled HNO3 were added to the vessels, which were
closed with their lids and kept at 110 �C for 24 h. The vessels were
allowed to cool, opened and acid was evaporated. The residue was
recovered in 0.5mL HNO3 and transferred into polypropylene tubes
where the solutionwas brought to 10.0 g by adding ultrapurewater.

All procedureswere conducted in a clean room laboratory and all
acids were purified by sub boiling. Thewater was obtained after ion
exchange and reverse osmosis (Milli-Q, Millipore). The measure-
ments used an ICP-MS instrument X Series II (Thermo, Germany)
equipped with Collision Cell Technology (CCT). The instrument was
calibrated using solutions of certified reference materials diluted
accordingly. Signal drift was monitored and corrected by adding In
andRe as internal standards. The accuracy of themeasurementswas
confirmed by analysis of reference material BCS-CRM 313/1 and
details can be verified elsewhere (Santos et al., 2014).

3.3. Morphology and micro texture analysis of the sand using
scanning electron microscopy (SEM)

The morphology and micro texture of the sand particles can
provide valuable information on the geological history of the de-
posit (Vos et al., 2014). This kind of analysis is often conducted
using scanning electron microscopy (SEM) due to the ability of this
technique to identify a wide range of textural features of different
sizes. However, the results are very dependable on the sample
preparation. Vos et al. (2014) reviews sample preparation pro-
cedures that mostly consist in removing other minerals or sub-
stances that might be adhered to the surface of the particles.

For this work, samples were prepared by selecting a clean
portion of one of the samples, which was washed in distilled and



Fig. 3. Overall aspect of the sand. A) shows the material as it is in nature, as gravel, and B) shows the gravel in a low magnification photograph.

Fig. 4. Photograph of a black spot present in the bulk sand. It can be seen that the black
spot is an agglomerate of small quartz grains stuck at a Fe-bearing grain.
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deionizedwater. Acid treatment testswere performedwith HCl and
HNO3. HF was avoided once it could cause mass loss and artificial
structures on quartz grains. No differences in texture were
observed when comparing the sample only cleaned with water and
those immersed in HCl or HNO3 at 80 �C for 6 h. Therefore, the
simple ultrapure water washing procedure was adopted. The clean
sand particles were transferred to a steel stub and covered with a
gold thin film by sputtering in a vacuum chamber.
Fig. 5. High resolution X-ray diffraction pattern of the bulk sand, collected using a
synchrotron radiation source of 12 keV. Only peaks of alpha-quartz were registered.
The analysis were performed on a SEM Zeiss instrument, model
EVO MA15, equipped with a thermo ionic LaB6 electron source.
Images were obtained on a secondary electron detector, with a
biased grid of 250 V. The acceleration voltage is given on the
images.

3.4. Scanning electron microscopy cathodoluminescence (SEM-CL)
analysis

For the cathodoluminescence analysis it was used a Zeiss
Company scanning electron microscope, model LEO 430i equipped
with a GATAN Chroma CL cathodoluminescence detector. The mi-
croscope operated with a 10 keV acceleration voltage.

The sample preparation consisted in separating small amounts
of sand that were embedded in thermoplastic resins. After the cure
of the resin, the system (resin and sand) was submitted to optical
polishing using cerium oxide and diamond paste. After polishing,
the sample was coated with C using a Quorum Technology sputter
equipment, model Q150T.

3.5. Fusion over silica plate

A small portion of fine sample powder was placed over a silica
plate and fused by blowing a H2/O2 torch above it. As the particles
melt, their fluid inclusions grow into stable bubbles. The size of
those depends on several factors. As a result it is possible to esti-
mate the powder's response during the industrial processes.
Several silica glass manufacturers use this simple essay to evaluate
the potential of a quartz powder to produce glass (Torikai, 1994).

In this work, as the sand already has a particle size suitable to
most fusion powders, i. e., between 75 and 180 mm, no sieving or
crushing was required. The fusion parameters, as the torch distance
to the plate and the fusion time were kept at about 4 mm and 15 s,
respectively, although minor fluctuations may have occurred. The
torch stoichiometry was also controlled and kept constant.

4. Results

4.1. Fluid and mineral inclusions

Examples of the observed fluid and mineral inclusions are
shown in Fig. 6, to 9. Several inclusion types can be observed.

A common fluid inclusion morphology observed in several
grains is the negative hexagonal crystal-shaped inclusion, with a
gas bubble occupying 40e80% of the inclusion volume (shown on
Fig. 6). This is a very common shape for fluid inclusions in quartz
(Santos et al., 2014; G€otze, 2009; Van der Kerkhoff and Hein, 2001;
Roedder, 1984).



Fig. 6. Photograph of the quartz grains. The fluid inclusion has a negative crystal-
shaped fluid inclusion and contain a large gas bubble.

Fig. 7. Photograph of the inclusions on the quartz sand grains. The red arrow indicates
an apatite mineral inclusion. The black arrow indicates a rhombohedral crystal in-
clusion. A cluster of smaller inclusions beside the rhombohedral inclusion can be
observed indicating paleo-decriptation. The detail shows a magnified image of the
rhombohedral inclusion. The yellow arrow indicates a dypiramidal inclusion. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 8. Photograph of the cluster shaped fluid inclusions. This kind of inclusion consists
of a group of apparently spherical monophasic inclusions.
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Another observed morphological features were the crystal like
shaped inclusions, as seen in Fig. 7. These kind of inclusion is related
to presence of mineral inclusions in quartz. When the other min-
erals crystallize within the quartz, it can induce the generation of
several shapes of crystals within the mineral. In the analyzed
samples, we could observe several mineral inclusions with
different shapes. Some of them are the rhombohedric inclusions
containing a visible liquid phase, as indicated by the black arrow in
Fig. 7. We suggest that those crystals, possibly calcite, were prob-
ably formed in the presence of saline fluids. In Figs. 7 and 9, we can
also notice the presence of orthorhombic dypiramidal (yellow ar-
row in Fig. 7) and hexagonal dypiramidal (Fig. 9 and the red arrow
in Fig. 7) (in the web version) crystals. The later was further
analyzed by cathodoluminescence (Fig. 9) and presents a clear
purple luminescence, indicating that it is probably an apatite
crystal (Kempe and G€otze, 2002). A correlation of these morpho-
logical features and the chemical composition of the quartz is dis-
cussed below.

The sample also presented “cluster shaped” minute inclusions
as shown in Fig. 8. These clusters differ from the inclusions Fig. 7 (to
be commented) once they are not satellites of larger inclusions.
Because the individual inclusions were smaller than the resolution
of the optical microscope, precise information concerning their
shape and composition could not be obtained. Due to this difficulty,
we cannot state if they are mineral or fluid inclusions.

Fluid or mineral inclusions were observed in all sand particles,
yet more than 50% of them had at least one large inclusion. This
feature has relevant technological implications because larger in-
clusions commonly produce bubbles during quartz melting. Table 1
summarizes the most common types of inclusions present in the
sample and estimates their frequency.

4.2. Morphology and micro-texture analysis by SEM technique

The SEM images of the studied sand samples are shown in
Fig.10, to 12. In these figures, a characteristic feature is recognizable
on the surface of the sand particles. It consists of parallel growth
lines of tiny (2e4 mm) subcrystals (Fig. 10, detail in Fig. 11) sug-
gestively grown under diagenetic or authigenic conditions (Vos
et al., 2014; Kelly et al., 2007; Waugh, 1970). This authigenic hy-
pothesis is coherent with the different types of fluid inclusions
observed, and will be further discussed below.

The shape of the grains is also notably homogeneous, showing
irregular shapes and the negative crystal-shaped inclusions
emerging on the surface. On several grains, typical conchoidal
marks (Fig. 12a) and etch-pits (Fig. 12b) can be observed. According
to Vos et al. (2014) etch-pits are produced by local dissolution of
quartz within mineral solution. Krinsley and Doornkamp (1973)
relate these pits to etching in slightly basic (pH around 7 or 8)
environments. Such pH characteristics could be found in marine
environments. Conchoidal marks can be produced by high pressure
during rock formation, as in glacial deposits (Mahaney, 2002), or by
fractures near mineral inclusions that weaken the crystal (Le
Ribault, 1977). Impacts during transport and sedimentation can
also cause such marks (Vos et al., 2014), especially in marine en-
vironments. One can also observe that the crystal overgrowths in
Fig. 11 are mildly rounded, which can also be an evidence for ma-
rine deposition.

4.3. Chemical analysis using inductively coupled plasma mass
spectroscopy (ICP-MS)

Table 2 presents the trace elements content in the sand samples
from the Santa Maria Eterna formation. For comparison the same
table has the values of Müller et al., 2007 for the same elements in



Fig. 9. Photograph (C), SEM secondary electrons (A) and cathodoluminescence (B) of the hexagonal dypiramidal mineral inclusions. The purple cathodoluminescence and the shape
suggest that those are apatite crystals. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Most common types of inclusions, their size and frequency estimation.

Type Displayed in Size (mm) Frequency

Biphasic negative hexagonal crystal Fig. 6 from 2 to 10 Present in about 5% of the grains
Hexagonal dypiramidal crystal Figs. 9 and 7 (red arrow) from 1 to 20 Present in about 15% of the grains
Rhombohedral crystal Fig. 7 (black arrow) from 1 to 25 Present in about 20% of the grains
Non-hexagonal dypiramidal crystals Fig. 7 (yellow arrow) from 5 to 10 Present in about 5% of the grains
Cluster-like inclusions Fig. 8 below 1 Present in about 30% of the grains
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the commercial high purity quartz powders Iota (Unimin Corpo-
ration) and Drag (Norwegian Crystallites AS).

The elements listed in Table 2 represent more than 95% of the
trace elements present in the samples. Other elements also evalu-
ated (Ag, Ba, Be, Ce, Co, Cs, Dy, Er, Eu, Ga, Hf, Ho, La, Lu, Nb, Nd, Ni,
Pb, Pr, Rb, Sb, Sc, Sm, Sn, Ta, Tb, Te, Th, Tl, Tm, U, V, W and Y), but
their values were very low and were omitted. Li, Zr and B also
presented low values but were not omitted due to their significance
in quartz technology (G€otze, 2009).

Table 2 shows that all the samples have a similar composition.
The main contaminants consisted of Ca (ca. 150 mg g�1) followed by
Mg (ca. 41 mg g�1). The Ca/Mg ratio varied between from 2.7 to 4.8.
Fig. 10. SEM image showing the surface of irregular quartz grains. The surfaces are
coated with line-like arranged quartz sub-crystals presumably of authigenic origin (b).
Occasionally negative quartz crystal shapes are developed (a).
Ca andMg in quartz are commonly associated to mineral inclusions
(G€otze, 2012, 2009; G€otze et al., 2004). Such relatively high
amounts of Ca and Mg are also found in quartz of sandstones
formed in saline environments (G€otze, 2012; Fruth and
Blankenburg, 1992). They result as the crystallization of Mg and
Ca chlorides, present in the surrounding fluids.

The Al content, however, presents an abnormally low value.
Most quartz resources, either hydrothermal, pegmatitic or diage-
netic, usually contain more than 20 mg g�1 in Al (Santos et al., 2014;
G€otze, 2012; Müller et al., 2012; Suzuki et al., 2012; Li et al., 2010;
Müller et al., 2007; Iwasaki et al., 1991). The content of Ge is also
relatively low. These two trace elements are important substituents
of Si in the quartz crystalline structure, along with Ti that will be
Fig. 11. Detail of the quartz overgrowth of the sand grains of the Santa Maria Eterna
formation.



Fig. 12. Image of textures in the quartz grain surfaces. At a) conchoidal marks and at b)
triangular etch pits can be observed.
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commented further in the text, (Romanelli et al., 2012; Rakov,
2006; G€otze et al., 2004). Their low values is in line with the low
concentration in K and Li, which are charge compensators for Al3þ

defects. The Al/Li ratio is larger than 60 for all samples, attaining 99
in sample 5. This implies that either the Al is not a substituting
impurity, what is very unlikely considering the very low Al content,
or that the fluid was very poor in Li, and the charge unbalance was
compensated by other ions. However, the K and Na content are also
relatively low. A possible alternative for the charge unbalance
compensation is Hþ (Müller et al., 2012; Müller and Koch-Müller,
2009; Müller et al., 2003), the last not being able to detected by
ICP-MS (Romanelli et al., 2012; G€otze, 2009). This kind of charge
compensation tends to happen the mineral crystalizes in a wet
environment, as in hydrothermal quartz samples or precipitation in
marine environments. This suggests that a marine genesis is a
plausible explanation for most of the quartz present in the Santa
Maria Eterna formation.

All samples contain other metallic trace elements, such as Cu, Fe,
Ti and Zn in amounts higher than 1 mg g�1. The amount of Fe and Ti
is little higher. These latter elements are common in quartz sam-
ples, but they can be in the accessory minerals, as the black grains,
aforementioned. Samples 7 and 8 contain higher values of Fe, Cu
and Zn suggesting the presence of non-lattice impurities. The Ge/Fe
ratio, used to discriminate the genetic origin of quartz by G€otze
et al. (2004) and Schr€on et al. (1982), is lower than 0.1 for all
Table 2
Trace elements concentrations of samples from Santa Maria Eterna formation and of som

Sample

Al B Ca Cr Cu Fe Ge

Impurity content (mg g¡1)
Sample 1 7.5 <0.8 147 0.04 1.8 4.2 0.37
Sample 2 6.9 <0.8 148 0.03 1.3 3.6 0.34
Sample 3 8.3 0.8 144 0.03 2.6 3.6 0.36
Sample 4 7.2 <0.8 161 0.02 2.1 4.1 0.37
Sample 5 9.9 0.9 145 0.03 2.8 3.9 0.36
Sample 6 8.4 <0.8 161 0.02 3.6 3.5 0.37
Sample 7 7.6 <0.8 144 0.04 5.4 12.4 0.34
Sample 8 7.5 <0.8 151 0.04 6.1 8.2 0.36
Commercial quartz powders (Müller et al., 2007)
Iota STD 16.2 0.08 0.5 n.a. n.a. 0.2 n.a.
Iota 8 7 <0.08 0.5 n.a. n.a. <0.03 n.a.
Drag NC1 26 <0.4 0.6 n.a. n.a. 0.5 n.a.
Drag NCA 7 n.a. 0.1 n.a. n.a. 0.1 n.a.
samples. Often, pegmatitic quartz and hydrothermal quartz formed
at higher temperatures can present a high Ge content (G€otze et al.,
2004). Although part of the Fe in the studied samples may not be in
the quartz, the Ge content is very low. Even by assuming that all Fe
is bound in accessory minerals, the Ge/Fe would be too low to
exclude a hydrothermal origin of the observed quartz overgrowth.
In more than 500 g sand, only 3 or 4 black grains were observed.
The geochemistry of the samples will be further discussed below.

4.4. Scanning electron microscopy cathodoluminescence analysis
(SEM-CL)

The quartz sand presented only a faint reddish cath-
odoluminescence, as it can be seen on Fig. 13. The mineral in-
clusions presented in the samples presented a much more intense
luminescence. This faint red luminescence is often present in
authigenic quartz and hydrothermal quartz (G€otze et al., 2001). The
emission is attributed to the recombination of electrons in the non-
bridging oxygen band-gaps. G€otze et al. (2001) also states that
impurities such as silanol (SieOH) groups and Hþ impurities could
act as precursors for these non-bridging oxygen defects. This red
luminescence adds evidence to the hypothesis that the Al defect
centers are indeed being charge compensated by Hþ ions.

Another interesting fact observed in Fig. 13 is the absence of
distinct luminescence zones in the grains. This suggests that the
overgrowth patterns were not grown over detrital quartz sands, as
it happens in most diagenetic quartz. It seems more likely that the
grains and the observed pattern were formed in the same crystal-
lization event.

4.5. Fusion over silica plate

Fig. 14 shows three tests of sand samples and one of IOTA
commercial powder after fusion over a silica plate. All tests pre-
sent a similar aspect regarding bubble formation. The size and
amount of bubbles vary among the samples. The sample shown in
Fig. 14a contains much more and larger bubbles than the sample
shown in Fig. 14c which contains only a few bubbles. The latter
has a similar proportion of bubbles as found in the fused Iota
sample (Fig. 14d).”

The formation of bubbles can be related to the presence of fluid
inclusions in quartz grains. If these contain a large volume of fluid
inclusion gases, the production of large bubbles during fusion can
be expected. Inclusions as shown in Fig. 6 will generate bubbles as
those in Fig. 14a. Smaller inclusions might as well produce bubbles,
but they will be smaller, as those in Fig. 14c. Grains without fluid
inclusions will generate silica glass free of bubbles.
e commercial high purity quartz powders.

K Li Mg Mn Na Ti Zn Zr

<5 <0.1 42 <0.1 <7 3.9 1.3 <0.2
<5 <0.1 41 <0.1 <7 3.4 1.1 <0.2
<5 <0.1 50 <0.1 <7 4.1 1.3 <0.2
<5 <0.1 47 <0.1 <7 5.3 1.2 <0.2
<5 <0.1 53 <0.1 <7 5.5 1.4 <0.2
<5 <0.1 33 <0.1 <7 4.2 1.3 <0.2
<5 <0.1 30 <0.1 <7 4.8 4.3 <0.2
<5 <0.1 32 <0.1 <7 4.4 4.7 <0.2

0.6 0.9 n.a. <0.05 0.9 1.3 n.a. n.a.
<0.04 <0.02 n.a. <0.02 0.03 1.2 n.a. n.a.
0.7 4 n.a. 0.01 2.7 4.0 n.a. n.a.
0.3 0.7 n.a. <0.01 0.7 4.0 n.a. n.a.



Fig. 13. SE�SEM image of the grain (A), red cathodoluminscence signal (B) and the sum of red, green and blue luminescence (C). The cathodoluminescence shows no zoning in the
quartz grains, indicating one single crystallization event.
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5. Discussion

5.1. Technological aspects

The economic viability of the quartz sand deposit of Santa Maria
Eterna formation as rawmaterial to produce silica glass depends on
its chemical composition and propensity to form bubbles. Beside
the chemical composition and fluid inclusion content, the possi-
bility to purify the starting raw resource to improve its quality must
also be considered.

Table 2 compiles the main impurities of commercial powders.
Full references of high quality raw material can be found in Santos
et al. (2014), Suzuki et al. (2012), Beurlen et al. (2011), and Iwasaki
et al. (1991) for Brazilian quartz; Müller et al. (2012, 2007, 2003) for
Norwegian quartz; and G€otze (2009) and G€otze et al. (2004) for
quartz from different countries. The comparison of quartz from
Santa Maria Eterna to other sources of high purity quartz described
in literature, shows that the studied sand has a very low Al content
as it is found in nature. The average Al content of 7.5 mg g�1 is
Fig. 14. Photographs with aspect of three test a), b) and c) of sand and
similar to that of the commercial powders, and even lower than Iota
STD or Drag NC1. Al is stated as the most difficult element to
remove, because it substitutes Si in the crystalline structure. Often,
significant purification can be only achieved using HF or concen-
trated acid mixtures, which is environmentally hazardous and
expensive (Du et al., 2011; Li et al., 2010; Lee et al., 2006; Liu et al.,
1996; Ubaldini et al., 1996).

Ca and Mg are the only problematic impurities, once their
contents in the material are very above that of the commercial
powders. As already mentioned, the concentration of these con-
stituents can be related to the high content of chlorides in precursor
fluid (G€otze et al., 2012). These impurities may be located mostly in
the fluid inclusions, as high-saline brines, or as mineral inclusions
in the grains. This last hypothesis is highly probable because optical
observation and SEM detected several mineral inclusions (as
apatite). The same possibly applies to the Na and K impurities.

Some industrial processing procedures allow the removal of
fluid and mineral inclusions. Examples are heat treatments (Haus
et al., 2012), electrical fragmentation (Dal Martello et al., 2011)
of d) Iota quartz commercial powder after fusion over silica plate.
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and radiation methods (Belashev and Skamnitskaya, 2009). Once
the inclusions are fragmented, washing the samples with distilled
and deionized water could remove chemical impurities. Dilute
acids can also be used as cleaning agents, dissolving mineral in-
clusions selectively. These treatments can improve both the
chemistry and the quality of fused products, by avoiding the gen-
eration of bubbles. With these treatments, the bubbles observed in
the silica plate fusion test would probably be less both in size and
number.

Metallic impurities (Fe, Ti, Cu and Zn) can be significantly
removed by acid leaching with dilute oxalic, sulfuric or hydro-
chloric acids, and as proposed by several authors for poor quality
raw materials, as long as these impurities are not on substitutional
positions (Du et al., 2011; Li et al., 2010; Lee et al., 2006; Banza et al.,
2006). Overall, the chemical composition of the sand in the Santa
Maria Eterna formation makes it a valuable resource. Probably it
could be purified to become a commercial high purity quartz source
to produce a good and clean transparent glass.

Nevertheless, the studied material can be used as a rawmaterial
in the silica glass industry to obtain opaque crucibles without the
proposed treatments. Examples of crucibles used in silicon purifi-
cation, made from silica containing larger amount of impurities
than the mainstream commercial powders (IOTA, Drag, etc.), can
found in the literature. For instance, Kvande et al. (2009), Dhamrin
et al. (2009) and Yamahara et al. (2001) produced quartz crucibles
with more than 5 mg g�1 Fe and 6 mg g¡1 Ti.

5.2. Geochemistry, morphology and geological history

The data also provide some insights on the genesis of the quartz
in the SantaMaria Eterna formation. The surfacemorphology shows
patterns (Figs. 10 and 11) of crystalline overgrowth, when analyzed
together with the cathodoluminescence images (Fig. 13) indicates
an authigenic crystallization (Vos et al., 2014; Madhavaraju et al.,
2006). Such pattern is often due to precipitation of silica from
silica-rich fluids in conditions that allow quartz crystallization.

This authigenic marine hypothesis is especially interesting
when we regard the geological setting of the area and the mineral
inclusions in the sample. The neighboring Serra do Paraíso forma-
tion has carbonates with stromatolites (Babinski, 2011; Cezario
et al., 2011; Karmann, 1987), suggesting a marine environment.
Karmann (1987) and Babinski (2011) propose that the Santa Maria
Eterna formation itself was formed in a marine environment. The
presence of apatite crystals as mineral inclusions also points to-
wards a direct mineralization from the sea.

The geochemical composition of the quartz also corroborates
with such hypothesis. The data of Table 2, show relatively high
amounts of Ca and Mg (up to 200 mg g�1 in some samples). These
unusual values in quartz, are reported in authigenic quartz from
marine environments (G€otze et al., 2012, 2004; Kempe et al., 2012;
Fruth and Blankenburg, 1992). Some marine environments can
precipitate silica when the water is rich in CaCl2 and MgCl2. Several
works state that a marine environment with such characteristics
would precipitate, along with apatite, calcite, aragonite or Mg-rich
calcite (Schmidt et al., 2005; Jim�enez-L�opez, 2004; Goldstein, 2001;
Alexandersson, 1972). The presence of such minerals would explain
the rhombohedral and orthorhombic mineral inclusions present in
Fig. 7.

The evidences indicate that the quartz in the Santa Maria Eterna
indeed precipitated from a marine environment. A probable cause
of the precipitation could be changes in the temperature or pres-
sure of the water inwhich the silica was dissolved or even a sudden
increase in the CaCl2 and MgCl2 concentrations in the silica-
saturated ocean. These salts are known to decrease silica solubil-
ity in water even at small concentrations (Barker et al., 1994; Chen
and Marshall, 1982). This could explain the preferential formation
of quartz, instead of dolomite, calcite or aragonite.

Once formed, the quartz deposited. This could explain the
absence of transport marks other than the few conchoidal fractures
observed by SEM. The increased salinity of the ocean and the
presence of chlorides could also explain the etch marks present in
Fig. 12.

An open question is the source of silica in this ancient ocean.
One possibility is the dissolution of amorphous silica of biological
origin and its recrystallization as reported in several other envi-
ronments (Loucaides et al., 2012; Schieber et al., 2000).

6. Conclusion

The high purity quartz sand of Santa Maria Eterna formation is a
promising ore resource. It was probably formed by silica precipi-
tation from a marine environment, generating an ore with very low
Al and high Mg and Ca contents, contained mostly in mineral in-
clusion. Very few accessory minerals (other than mineral in-
clusions) are found in the deposit and it is also remarkably
homogeneous.

Its viability as raw material for silica glass production showed
adequacy for several applications. The quartz sand is sufficiently
pure and the product of fusion has little number of bubbles.
Moreover, as the main impurities are in fluid and mineral in-
clusions, they could be removed by purification. The resulting
powder could become a competitive product in the high purity
quartz market.
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