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ABSTRACT

The study aimed to find the origin of the high lithium content of groundwater in southeast Hungary. To be
concerned with assessing the economic potential of lithium in these waters, it is necessary to investigate the
lithium-releasing geochemical processes. For this purpose, granite and pegmatite samples were analysed for
lithium content and alteration from various Battonya Complex locations. The key alteration processes are the
chloritisation of biotite and the sericitisation of feldspar, which are hypothesised to mobilise Li from minerals
into the geothermal waters. Whole-rock analyses show that the 36 ppm Li concentration in one sample (S1)
exceeded the average crustal Li concentration (~20 ppm), while three samples have near-average crustal con-
centrations. The Li content of rock samples decreases along with the increasing intensity of alteration. The Li
concentration of biotite, muscovite, chlorite, feldspar and quartz from granites and pegmatite was measured
using laser-induced-breakdown-spectrometry (LIBS). A total of 180 data points were analysed. Biotite and
muscovite of the relatively fresh granites contain Li up to ~3800 and ~2500 ppm, respectively. Chloritisation is
a hydrothermal alteration process in granites that can be described by the following reaction: biotite +
plagioclase — chlorite + epidote + titanite + muscovite. As a function of chloritisation, Li concentration de-
creases two- and three orders of magnitude from biotite to chlorite in the more altered cases. A similar trend is
observed for muscovite in parallel. Feldspars have Li of 17-141 ppm, while there is no correlation between the Li
content of feldspars and the degree of alteration. Quartz contains constant low concentrations around the 1 ppm
detection limit, with one outlier value of 48 ppm. Chloritisation of biotite is a possible explanation for the high Li
content of the geothermal waters in the study area and possibly elsewhere. The main Li-bearing minerals of the
Battonya Complex are biotite and muscovite. Chloritisation and subordinate sericitisation result in significant
lithium loss. Chlorite can incorporate Li in its crystal lattice but to a lesser degree than the other sheet silicates,
like biotite and muscovite.

1. Introduction

Lithium (Li) has recently become one of the most in-demand ele-

ceramics, glass, lubricant grease, polymer production, continuous cast-
ing, and air treatment. Consequently, much research on its mining
viability and sustainability is underway worldwide. Whether Li will be

ments critical to the global economy as an essential resource for the
battery business and, to a lesser extent, for industries such as ceramics
and glass production and lubricant grease production. For example, as
electric cars become more popular, the global lithium demand (for
producing Li-based batteries) is increasing dramatically. Additionally,
Li-based batteries will continue to operate in computing products, cell
phones, and small household appliances. Furthermore, Li is also used in
various other industries (albeit with less usage), such as those producing
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mined in the future by conventional deep cultivation, salt distillation, or
by some alternative technology, such as in situ leaching (ISL) and sep-
aration from geothermal wells or seawater, will be determined by
geopolitical and economic considerations (Bradley et al., 2017).
Existing literature and industry standards separate Li resources from
their economic potential into three types: brines, pegmatite deposits,
and battery recycling (Kesler et al., 2012; Vikstrom et al., 2013). Lithium
brines related to salt evaporation lie on the surface between dry basins
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surrounded by mountain ranges at high altitudes. These sites, called
“salars” under their local name, can be found in the Andes and on the
Tibetan Plateau in China. Argentina, Bolivia, and Chile constitute
(Grosjean et al., 2012) and hold 50-60% of the aggregate global Li re-
sources lithium triangle combined (USGS report, 2019, 2020). China
also has significant Li resources, but recently, Chinese production has
been on a downward trend.

Besides brines, granitic pegmatites are the second most essential Li
resources (USGS report, 2020). Australia is the leading pegmatite ore
producer and is currently the largest Li supplier to the Chinese economy.
In Europe, the following countries (listed in descending order) represent
the highest Li production: Germany, the Czech Republic, Serbia, Spain,
Portugal, Finland, and Austria (USGS report, 2020).

Pegmatites are coarse-grained igneous rocks of granitic composition
formed as zoned dykes or anisotropic-textured intrusives (London, 2018).
They are crucial natural sources of various rare elements and are thus
primarily classified based on their enrichment tendencies regarding these
elements. Cerny, 1991 created the classification system that is currently
applied and that distinguishes the niobium-yttrium-fluorine-enriched
(NYF-type) and Li-cesium-tantalum-enriched (LCT-type) pegmatite,
petrogenetic families, as endmembers (Cerny and Ercit, 2005). The
LCT-type family has a compositional affinity with S-type granites formed
in orogenic hinterlands because of extreme granitic fractionation (Martin
and De Vito, 2005; Cerny et al., 2012; Deveaud et al., 2015; London,
2018). Granite pegmatites, particularly the LCT-type, are the primary
source rocks of Li-bearing minerals (Chappell and White, 2001; Bradley
etal., 2017). The Li-enriched minerals in granites and granite pegmatites
are possible sources of elevated Li in associated groundwater and
geothermal water. For example, hydrothermal processes, such as the
chloritisation of biotite and the seriticisation of feldspar, may release Li
from the altered minerals. Chloritisation is a general and essential hy-
drothermal alteration process in granites (Wilkinson et al., 2015; Sri-
vastava et al., 2018). The reaction biotite + plagioclase — chlorite +
epidote + titanite + muscovite (Eggleton and Banfield, 1985) describes
the primary alteration mechanism.

The crystalline basement of the Pannonian Basin in southeast
Hungary was first studied in the 1940s-50s (Kovacs, 1965). After a
seismic survey, the first well was drilled in 1959, followed by numerous
hydrocarbon wells (Kovacs, 1965) that penetrated only the basin filling
Neogene sedimentary sequences. Since then, fractured crystalline hy-
drocarbon reservoir studies have been the principal focus of research in
the area (Szanyi and Kovacs, 2010; Vass et al., 2018; Lemberkovics et al.,
2020). Significant hydrocarbon reserves are still being exploited,
although nowadays, the geothermal potential of the area is becoming a
higher priority (Zilahi-Sebess and Gyuricza, 2013; Boda, 2016; Osvald
et al., 2017; Békési et al., 2018). Various unpublished industrial reports
on hydrocarbon and water wells in southeast Hungary indicate a sig-
nificant amount of Li in the produced water, in some cases over 200
mg/l. The reservoir rocks for both the hydrocarbon and aqueous fluids
are fractured S-type granites (“Battonya Granite”) of the basement
(Juhasz et al., 2002) and their overlying sediments. After determining
the elevated Li and iodine (I) content of the high-temperature (>100 °C)
geothermal water, a detailed study of it as a critical element resource
was recommended by the Hungarian Geological Survey (Mathieu, 2018,
2001, 2011).

Siekierka et al. (2018) and Wisniewska et al. (2018) tested different
methods for extracting Li from geothermal water in Poland. Experiments
have also been conducted in Tibet, which has a high potential for lithium
from geothermal waters (Sun et al., 2020). Typically, the results of
existing studies revealed that Li concentrations in geothermal waters
ranged from 10 to 25 mg/1, which was significantly exceeded by the Li
content in the water of the Battonya area. Therefore, from a technical
and economic point of view, the question arises whether it is possible to
combine geothermal extraction with ISL technology to make lithium
production more efficient (Seredkin et al., 2016; Sapsford et al., 2017).
Although this alternative mining method is not currently used on Li,

Applied Geochemistry 149 (2023) 105570

experiments are being conducted to make doing so economically viable
(Reichel et al., 2017; Vu et al., 2013; Kuang et al., 2018; Guo et al.,
2019). It is also the case that countless wells were deepened due to
hydrocarbon exploitation over the past decades. It is expected that
environmentally friendly extraction methods of metallic elements will
continue to be sought. Therefore, it is worth exploring alternative ways
to effectively stimulate Li production without contaminating local
groundwater.

As part of planning Li extraction in Southeast Hungary, the first step
is to delineate the main Li-bearing minerals and their host rocks in the
Battonya Complex. Simple granites are generally not at the centre of
lithium research but rather those where pegmatitic ore deposits have
been detected. However, the buried Battonya granites discussed in this
article are worth exploring, even in the absence of ore deposits. The
study’s main aim is to the potential evaluation sources of the elevated
lithium concentrations in groundwater.

2. Geological setting

The Pannonian Basin is located between three large mountain belts:
the Alps, the Carpathians, and the Dinarides. Two tectonic mega-units
(separated by the Mid-Hungarian Tectonic Zone), the Alps-Carpathian-
Pannonian (ALCAPA) and the Tisia-Dacia mega-units, formed by
different evolutions, define the basement of the basin (Csaszar et al.,
2013; Kiss et al., 2017). The Tisia-Dacia plate fragment belonged to the
European plate before the Cretaceous period (Ustaszewski et al., 2009;
Posgay et al., 2011; Kiss, 2016; Kiss et al., 2017). The Tisia-Dacia
mega-unit runs from southwest Hungary to the northeast of the coun-
try. It can also be followed in Croatia, Serbia, and Romania (Kovacs
et al.,, 2000; Haas, 2013). As a result of overthrusting during the
Cretaceous period, the Tisia is separated into four nappe systems: the
Mecsek, Villany-Bihor, Békés-Codru, and Biharia systems (Csaszar et al.,
2013) from north to south. During the Late Oligocene and Early Miocene
periods, the ALCAPA moved eastward and attached to the Tisia-Dacia,
forming the present-day basement of the Pannonian Basin (Haas et al.,
1999; Posgay et al., 2011).

The Battonya Complex is located in southeast Hungary and belongs
structurally to the Békés-Codru Unit of the Tisia-Dacia. It comprises
various rock types, including Variscan granites, crystalline schists, am-
phibolites, gneisses, and migmatites (Szederkényi, 1997; Pal-Molnar
et al.,, 2001; Juhasz et al., 2002; Hovath and Maros, 2012). The
Battonya—-Pusztafoldvar Ridge (Fig. 1), which extends across most of the
subunit, separates the two deepest basins of the Pannonian Basin, that is,
the Mako Basin in the west and the Békés Basin in the northeast (Hovath
and Maros, 2012). These basins are filled with thick Tertiary and Qua-
ternary sediments (Juhasz, 1994; Haas et al., 2014). The ridge is
approximately 15-25 km long and 10-15 km wide. It has a 1 km sub-
surface at its highest point and then sinks toward the northeast (Czauner
and Madl-Szonyi, 2013).

By the Late Miocene period, many of these units were submerged,
including the Battonya-Pusztafoldvar Ridge, which reached its current
geological state after undergoing a 600-m rise (Haas et al., 1999) before
being buried with sediments. The basement is covered by the Békés
Conglomerate, lower Miocene in age. The conglomerate zone is gener-
ally 30-40 m thick on the slopes but only a couple of meters thick at the
top of the Battonya Ridge (Juhasz, 1992; Hovath and Maros, 2012). The
conglomerate was formed by coastal abrasion and comprises granite
pebbles essentially.

Kovacs (1965) and Kovdcs et al. (2000) demonstrated that the Bat-
tonya granite intruded during the Variscan period, approximately
340-360 Ma ago. Besides massive granite, some drilling intersected
pegmatites. Rhyolites have been described as genetically related to the
granites earlier. Still, recent age dating indicated that these units were
pyroclastic rocks unrelated to the granites and are approximately 100
million years younger (Szemerédi et al., 2020).

The granites in the Battonya Complex are of a light-grey, greenish-
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Fig. 1. The location and pre-Cenozoic basement of the Battonya-Pusztafoldvar Ridge. The black dashed contour lines show the basement height below the present
surface. The drill-hole locations of the samples used in this study are black diamonds.

grey, and pinkish colour (Szederkényi, 1997; Pal-Molnar et al., 2001;
Buda et al., 2012, 2014). Their mineral composition includes quartz,
orthoclase, microcline, albite-oligoclase, biotite, and primary and sec-
ondary muscovite, as well as apatite, zircon, monazite, and titanite as
accessories (Pal-Molnar et al., 2001; Pal-Molnar and Kovacs, 2002).
Based on the mineral composition, S-type syenogranite, monzogranite,
and granodiorite have been distinguished (Pal-Molnar et al., 2001;
Pal-Molnar and Kovacs, 2002). Their chemical characteristics specify
the rock types as granite and granodiorite, with a subalkaline, per-
aluminous character (Pal-Molnar et al., 2001; Buda and Pal-Molnar,
2012). The rocks are of continental syn-collisional origin. The difference
between granodiorite and granite is not explicit, as most samples show
various degrees of hydrothermal alteration and autometasomatism
(Buda et al., 2012). Apart from these rocks, the massive granite body
contains I-type amphibole-bearing quartz monzodiorite mafic enclaves
(Buda and Pal-Molnar, 2012). Buda et al. (2012) and Buda and
Pal-Molnar (2012) suggested that the granodiorite and granite formed
from a low-temperature water-saturated “minimum” peraluminous
granite melt at 650-685 °C and pressure above 490 Mpa, indicating that

magmatic crystallisation occurred at a depth of approximately 15 km.
Chlorite, sericite, epidote, and limonite also occur as secondary phases
resulting from various alteration processes. The basic petrographic
features of the principal rock types in the Battonya Complex are sum-
marised in Table 1.

3. Materials and methods

Granite and pegmatite specimens were first studied to classify the
rock types in the study area petrographically. Finally, nine drill core
samples from boreholes representing the Battonya-Pusztafoldvar Ridge
(marked S1-S9) were selected to represent the essential macroscopic
differences (Table 2.). A crucial parameter in the selection was the level
of alteration, with S1 representing the least-altered group of granites and
S9 being the most-altered group; S4 was a pegmatite sample with a slight
alteration.

Table 1
A summary of the main granite rock types in the Battonya Complex. The mineral abbreviations follow Whitney and Evans (2010).
Rock-types Colour Mineralogy Al-saturation Geochemical Alteration
classification
Quartz monzodiorite greenish Amph-Bt without primary Ms, metaluminous- marginally I-type Pl sericitisation, Bt
grey Mc and Qz uncommon peraluminous chloritisation
Two-mica granodiorite — grey Bt-Ms, peraluminous S-type Plg sericitisation, Bt
granite Ms alone or subordinary Mc megacrystal, chloritisation

Qz prevalent
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Table 2

Borehole samples marked from S1 to S9 in this study and their macroscopic
attributes. The order of the samples is based on the macroscopic and microscopic
differences found later.

Drill Depth (m) Macroscopic attributes
holes
s1 1079-1082 - medium-to-coarse-grained
- minerals are easy to distinguish
- dark brown biotites
- sericitized feldspar
S2 1350-1352 - medium-to-coarse-grained
- minerals are easy to distinguish
- contiguous biotite layer
S3 1083-1085 - medium-to-coarse-grained
- similar to S1, but some greener parts indicate
chlorite
sS4 1235-1237.5 - coarser-grained
- muscovite and chlorite are easy to identify
- simple mineralogy
S5 1328-1330 - medium-to-coarse-grained
S6 1191-1195 - greenish colour due to chloritisation
- sericitisation
S7 1287.5-1290.5 - medium-to-coarse-grained
S8 1797-1804 - similar appearance
S9 1287.5-1290.5 - biotite and chlorite are absent

- some large muscovite flakes
- weathered, dusty feldspar due to intensive
sericitisation

3.1. Whole-rock geochemistry

Major and trace element compositions in whole-rock samples,
including Li concentrations, were analysed with 15 g of rock powders
obtained from drill cores using inductively coupled plasma atomic
emission spectrometry (ICP-AES) at the Institute of Chemistry of the
University of Miskolc, Hungary. For the measurement, the Varian 720
ES, a simultaneous, multi-element ICP-AES spectrometer with an axial
plasma view, was used. Certipur (Merck Ltd.) and Spectrascan (Tekno-
lab) solutions were applied as reference materials. The required amount
of material for one measurement was 0.2 g. The sample material was
placed into a platinum crucible, and 2 mL hydrofluoric acid and 0.75 mL
perchloric acid were added. Each sample was gently heated on a hot
plate, and 2 cm?® perchloric acid, 3 cm® hydrochloric acid, and 3 cm®
distilled water were added to the residue. Then, the mixture was heated
until it had entirely dissolved in the acid mixture. After cooling to room
temperature, the sample was transferred into a 50-cm® volumetric flask.
The flask was filled up to the mark with distilled water and shaken.
Finally, the solution was filtered through a medium-fast paper filter. A
blank solution mixture of perchloric and hydrochloric acid with the
same concentration was also prepared.

3.2. Laser-induced breakdown spectroscopy

Measuring Li with LIBS is a relatively new approach (Sweetapple and
Tassios, 2015). Previously it was mainly detected by LA-ICP-MS and ion
microprobe. Although the three instruments are fundamentally similar,
modern microprobes are complicated and expensive, whereas
LA-ICP-MS is more energy-intensive, needs sample preparation and has
no portable version. In contrast, LIBS can be used successfully for lab-
oratory and on-site measurements from unprepared samples of any
physical state (Harmon et al., 2013; El Haddad et al., 2014; Galbacs,
2015). Consequently, LIBS is increasingly used in geochemical research,
particularly for detecting light elements, such as Li (Sweetapple and
Tassios, 2015; Fabre et al., 2021; Wise et al., 2022). In previous work,
the authors used it successfully to study granites and their Be and Li
content (Janovszky et al., 2021). For this study, Li concentrations
needed to be measured without sample preparation owing to the limited
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availability of drill cores from the sub-surface of the Battonya area.

The Li concentration of individual rock-forming minerals from each
granites sample was measured using laser-induced breakdown spec-
troscopy (LIBS) at the Department of Inorganic and Analytical Chemis-
try, University of Szeged, Hungary, using an Applied Spectra J-200
tandem laser ablation (LA)/LIBS spectrometer. The measurements were
carried out on polished rock sections (~100 pm thickness). For mea-
surement sensitivity, a large beam diameter of 40 pm was used, and
relatively large grains reasonably homogeneous based on the camera
image of the spectrometer were selected for analysis. At least five grains
were measured from each mineral type in each sample. Thus a total of
180 data points concerning the Li concentration were analysed. Alkali
and plagioclase feldspar grains were not distinguished. They were not
considered the primary target species for the research, and similar Li
concentration values were expected based on existing research. The
laser operation parameters were as follows: 16 mJ pulse energy; 40 pm
laser focal spot diameter; 10 repetitions in one spot; 10 Hz laser pulse
repetition frequency; 0.5 ps and 1.05 ms spectral data collection gate
delay and width, respectively; and 1 1/min argon gas flow rate. Addi-
tionally, NIST 610, NIST 612, and NIST 614 glass and the JF-1 feldspar
and CRPG Biotite Mica Fe standards were used for quantitative cali-
bration. Plasma emission was detected at the Li 670.78 nm spectral line.
The lower detection limit was approximately 1 ppm of Li.

4. Results
4.1. Petrology and the alteration series

The nine drillcore samples are shown in Fig. 2. Concerning their
texture, all the granite samples were medium-to-coarse-grained, with
large (up to 10-20 mm) idiomorphic K-feldspar crystals. The main rock-
forming minerals of all the samples were identical: quartz, feldspar, and
subordinate biotite and muscovite. Chlorite typically forms pseudo-
morph substituting biotite. Accessory minerals, such as apatite, zircon,
monazite, and titanite, are of magmatic origin, whereas epidote and
carbonate minerals are essential hydrothermal alteration products.
Veins of different mineral infill (quartz or siderite) frequently crosscut
the samples. Two main alteration processes, sericitisation of feldspar
and chloritisation of biotite, were used to define the alteration groups.

The pegmatite sample (S4) was coarser-grained, quartz-rich, and
contained alkali feldspars, including microcline. The few muscovite and
chlorite flakes typically adjoin each other. The sample was visually
similar to the leucogranites based on the abundance of quartz and
feldspars and the lack of many mafic grains. Its sericitisation was less
advanced.

Based on the level of sericitisation and chloritisation, an approximate
alteration series was defined for the granodiorite-granite samples stud-
ied from S1 to S9. This series was later simplified to include four groups
(Degree of alteration 1-4) based on the degree of alteration (Fig. 3).

Degree of alteration 1. Samples S1 and S2 samples belong to this
group, with the difference compared with the other samples being the
presence of biotite. In most cases, these grains were unaltered or weakly
chloritized, and the intensive pleochroism of biotite flakes was observed.
The S1 biotite grains were brownish, whereas those in S2 were green-
ish.brown, suggesting lower titanium oxide levels and a nearly equal
proportion of iron and magnesium in the minerals. Large muscovite
flakes were usually present next to the biotite, suggestive of magmatic
origin.

In contrast, the intergranular, thin muscovite flakes were likely the
result of post-magmatic processes (Buda et al., 2012). Furthermore,
subordinate sericitisation of feldspar occurred in the samples.

Degree of alteration 2. The S3 granite and S4 pegmatite samples
belong to this alteration type. In these samples, the replacement of
biotite with chlorite was common, although the original texture could
still be identified. The sericitisation was not advanced. Sample S3 was
less coarse-grained and contained more mafic mineral grains. The
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Fig. 2. Drillcore samples S1-S9. Pegmatite is marked as S4, and the coin shown
for scale is 2.6 cm in diameter. Samples S1-S3 include dark brown biotite in
various concentrations, whereas chloritisation occurred in samples S4 to S6.
Samples S7-S9 were more leucocratic and comprised mainly muscovite as the
main mica species.

subordinate chloritisation of biotite was observed here, and several re-
sidual biotite plates were observable between the chlorite plates. The
primary muscovite was reasonably intact and often occurred around the
chlorite flakes.

Degree of alteration 3. The granite samples S5 and S6 were part of the
third group. In these samples, enhanced alteration caused the pseudo-
morphic substitution of biotite by chlorite, while the rate of sericitisa-
tion was greater. The light- and dark-green chlorite flakes exhibited
lavender-brown interference colours. In addition, an aggregate of fine-
grained rod-shaped chlorite grains appeared along the vein edges.
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Degree of alteration 4. Samples S7-S9 were part of the most-altered
group of granites. Veins and cracks filled with sericite and, less
frequently, carbonate species characterise the most altered samples.
Feldspar sericitisation controlled by veins and microcracks appeared
advanced, although alkali feldspar was more resistant to alteration than
plagioclase. Muscovite was almost the only primary mica, suggesting
that the samples of this group were myscovite-bearing granites. Thin siderite veins

also crosscut S9.
4.2. Major and trace element composition

The major element compositions of the samples are shown in Table 3.
The rock samples studied are generally similar in composition, except
for the S4 pegmatite. The most different features of the latter are the
high silica and low aluminium concentrations. There is more significant
variation in the CaO, NayO and KyO content of granites. The trace
element compositions relevant to this research are presented in Table 4.
The indicated trace element concentrations were generally similar in the
samples. As can be seen, the total Li content of the whole-rock samples
ranged from 1 to 36 ppm.

4.3. Lithium content of the rock-forming minerals

Quartz, feldspar, and muscovite were present in all the samples, thus
providing a complete data set, in contrast to biotite and chlorite, which
could be identified only in certain samples. The points to be analysed
were selected based on the LIBS camera image. A total of 274 points
were measured, and ten spectra were taken for each point. Altogether 20
biotite, 78 muscovite, 34 chlorite, 68 feldspar and 74 quartz grains were
analysed. Although quartz was the second most abundant mineral
measured, only four samples, S1, S2, S4 and S7, provided lithium data
due to low intensity. In the other cases, the measured Li data from quartz
were invaluable. All the measured Li values are presented in Table 5. As
a general assumption, the Li data vary in a wide range, and the following
trend can be observed: biotite > muscovite > chlorite > feldspar >
quartz.

5. Discussion
5.1. Relationship between alteration state and lithium content

To hypothetically specify the origin of the elevated Li concentration
in the groundwater along the southeastern Great Plain in Hungary, the
essential priority was identifying the possible source rocks and their
petrology, mineralogy, and chemistry. Comparing the results from the
microscopic analysis with those of previous studies, a correlation was
observed with the rock types determined by Pal-Molnar et al. (2001),
Pal-Molnar and Kovacs (2002), and Buda et al. (2012). In the samples
studied, amphibole was absent. Accordingly, the type-I quartz-
monzodiorite was excluded from this paper. As a result, the samples
studied corresponded to the usual granodiorite-granite group (types
II-III) with two-mica or a solely muscovite form.

The major element diagrams (Fig. 4) revealed that although CaO
decreased and KO increased with intensifying alteration, the NapO
concentration was independent of the post-magmatic processes. These
observations indicated that intensive sericitisation affected the plagio-
clase, preferably causing K-gain in the rock body. The Ca®* was likely
released into the water, as Mathieu (2018) demonstrated in summary
about different hydrothermal alteration mechanisms, including serici-
tisation of feldspars. The TiO,, FeOyy, MnO, and MgO contents
decreased along with the alteration trend. This combined effect was
probably related to the chloritisation of biotite.

The S4 pegmatite contained negligible concentrations of major ox-
ides besides silica and alkalies, agreeing with the microscopic findings.

The diagrams for selected trace elements (Fig. 4) exhibited similar
geochemical characteristics, resulting in similar trends. The Li content
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Fig. 3. Photomicrographs of examples of the alteration series as defined by mineralogical characteristics. (A) Degree of alteration 1: Intact biotite flakes, weak
sericitisation of feldspars, muscovite flakes, and subhedral quartz grains. (B) Degree of alteration 2: Biotite, almost altered to chlorite with remnants of biotite. (C)
Degree of alteration 3: Typically contains chlorite with epidote infill, sericitized feldspars, and small muscovite flakes. (D) Degree of alteration 4: Characterised by the
extensive sericitisation of feldspars along veins and the occurrence of secondary muscovite. (E) The S4 pegmatite sample with muscovite and chlorite is assigned to
the second alteration group. Abbreviations: Bt — biotite, Ms — muscovite, Chl - chlorite, Qz — quartz, Ep — epidote, Pl — plagioclase, Afs — alkali feldspar, Mc

— microcline.

steadily decreased along with the alteration trend, as did those of the
light rare earth elements La, Ce, and Nd. The V trend mimicked that of
Ti, whereas the behaviour of Rb was similar to that of K30. The extent of
the alteration was analysed using the Al - Na + Ca - K diagram (Fig. 5a).
The petrographically determined alteration series exhibited a chemi-
cally more diverse picture. The samples indicated a trend from increased
NagO + CaO to more AlyOs3- and KyO-rich compositions, as shown in
Fig. 4. Five samples are concentrated around the average granite
composition. The higher NapO + CaO content indicated less-altered
plagioclase in the relatively fresh samples. However, S1 and S3
contain less Al;O3 than the average granite composition. Of particular

note are samples S2 and S8. S2 had a high Li concentration and intact
biotite. Still, it was considered the most-altered sample based on the
diagram, despite the lack of advanced alterations observed in this
granite type. Furthermore, S8 has a similar composition to the less
altered S3.

In the chlorite-carbonate-pyrite index — alteration index (CCPI-AI)
diagram (Large et al., 2001; Mathieu, 2018), shown in Fig. 5b, all
samples are placed between the sericitisation and chloritisation alter-
ation trends. The alteration features, established both microscopically
and chemically, are also visible in the diagram. The three least-altered
samples (S1-S3) were close to the chloritisation trend, based on their
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Table 3

The major element compositions of the nine representative samples. Values are in oxide wt.%.
Samples SiOy TiOy Al,O3 FeOtot MnO MgO CaO NayO K0 P,05
s1 71.92 0.18 12.68 2.16 0.04 1.06 0.99 4.38 3.43 0.20
S2 75.37 0.21 15.49 1.38 0.04 0.60 1.71 0.69 1.88 0.29
s3 71.98 0.23 11.70 1.79 0.07 1.56 3.04 2.51 2.43 0.23
sS4 87.47 0.05 3.55 0.30 0.01 0.17 0.10 2.29 4.66 0.08
S5 71.44 0.21 15.30 1.29 0.03 0.99 0.50 2.74 4.73 0.30
s6 76.28 0.09 12.83 0.78 0.03 0.70 0.36 1.90 4.81 0.29
s7 74.90 0.09 12.72 0.40 0.04 0.36 0.11 2.24 5.06 0.14
S8 71.82 0.07 13.42 1.54 0.01 0.53 0.84 4.39 4.23 0.05
9 79.02 0.03 10.37 0.68 0.02 0.17 0.35 2.34 4.49 0.28

Table 4

Trace element compositions of the nine representative samples. Values are in ppm.
Samples Ag As B Ba Be Bi Cd Ce Co Cr Cu Dy Er Eu Ga Gd Ge Hf
S1 11 3 20 392 3 1 5 33 23 7 34 1 1 1 15 3 1 <1
S2 <1 1 67 225 5 1 4 23 14 8 14 1 1 1 16 3 1 <1
S3 4 2 53 378 3 1 6 34 17 15 7 1 <1 1 15 3 <1 <1
S4 5 1 59 537 1 1 3 5 24 12 6 1 <1 <1 9 1 2 <1
S5 <1 4 32 528 1 <1 4 35 21 19 85 2 1 1 17 5 1 1
S6 31 5 25 903 1 2 7 20 23 7 13 1 1 <1 12 3 <1 <1
S7 3 9 72 341 3 1 11 16 19 6 7 1 <1 <1 14 2 2 1
S8 <1 6 28 266 3 2 5 14 11 8 8 <1 <1 <1 13 2 1 <1
S9 1 1 28 737 1 <1 5 6 15 3 5 1 1 <1 9 2 <1 <1
Samples Hg Ho In La Li Lu Mo Nb Nd Ni Pb Pd Pr Rb Re S Sb
S1 <1 <1 <1 19 36 1 1 7 17 26 26 4 2 152 0 213 5
S2 <1 <1 <1 12 19 1 2 8 12 7 14 3 2 110 0 136 3
S3 1 <1 <1 19 19 1 2 12 17 10 13 4 2 96 0 565 4
S4 1 <1 <1 3 1 1 1 3 2 7 21 1 1 134 0 141 3
S5 <1 <1 <1 18 17 1 2 6 19 9 20 4 7 169 0 140 7
S6 1 <1 <1 13 6 1 1 3 11 5 19 1 3 173 0 132 9
S7 <1 <1 3 10 8 1 2 6 9 5 22 2 4 216 <1 1372 6
S8 <1 <1 <1 7 2 <1 1 7 7 4 120 1 2 222 <1 91 2
S9 1 <1 <1 3 1 1 1 5 4 3 17 <1 2 165 <1 187 5
Samples Sc Se Sm Sn Sr Ta Tb Th Tl Tm U \4 w Y Yb Zn Zr
S1 3 6 4 5 236 <1 1 5 <1 <1 5 37 409 6 1 91 10
S2 5 5 3 5 285 1 1 4 <1 1 6 39 233 11 1 77 9
S3 4 2 4 10 212 3 <1 6 1 <1 9 46 128 5 1 82 29
S4 1 7 1 4 134 2 <1 1 <1 1 5 6 458 2 <1 46 7
S5 4 6 5 7 162 <1 1 6 <1 <1 6 39 567 9 <1 59 30
S6 3 7 3 7 191 <1 <1 4 <1 <1 4 23 529 9 1 66 10
S7 3 5 2 3 98 2 <1 4 <1 <1 3 21 360 6 <1 49 17
S8 3 3 2 7 102 <1 <1 2 <1 <1 5 12 213 3 1 160 8
S9 2 4 1 2 113 1 <1 2 <1 <1 5 8 272 7 1 26 7

biotite-chlorite content, whereas more intense chloritisation and ser-
icitisation were featured in the S5 and S6 rock types. Finally, samples
S7-S9 were close to the sericitisation trend, consistent with the micro-
scopic observations. Overall, the chemically diverse picture of the Bat-
tonya rocks results from two initial alteration processes: sericitisation
and chloritisation. These processes were driven by the interaction be-
tween the host rocks and the percolating fluids, along with fractures and
shear zones (Juhasz et al., 2002; Varsanyi and Kovacs, 2005; Vass et al.,
2018). In line with this process, cracks and vein fillings appear in the
samples of alteration groups 3 and 4.

Regarding the Li content of the Battonya rocks and considering that
the average Li concentration in the Earth’s crust is approximately 20
ppm (Lide, 2004; White, 2013), only sample S1 sample with 36 ppm of Li
could be viewed as a slightly Li-enriched granite. The remaining samples
generally exhibited decreased Li content from the average granite
composition. The relationships between Li and the major elements are
shown in Fig. 6. Positive covariations were observed between Li, MgO
and FeO. This can be explained based on the more significant amount of
biotite and/or chlorite in the samples. There was also a positive corre-
lation between Li and Al203, along with two trends indicating an Al loss
occurred during chloritisation and sericitisation. Based on their K20
content, the samples were divided into two groups: one with high K20

and low Li and another with the opposite trends, indicating that the
coeval K-gain and Li loss were caused by sericitisation. As CaO
decreased, the Li content declined slightly, caused probably by plagio-
clase alteration.

5.2. Lithium content of different granites

Research on the Li content of granites and their associated pegma-
tites began in the past century and has become increasingly important
with the demand for Li today. In this context, rare earth element-rich
granites, particularly LCT-type pegmatites, have been reported as the
main lithium-bearing rock types in the literature. As these rocks are
formed by advanced or extreme fractionation, they usually contain
exotic Li-rich minerals, such as spodumene, lepidolite, and zinnwaldite.
Thus, they typically have Li concentrations higher than conventional
granites (Maneta and Baker, 2019). However, pegmatites alone are not
necessarily associated with a high Li content. For example, in the
Sparrow pluton, the spodumene-bearing pegmatites further from the
centre of the granite assemblage contain more Li.

For the samples examined, the Li content of the relatively fresh
Battonya granites (S1, S2, S3) is indifferent. In comparison, the S-type
medium-pressure granites and granodiorites of the Irish Leinster Granite
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The measured average Li concentrations in different minerals from LIBS analysis. Values are in ppm. Abbreviations: a — average, ¢ — standard deviation, min —
minimum, max — maximum, n — number of repetitions, * —intensities below the detection limit. Values are in ppm.

Sample S1 S2 S3

a c min max n a o min max n a c min max n
Quartz 17 21 1 81 100 6 7 1 38 100 * * * * 100
Feldspar 88 57 21 243 100 34 14 15 80 100 141 61 74 265 100
Muscovite 1944 338 1320 2970 80 1171 257 876 1990 80 1474 423 951 2977 120
Chlorite - - - - - - - - - - 2520 399 1645 3298 100
Biotite 3789 511 2260 5149 100 2236 467 1023 3076 100 - - - - -
Sample sS4 S5 S6

a [ min max n a () min max n a [} min max n
Quartz 2 1 1 6 140 * * 50 * * * * 50
Feldspar 17 22 3 93 80 32 12 5 49 50 22 17 4.5 75 50
Muscovite 593 275 169 1571 190 715 132 537 1022 50 511 205 98 833 50
Chlorite 1081 229 365 1600 140 467 72 355 675 50 252 167 21 534 50
Biotite - - - - - - - - - - - - - - -
Sample S7 S8 S9

a c min max n a c min max n a c min max n
Quartz 4 3 1 9 50 * * * * 80 * * * * 50
Feldspar 32 5 21 46 50 68 53 0.4 189 100 26 9 8 43 50
Muscovite 201 76 109 399 50 148 48 83 296 100 150 65 60 364 50
Chlorite - - - - - - - - - - - - - - -
Biotite - - - - - - - - - - - - - - -

batholite contain an average of 275 ppm Li (O’Connor et al., 1991), muscovite (Dlﬁlt/melt = 1.01-1.67 and D%/}us/melt = ~0.8). Icenhower

which is twice as high as the concentrations measured in the Battonya
rocks. The Variscan peraluminous porphyritic granite pluton and
microgranite of the La Pedriza pluton in the Spanish Central System
contain 30.8, 32.2, and 19.5 ppm Li (Pérez-Soba and Villaseca, 2019),
making them comparable to the fresh Battonya samples. In the studied
case, the post-magmatic alteration of the granites is suggested to have
led to Li release, as reflected in the elevated Li concentrations in the
geothermal waters surrounding the Battonya area. Similarly, Simons
et al. (2017) attributed the hydrothermal activity to the depletion of Li
in tourmaline granites studied. Table 6 summarises the Li content of
different S-type peraluminous granites from the literature.

5.3. Li concentration of the granitoid minerals

Based on the LIBS measurement results, the following order was
established regarding the Li content of the minerals studied: biotite >
muscovite > chlorite > feldspar > quartz. Considering the measured
data, Fig. 7 shows the lithium content of the rock-forming minerals as a
function of alteration groups. Biotite and muscovite were the main Li-
bearing minerals in the first alteration group. Both contained two or
three orders of magnitude more Li than feldspar and quartz. In the case
of sample S3, in which chloritisation was effective, but the original
biotite flakes were still observed, the chlorite had higher average Li
concentrations than the biotite in sample S2. Subsequently, a similar
decrease in concentration was observed for both chlorite and muscovite
from approximately 1000 ppm down to a couple of hundred ppm as the
alteration evolved. In contrast, the Li concentration in feldspar and
quartz retained their Li content due to a lack of alteration. The quartz
and feldspar of the intact granites contained slightly more Li than the
more-altered ones. In summary, the Li content of the samples decreased
as chloritisation and sericitisation progressed. A more detailed analysis
of the lithium content of each mineral is presented in the following
subsections.

5.3.1. Micas

Among the lithium-containing mica, the trioctahedral trilithionite-
polylithionite (lepidolite) and siderophyllite-polylithionite joints
(zinnwaldite) are the most important. In their absence in a more com-
mon S-type granite, biotite, muscovite, and tourmaline are the main Li-
bearing minerals (Hezel et al., 2011; Chakraborty and Upadhyay, 2020).
Based on calculations by Bea et al. (1994) and Icenhower and London
(1995), Li is compatible in biotite and closer to being incompatible in

and London (1995) also performed the above calculations on per-
aluminous granite geochemically similar to the Battonya granites. The
least altered samples S1 and S2 contain intact biotite and muscovite. The
average lithium content of biotite from these two samples is 3789 and
2236 ppm, but the concentration varies over a wide range. The S1 biotite
has a minimum value of 2260 ppm and a maximum value of 5149 ppm.
Li content in S2 biotite also shows a difference of ~2000 ppm between
the two extreme values. For the lithium content of muscovites in the two
samples, S1 has a mean of 1944 (min.: 1320, max: 2970), and S2 has a
mean of 1171 (min.: 876, max. 1990 ppm). For comparison, in several
granite types of the Cornubian batholith, the biotite variety side-
rophyllite contains a relatively wide range of Li (2000-6000 ppm),
whereas the muscovite varies between 1250-3000 ppm. Konings et al.
(1988) also analysed mica with high Li concentrations. They found that
in Abas granite, metasomatism resulted in biotite with a Li content of
approximately 3000-6000 ppm, whereas less-overprinted micas had a Li
content of roughly 1000-2000 ppm. The chloritisation of biotite will be
discussed in more detail in the following subsection.

Fig. 7 shows that the lithium content of muscovite gradually de-
creases as the alteration progresses, from an initial value above 1000
ppm to 100-200 ppm in the most altered S7, S8 and S9 samples. The
lowest lithium content of 60 ppm was measured in the latter one. Kretz
etal. (1989) detected Li at a mean concentration of 120 ppm in two-mica
granites from the Sparrow pluton. In contrast, Li was detected at con-
centrations of 3700 ppm in some biotite grains that had been partially
replaced by chlorite and approximately 1000 ppm in muscovite.
Concurrently, the Li-mica varieties zinnwaldite and lepidolite include
16,000 and 22,000 ppm Li, respectively (Simons et al., 2017). As an
example of the increase in Li content with fractionation, Li concentra-
tions of 200-500 ppm have been measured in the fertile granites of the
Superior pegmatite field in Canada, which generated rare earth
element-rich pegmatite dikes. Here, the concentrations were 500-2000
ppm in the beryl-type pegmatites and above 2000 ppm in the spodu-
mene subtype in muscovite (Selway et al., 2005). Furthermore, the Cs
and Rb content of Fe-rich muscovite and biotite increased in parallel
with alterations. These Li concentration values of a couple of thousand
ppm were similar to those measured in the S1 sample. However, its 36
ppm bulk concentration was significantly lower than the above-
mentioned granites. In the case of the Battonya granites, the Li content
of the mica decreases with the progress of chloritisation and
sericitisation.

As the primary Li containers in granites are biotite and muscovite,



Applied Geochemistry 149 (2023) 105570

& | | & | | &

E u 8 = 8

NERE D

2 mvo n ] Q [ ] 3
= Y

s3
| ]
s3
u
s3

s2
[ ]
s2
M
| ]
s2

s1
100 @
1
300 ™
1

2.00
150
0.50
0.00
6.00
5.00
4.00
2.00
1.00
0.00

]
s7

n
S6

TiO,
]
S5

*
s4

sss888¢% s = g s = —&—'37 —8——' 3 -5 —— 3
2 g s s g 8 8 g S 5 s me e G g = 2 » o s B g B g w o s 2 2 5 2 °
f838338¢ S & 3 3 32 IR & 8 = 8 8 & 842 8 % 8 8 =

K. Jancsek et al.

Fig. 4. Major oxide (wt% oxide) and trace element (ppm) diagrams as a function of the interpreted alteration series. The granites are marked as dark-blue squares

and the pegmatite as a red diamond.
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the bulk Li content depends on the proportion of micas, as demonstrated
in Li et al. (2018). Fig. 8 shows a comparative diagram of the measured
and previously published whole rock, biotite, and muscovite data.
Similar to the data from the literature, the micas in this study contained
the most Li in samples with the highest bulk Li content. Moreover, the Li
content of the Battonya micas was within the range typical for similar
granites. Nevertheless, the high Li concentration in the Battonya micas
was not associated with a high bulk composition because of the rela-
tively low amount of mica and the total absence of Li minerals in the
granites studied.

5.3.2. Chloritisation

Generally, the Li concentration of chlorites has not been a significant
focus of previous studies (Bobos et al., 2007). Although a Li-rich member
of the chlorite group, cookite is naturally occurring. In addition to
cookeite, the Al-bearing donbassite chlorite species can have Li in its
dioctahedral position (Lopez et al., 1993).

The mechanism acts in a complex system that affects biotite and
constantly evolves with the surrounding grains. It was also observed in
S3, resulting in secondary minerals, such as epidote, titanite and sec-
ondary mica flakes (Neal et al., 2018). Chlorite with tiny amounts of
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Table 6
The Li content of different S-type peraluminous granites from the literature.
Authors Li concentration Rock-type
(ppm)
Luecke (1981) 181 granodiorite
220 monzogranite
O’Connor et al. (1991) 275 granodiorite/granite
Simons et al. (2017) 108, 252, 290 two-mica monzogranite
315 muscovite granite
158, 231 biotite granite
Li et al. (2018) 149 biotite granite
166
38 muscovite granite
140
90 two-mica granite
209
Villaros and Pichavant 55 leucogranite (muscovite
(2019) 78 scarcity)
101
710 leucogranite (biotite scarcity)
95 two-mica granite
302
Zhang et al. (2021) 42.2 weathered granite

epidote occurred in sample S5, suggesting the presence of the above
process in the study area.

Lithium concentration was measured from the four chlorite-bearing
samples, S3, S4, S5 and S6. The highest average concentration was
measured in S3 with 2520 ppm, while the minimum and maximum
values, in that case, were 1645 and 3298 (Fig. 7). Consequently, the
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lithium content of the S3 chlorites is higher than the muscovites of the
more intact S1-S2 samples and even rivals that of the biotites. The
chlorite in pegmatite S4 has less than half the average concentration
(1081 ppm) compared to S3, while even more significant decreases were
observed in S5 (467 ppm) and S6 (252), which belong to the third
alteration group. Thus, there is a 10-fold difference in concentration
between the S3 and S6 samples. The high Li concentrations in the
chloritized Battonya samples, especially S3, could result from a signifi-
cant amount of Li being transferred into the chlorite sheets from the
precursor biotite. Considering the lower values in S5 and S6, this
transformation decreased as chloritisation progressed. Wilkinson et al.
(2015) suggested that the variable composition of chlorites indicates
that Li substitution is more likely than Li in microinclusions. In the case
of Battonya, chloritisation caused Li release, but some of the Li was
incorporated into the chlorite during the early alteration stages. Recent
research showed that chlorite and the clay mineral montmorillonite
might play an important role in sequestering Li released from igneous
rocks (Li et al., 2021). For example, at the Naomugeng deposit in China,
chlorite contained 1421-2806 ppm Li in surface samples and
2229-3014 ppm in drill cores. The results described in this paper also
revealed a high Li content in chlorite, up to approximately 1000 ppm.

5.3.3. Quartz

As expected, quartz contained the least Li among all minerals in the
Battonya granites. The intensity values obtained were suitable for con-
centration calculation for only four samples during LIBS measurement.
The highest average concentrations were measured in samples S1 and S2
with 17 and 6 ppm. Although, two outliers, 81 and 36, contributed to
these values. They were followed by S7 (4 ppm) and S4 (2 ppm) near the
detection limit. Previous research has shown that the incorporation of Li
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Fig. 7. Box-plot diagrams about the lithium content of the rock-forming minerals as a function of alteration groups. Chlorites are marked as hatched- and S4
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into the quartz structure depends strongly on the amount of Al present in
the mineral as alkalies such as Li*, Na*, and K" have a charge-balancing
function during Si** substitution by AI**, Fe3*, or B3* (Larsen et al.,
2004; Breiter and Miiller, 2009). The two possible explanations of Li*
incorporation into the silica structure in this study are the aforemen-
tioned coupled substitution and entering as an interstitial impurity
(Gotze et al., 2004; Larsen et al., 2004).

Breiter et al. (2013) stated that quartz with a Li concentration over
20 ppm occurred only in strongly fractionated granites. In a later paper
by the same authors, highly fractionated S-type rare earth granites
contained an average of 40 ppm Li, whereas A-type granites contained
only 15 ppm (Breiter et al., 2020). Although quartz grains generally
contain Li at a few tens of ppm concentrations, highly fractionated
Li-rich pegmatites can contain up to several hundred ppm (Maneta and
Baker, 2019). The average measured concentration of the Battonya
samples ranged from 4 to 17 ppm. The most plausible explanation for
the outlying ppm values of S1 and S2 is microheterogeneity within the
grains. Although higher concentrations were found in the less altered
group, there is likely no correlation between the lithium content of
quartz and the degree of alteration.

5.3.4. Feldspars

Similar to quartz, Li is also incompatible with feldspars. Therefore, a
low concentration was expected (Maneta et al., 2015). Our samples’
average measured Li content varied between 17 and 141 ppm without
distinguishing the alkali and plagioclase groups. No substantive change
in the Li content of the feldspars was observed as sericitisation pro-
gressed. This was also indicated by samples S3 and S8, in which the Li
content of the feldspars exceeded or approached that in the
less-weathered samples. One possible explanation is that the mica
clusters formed during sericitisation incorporated Li, whereas the min-
erals originally contained more Li in their inclusions, as Smith (1974)
suggested. Low values were measured from K-feldspar (4.71 and 8.01
ppm) and plagioclase (0.86, 2.50, and 3.71 ppm) from the Pena Negra
Anatectic Complex (Bea et al., 1994). In Portugal, alkali feldspars
separated from peraluminous granitic rocks contained a mean of 6 ppm
in granites and 15 ppm in aplites and pegmatites, with a 42 ppm
maximum (Neiva, 1995). Gordiyenko (1971) and Smeds (1992) believe
that feldspars with Li concentrations around 100 ppm could signal the
presence of Li aluminosilicate, such as spodumene, in both rare-element
granites and pegmatites. In our study, the average values of only three
samples were close to this 100 ppm threshold.
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6. Conclusion

Overall, chloritisation of biotite and partial sericitisation of feldspar
were demonstrated as a potential explanation for the high Li content of
the geothermal waters around the Battonya Complex. Formation water
in southeast Hungary has a high Li concentration, at approximately 200
mg/l. To determine the source of this Li, nine granite samples were
selected from the Battonya Complex for alteration and Li concentration
analysis. The microscopic observations and chemical data revealed that
the samples had undergone different degrees of hydrothermal alteration
from fresh, nearly intact two-mica granites to granites with chloritisa-
tion and sericitisation.

Lithium bulk concentrations were determined using ICP-MS,
whereas the Li contents of rock-forming minerals, biotite, muscovite,
feldspar, and quartz were measured using LIBS. The bulk composition
revealed that the least-altered granite samples contained the most Li,
comprising intact biotite and primary muscovite. Lithium loss increased
with the rate of biotite chloritisation, although chloritized biotite could
still trap Li at relatively high concentrations. Furthermore, the Li content
decreased as primary muscovite was altered and sericitisation pro-
gressed. The Li contents of the minerals were consistent with previous
results, following the order biotite > muscovite > chlorite > feldspars >
quartz. It should be noted that despite the high concentrations measured
in the micas of less-altered granites, the bulk Li content of the rock
samples was lower than that reported in previous publications for
similar rock types worldwide. This can be explained by the limited
amount of micas, especially biotite, in the granite body studied. At
present, there is insufficient information on the spatial position, depth,
and thickness of different altered granite types. These relationships
should be clarified in the future for a detailed economic evaluation.
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