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Abstract

The halogens fluorine (F), chlorine (CI), bromine (Br) and iodine (l) are ubiquitous in nature
and are involved in a vast number of processes in terrestrial environments. They are not only
important for humans, animals and plants as micro-nutrients, but also play an important role in
for example metal transport in fluids or in mobilizing and re-precipitation of toxic trace elements
such as lead (Pb) or arsenic (As). Therefore, halogens are in the scope of important
environmental interests and a detailed understanding of halogen distribution and behavior in
natural environments is essential in order to prevent potentially harmful impacts. This thesis
deals with the formation of primary Pb-deposits, the subsequent supergene weathering with a
specific focus on the halogen distribution in thereby formed secondary Pb-minerals and the
fate of the halogens (F, CI, Br and 1) in the critical zone, including the pedosphere and the
hydrological flow path. The Schwarzwald in SW-Germany provides an ideal area since
numerous primary formed hydrothermal veins, their supergene weathering zone and well-
developed soil profiles are easily accessible.

Polymetallic Sb-Pb(-Ag+Au) deposits have been formed by various fluids with specific physico-
chemical conditions and were subject to intense remobilization processes. However, the
formation of this vein type within the entire Schwarzwald has not been comprehensively
investigated in detail. Based on mineral textures, formation temperature, fluid and mineral
composition and stability diagrams, this work revealed, that this vein type typically formed over
four mineralization stages. The primary mineralization was formed by cooling of high
temperature, low salinity fluids. It was overprinted subsequently by at least three further
hydrothermal phases, driven by high salinity and medium to low temperature fluids. The results
observed showed increased complex mineral associations over time, associated with an

increased importance of halogens within the hydrothermal processes.

Exposed to near-surface conditions by uplift and erosion, supergene weathering of such
primary hydrothermal Pb-deposits leads to the formation of pyromorphite-group minerals
(PyGM) in nearly all cases. These minerals incorporate halogens in up to weight percent
ranges and immobilize Pb and As. Bulk geochemical mineral analyses showed that halogen
incorporation (especially Br and 1) is mineral specific and is less related to crystal chemical
controls. Spatially resolved analyses revealed variable halogen ratios in different crystal growth
zones independent of major element composition. This implies that the halogen composition
is not governed by a crystal-chemical control (alone), but more substantially by external factors
such as fluid composition. Halogen distribution in natural fluids and soils above a weathering
zone has been shown to be influenced by halogen-specific processes. Simultaneously F, Cl,

Br and | have been analyzed in ecosystem solutions and vertical soil profiles at one site for the



first time, in order to investigate the near-surface halogen cycle. It was depicted that this cycle
is controlled by a complex interaction of biotic and abiotic processes and that these processes
differed for each halogen. Accumulation of Cl in the topsoil could be shown to be caused by
chlorination processes and nutrient uplift by roots. The cycling of F, Br and | was rather
controlled by pH-related weathering and high solubility in combination with sorption processes
to pedogenic oxides or incorporation into clay minerals. Furthermore, it was shown that also
vegetation and soil external processes such as atmospheric halogen input had an influence
on halogen composition along the hydrological flow path, due to the wash-off of dry deposition
and foliage leaching. Overall, it was shown that the halogen cycling in the critical zone is

governed by coupled biological, mineralogical, chemical and physical processes.



Kurzzusammenfassung

Die Halogene Fluor (F), Chlor (CI), Brom (Br) und lod (1) sind in der Natur allgegenwartig und
an einer Vielzahl von Prozessen innerhalb des terrestrischen Milieus beteiligt. Sie sind dabei
nicht nur fir Menschen, Tiere und Pflanzen als Mikronéhrstoffe wichtig, sondern spielen auch
eine wichtige Rolle z.B. beim Metalltransport in Fluiden, oder bei der Mobilisierung und
anschlieenden Wiederausfallung von toxischen Spurenelementen wie Blei (Pb) oder Arsen
(As). Dies sind nur wenige Grunde, warum Halogene heutzutage beispielsweise im
Umweltsektor von Bedeutung sind. Deswegen ist ein detailliertes Verstandnis der Verteilung
und des Verhaltens von Halogenen in der Umwelt unerlasslich, um potenziell schadlichen
Auswirkungen vorbeugen zu kdnnen. Diese Arbeit beschaftigt sich mit der Bildung primarer
Pb-Lagerstatten, der anschlieRenden supergenen Verwitterung mit einem spezifischen Fokus
auf die Halogenverteilung in den dadurch gebildeten sekundaren Pb-Mineralen, sowie dem
Halogenverhalten in der kritischen Zone, einschlieBlich der Pedosphéare und dem
hydrologischen Kreislauf. Da zahlreiche primar gebildeten hydrothermalen Géange, ihre
supergene Verwitterungszone, sowie ausgepragte Bodenprofile im Schwarzwald in Stdwest

Deutschland gut zuganglich sind, bietet dieser hierfiir ein ideales Studiengebiet.

Bei der Bildung von polymetallischen Sb-Pb(-Ag+Au) Lagerstdtten spielen Fluide mit
spezifischen physiko-chemischen Zusammensetzungen, sowie verschiedene
Remobilisierungsprozesse eine zentrale Rolle. Allerdings ist die Bildung dieses
Lagerstattentyps noch nicht umfassend im gesamten Schwarzwald untersucht worden.
Basierend auf der Grundlage von Mineraltexturen, Fluid- und Mineralchemie, sowie
Stabilitatsdiagrammen, zeigte diese Arbeit, dass typischerweise vier Mineralisationsphasen
diesen Lagerstattentyp charakterisieren. Die primare Mineralisation wurde durch
Hochtemperatur-Fluide mit geringer Salinitdt gebildet. Diese wurde anschlieRend in
mindestens drei weiteren hydrothermalen Phasen von hochsalinaren, mittel- bis
niedertemperierten Fluiden Uberprégt. Die Ergebnisse der Studie zeigten, dass mit der Zeit
komplexere Mineralvergesellschaftungen mit einer zunehmenden Bedeutung von Halogenen

innerhalb hydrothermaler Prozesse einhergegangen sind.

Durch Hebung und Erosion den oberflachennahen Bedingungen ausgesetzt, fuhrt die
supergene Verwitterung solcher primérer hydrothermalen Pb-Lagerstétten in fast allen Fallen
zur Bildung von Pyromorphit-Gruppen Mineralen (PyGM). Die Halogengehalte in diesen
Mineralen kdnnen GrdlRenordnungen von mehreren Gewichtsprozent erreichen, au3erdem
kénnen sie Pb und As immobil machen. Geochemische Analysen zeigten, dass der
Halogeneinbau (insbesondere der von Br und I) mineralspezifisch erfolgte und weniger durch

die Kristallchemie kontrolliert wurde. Dariiber hinaus zeigten ortsaufgeldste Analysen in



unterschiedlichen Kristallwachstumszonen variable Halogenverhaltnisse unabhangig von der
Hauptelementchemie. Diese Ergebnisse implizieren, dass die Halogenchemie von PyGM
vermutlich nicht durch eine rein kristallchemische Kontrolle, sondern vielmehr durch externe
Faktoren wie beispielsweise die Fluidzusammensetzung bestimmt wurde. Des Weiteren hat
sich gezeigt, dass die Halogenverteilung in naturlichen Fluiden und Bbdden oberhalb einer
Verwitterungszone durch halogenspezifische Prozesse beeinflusst wird. Zum ersten Mal
wurden F, Cl, Br und | gleichzeitig in Okosystemlosungen und vertikalen Bodenprofilen an
einem gemeinsamen Standort analysiert, um den oberflaichennahen Halogenkreislauf zu
untersuchen. Dabei konnte gezeigt werden, dass dieser Kreislauf durch ein komplexes
Zusammenspiel von biotischen und abiotischen Prozessen gesteuert wird und dass sich die
Prozesse fir die einzelnen Halogene unterscheiden. Es konnte gezeigt werden, dass die
Anreicherung von Cl im Oberboden durch Chlorierung und den Nahrstofftransport durch
Wourzeln zustande kommt. Wohingegen der Kreislauf von F, Br und | im Boden vorwiegend
durch pH-abhéngige Verwitterung und eine hohe Léslichkeit in Kombination mit Sorption an
pedogene Oxide oder den Einbau in Tonminerale gesteuert wird. Dartber hinaus konnte
gezeigt werden, dass auch die Vegetation und bodenexterne Prozesse wie der
atmospharische Halogeneintrag einen Einfluss auf die Halogenzusammensetzung im
hydrologischen Kreislauf haben. Dabei spielen vor allem das Abwaschen von
Trockenablagerungen auf Blattern und die Auslaugung von Laub durch den Niederschlag eine
grolRe Rolle. Insgesamt konnte veranschaulicht werden, dass der Halogenkreislauf in der
kritischen Zone durch eine Kopplung von biologischen, mineralogischen, chemischen und

physikalischen Prozessen gesteuert wird.
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1. Introduction

The critical zone describes a “heterogeneous, near-surface environment in which complex
interactions involving rock, soil, water, air and living organisms regulate the natural habitat and
determine the availability of life sustaining resources” (NRC 2001). It comprises the entire
pedosphere, as well as the near-surface biosphere, hydrosphere, atmosphere and lithosphere
(LIN 2010). The understanding of the halogen (F, CI, Br, 1) cycling in the critical zone requires
the linking of different research areas to investigate the coupling of mineralogical, biological
and physical processes. Halogens are omnipresent in the environment and are important
micro-nutrients for humans, animals and plants (FUGE 1988; KABATA-PENDIAS 2011). Although,
relatively extensive research on chlorine and fluorine has been carried out in the fields of the
geochemistry of igneous and sedimentary environments (FUGE 1988; KENDRICK 2018),
information on the distribution of halogens in soils and biosphere has been lacking. In the past
few years however, considerable research has been done in exactly this area but a detailed
understanding of processes involving F, ClI, Br and | in the terrestrial halogen cycle is still
sparse. This work focuses on the halogen distribution in the near-surface environment and
processes influencing their fate in the halogen cycle. Furthermore, halogen systematics can
be source indicative as is, for example, the case with CI/Br ratios or total salinity in
hydrothermal solutions (FRAPE et al. 1984; KENDRICK AND BURNARD 2013; KENDRICK et al.
2017; WALTER et al. 2017). Halogens, due to its general abundance especially chlorine, can
act as an important complexing agent as it, for example, enables the transport of Pb in
hydrothermal solutions (e.g., WooD et al. 1987). Due to supergene weathering of Pb-deposits
secondary Pb-minerals such as pyromorphite-group minerals form, which are known to
incorporate high amounts of Cl or F (MARKL et al. 2014). Processes that lead to the formation
of primary Pb-bearing deposits as well as the halogen geochemistry in secondary Pb-minerals,

will be also investigated in this thesis.

1.1. Halogens in general

The halogens (group VII of the periodic table) comprise the elements fluorine (F), chlorine (ClI),
bromine (Br), iodine (I) and astatine (At; WIBERG 1985). Whereas, F, Cl, Br and | are stable
elements, At only occurs as a radioactive decay product of uranium, thorium and actino-
uranium (WIBERG 1985; FUGE 1988), and is thus not regarded further. Fluorine has the highest
electronegativity and is by far the most reactive halogen (GREENWOOD AND EARNSHAW 1984).
From F to | the electronegativity and their reactivity decrease, while the ionic radius increases
(DowNs AND ADAMS 1975; GREENWOOD AND EARNSHAW 1984). Chlorine is of great importance
since it is the dominant ligand that facilitates metal transport in most of the hydrothermal fluids
(BISCHOFF AND DICKSON 1975; SEYFRIED JR AND BISCHOFF 1981; YARDLEY 2005; KENDRICK
2018).

10



Fluorine and CI are the most abundant halogens in nature, but they occur almost exclusively
as aqueous halide ions fluoride (F’) and chloride (CI), respectively (HALKA AND NORDSTROM
2010) and are rarely rock-forming mineral constituents, as it is the case in for example fluorite
(CaF,) and NaCl (FuGe 1988). Fluorine and Cl have similar overall abundances on Earth with
concentrations of ~15-300 mg kg™ in the primitive mantle (PYLE AND MATHER 2009; KENDRICK
et al. 2017) and 625 to 640 mg kg™ on average in the Earth’s crust (KABATA-PENDIAS 2011 and
references therein). Generally, Cl is the dominant halogen in various types of waters, rocks or
soils although F is more abundant in specific rock types such as e.g., in leucogranites (e.g.,
LAG AND STEINNES 1976; GOB et al. 2013; BURISCH et al. 2016). By far the highest ClI
concentrations can be found in seawater with up to 19,000 ppm Cl, whereas F only occurs up
to 1.3 ppm (WILSON 1975; WHITFIELD AND TURNER 1979; LI 1991; HALKA AND NORDSTROM
2010). Whole-rock analyses from various igneous, metamorphic and sedimentary rock types
show variable ClI concentrations but are similar to the range observed in soils (e.g., BEHNE
1953; LAG AND STEINNES 1976; MURAMATSU AND WEDEPOHL 1998; REDON et al. 2013).

In contrast, Br and | occur in much lower concentrations in nature (WIBERG 1985). Similar to F
and Cl they can be found as bromide (Br) and iodide (I") ions, or in organic compounds (FUGE
1988; HALKA AND NORDSTROM 2010). Bromine and | are only trace element constituents in the
primitive mantle with concentrations of ~76 ppb for Br and ~7 ppb of | (MCDONOUGH AND SUN
1995; PYLE AND MATHER 2009; KAMENETSKY AND EGGINS 2012; KENDRICK et al. 2017) and
primary iodide or bromide minerals are exceptionally rare (FUGE 1988). Interestingly, the
highest | concentrations can be found in coastal environments in Kelp, a type of seaweed, and
at sea in phytoplankton (LEBLANC et al. 2006; IWAMOTO AND SHIRAIWA 2012). In Kelp, |
concentrations of up to 6 wt% (KUPPER et al. 2013) with an average of around 1 wt% (GALL et
al. 2004) have been reported. Excluding the mantle, the ocean is the largest reservoir for Br
with concentrations of 65 ppm in seawater, whereas | is only up to 0.06 ppm (WONG AND
BREWER 1974; WILSON 1975; WHITFIELD AND TURNER 1979; LI 1991; HALKA AND NORDSTROM
2010).

1.2. Terrestrial halogen reservoirs and systematics

Halogen distribution in terrestrial ecosystems is influenced and monitored by a vast number of
small and large scale biotic, abiotic and also anthropogenic factors and processes. In the
following, a summary of the complete earth halogen cycle and biosphere are described, where
a special focus was given to the earth’s crust, hydrosphere and biosphere as they are most

relevant to this study.

During the subduction of halogen-bearing pore fluids, sediments or altered oceanic crust

(BARNES et al. 2018 and references therein), the halogens can be reintroduced into the mantle
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environment. The mineral-bound halogens can be released during subduction zone
metamorphism and were assumed to be a dominant enrichment source of halogens in the
Earth’s mantle (KENDRICK et al. 2014; BARNES et al. 2018). Generally, Cl, Br and | are rather
strongly partitioned into aqueous fluids, whereas F is preferably incorporated into solid phases
when stable (ZHU AND SVERJENSKY 1991). Furthermore, water is subducted into the mantle,
chemically bound in hydrous mineral phases within the hydrated oceanic lithosphere
(KENDRICK et al. 2011 and references therein), and is also an important volatile source for the
mantle (HOLLAND AND BALLENTINE 2006). These processes produce a very heterogeneously
composed mantle with respect to halogens (HOFMANN 2003 and references therein). During
partial melting of the mantle (at various tectonic settings) the halogens can be remobilized and
transported by the melt into crustal levels. Furthermore, crustal level metamorphism can
redistribute and concentrate these halogens in e.g., newly formed minerals (HAMMERLI et al.
2016).

These halogens can be recycled to the Earth’s surface by either volcanism (FUGE 1988;
BARNES et al. 2018), hydrothermal activity or temporary stored within crystallized rocks and
subsequently released due to weathering processes. During volcanism, enormous amounts of
halogens can be emitted as HF, HCI, HBr and HI into the atmosphere (FUGE 1988; WEBSTER
et al. 2018). At least part of these near-surface halogens will be eventually washed into the
ocean, which is a further important halogen reservoir. Evaporation successively leads to the
emission of halogens into the atmosphere, maostly in the form of aerosols (FUGE 1988; WORDEN
2018). However, it was reported that Cl and F could also occur in their particulate form (FUGE
1988), whereas Br and | can be present in a gaseous form (DUCE et al. 1965). Furthermore,
anthropogenic sources such as biomass burning, coal combustion, waste incineration and
other industrial processes increase the halogen content in the atmosphere drastically (KEENE
et al. 1999). Due to wet and dry deposition halogens are transported to continental surfaces.
Locations close to coastal areas receive distinctly higher halogen amounts originating from
atmospheric deposition compared to distant locations (LAG AND STEINNES 1976; STEINNES AND
FRONTASYEVA 2002; JOHANSSON et al. 2003; MONTELIUS et al. 2015). These dry depositions of
halogens on needles and leaves may enrich rainfall halogen concentrations when passing
through a canopy (throughfall). Accordingly, this was observed for dissolved CIl and I, where
higher concentrations in throughfall were detected compared to rainfall, due to leaching from
organic compounds in the canopy and dissolution of dry deposition (e.g., LOVETT et al. 2005;
MONTELIUS et al. 2015; ROULIER et al. 2019). To sum this up, halogen input into near-surface
terrestrial ecosystems occurs by halogen release due to host rock weathering and atmospheric

input in the form of dry (aerosols, dust) and wet deposition (rainfall).

Subsequently, throughfall and rainfall percolate through the soil and the underlying host rock.

Transformation and retention processes in the soil play an important role in the
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biogeochemistry and availability of F, CI, Br and | in natural ecosystems. Biological
transformations of inorganic halogens to organic halogens in soils take place by halogenation
(i.e., chlorination, bromination, fluorination and iodination) of organic matter (e.g., OBERG AND
SANDEN 2005; LERI AND MYNENI 2010; OBERG AND BASTVIKEN 2012). Such transformations are
governed by the amount of atmospheric input, nutrient and seasonal availability, redox
conditions, or microbial activity (JOHANSSON et al. 2003; REDON et al. 2011; OBERG AND
BASTVIKEN 2012). These halogenation processes lead to an accumulation of for example Cl in
the organic soil layer (FUGE 1988; BASTVIKEN et al. 2007; REDON et al. 2011) and different
depth distribution patterns were reported for Cl, F, Br and | (CORTIZAS et al. 2016; TAKEDA et
al. 2018; ROULIER et al. 2019; WANG et al. 2019). A further important process influencing the
halogen distribution in the soil column is adsorption on e.g., positively charged iron (Fe),
manganese (Mn) and aluminum (Al) oxides and (oxy) hydroxides. For dissolved Finorg @nd linorg
strong adsorption to oxides and Fe-, Al-hydroxides was found (MCLAUGHLIN et al. 1996;
GERZABEK et al. 1999; LOGANATHAN et al. 2007). However, since soils are heterogeneously
composed (also with respect to depth; IUSS-WORKING-GROUP-WRB 2015), it is not very
surprising that halogen distribution varies with respect to soil horizon and soil composition.

Furthermore, halogens are not only accumulated in the organic soil horizons, but can also be
released by leaching from decomposing litter into the soil solution, as has been shown for ClI
(LoveTT et al. 2005). Halogen release from the organic soil layer leads to a halogen enrichment
of the soil solution compared to rainfall concentrations (LOVETT et al. 2005). So far, a vertical
depth profile for soil solutions was only described for Clinorg, Where a dependence of halogen
concentration on increased adsorption and nutrient uptake by plants resulted in decreasing
dissolved Clinorg cOncentrations with increasing depth (LOVETT et al. 2005). To conclude, a lot
of research on halogen systematics in terrestrial ecosystems has been done so far.
Nevertheless, relatively little is known about systematic halogen variations concerning all four
halogens F, Cl, Br and | in rainwater, and their dependence on canopy presence and soil depth
in soil profiles or soil solutions. It will be a major aspect of this work to focus on exactly this

topic, i.e., the halogen distribution in the near-surface halogen cycle.

1.3. Formation and weathering of hydrothermal Pb-deposits and halogen

systematics in pyromorphite-group minerals

During the Variscan orogeny and subsequent large-scale tectonic events (e.g., the opening of
the Atlantic Ocean and the Upper Rhine Graben rifting), complex tectonic fault patterns were
created in the Schwarzwald (SW Germany), and reactivated multiple times (BAATARTSOGT et
al. 2007). These can act as suitable pathways for fluid circulation (KNIPE 1993; WERNER AND
FRANZKE 2001). Since 310 Ma repeated Permian and Tertiary volcanic activity, ongoing

basement subsidence during the Jurassic and the opening of the Upper Rhine Graben in the
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Cenozoic in combination with suitable precipitation mechanisms led to periodically formation
of abundant mineralized veins (SCHUMACHER 2002; WETZEL et al. 2003; STAUDE et al. 2007,
2009; WALTER et al. 2016; 2018). A lot of these hydrothermal veins have been mined during
medieval times (especially for Ag) since these veins bear a large variety of different metals
such as Pb, Ag, Au, Sb, Zn, Cu, Ni or Co (METZ AND RICHTER 1957). Metals are transported
as e.g., Cl complex (WoobD et al. 1987) and therefore, halogens in hydrothermal solutions are
of great interest, but also because of very high Cl and Br concentrations due to remarkable
high salinities to some extent (BAATARTSOGT et al. 2007; WALTER et al. 2017). In total, there
were five peaks of hydrothermal activity in the late Carboniferous, Permian, Triassic-Jurassic,
Jurassic-Cretaceous and in the post-Cretaceous (PFAFF et al. 2009; STAUDE et al. 2009;
WALTER et al. 2016). The chemical (e.g., Cl/Br ratios, metal content) and physical
characteristics of the fluids which formed new and remobilized old hydrothermal veins varied
with age between these periods of increased hydrothermal activity (e.g., BEHR AND GERLER
1987; STAUDE et al. 2009; WALTER et al. 2016). Carboniferous quartz-tourmaline veins occur
spatially associated with granitic intrusions and were formed by low salinity (< 4.5 wt% NacCl
ed.) magmatic fluids with temperatures up to 550 °C (MARKS et al. 2013; WALTER et al. 2016).
Permian Sb+Ag+Au veins were formed by cooling of late metamorphic fluids. These were
characterized by high temperatures of up to 440 °C and low salinities < 5 wt% NacCl eq. with
CI/Br ratios of ~90 (WAGNER AND COOK 2000; BAATARTSOGT et al. 2007; WALTER et al. 2016).
Triassic-Jurassic quartz-hematitexbarite veins precipitated from medium temperature fluids
with variable salinities (BRANDER 2000; WALTER et al. 2016). In contrast, quartz-fluorite-barite
veins with chemically and texturally complex mineral assemblages in the Jurassic-Cretaceous
were formed by fluids with variable temperatures (50 — 150 °C) and high salinities (20 - 28 wt%
NaCl eq.; BAATARTSOGT et al. 2007; STAUDE et al. 2009; WALTER et al. 2016). These fluids had
characteristic ClI/Br ratios of up to 800 (WALTER et al. 2016). The halogens play a vital role
during vein formation, not only due to the abundance of complexing Cl which enables metal
transport, but also due to the high F concentrations that led to enormous quantities of fluorite
precipitation (BEHR AND GERLER 1987; STAUDE et al. 2009). Veins formed in post-Cretaceous
times precipitated from fluids with variable temperatures (50 — 150 °C) and variable salinities
with CI/Br ratios of up to 150 (1 - 23 wt% NaCl eq.; LUDERS 1994; WALTER et al. 2016). Several
fluid origins and metal provenances have been proposed for many of the veins so far: (1)
leaching of crystalline basement rocks by sedimentary brines, (2) hydrothermal exsolution from
magmatic intrusions or (3) introduction of juvenile solutions from the crust-mantle boundary
(YARDLEY 2005; FUSSWINKEL et al. 2013; BURISCH et al. 2016; SCHARRER et al. 2019 and
references therein). Within these fluids, the metals are predominantly transported as either
chloride- (YARDLEY 2005), sulfide- (SHERMAN et al. 2000), or hydroxide complexes and can be

precipitated through several mechanisms. These include fluid cooling, boiling, fluid dilution,
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fluid mixing, host rock interaction, or fluid reduction by hydrocarbons, sulfides or reaction with
ferrous minerals (SVERJENSKY 1981; DRUMMOND AND OHMOTO 1985; FONTBOTE et al. 2017,

SCHARRER et al. 2019 and references therein).

During the exhumation of these veins and their weathering at surface conditions due to the
presence of oxidizing meteoric fluids, the primary hydrothermal minerals can be dissolved
and/or replaced. In general, galena (PbS) is the most abundant primary hydrothermal Pb-
bearing ore mineral. At ambient conditions, it is most commonly replaced by pyromorphite-
group minerals (PyGM; which host halogen concentrations up to wt%) and other secondary
Pb-minerals (e.g., anglesite or cerussite; WERNER 2002; MARKL et al. 2014; KEIM AND MARKL
2015). The supergene weathering zone is typically restricted to the upper few meters of an ore
deposit below the surface (AGUE AND BRIMHALL 1989; SILLITOE 2005; REICH AND VASCONCELOS
2015; REICH et al. 2019). Dissolution and transport processes are strongly climate-dependent,
thus, reflect for instance temperature conditions, water and or other species availability,
biological or microbiological activity (REICH AND VASCONCELOS 2015; REICH et al. 2019). The
recent growth of PyGM crusts on for example medieval dumps shows that the weathering of
the ore deposits is still ongoing (BURMANN et al. 2013). Calculations of KEIM AND MARKL (2015)
indicated that millimeter-thick PyGM crusts can form in a few tens toa hundred years. This in
combination with an extremely low solubility emphasizes their importance in immobilizing
harmful toxins such as As and Pb (SCHECKEL et al. 2005; KUMPIENE et al. 2008).

In general, PyGMs are minerals of the apatite supergroup with an ideal formula of PbsAsL,
where A represents PO,*> (pyromorphite), AsO,* (mimetite), or VO,* (vanadinite). The
dominant L anion is CI', but substitutions with F-, OH", Br and/or |- occur to some degree (e.g.,
WONDRATSCHEK 1963; PASERO et al. 2010; KNYAZEV et al. 2011; MARKL et al. 2014).
Furthermore, at least a partial solubility exists with the structurally very similar members of the
hedyphane group (phosphohedyphane, hedyphane, and fluoro-phosphohedyphane) which
have the following formula: Ca.PbsA(Cl, OH-, F) with A either composed of PO43 or AsO4*
(PASERO et al. 2010). Complete miscibilities were described for pyromorphite-mimetite,
pyromorphite-phosphohedyphane and mimetite-hedyphane (DENNEN 1960; WONDRATSCHEK
1963; FORTSCH AND WONDRATSCHEK 1965; FLIS et al. 2011; MARKL et al. 2014). In natural
PyGM samples CI concentrations can reach up to more than 2 wt% while, although less,
significant amounts of F- and OH" can also be incorporated (MARKL et al. 2014). However,
phosphohedyphane is the only F-dominated endmember that occurs in nature (PASERO et al.
2010; KAMPF AND HOUSLEY 2011). Two further naturally occurring endmembers of this mineral
group have been described, i.e., hydroxylpyromorphite (HALENIUS et al. 2017) and

hydroxylmimetite, where the L site is dominated by an OH-endmember (MARKL et al. 2014).
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Furthermore, PyGMs with compositions close to PbsAsL are dominated by CI', whereas the L
site of phospho-/ hedyphane Ca,PbzAsL compositions is preferably occupied by F (PASERO et
al. 2010; MARKL et al. 2014). This is due to the fact that Pb** has a larger ionic radius compared
to Ca?", compositions of PbsAsL have larger cell unit dimensions and thus favor the
incorporation of CI which has a larger ionic radius than F- (PASERO et al. 2010; MARKL et al.
2014). This observation was made in Ca-rich hedyphane samples where higher F amounts
were detected compared to pyromorphite, mimetite, or vanadinite (MARKL et al. 2014).
However, less information about Br and | distribution in natural occurring PyGM exist, due to
the general lacking information about these heavy halogens in natural systems due to
analytical difficulties. Several studies synthesized halogen (F, Cl, Br) PyGM endmembers (in
exception I-pyromorphite) and thus proved, that these mineral phases are thermodynamically
stable and could theoretically occur at near-surface conditions (WONDRATSCHEK 1963; JANICKA
et al. 2012).
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2. Objectives

In this work the formation of primary Pb-deposits, the subsequent supergene weathering with
a specific focus on the halogen distribution in thereby formed secondary Pb-minerals and the
fate of the halogens (F, Cl, Br and I) in the critical zone, including the pedosphere and the
hydrological flow path, are addressed.

The formation of primary Pb-deposits was studied on veins distributed in the entire
Schwarzwald (study A). The Schwarzwald is an ideal study site, as a vast number of small
hydrothermal Pb-mineral bearing veins are exposed. These veins typically have a primary ore
mineralization which is overprinted by several periods of hydrothermal activity. Hence, these
textures do not only record remobilization and structural reactivation processes but also the
fluid evolution of the system over hundreds of millions of years. The evolution and the
involvement of different fluid types for the Sb-Pb ore deposit type has not been studied in detail

so far. Therefore, the first study (chapter 4.1) focused on:

¢ A detailed textural characterization of individual mineralization stages;

¢ The combination of textural observations with isotopic, fluid inclusion and geochemical
data to refine genetic models for this type of mineralization;

e To corroborate the genetic model with calculated stability diagrams;

e Setting the conclusions into regional and worldwide context.

The main focus of this thesis is on the halogen distribution in the critical zone, where one part
deals with the halogen distribution in naturally occurring secondary Pb-minerals (Study B)
which were formed due to supergene weathering of primary Pb-deposits (such as those from
study A). Therefore, a suitable highly precise bulk method for the simultaneous determination
of F, Cl, Br and | was developed. For this study minerals of the pyromorphite mineral group
(pyromorphite, mimetite and vanadinite) were investigated. Halogen concentrations in bulk
mineral samples but also spatially resolved in zoned and non-zoned crystals were analyzed.
Zoned crystals were interpreted to reflect single episodes of fluid flow and weathering and thus
this study investigates and distinguishes between the crystallographic and fluid compositional
effects on the halogen incorporation for this mineral group. Therefore, the focus of this second
study (chapter 4.2) was on:

o Detailed description and comparison of analytical methods to detect the trace halogen
elements Br and | and implementation of the combustion ion chromatography method;

e Geochemical bulk sample characterization of pyromorphite-group minerals

e Producing spatially resolved halogen characterization with respect to mineral zoning

profiles;
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o Characterization of halogen systematics and crystal chemical controls on the
incorporation of halogens in pyromorphite-group minerals;

e Detailed evaluation of possible parameters which may influence the formation of
pyromorphite-group minerals;

o Halogen ratio comparison between various reservoirs of different water, rock, mineral

and soil types.

Whereas study B focused on the halogen distribution in secondary Pb-minerals in the oxidation
zone of an ore deposit and detailed investigation of mineral samples, study C investigated the
halogen distribution in soil above a formerly mined Pb-deposit and various surface waters.
Moreover, this study comprises the investigation of the entire halogen cycle close to the Earth’s
surface. This is of great interest since only a few studies exist where halogens were correlated
between soil samples and soil solution as well as different surface waters from a single
location, especially with respect to all halogens including Br and I. Furthermore, the halogen
distribution was studied in samples which were collected over two growing seasons at the

Feldberg, SW Germany. The aims of this study (chapter 4.3) were as follows:

o Determination of vertical depth profiles of total F, Cl, Br and | concentrations in soil
samples taken below a canopy and from an open area;

e Determination of dissolved Finorg, Clinorg, Brinorg @and linorg CcONcentrations in various
ecosystem solutions (throughfall, rainfall, soil solution, adit water, creek water);

e Investigation of vegetation canopy effects on halogen concentrations in the critical
zone;

e Evaluation of factors that may facilitate and influence halogen concentration differences
between location type or sample type;

¢ Identification and investigation of soil internal and external processes which govern the

halogen distribution in natural surface environments.

The outcome of study C clearly revealed the importance of halogen sorption on interfaces of
pedogenic oxides and showed different patterns with respect to halogen distribution in the
vertical soil profiles. Since study C solely focused on soil samples which included the entirety
of soil size fractions, and halogen data from different size fractions and also information about

halogen sorption in soils is generally sparse, study D focused on the following major questions:

o Determination of the proportions of F, Cl, Br and | (organic+ inorganic) that are surface
sorbed or incorporated in minerals (clay and pedogenic oxides) in four different soil
size fractions (20-63 um, 2-20 pm, 0.2- <2 pm and 0.02-0.2 pm);

o Determination of vertical depth profiles of total F, Cl, Br and | concentrations in four

different solil size fractions.
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3. Choice of study sites and site characteristics

Hydrothermal quartz veins associated with Pb-bearing hydrothermal and supergene mineral
phases are found all over Europe, often in the Variscan basement, and were chosen for
investigation in study A. Examples of a large variety of former mining districts within these
Variscan basement outcrops in Germany are the Harz, Schwarzwald and Erzgebirge (e.g.,
WALENTA 1957; WAGNER AND COOK 2000; BURISCH et al. 2018; KROLOP et al. 2018). Due to
the abundant published and peer-reviewed pre-existing groundwork on these systems, all
investigated samples derive from the Schwarzwald. Sample locations for study A and B were
distributed throughout the entire Schwarzwald, whereas samples for study C and D only derive
from one locality right below the Feldberg peak in the southern Schwarzwald. The approach
to collect samples from one locality was necessary in order to investigate the entire halogen
cycle with respect to several parameters, such as soil depth, vegetation and time while keeping
other disruptive external factors constant. The geology and hydrothermal mineralization of the
Schwarzwald are briefly discussed in sub-chapters 1.3 and 3.1. A detailed mineralogical
description will not be given in a separate chapter since it is described in detail in the individual
study A (chapter 4.1, Appendix I).

The Kammentobel valley ~1360 m above sea level at the north-west flank of the Feldberg was
chosen as the locality to investigate the halogen cycle due to the fact that (i) the location had
canopy presence and open area side by side, (i) an accessible horizontal mine adit, (iii)
throughfall, rainfall, soil solution and complete soil profiles could be easily gathered right above
the ore deposit, (iv) the average outflow of the hydrological path, i.e. all surface fluids, could
be collected in the Kammentobel creek and (v) all sample locations are part of a protected
forest where no land management is conducted and the samples sites are only separated by
several tens of meters. This location offered the opportunity to study the compositional
changes of rainwater as it passed through vegetation and about 1 meter of soil before it
reached fractured and weathered migmatites, pyromorphite-group minerals formed by
supergene alteration of the hydrothermal Pb-deposit, and runoff water collected in the
Kammentobel creek. The temperature of this study site ranged annually between -20 and 23°C
and the total precipitation was ~1500 mm in 2018 (WETTERKONTOR 2019). The investigated
soil developed on a strongly weathered migmatite and can be classified as a Cambisol (IUSS-
WORKING-GROUP-WRB 2015). The vertical profile of the Cambisol consists of an organic layer
and a mineral topsoil and subsoil. Furthermore, three of the sample locations were situated
below a canopy of spruce trees (Picea abies (L.) H. Karst), whereas the other three sample

locations were located below a by blueberry (Vaccinium myrtillus L.) dominated shrub layer.

19



3.1. Regional geological setting in the Schwarzwald, SW Germany

The Schwarzwald is situated in SW Germany and part of the Central European Variscan
Orogeny (KALT et al. 2000). Within the Schwarzwald, several Variscan crystalline basement
units are separated by two continental sutures, the Baden-Baden-Zone (BBZ) in the north and
the Badenweiler-Lenzkirch-Zone (BLZ) in the south. The basement is dominated by partially
migmatized ortho- and paragneisses as well as post-collisional granitic intrusions, which
intruded between 335 and 315 Ma (e.g., ToDT 1976; ALTHERR et al. 2000; HANN et al. 2003).
The crystalline basement was then overlain by a Paleozoic and Mesozoic sedimentary
sequence on top of an erosion surface of Permian age (GEYER et al. 2011 and references
therein). A starting marine transgression during the Triassic led to the deposition of limestones,
shales and carbonates (GEYER et al. 2011). Further carbonates and shales were deposited
during the Jurassic, whereas Cretaceous sedimentary depositions are lacking due to erosion
in the Schwarzwald (GEYER et al. 2011). The opening of the Upper Rhine Graben, which is
part of the European Cenozoic rift system, was induced by the alpine orogenesis in the
Paleogene (e.g., ZIEGLER 1992; GEYER et al. 2011). Due to asymmetrical uplift of the rift flanks
and erosion processes the sedimentary cover is only exposed in the northern Schwarzwald,
whereas in the south the present-day topography represents rocks from up to 2 km below the
Permian unconformity (RUPF AND NITSCH 2008; GEYER et al. 2011).
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4. Individual studies
4.1. Formation of primary Sb-Pb-deposits and remobilization processes

Title of publication:

Quartz veins with associated Sb-Pb-Ag+Au mineralization in the Schwarzwald, SW Germany:
a record of metamorphic cooling, tectonic rifting, and element remobilization processes in the
Variscan belt. (Study A)

Primary formed mesothermal antimony (Sb) deposits are distributed worldwide and not only
physico-chemical parameters but also the halogen (Cl and F) content in fluids is decisive for
the formation. These deposits are comprised of either pure stibnite deposits or the more
complex but in turn scientifically more interesting polymetallic Sb-Pb-Ag+Au-W-Sn-As-Zn
deposits, also known as orogenic gold deposits (e.g., LENTZ et al. 2002; NEIVA et al. 2008;
BALTUKHAEV AND SOLOZHENKIN 2009). These deposits are commonly not only mined for Sb,
but can also be important producers of other economically interesting products such as gold.
In Europe, numerous ore districts are rich in quartz-veins, linked to the Variscan Orogeny and
associated with a Sb-Pb-Ag+Au-type mineralization. Examples of former mining districts can
be found amongst others in Germany (Schwarzwald, Rheinisches Schiefergebirge, Harz),
France (Vosges mountains, Massif Central), Italy (Sardinia, Lombardy), Spain, Portugal,
Austria, Great Britain, Czech Republic and Slovakia (e.g., WALENTA 1957; CLAYTON et al. 1990;
ORTEGA et al. 1991; DIiLL 1993; WAGNER AND COOK 2000). Previous research put a special
emphasis on the structural history and fluid evolution of this vein type. The formation of these
veins is linked to late-Orogenic, post-compressive brittle tectonic events and thus, they formed
during the transition from the Variscan compressive stress regime to post-Variscan strike-slip
tectonics (e.g., ARTHAUD AND MATTE 1977; BRIL 1982; WAGNER AND CooK 2000). Furthermore,
several precipitation mechanisms for stibnite, the most abundant Sb-bearing mineral, have
been proposed, but the literature largely agrees that fluid cooling is the primary precipitation
mechanism (WAGNER AND COOK 2000). Fluid cooling can either occur by conductive heat
transfer to the host rock or by fluid mixing processes with low temperature fluids (WAGNER AND
Cook 2000). However, these vein types are commonly comprised of a complex poly-stage
mineral assemblage, which was generally not considered as individual stages that might have
formed by different processes or times. The focus of study A was to investigate in detail the
evolution of these poly-stage quartz-Sb-Pb-AgzAu veins over a 300-Ma time span in the
Schwarzwald, SW Germany. Therefore, 148 representative samples from 38 localities from
the entire Schwarzwald were chosen to be investigated by optical microscopy, electron
microprobe analysis and oxygen isotope analysis. Additional samples were analyzed for fluid
inclusions by optical microscopy, cathodoluminescence, microthermometry and micro-Raman.

The results and interpretation of a detailed petrographic description in combination with
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isotopic, fluid inclusion, and geochemical data allowed a refinement of genetic models of this
mineralization type. The study concluded that four different successive mineralization stages
according to mineral assemblages and textural relations can be distinguished and two stages
contain Pb-dominated mineral assemblages: (I) Fe-As(-Sb+Au), (Il) Pb-Zn-Cu, (Ill) Pb-Sb and
(IV) Ag-Sb. Due to the similar formation conditions of stages Il and Ill, they will be discussed

within the same paragraph.
Stage I: Fe-As (-SbxAu) mineralization

Fluids with a low salinity below 5 wt% NaCl eq. and very variable temperatures ranging from
100 to 400 °C led to the formation of the first mineralization stage which contained Fe-As
sulfides (pyrrhotite, arsenopyrite, pyrite, marcasite) and quartz as gangue mineral. These
sulfides contained invisible gold with concentrations up to 3100 ppm in arsenopyrite and trace
amounts of Sb. This sequence was then followed by a succession of berthierite and stibnite
which further indicated that the fluid in the hydrothermal system contained large amounts of
Sb. Invisible gold was remobilized and locally precipitated as discrete grains of electrum at the
end of stage |. These fluid compositions with only minor Cl content and low CI/Br ratios of ~ 90
are very typical for Permian veins in the Schwarzwald (WAGNER AND CoOK 2000;
BAATARTSOGT et al. 2007; WALTER et al. 2016). The high temperature and large temperature
range represents the process of fluid cooling, which is typical for many large Sb deposits
worldwide, e.g., in Bolivia or China (DILL et al. 1995; ZHAI et al. 2014). The observed mineral
succession is in accordance with the thermodynamic modeling of successive cooling of a low
salinity fluid initially in equilibrium with a granitic host rock at a neutral pH (6.55 at 400°C).
However, water-rock interactions during the cooling process are required to produce the
relative mineral quantities observed. Furthermore, in order to reach pyrite saturation, the fluid
must initially have been relatively reduced and sulfur-rich, alternatively, hematite and/or

magnetite would have formed.
Stage Il & lll: Pb-Zn-Cu & Pb-Sb mineralization

The minerals of stage Il and Il precipitated from a fluid that had remarkably high salinities of
20-27 wt% NaCl eq. and moderate to low temperatures between 50 and 250 °C. The presence
of large Cl amounts (CI/Br ratios of up to 800; WALTER et al. 2016) resulted in very high
salinities which is in contrast to low-salinity basement fluids and thus forced mixing between
two chemically different fluids. It also enabled metal transport which resulted in mineralogical
diversity. The second stage is represented by minor occurrences of Cu-, Pb-, and/or Zn-
sulfides, such as tetrahedrite, galena, chalcopyrite and sphalerite. Thus, this mineral
succession showed a Pb-, Zn- and Cu-input into the hydrothermal system. Tetrahedrite | was
the most abundant mineral in this stage, had an average Ag content of 19 wt% and partially

remobilized stibnite. In contrast to stage Il, the third stage is abundantly developed in many of
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the investigated veins and is characterized by highly variable and complex Pb-Sb mineral
assemblages. Commonly, mineral textures were observed, where primary formed stibnite from
stage | was replaced during this stage by Pb-Sb-sulfosalts such as zinkenite and fllloppite.
Extremely high salinities indicate the involvement of a different fluid reservoir compared to that
of stage I. The central European basin was flooded and evaporites deposited during Late
Permian to Triassic times (GEYER et al. 2011). Furthermore, intensive brecciation of stage |
additionally points to an important tectonic change, resulting in new fluid pathways. This major
marine influence led to the mixing of high-salinity and low-salinity mid- and upper-crustal fluids
during Jurassic-Cretaceous times. Interestingly, the abundance of stage Ill Pb-Sb minerals
was directly related to the presence of stage | stibnite and the extent of remobilization during
an influx of Pb in Jurassic-Cretaceous. In addition, the presence of Ag rich sulfosalts indicates

an influx of Ag or remobilization of stage | electrum and stage Il tetrahedrite.
Stage IV: Ag-Sb mineralization

In contrast to stage lll, the fluids which led to the precipitation of minerals from stage IV had
variable salinities between 7.5 and 20 wt% NaCl eq. (CI/Br ratios up to 150; WALTER et al.
2016) and low temperatures of 50-200 °C. Fluid mixing, which is indicated by this large salinity
range, and reaction processes with pre-existing sulfides led to the precipitation of the mineral
assemblage in stage IV. The mineral textures of this stage commonly showed replacement
reactions of stages Il and Ill minerals. The gradual transition from a Pb-Sb towards an Ag-Sb
dominated system was indicated by the initial formation of Pb-Ag-Sb minerals such as
diaphorite and freieslebenite, and the late-stage presence of exclusively Ag-Sb minerals such
as pyrargyrite, miargyrite, stephanite or allargentum. Tetrahedrite Il analyses showed with
averagely 32 wt% Ag remarkably higher Ag concentrations compared to tetrahedrite | (19 wit%)
from stage Il. This shift in fluid composition records a shift in the large scale tectonic setting.
The NE-SW striking veins preferably contained a large variety of Ag-rich mineral associations,
indicating an orientation preferred reactivation of initially Permian veins due to the Upper Rhine

Graben formation during Tertiary.

In summary, this study showed in detail the textural, chemical and fluid compositional evolution
of poly-stage quartz-Sb-Pb-Ag+Au veins over a 300-Ma time span in the Schwarzwald. This
evolution is characterized by four successive mineralization stages that can be related to
distinct mineralization events, fluid sources and precipitation mechanisms. Based on absolute
halogen concentrations and ratios, the fluids of the individual stages can be distinguished, as
these are indicative of the reservoirs and formation mechanisms. Overall, the study recorded
a transition from metamorphic fluids, with minor amounts of halogens in the fluid, to basinal,

saline brines, which had extremely high halogen concentrations, over hundreds of millions of
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years in a hydrothermal system. It has been illustrated that halogens play an important role in

a large variety of different processes throughout the evolvement of a hydrothermal system.

4.2. Halogen (F, CI, Br, I) distribution in secondary Pb-minerals
Title of publication:

Crystallographic and fluid compositional effects on the halogen (Cl, F, Br, 1) incorporation in

pyromorphite-group minerals. (Study B)

Galena is a very common primary Pb-bearing ore mineral, associated with a large variety of
mineralization types of different ore deposit types. During supergene weathering of galena,
pyromorphite-group minerals (PyGM), i.e., pyromorphite, mimetite and vanadinite, can form
(PARK JR AND MACDIARMID 1975; KEIM AND MARKL 2015). The particularity of these minerals is
the incorporation of high amounts of Pb, As, V and other toxic metals such as Cr, Sb, Bi and
U. Due to their extremely low solubility products, toxic and harmful elements are immobilized
and the bioavailability reduced (NRIAGU 1973; FLIS et al. 2011; BURMANN et al. 2013). It was
previously shown that some PyGM crystals are strongly zoned due to chemical variations in
their Ca- and Pb-content, and REE patterns in different zones (MARKL et al. 2014). These
variations were linked to chemical variations in the fluids from which the PyGM formed and it
was proposed that single fluid pulses may be recorded within the crystal zones (MARKL et al.
2014). Furthermore, the L site in the PyGM formula is mostly occupied by CI- or OH" and rarely
by F (see chapter 1.3), but experiments showed that the incorporation of Br and I is
thermodynamically stable (WONDRATSCHEK 1963; FLIS et al. 2011). However, systematic
halogen distribution with respect to F, Cl, Br and | in bulk PyGM samples and single PYGM
zones has not been investigated so far. To gain insights into the halogen distribution in PyGM
and their potential as a fluid monitor, 151 samples from 44 localities in the Schwarzwald, SW
Germany, have been investigated by combustion ion chromatography, electron microprobe

analysis and secondary ion mass spectrometry.

The investigated bulk PyGM samples showed Cl concentrations ranging between 1.9 and 2.5
wit%, whereas the F content generally was < 0.3 wt%. Bulk Br and | concentrations were highly
variable, ranging from 0.3 to 20 ug g*and from < 0.1 to 26 pg g, respectively. Furthermore,
minerals of the pyromorphite-group showed different halogen incorporation patterns.
Pyromorphite samples for instance reached highest | and F levels and low Br concentrations
(< 5 ug g?), whereas mimetite and vanadinite reached the highest Br contents, but the lowest
F (generally < 500 pg g*) and | (< 2 ug g*) concentrations. These results are quite surprising
since arsenic and vanadium have larger ionic radii than phosphorous (SHANNON 1976; FLIS et

al. 2010). A larger ionic radius results in larger unit-cell volumes and thus mimetite and
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vanadinite should favor the incorporation of | which has a larger radius than Br. However, the
results of this study show the opposite: pyromorphite has higher | concentrations than mimetite
and vanadinite, whereas the latter have higher Br concentrations. Hedyphane crystals (Ca-rich
compared to the “standard” PyGM) have smaller unit-cell dimensions compared to PyGM
endmembers and thus it is reasonable that these samples incorporated greater amounts of F.
Nevertheless, highest | concentrations were also measured in hedyphane zones and this is a
further evidence that the halogen incorporation is not only determined by crystallography.
Experiments of FLISs et al. (2011) imply that PyGM crystals reflect the chemical fluid
composition of which the crystals precipitated from, since the P/As ratios of the initial and final
fluid were identical. This in fact could mean that the fluid composition alternates between P-
dominated/I-rich and As-dominated/Br-rich end-members, resulting in I-rich pyromorphite and
Br-rich mimetite. This theory is supported by a sample where the core is Br-rich mimetite and
the outer rim consists of I-rich pyromorphite, thus indicating a drastic change of the fluid
chemistry. Furthermore, As mainly derives from weathering of vein and host rock minerals
(BAsSU AND SCHREIBER 2013), whereas in contrast the primary P source has microbial origin
(BURMANN et al. 2013). Different sources for As and P also indicate that the precipitation of

PyGM depends on different fluid pathways of different initial fluid sources.

With respect to the investigation of the PyGM zonation our samples were categorized into
three zonation types. Type A includes crystals with no macro- and microscopic zonation, type
B comprises patchy zoned crystals and type C crystals with a distinctive growth zoning.
Samples of all three zonation types showed remarkable variations in their F, Cl, Br and |
concentrations independent of major element (Ca- and Pb-content) variations. In general, no
systematic halogen variations depending on the zonation were visible, the concentrations
rather fluctuated. However, one sample with growth zoning showed decreasing F, Br and |
concentrations from core to rim, whereas Cl increased. Since bulk PyGM analyses already
indicated that crystallographic reasons do not suffice to explain our observations, an additional
process needs to be invoked. A solution is that the growth zones represent different fluid pulses
over time (MARKL et al. 2014), which may have interacted to different amounts with halogen
sources that could fractionate the halogens. Major halogen sources in natural environments
are rainwater, soil and host rocks. The halogen distribution in these different reservoirs will be
subject of study C. Hence, the halogen availability in general or changes of physico-chemical
parameters such as temperature, pressure and most importantly fluid chemistry are likely to

affect the halogen incorporation into PyGM.

In conclusion, this study was able to show that natural PyGM crystals also incorporate
considerable amounts of Br and I, in addition to Cl and F. Furthermore, it was shown that
crystal-chemical processes may affect the halogen incorporation. However, the exact influence

of crystal-chemical controls remains enigmatic and needs an experimental fluid-crystal
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halogen patrtitioning study. The combination of fluid-chemical and eventually to a marginal
extent crystallographic processes results in variable halogen incorporation in different types of
PyGM and crystal zones. It was shown that the halogen incorporation was mineral specific,
thus, halogen ratios may be used as fluid monitors. However, still more research needs to be
done to understand the processes in more detail especially regarding the environmental

importance of this mineral group.

4.3. Halogen (F, Cl, Br, I) distribution in soil and along the hydrological flow path
Title of publication:

Vegetation canopy effects on total and dissolved Cl, Br, F and | concentrations in soil and their

fate along the hydrological flow path. (Study C)

Halogens are not only important for mineralogical or crystallographic reasons in primary (e.g.,
amphibole and biotite), or secondary minerals (e.g., PyGM, 4.2 study B, Appendix 1), but they
also play an important role in biological surface processes. It was recently found that the
formation of halogenated organic compounds during either microbial decomposition of soll
organic matter (AMACHI 2008; SEKI et al. 2012) or by abiotic mechanisms (e.g., abiotic oxidation
or halogenation; LERI AND RAVEL 2015) has strong influences on the biogeochemistry of F, Cl,
Br and | in forest ecosystems (OBERG et al. 2005; CABRAL et al. 2011; LERI AND MYNENI 2012).
The origin of halogens and that within the soil column several processes like halogenation,
leaching and sorption or desorption take place and were reflected in vertical halogen profiles
was already described in detail in chapter 1.2. However, previous studies did not consider F,
Cl, Br and | concentrations simultaneously at one location in a variety of samples which covers
solid soil samples as well as various ecosystem solutions. The influence of vegetation on the
near-surface halogen cycle has generally not been considered, thus, a detailed understanding
of the halogen behavior and cycling in surface environments is still lacking. Therefore, study C
(Appendix Ill) aims to provide a large F, Cl, Br and | data set from locations below canopy and
under open areas in the Schwarzwald, a temperate climatic region, including soil, soil solution,
precipitation, rainwater, adit and creek water samples. In order to investigate halogen
distribution patterns and the influence of vegetation under the same site specific conditions,
30 solid soil and 145 liquid samples over two growing periods were collected for this study and
analyzed by combustion ion chromatography, ion chromatography, sedigraph analysis and
ICP-OES.

Investigated soil samples showed decreasing Clix concentrations with increasing soil depth
and in general a positive correlation with organic carbon (Cor). The vertical pattern illustrates

a distinctive Cl accumulation in the organic layers which can be explained by two simultaneous
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processes. On the one hand biological chlorination processes of organic matter result in Cl
retention (e.g., HJELM et al. 1995; REDON et al. 2011; MONTELIUS et al. 2019). The other
process which is reflected in the vertical pattern is the process of nutrient uplift. The
investigated soil profiles cover a depth of ~ 60cm and the root zone reaches depths of
approximately 40 cm (below canopy) and 50 cm (without canopy), respectively. Important plant
nutrients such as N (nitrogen) and P (phosphorus) are obtained by plants from the subsoil via
roots (ATTIWILL AND ADAMS 1993; LE DIzEs AND GONZE 2019). Since Cl is an important micro-
nutrient for the ecosystem (KABATA-PENDIAS 2011) an uplift of Cl by plant roots is very likely to
occur. The vertical patterns of Bri:, Fir @and lot Were contrary to Clo: concentrations, i.e.,
increasing with increasing soil depth. Positive correlations to pedogenic oxides illustrated that
the retention of Br, F and | was strongly dependent on abiotic processes such as adsorption
to iron (Fe) and aluminum (Al) oxides and (oxy)hydroxides by electrostatic interactions. Higher
concentrations in the more decomposed layers in the organic layer can be explained by

dominating halogenation processes over dehalogenation and a subsequent leaching.

Vegetation canopy effects were visible in throughfall samples with significantly higher
dissolved Finorg, Clinorg, Brinorg @nd linorg cONcentrations compared to rainfall. Furthermore,
significantly higher total halogen concentrations were only found for Bri: in the organic layer
below canopy. For Clinog @and linorg higher dissolved concentrations below canopy were
attributed to leaching processes from needles and leaves and wash-off of dry deposition
(EATON et al. 1973; PETERS 1991; LOVETT et al. 2005; ROULIER et al. 2019). In general, this
study showed that Br and | commonly have similar patterns and are influenced by the same
processes. Hence, it can be assumed that higher dissolved Brinorg (throughfall) and Brig (S0il
organic layer) concentrations resulted from dry deposition wash-off. Additionally, dissolved
Finorg concentrations are influenced by soil dust (BARNARD AND NORDSTROM 1982) and
atmospheric input from industrial plants (WANG et al. 2019), which is however, hard to
disentangle from natural processes. However, the input of soil dust may have been important
at the investigated location, since highest dissolved Finorg cONcentrations were detected during
periods with the lowest rainfall volume. Very dry soils resulted in an increased soil dust
production, which led to the increase of dissolved Finorg cONcentrations and may have also

effected dissolved Clinorg, Brinorg @nd linorg CONCeNtrations.

Halogen concentrations along the hydrological flow path in soil solutions, adit and creek water
hardly showed any differences. Significantly higher dissolved linorg CcONcentrations in soil
solution compared to rainfall concentrations may indicate at least partial equilibration reactions
between the soil solution and the solid soil phase. There were no significant differences in
dissolved Clinorg, Brinorg @nd Finorg cONcentrations between soil solution and rainfall. Thus, it is
assumed that the geochemical equilibrium between the host rock and the solil solution resulted

in halogen concentrations similar to those in rainfall. Furthermore, significantly higher dissolved
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Finorg cONcentrations in creek water compared to rainfall, soil solution and adit water were
detected, which may be due to the weathering of fluorite-bearing veins. A large number of such
veins were described in proximity to the study site and generally in the entire Schwarzwald
(e.g., BURISCH et al. 2017). However, the highest dissolved Finorg cCONcentrations analyzed in
our study were not exceptionally high, since they lied in the range of other creek and river
analyses from Baden-Wiurttemberg (LUBW 2019).

In conclusion, this study showed that halogen-specific processes govern the cycling of F, Cl,
Br and | in ecosystems in temperate climatic regions. Furthermore, the results revealed the
complexity of biotic and abiotic processes that interact in the critical zone and clearly illustrated
the impact of atmospheric input, vegetation and pedogenesis. However, the vertical halogen
patterns described in this study were partly contrary to those of previous studies. Hence, the
outcome of this study indicates a site-specific halogen geochemistry and is likely only valid for
forest ecosystems in temperate regions. In order to get comprehensive knowledge about
halogen chemistry, further climatic regions need to be investigated systematically and their

differences discussed.

4.4. Halogen (F, CI, Br, I) sorption in silt and clay fractions in soil
Title of publication:

Halogen (F, Cl, Br, I) sorption in silt and clay fractions of a Cambisol from a temperate forest,
SW Germany. (Study D)

Halogen distribution within soil is governed by processes such as halogenation, anion
exchange, adsorption or desorption (e.g., GERZABEK et al. 1999; LOGANATHAN et al. 2007; LERI
AND RAVEL 2015). In general, it was reported that commonly at interfaces or particle surfaces
of for example clay minerals or pedogenic oxides anion adsorption occurs (BOWER AND
HATCHER 1967; FUGE 1988; DU et al. 2011). Thereby the specific surface size of each patrticle
is of great importance since with decreasing particle size the surface is increasing and thus
the potential surface at which adsorption can take place (SCHEFFER et al. 1998). In the pH
range of most soils, pedogenic oxides are positively charged (SCHEFFER et al. 1998) and offer
suitable surfaces to adsorb F-, CI, Br or I. In contrast, clay mineral surfaces are generally
negatively charged and are thus less suitable as anion sorbents. Instead, anion exchange
mechanisms play an important role for clay minerals and lead to especially F- incorporation
into the crystal lattice with simultaneous OH- release (WEERASOORIYA AND WICKRAMARATHNA
1999; CHUBAR et al. 2005). Previous research was particularly focused on F incorporation or
sorption, whereas the sorption behavior of CI', Br and I- has largely been disregarded. Thus,

a detailed understanding of the overall halogen sorption behavior in soils is still lacking.
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Therefore, the focus of study D (Appendix 1V) is on the determination of the relative amount of
sorbed halogens (organic + inorganic) in four particle size fractions (i.e., 20-63 um (coarse silt),
2-20 pm (fine and medium silt), 0.2- < 2 um (coarse clay) and 0.02-0.2 pm (medium clay) in
the mineral soil. Furthermore, it was also focused on potential vertical patterns of total organic
+ inorganic halogen (Fiot, Cliot, Briot, o) cOncentrations. For this, 40 soil samples from four soil
size fractions and five soil depths which included total (i.e., structurally bound and sorbed)
halogen concentrations were chosen. Total halogen concentrations and the structurally bound
halogen proportion after KHPO,4 solution treatment were analyzed by combustion ion
chromatography (CIC). Sorbed halogen proportions (Fsorb, Clsors, Brsom, lsob) Were calculated
by subtraction. Clay mineral identification and organic carbon content determination were

carried out by X-ray diffraction and CN analyses.

In total, ~ 55 wt% of bulk soil consisted of particles > 63 um and 40 wt% of coarse silt (20-63
pum; 15 wt%) and fine to medium silt (2-20 um; 25 wt%) particles. The clay fractions represent
by far the smallest weight portion of the investigated bulk soil since 3 wt% consisted of 0.2- <
2 um and only <1 wt% consisted of 0.02-0.2 um particles. Investigated soil samples revealed
differences in the sorption behavior between F and the other halogens with larger ionic radii
(Cl, Br and 1) in different soil size fractions. Total F concentrations remained constant with
respect to depth within the different particle sizes. On average 17 % of Fi: was sorbed to 20-
63 um particles whereas in particle sizes < 20 um all of Fi: was structurally bound. In contrast,
Clet, Briot and lior cONncentrations were increasing with decreasing particle size. The highest total
concentrations and sorbed portions of up to 90 % Clso and 70 % Brson and lsor, Were found in
the smallest 0.02-0.2 um fraction. Generally, the sorption behavior should increase with
decreasing grain size (SPOSITO 1984; SCHEFFER et al. 1998), since the specific surface size of

particles is strongly dependent on the particle size (SPOSITO 1984).

Since F has a much smaller radius compared to Cl, Br and | it can be assumed that F is
preferentially structurally incorporated into the crystal lattice of for example clay minerals and
is thus relatively less prone to sorption. On average 93 % of F over all particle sizes and soil
depths was structurally bound and only a minor amount was sorbed to surfaces. This can be
explained by the anion substitution between OH  and F-, which is, however, strongly pH-
dependent. The exchange is most extensive at pH < 4 (CHUBAR et al. 2005), thus, a soil pH of
3-4 (EPP et al. 2020) for the present location offers perfect conditions for extensive anion
exchange. Furthermore, no vertical concentration differences of Fi: within the mineral soil were
found. Commonly, the intensity of weathering in a vertical soil profile decreases with increasing
depth (LINSER AND SCHARRER 1966) and thus, it is expected that F-, pedogenic oxide or clay
mineral concentrations should show distinctive depth patterns. However, no variations were

present and this may be attributed to steady-state or equilibrium conditions between F-release
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by weathering, subsequent sorption or structurally incorporation and surface input and

subsequent accumulation in upper soil horizons.

Due to much larger ionic radii of Cl, Br and | and their thus resulting rather incompatible
substitution for OH" in clay minerals, they are more prone to sorption processes. This study
showed that with on average 32 % of Cl, 25 % of Br and 55 % of | large portions were sorbed.
The sorption behavior of CI', Br and I is strongly governed by pH, since sorption increases
with decreasing pH (WEERASOORIYA AND WICKRAMARATHNA 1999). and a soil pH of 3-4 (EpP
et al. 2020) therefore provided ideal conditions for halogen sorption to positively charged
pedogenic oxides. Despite the larger Cl radius, CHUBAR et al. (2005) reported that CI also
competes with OH" molecules to be incorporated, which makes it likely to be also valid for Br-
and I'. The incorporation into the crystal lattice of clay minerals would explain why the main
proportion of Cl and Br and half of | is not sorbed. For | it was shown that the portions of sorbed
and incorporated fractions were equal, whereas Cl and Br were preferentially incorporated.
This may be explained by CI- and Br- ions being more compatible within the lattice structure
than I anions due to I" ions having the largest ionic radius. No concentration differences of Cl,
Brio: and li: occurred with respect to depth within the mineral soil. For CI, lacking depth
variations may indicate steady-state or equilibrium conditions between surface input, sorption
processes and nutrient uplift. Furthermore, lacking differences within the mineral soil during
soil development may be attributed to large CI (REDON et al. 2011), Br (CORTIZAS et al. 2016)
and | (ROULIER et al. 2018) stocks in the soil, where other biogeochemical enrichment

processes may be negligible.

In summary, this study showed that F was mainly structurally bound to clay minerals, whereas
large portions of the halogens with larger atom radii (Cl, Br and |) were sorbed to charged
surfaces. Besides, it was shown that the amount of sorbed halogens was dependent on the
soil particle size, which was linked to large specific surface areas of small particles. However,
it was not distinguished between organic and inorganic halogens, which could be subject to

further studies.
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5. Conclusions

This thesis contributes to a better understanding of the fate of halogens in natural
environments. It comprises a detailed investigation of the fluid chemistry and precipitation
mechanisms of primary Pb-deposits as well as the halogen distribution within secondary Pb-
minerals which were formed due to supergene weathering of primary Pb-deposits.
Furthermore, the presented results and conclusions provide a comprehensive knowledge
concerning halogen systematics in soils of a temperate forest and along a natural hydrological
flow path. Our studies have shown that halogen distribution is governed by a complex coupling

of mineralogical, biological, chemical and physical processes.

A transition from metamorphic low salinity fluids (fluids with minor halogen content) to basinal,
saline brines (fluids with extremely high halogen concentrations), over hundreds of millions of
years in a hydrothermal system was recorded in detail in the Schwarzwald. Primary ore
deposits, dominated by Fe-As(-SbtAu) sulfides (stage 1), were formed during Permian by
cooling of high temperature, low-salinity metamorphic fluids. Several remobilization processes
of the primary mineralization during Jurassic times led to the formation of distinctive Pb-Zn-Cu
(stage Il) and Pb-Sb (stage Ill) mineralization. Thereby the focus was on mixing of high-salinity
(up to 27 wt% NaCl+CacCl), mid- and upper-crustal fluids and emphasized the importance of
halogens, especially of Cl and F with respect to metal transport and thus indirect enabling of
mineral precipitation. Halogens still played an important role during the formation of stage IV
Ag-Sb minerals, since, Ag is also mainly transported as Cl-complexes and enormous fluorite

abundances have formed during this time.

Supergene weathering of such primary Pb-deposits, especially of the very common mineral
galena (PbS) leads to the formation of pyromorphite-group minerals (PyGM). This group
mainly comprises the minerals pyromorphite, mimetite and vanadinite. Analyses showed that
these minerals incorporate Cl in a weight percent range and also considerable amounts of F,
Br and I. It was further shown that halogen corporation was mineral specific, since natural
pyromorphite incorporated more |, whereas mimetite and vanadinite had highest Br
concentrations. These findings were contrary to expectation since the latter have larger unit
cells and I incorporation with a larger ionic radius would be more reasonable. Spatially resolved
analyses in single growth zones revealed halogen mass ratio variations independent of major
element composition. Hence, the outcome of this study revealed that halogen chemistry of
PyGM is primarily not governed by a crystal-chemical control (alone), but rather by fluid

composition.

Further investigations showed that halogen-specific processes govern halogen cycling in
natural forest ecosystems. Vertical halogen concentration profiles in a soil above a supergene

weathering zone revealed the complexity of biotic and abiotic processes that interact in the
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critical zone. Thereby especially halogenation and adsorption in particular, as well as nutrient
uplift played a central role. Large amounts of Cl were accumulated in the organic layer due to
chlorination processes, whereas with increasing soil depth concentrations were decreasing
due to nutrient uplift by roots. In contrast, higher concentrations of F, Br and | were found with
increasing soil depth because of sorption on pedogenic oxides and incorporation into clay
minerals. Our studies further revealed that sorption behavior differed among F, Cl, Br and I. It
was shown that most of F was incorporated and structurally bound in clay minerals, most likely
by anion exchange with OH. Remarkable amounts of Cl, Br and | were sorbed to pedogenic
oxides. The highest sorbed halogen portions were found in the medium clay fraction due to the
largest specific surface areas. In addition, it was shown that atmospheric halogen input by
rainfall, the interaction with vegetation (e.g., dry deposition wash-off), soil and host rock

affected the natural fluid composition along the hydrological fluid path.
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Abstract

A combination of textural observations from 38 Permian Sb-Pb-Ag+Au-bearing quartz veins in the Schwarzwald (SW Germany)
with isotopic, fluid inclusion, and geochemical data allows to refine genetic models for this common type of mineralization, to
understand the origin of mineralogical diversity and the correlation with large scale tectonic events. Textures record four main
mineralization stages: (I) Fe-As(-Sb=Au), (II) Pb-Zn-Cu, (IIT) Pb-Sb, and (IV) Ag-Sb. Stage I sulfides, dominated by pyrite and
arsenopyrite, formed due to cooling of low-salinity metamorphic fluids during the Permian with maximum homogenization
temperatures of 400 °C. Invisible gold in arsenopyrite, pyrite, marcasite, and stibnite was remobilized and locally precipitated as
electrum at the end of stage 1. Minerals of stages II and III comprise a rich diversity of Sb-bearing sulfosalts including, e.g.,
bournonite, zinkenite, and jamesonite. This assemblage formed during Jurassic times due to mixing of high-salinity, mid- and
upper-crustal fluids (up to 27 wt% NaCl+CaCl,) with homogenization temperatures between 50 and 250 °C. Stage III is marked
by a rich variety of Pb-Sb sulfosalts. Its local abundance is directly related to the presence of stage I mineralization and its extent
of remobilization during a significant influx of Pb in the Jurassic-Cretaceous. The formation of the Upper Rhine Graben during
the Tertiary reactivated especially NE-SW-oriented veins. Percolating Ag-rich fluids reacted with earlier stage I1I Pb-Sb sulfosalts
forming Ag-rich minerals (stage IV) such as miargyrite, pyrargyrite, and stephanite. The transition from metamorphic fluids to
basinal, saline (e.g., Pb-bearing) brines over hundreds of millions of years as is shown in this study and present in other Variscan
occurrences indicates a possibly typical poly-stage characteristic of Sb deposits worldwide, which has, however, not been
investigated in detail so far.

Keywords Stibnite - Gold - Remobilization - Fluid cooling - Fluid mixing

Introduction

Shear zone-hosted, mesothermal (Au-)Sb vein deposits are
arguably the most important source for Sb. Such Sb deposits
occur worldwide and comprise either monotonous stibnite
deposits (e.g., Lake George deposit, Canada, Lentz et al.
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2002; Sentachan and Sarylakh deposits, Russian Federation,
Baltukhaev and Solozhenkin 2009; Schwarz-Schampera
2014) or polymetallic Sb-(Pb-Ag+Au-W-Sn-As-Zn) deposits
(e.g., Durico-Beira region, Portugal, Neiva et al. 2008;
Bournac deposit, France, Munoz and Shepherd 1987). The
quartz vein associated with Sb-Pb-Ag+Au deposit type is
common in Europe, where it is strongly associated with the
Variscan Orogen. Examples of former (more or less) important
European mining districts are Rheinisches Schiefergebirge,
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Harz, Schwarzwald, and Erzgebirge in Germany, Massif
Central and Vosges mountains (France), Lombardy,
Piemont, and Sardinia (Italy), and some regions in Slovakia,
Czech Republic, Spain, Portugal, Austria, and Great Britain
(e.g., Walenta 1957; Clayton et al. 1990; Ortega et al. 1991;
Munoz et al. 1992; Dill 1993; Wagner and Cook 2000; Cidu
et al. 2014; Burisch et al. 2018, this issue).

Previous studies dealt with the structural history and fluid
evolution in the context of the Variscan Orogen of Sb(xAu)-
quartz veins (Behr et al. 1984; Matte 1991; Schroyen and
Muchez 2000; Kroner and Romer 2013; Chicharro et al.
2016). These studies clearly relate these veins to late-
Orogenic, post-compressive brittle tectonic events which ex-
plains why they are commonly situated within late-Variscan
extensional shear zones (Bril 1982; Munoz et al. 1992;
Ortega and Vindel 1995; Wagner and Cook 2000). They
formed during the transition from the Variscan compressive
stress regime to post-Variscan strike slip tectonics (Arthaud
and Matte 1977; Malavieille et al. 1990; Doblas et al. 1994,
Wagner and Cook 2000). Several models have been proposed
for stibnite precipitation in these vein-type deposits of the
European Variscan belt and these comprise convective fluid
cooling (Bril and Beaufort 1989; Munoz et al. 1992), segre-
gation of H,O-NaCl-CO,-CHy-N, fluids (Clayton et al. 1990;
Ortega et al. 1991; Ortega and Vindel 1995), fluid boiling
(Ortega et al. 1991), and dilution of CO,-rich metamorphic
fluids by near-surface H,O-NaCl fluids (Bril 1982; Boiron
et al. 1990; Couto et al. 1990). It is, however, generally as-
sumed that the precipitation process is dominantly triggered
by fluid cooling, either conductively or by fluid mixing with a
low temperature fluid (Wagner and Cook 2000). The salinity
of the hydrothermal fluid has no apparent influence on the
solubility and the precipitation, because, in contrast to Pb and
Ag, which are mostly transported as Cl complexes in hydro-
thermal solutions, the dominant Sb species in reduced hydro-
thermal fluids presumably is Sb(OH); (Wood et al. 1987).
However, the common polystadial mineral assemblage is
generally not considered when these formation mechanisms
were proposed and is therefore investigated more in detail in
this study. Furthermore, this study comprehensively investi-
gates the details of ore mineral associations and their evolu-
tion over a 300-Ma time span, using 38 localities in the
Schwarzwald, a well-known mining district in the Variscan
Orogen. Interestingly, the otherwise spatially separated Sb-
Ag-sulfide and Sb-sulfide assemblages typical of such veins
(Burisch et al. 2018, this issue) are intimately intergrown in
the localities investigated in the Schwarzwald. The careful
textural analysis of these ores sheds further light on the
temporal evolution and major formation mechanisms of
four distinct mineralization stages. Stages I and II do not
only occur in the Variscan Orogen but worldwide (e.g.,
Guillemette and Williams-Jones 1993; Dill et al. 1995;
Baltukhaev and Solozhenkin 2009). Due to the similarities
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between this mineralization type in Europe and other
worldwide Sb-Au localities, the process of formation in-
vestigated in this study is pertinent also to larger, econom-
ically significant deposits.

Geological setting

The Schwarzwald in SW Germany (Fig. 1 and ESM Table 1)
is part of the Central European Variscan Orogen and domi-
nated by partially migmatized ortho- and paragneisses (Kalt
et al. 2000). Variscan crystalline basement units are separated
by the Baden-Baden-Zone (BBZ) in the north and the
Badenweiler-Lenzkirch-Zone (BLZ) in the south, containing
metamorphosed greywackes and conglomerates. The meta-
morphic rock units were intruded by post-collisional granites
between 335 and 315 Ma (e.g., Todt 1976; Altherr et al.
2000; Hann et al. 2003). This crystalline basement was then
covered by a Palacozoic and Mesozoic sedimentary sequence
on top of a prominent erosion surface of Permian age (Geyer
et al. 2011 and references therein). During the Middle
Triassic (Muschelkalk), limestones, shales, and evaporites
(carbonates, anhydrite, gypsum and halite; Geyer et al.
2011) were deposited. Clastic and gypsum-bearing sediments
followed during the Upper Triassic (Keuper) and further car-
bonates and shales were deposited during the Jurassic (Geyer
et al. 2011). Cretaceous sedimentary rocks are lacking in the
region. Since the initiation of rifting in the Upper Rhine
Graben and the uplift of the Schwarzwald, Paleogene to
Quaternary sediments of up to 4000 m thickness filled the
graben structure, including Oligocene halite-sylvite-bearing
evaporites, anhydrite, gypsum, and organic-rich claystones
(Geyer et al. 2011).

Peaks of hydrothermal activity
in the Schwarzwald

In general, most hydrothermal mineralizations in the
Schwarzwald are hosted by veins. Most veins are gneiss-
hosted, due to pre-existing deep tectonic fault patterns, which,
in case of reactivation, offer sufficient pathways for fluid cir-
culation (Knipe 1993; Wemer and Franzke 2001). Repeated
Permian and Tertiary volcanic activity and the ongoing base-
ment subsidence during the Jurassic due to far-field effects of
the opening of the North Atlantic promoted hydrothermal ac-
tivity and the formation of mineralized veins (e.g., Wetzel
et al. 2003; Staude et al. 2007, 2009, 2010a; Walter et al.
2016, 2017, 2018a). Numerous aspects of fluid flow and hy-
drothermal vein formation in the Schwarzwald are well doc-
umented in the published literature: this includes studies on
fluid inclusion microthermometry (e.g., Behr and Gerler
1987; Staude et al. 2009; Walter et al. 2015), stable and
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Fig. 1 a Geological overview of the Schwarzwald (SW Germany). area D, the Badenweiler-Lenzkirch-Zone (BLZ). Sample localities 1—
The blue fields mark regions of quartz veins with associated Sb-Ag- 38 (for more information refer to ESM Table 1). Map modified after
Au mineralization in the Schwarzwald: (A) Kinzigtal, (B) Freiburg, Pfaff et al. (2011)

(C) Miinstertal, and (D) Badenweiler & Bad Sulzburg. b Close-up of
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radiogenic isotopes of O, C, H, S, Sr, Pb, Cu, Fe, and Mg
(Staude et al. 2010b; Walter et al. 2015), paleo- and modern
fluid models and aquifer data (e.g., Stober and Bucher 1999;
Pfaffetal. 2010; Bons et al. 2014; Walter et al. 2016), leaching
experiments on basement and cover rocks (Bucher and Stober
2002; Burisch et al. 2016), and regional geological setting
(Geyer et al. 2011). This comprehensive knowledge provides
a suitable framework to decipher the complex history of vein-
type Sb-quartz mineralization.

Hydrothermal veins in the Variscan crystalline basement
formed continuously between about 310 Ma and today, but
certain peaks in hydrothermal activity exist (e.g., Pfaff
et al. 2009; Staude et al. 2009; Walter et al. 2016). Five
formation stages are distinguished based on structural,
mineralogical, and microthermometric arguments (e.g.,
Behr and Gerler 1987; Pfaff et al. 2009; Staude et al.
2009; Walter et al. 2016); these are in accordance with
observations from other central European districts (e.g.,
Bril 1982; Chovan et al. 1995; Krolop et al. 2018;
Burisch et al. 2018, this issue):

1. Late Carboniferous quartz-tourmaline veins with small
amounts of wolframite, scheelite, and cassiterite precipi-
tated from magmatic low-salinity fluids (< 4.5 wt%, up to
550 °C; Marks et al. 2013; Walter et al. 2016).

2. Permian Sb+Ag+Au-bearing quartz veins (277.6 Ma;
Walter et al. 2018c¢, submitted) precipitated from a low-
salinity, high-temperature (up to 440 °C) late-Variscan
metamorphic basement fluid (Wagner and Cook 2000;
Baatartsogt et al. 2007; Staude et al. 2009). This is the
group the current contribution is concerned with.

3. Triassic-Jurassic quartz-hematitet+barite veins precipitat-
ed from medium temperature, high- and low-salinity
fluids (Brander 2000; Walter et al. 2016).

4. Jurassic-Cretaceous veins with variable amounts of fluo-
rite, barite, quartz, and carbonates. This complex miner-
alization type contains either Ag-Bi-Co-Ni-U, Fe-Mn, or
Pb-Zn-Cu ores. In contrast to (1)—(3), a deep-seated high-
ly saline brine (20-28 wt% NaCl+CaCl,) was mobilized
and precipitation occurred due to binary fluid mixing be-
tween deep-seated and shallow brines (e.g., Metz and
Richter 1957; Meyer et al. 2000; Werner 2002; Pfaff
et al. 2009; Staude et al. 2010a; Walter et al. 2015).
Moreover, the formation of fractures in this stage was
probably linked to far-field effects from the opening of
the North Atlantic (Wetzel et al. 2003; Pfaff et al. 2009;
Staude et al. 2009).

5. Post-Cretaceous veins with variable amounts of barite,
quartz, fluorite, and carbonates, which were mainly asso-
ciated with Pb and less commonly Zn and Ag mineraliza-
tion (Staude et al. 2009), showing large mineralogical and
fluid compositional heterogeneities (1-23 wt% NaCl+
CaCl,) (Walter et al. 2015, 2016).
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Sample description

The following sections give an overview of the local geolog-
ical setting and also shortly introduce different occurring vein
types in the investigated area. Furthermore, the sample loca-
tions and a detailed petrographic description were given.

Local geological setting

Antimony-bearing veins in the Schwarzwald exclusively oc-
cur in crystalline basement rocks and meta-conglomerates.
Currently, the Clara barite-fluorite mine (ESM Table 1) is
the only ore deposit exploited in the Schwarzwald, whereas
most of our sampling sites were mined during medieval and
early modern times (800 AC to 17th century; Dennert 1993).
From 17th to the 20th century, minor exploitation took place
but ended in the middle of the 20th century (Dennert 1993).
Based on field evidence, the veins investigated in this study
can be divided into three groups:

1. Veins of the areas A—C (Fig. 1) are a few centimeters to
1 m thick and consist of several massive quartz genera-
tions of various crystal sizes with minor amounts of ore
minerals. The (outcropping) length of these veins varies
between tens and hundreds of meters, and in rare cases
(such as the Baberast locality), the mineralized structure
can be traced for up to 3 km. The strike orientation is
bimodal, either NW-SE or NE-SW, and the dip is near
vertical (see ESM Table 1). In direct contact to the veins,
the host rock is strongly silicified and host rock clasts are
commonly embedded. Bleached zones around the sam-
pled veins are commonly observed in the field and pyrite
impregnation of the host rock is typical. Small occur-
rences of this vein type are located in the vicinity of the
Elztal fault in the central Schwarzwald, the Kinzigtal area
(area A, Fig. 1), and the area around Freiburg (area B,
Fig. 1). Paragneisses, migmatites, and rarely granites are
the host rocks in this region (see Fig. 1 and ESM Table 1).

2. The up to 1-m-thick Segen Gottes vein in the Kinzigtal
area (area A, Fig. 1) takes a special position, as it com-
prises various vein generations of different gangue min-
erals. The (15 cm thick) Sb-bearing quartz veins (identical
to group 1, see above) are locally brecciated and the clasts
are cemented by successive fluorite-barite-bearing
assemblages.

3. The veins of area D (Fig. 1) are part of the longest Sb-
bearing mineralized zone in the Schwarzwald, ranging
from the Holderpfad in the west to the Kélbelescheuer in
the east. The whole set of structures comprises a total
length of 5 km. Generally, the veins have a NW-SE-
striking orientation and are frequently displaced by
Upper Rhine Graben-parallel faults (Markl 2017). The
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mineralogy of the veins changes from east to west. In the
east, veins with Fe-As-Zn-Cu-bearing assemblages (i.c.,
arsenopyrite, marcasite, pyrite, sphalerite, chalcopyrite)
dominate, whereas in the west, the assemblage is domi-
nated by more Pb-Sb-rich minerals including stibnite,
zinkenite, jamesonite, boulangerite, filloppite, and
semseyite. Interestingly, Cu-rich Sb sulfosalts such as
chalcostibite and meneghinite and Ag-bearing andorite
only occur in the central and western part; bournonite
becomes progressively more common towards the east.
The minerals contain invisible gold (see below), and one
grain of native gold/electrum was found in the central part
of the zone. In the same area (particularly in the central
and eastern part), a gold-enriched zone (reaching up to
5 ppm in some outcrops) with small native gold-bearing
quartz veinlets (together with pyrite/marcasite, galena,
sphalerite, arsenopyrite) strikes subparallel to the Sb-
bearing quartz veins. Both gold-bearing vein systems are
about 200 m apart from each other and can be traced over
a few kilometers between Bad Sulzburg and Weiherkopf/
Miinsterhalden. The conspicuous co-occurrence of the
Sb-dominated and the Au-rich mineralization is consid-
ered in the present study.

Sample locations and petrographic
observations

For this study, 148 representative samples from 38 veins, in-
cluding both recently sampled and collection specimens, were
investigated (Fig. 1 and ESM Table 1). The samples were
chosen for their representative character (e.g., textures, miner-
alogy, structural position in the host rocks, and crystal size for
fluid inclusions and isotopes). A specific focus was placed on
the eastern Sulzburg Sb-veins in the BLZ (group 3, area D,
Fig. 1), hosted by Devonian meta-conglomerates. In this area,
the Sb-Au mineralization is found over a large area (about 20
by 5 to 10 km).

Petrographic description

Tangible petrographic attributes of the studied Sb-Pb-Ag+Au-
quartz veins are collated below:

Not all investigated veins display the entire paragenetic
sequence in samples. Therefore, the detailed petrographic de-
scription of the vein mineralogy focuses on veins and samples
that show the most complete mineralogical succession to pro-
duce a generalized paragenetic scheme (Fig. 2). The detailed
mineral assemblage of all investigated localities is reported in
ESM Table 1.

In general, the evolution of the veins can, by combining the
variable mineral sequence of all veins, be classified into four
successive mineralization stages, according to mineral assem-
blages and textural relations:

Stage I: Fe-As (-Sb+Au) mineralization
Stage II: Pb-Zn-Cu mineralization
Stage III:  Pb-Sb mineralization

Stage IV:  Ag-Sb mineralization

Stage I was found at all localities, whereas stage Il was
identified only very locally. Stages III and IV are, in contrast,
rather dominant. Quartz, either gray and coarse-grained
(quartz I) or white and microcrystalline (quartz [I-V, ESM
3a), is the dominant gangue mineral throughout. The ore min-
erals are intergrown with or grown into voids within the
quartz. Locally, lath-shaped pyrrhotite crystals initiate miner-
alization stage I; these are followed by euhedral Au-bearing
arsenopyrite, pyrite, and marcasite (Fig. 3a, b), which form
aggregates in quartz | (Fig. 3a, b and ESM 3 la-c) and often
show porous grain surfaces. This association is followed by a
succession of berthierite, stibnite (Fig. 3c), and electrum.
Electrum (with a maximum diameter of 24 um) is present as
small inclusions in minerals of stage II or around marcasite
(Figs. 3b, d and 4d-f). Some samples show that electrum is
partially dissolved due to weathering. At the end of this stage,
calcite occurs in minor quantities, surrounding stibnite and, at
few localities, electrum. Numerous sub-generations of barren,
white microcrystalline quartz are recognized.

Stage 11 is typically initiated by tetrahedrite (I) and galena
(1), followed by chalcopyrite and sphalerite (I) (Fig. 3d—f and
ESM 3 1d-f). Small electrum grains or stibnite (stage I) are
locally found as inclusions in tetrahedrite (I) (Fig. 3d, e).
Tetrahedrite I may also be replaced by tetrahedrite II
(Fig. 4d, 1) and is often very porous. Galena (I) is less abun-
dant in stage II but occurs as anhedral masses (ESM 3 1d) or
tiny inclusions in chalcopyrite, sphalerite, or tetrahedrite
(freibergite) II. Sphalerite (I) commonly appears as reddish
to brownish anhedral crystals (ESM 3 le). Stage II is predom-
inantly accompanied by fine crystalline quartz.

More variable and complex Sb mineralization marks min-
eralization stage III. The whole mineral succession was not
observed (and is probably not present) at any of the sampling
sites. The stage typically commences with the crystallization
of bournonite (PbCuSbS5), locally needle-shaped zinkenite
(PbgSb,»S4,) which is mostly pseudomorph after stibnite
(stage I, Fig. 4a), and jamesonite (PbsFeSbgS14). This is
followed by the crystallization of andorite (AgPbSb;S¢) and
chalcostibite (CuSbS,), which is intergrown with zinkenite
and partly replaced by meneghinite (Pb;3CuSb;S,4).
Boulangerite (PbsSb,S;;) replaces zinkenite and locally
fizélyite (Pb;4AgsSb,1S,45) was observed, replacing andorite.
Fiiloppite (Pb3SbgS;s) replaces stibnite and is replaced by
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Fig. 2 Paragenetic sequence of all studied Sb-Ag+tAu-quartz
mineralization in the Schwarzwald with four mineralization stages.
Note, not every vein shows the complete sequence. Various gray shades

plagionite (PbsSbgS;-), which in turn is replaced by veenite
(Pb,(Sb,As),Ss). Heteromorphite (Pb;SbgS;g) and semseyite
(PbeSbgS, ) mark the end of this stage (Fig. 4b). Distinctive
replacement reactions between these minerals are common
(Figs. 2 and 4a, b). During this stage, quartz is the only gangue
mineral.

The silver-dominated assemblage of mineralization
stage IV starts with the crystallization of diaphorite
(Pb,Ag;SbsSg) (Fig. 4 d) and freieslebenite (AgPbSbS;).
Subsequently, miargyrite (AgSbS,) (ESM 3 2c-e),
cuboargyrite (AgSbS,), and pyrargyrite (AgzSbS;) (Fig. 4c,
d) form due to variable replacement reactions (i.e., diaphorite
=> miargyrite, miargyrite =» pyrargyrite, tetrahedrite I (stage
1) => tetrahedrite/freibergite II (stage IV, Figs. 3f and 4d),
pyrargyrite => allargentum, Fig. 4c): pyrargyrite grows around
miargyrite, tetrahedrite (11, freibergite) replaces tetrahedrite (I)
from stage II and contains inclusions of miargyrite, chalcopy-
rite, and galena. Furthermore, jamesonite (stage I1I) grains are
enclosed by tetrahedrite II (stage IV). These replacement tex-
tures show clearly that Pb-Sb-dominated minerals of stages II
and III are replaced by Ag-Sb-rich minerals of stage IV. Stage
IV ends with the precipitation of stephanite (AgsSbSy,),
polybasite ((Ag,Cu);6Sb,S¢;), allargentum ((Ag,Sb),
Fig. 4c), dyscrasite (AgzSb), and native silver (ESM 3 2f).
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separate different mineralization stages (I to IV). Red dashed arrows
indicate replacement reactions

Transparent quartz with pyrite II, berthierite II, and stibnite
II is overgrown by a sequence of calcite, ankerite, and less
frequently very late quartz during stage IV.

The petrography of the Au-rich impregnations and dissem-
inations near Bad Sulzburg were considered separately, since
these form no macroscopically distinct mineralization but oc-
cur rather as microscopic veinlets. However, the mineralogy
of these veinlets is the same as the stage | mineralization of the
Sb-Pb-Ag+Au-quartz veins (described above) and thus are
assumed to have formed contemporaneously. Gold grains
contain a significant amount of Ag and are, therefore, referred
to as electrum. Generally, two associations of electrum with
sulfides are observed (Fig. 4e, f; see also Kriitzfeldt 1985).
The first association shows electrum either in pores/free space
of weathered pyrite and/or quartz or on altered and silicified
host rock minerals (e.g., feldspar, clay minerals, iron (hydro-)
oxide mixture, Fig. 4e). This association was found at the
Weiherkopf southeast of Bad Sulzburg and is interpreted to
be of supergene origin, formed during oxidation of Au-
bearing pyrite. Grain sizes of electrum range between 0.2
and 0.6 mm. The second association, found in the
Felsengrund southeast of Bad Sulzburg, shows primary, hy-
drothermally formed electrum within sulfides (especially ga-
lena and marcasite) in quartz veinlets (Fig. 4f). Late barite is a
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Fig. 3 Photomicrographs
illustrating typical relations
between ore minerals. RL -
reflected light microscopy; BSE -
backscattered electron images.

a RL image in oil illustrating the
association of arsenopyrite,
pyrite, and marcasite, which
replaces pyrrhotite; Artenberg,
GL-Ar4. b BSE image of
marcasite with electrum grains
enclosed in quartz II; Segen
Gottes, GL-Sg1. ¢ RL image in
oil berthierite I overgrown by
stibnite [ in quartz II;
Goldengriindle, GL-Gol. d RL
image in oil of quartz I1I-hosted
tetrahedrite I and II with
inclusions of arsenopyrite,
electrum and jamesonite;
Hombiihl, GL-Hol. e RL image
in oil of quartz IlI-hosted
tetrahedrite I with numerous
stibnite inclusions;
Miinstergrund, GL-Mu3. f BSE
image of tetrahedrite I which is
replaced by tetrahedrite II (high
contrast); Flammeck, TE-FEO1E

rare member of this assemblage. Electrum from the other in-
vestigated veins in the Schwarzwald is either associated with
altered marcasite, which fits with the first association of the
Sulzburg veinlets, or occurs as inclusions in sulfides, mainly
in tetrahedrite I and II of stage I1.

Methods
Electron microprobe analysis

The chemical composition of the ore minerals was determined
using a JEOL Superprobe JXA-8900RL at the University of
Tiibingen. Acceleration voltage of the focused beam was
25 kV at a beam current of 20 nA. Counting times for major
elements were 16 s for the element peak and 8 s for each
background and for minor elements 30 and 15 s, respectively.

A detailed description of the method, detection limits (2¢0) and
standard deviation are provided in ESM 5.

Fluid inclusion analyses by optical, IR, CL microscopy,
and micro-Raman

Relative chronological sequences of fluid inclusions (fluid in-
clusion assemblages (FIAs)) after Goldstein and Reynolds
(1994) were investigated by optical microscopy. A “hot
cathode” CL microscope (type HC1-LM) with an acceleration
voltage of 14 kVand a beam current density of ~9 pA mm 2 on
the sample surface was applied at the University of Tiibingen to
retain additional information on the fluid inclusion petrography
(Kolchugin et al. 2016).

Microthermometric investigations on quartz were performed
using a Linkham (THMS 600) fluid inclusion stage on a Leica
DMLP microscope with an optical CCD camera at the
University of Tiibingen. For the analysis of fluid inclusions in
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Fig. 4 Photomicrographs
illustrating typical relations
between ore minerals. RL -
reflected light microscopy; BSE -
backscattered electron images.

a BSE image of stibnite replaced
by zinkenite I, which is then
replaced by plagionite. Black
dashed lines show the grain
boundaries between zinkenite and
plagionite; Ludwig, GL-Lus8.

b BSE image of plagionite
overgrown by co-genetic
heteromorphite and semseyite,
accompanied by quartz IV,
Hornbiihl, GL-Ho4. ¢ RL image
in oil of tetrahedrite (freibergite) 11
in a quartz V void. Carbonate and
pyrargyrite initially grew co-
genetically, pyrargyrite
precipitated later. Allargentum
partly replaces pyrargyrite;
Baberast, GL-Ba2. d RL image in
oil of diaphorite replaced by
pyrargyrite and tetrahedrite
(freibergite) II with electrum
inclusions and overgrown by
sphalerite; Barbara, GL-Br2.

e BSE image of electrum on
oxidized pyrite in quartz and
altered feldspar; Weiherkopf, CH-
70. fRL image of a large electrum
grain associated with galena and
marcasite, pyrite, and sphalerite
but mostly overgrown by galena;
Felsenloch, CH-54

sphalerite and stibnite, the same setup with an IR camera Retiga
2000R (A up to 1000 um) was used at the TU Bergakademie
Freiberg. For each inclusion, the ice melting temperature (7,
ice), the hydrohalite melting temperature (7},,, hh), and the ho-
mogenization temperature (7},) were measured.

For the calculation of salinity in the ternary NaCl-CaCl,-
H,O system, the Excel-based program of Steele-MacInnis
et al. (2011) was used. Pressure correction was done using
the program HOKIEFLINCS H2O-NACL (Steele-Maclnnis
et al. 2012) in combination with estimates on basement and
sedimentary overburden based on Geyer et al. (2011 and
references therein). A maximum overburden of 1000 m, cor-
responding to 300 bar, was estimated. For the correction of the
homogenization temperature, this maximum pressure results
in maximum temperature differences of + 45 °C, the median
of all analyses being 15 °C. Further interpretation was done
with the raw data to avoid estimation errors. The uncertainties
of this approach are discussed by Walter et al. (2015).
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Micro-Raman measurements were conducted using a con-
focal Raman spectrometer Renishaw InVia Reflex at the
University of Tiibingen. A laser wavelength of 532 nm, with
a laser output of 50%, was a numerical aperture of 0.55 and an
opening angle of 66.7° was used. With a three-rate accumula-
tion, the measurement time was set to 30 s, a beam diameter of
2 um, and the slit diaphragm was automatically adjusted and
corrected.

Oxygen isotope chemistry

A suite of 50 quartz samples from 30 sites was analyzed for
oxygen isotope compositions. Oxygen isotope analyses were
performed using a laser extraction procedure that follows the
techniques described by Sharp (1990) and Rumble and
Hoering (1994) and the '*0/'°0 isotope ratio was measured
on a Finnigan MAT-252 gas source mass spectrometer at the
University of Tiibingen. By combining oxygen isotope
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analyses of quartz samples and homogenization temperatures
from fluid inclusion studies of primary inclusions, the oxygen
isotope composition of the fluid was determined according to
the equation of Ligang et al. (1989). ESM 6 reports all mini-
mum and maximum homogenization temperatures, 5'%0
quartz, and the calculated §'*0 H,O values of each sample.

Thermodynamic modelling

For thermodynamic modelling, “The Geochemist’s work-
bench (GWB)” package was used with a tailor-made thermo-
dynamic database for a uniform pressure of 50 MPa and tem-
peratures between 0 and 400 °C. Information about the data-
base is detailed in Burisch et al. (2018, this issue) and in the
electronic supplement ESM 4.

Results

In the following section, the results of all applied methods in
this study will be presented, within the context of the different
mineralization stages described above.

Mineral chemistry

Representative chemical compositions of all analyzed min-
erals are listed in ESM Table 2. Individual analyses are pro-
vided in the ESM 7.

Stage I: Fe-As (-Sb+Au)

Arsenopyrite has a non-stoichiometric composition, which
can be explained by varying Sb and As concentrations, where-
as the other minerals (marcasite, pyrite, and stibnite) of this
stage show almost ideal compositions. Of particular impor-
tance are noble metal contents of ore minerals of this stage.
Arsenopyrite, marcasite, and pyrite contain invisible gold with
maximum values of 3100, 2100, and 710 ppm, respectively
(Fig. 5a and ESM Table 2). Some berthierite grains show
maximum Au concentrations of 730 ppm. The dominant min-
eral stibnite contains up to 1800 ppm Au and 1000 ppm Ag.
Electrum grains range between 50 and 85 wt% Au (Fig. 5b)
and contain up to 2 wt% Pb and 1500 ppm Hg (ESM Table 2).
Compositions below the 1:1 line have lower totals and
cannot be explained by exchange with other elements such
as Cu, Bi, or Hg, overlap corrections or reference material,
but by variable porosities. Furthermore, analyses from areas in
the central Schwarzwald (i.e., Freiburg, Kinzigtal) show a
distinctly higher Ag content of up to 50 wt%, whereas analy-
ses from Bad Sulzburg and Badenweiler have maximum Ag
values of 35 wt%.

Stage II: Pb-Zn-Cu

The minerals of this stage show compositions close to their
stoichiometric formulae, with the only exception of chalcopy-
rite, which shows a minor Cu deficit. Tetrahedrite I is the most
common mineral in this stage with Cu contents between 15
and 30 wt% (average 23 wt%), whereas the Ag content ranges
from 11 to 30 wt% with an average value of 19 wt%.
Chalcopyrite incorporates significant amounts of As (up to
3.7 wt%) and Sb (up to 1400 ppm). Galena has Ag concen-
trations up to 1.2 wt% and Sb up to 2.7 wt%. Important minor
elements in sphalerite are Cd and Ag, with maximum amounts
of 7700 ppm and 1.7 wt%, respectively. High amounts of Ag
have previously been attributed to nano-inclusions of fahlore
solid solution (Pfaff et al. 2010).

Stage lll: Pb-Sb

Different to the previous two mineralization stages, ore
minerals of stage III usually have non-stoichiometric com-
positions. Highest Ag and Au concentrations were ob-
served in zinkenite with maximum Ag values of
3700 ppm and in jamesonite, with up to 3300 ppm Ag
and 1 wt% Au. Andorite and bournonite show exception-
ally high Se concentrations of up to 2 and 1.5 wt%, respec-
tively. High Cu concentrations were measured in zinkenite
(<7000 ppm) and jamesonite (< 1 wt%). Besides, andorite
and semseyite show the highest Fe content (up to
1600 ppm), whereas only up to 550 ppm were measured
in fizélyite, heteromorphite, plagionite, and zinkenite.
Highest As concentrations were detected in bournonite
(up to 1 wt%), jamesonite (up to 1200 ppm), and zinkenite
(up to 1000 ppm).

Stage IV: Ag-Sb

All minerals of this stage contain large amounts of As (up to
4700 ppm), Se (up to 2000 ppm), and Fe (up to 3.3 wt%). Au
was detected with maximum amounts of 850 ppm in
diaphorite, miargyrite, and pyrargyrite. Tetrahedrite/
freibergite II shows Cu concentrations between 12 and
18 wt% (average 15 wt%), whereas the Ag content ranges
from 26 to 37 wt% with an average value of 32 wt%.
Diaphorite and freieslebenite show a non-ideal Pb site oc-
cupancy, with not fully occupied Pb (1.87 a.p.f.u. instead
of 2 and 0.61 a.p.f.u. instead of 1, respectively), whereas
the Ag and Sb contents are close to ideal. The opposite
holds true for pyrargyrite, where the Ag site is not
completely filled (2.85 a.p.f.u. instead of 3). Miargyrite
and stephanite analyses result in compositions close to
their ideal formulae.
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Fig. 5 a Agand Au content in ppm of arsenopyrite, marcasite, and pyrite
of all localities of stage 1. Black bars show the uncertainty of each
measurement, D.L. = detection limit. b Ag versus Au (wt%) of all electrum

Fluid compositions

Considering the salinity and homogenization temperature
of fluid inclusion analyses from both ore and gangue min-
erals in all stages of the mineralization, three clusters were
identified. These are briefly described in the following sec-
tion. Detailed results are provided in ESM 8. The sum of
all presented fluid inclusion analyses records the whole
range of fluids involved, as they are composed of fluid
inclusions from various quartz generations throughout the
entire succession of mineral assemblages (Fig. 6). For tem-
poral interpretation, only primary and pseudo-secondary
inclusions were considered and the analyzed secondary
inclusions serve only a statistical purpose in fluid
composition-homogenization temperature space. Due to
the polyphase nature of mineralization (e.g., multistage re-
action and overgrowth textures), we were only in rare in-
stances able to directly correlate individual fluid inclusions
to ore mineral assemblages (Fig. 6a—d). These include (1)
quartz-ore mineral-quartz with a clear temporal succession
(Fig. 6¢), (2) quartz-ore mineral clusters with a paragenetic
association (Fig. 6d), and (3) fluid inclusions in stibnite
and sphalerite with a direct age correlation.

Fluid type A: low salinity, high to medium
temperature

This fluid type was found in quartz and stibnite from min-
eralization stage I. Primary, secondary, or pseudo-
secondary inclusions of this type are in most cases irregu-
larly shaped; pseudo-secondary ones typically occur in

@ Springer

analyses, classified by the areas in the Schwarzwald. Gray star represents the
stoichiometric electrum. Variations below the 1:1 line can be explained
by lower totals due to porosity

healed cracks in quartz and stibnite. Measured homogeni-
zation temperatures (7},) range from 100 to 400 °C
(Fig. 7a), but most analyses show temperatures above
250 °C. Fluids freeze in the range of —30 to —45 °C and
the first melting can be observed above —20 °C, providing
evidence for a binary NaCl-H,O system (Steele-MacInnis
etal. 2011, Fig. 7b). The final melting temperature of ice is
between 0 and 5 °C, resulting in calculated salinities of O to
5 wt% (NaCl+CaCl,, Steele-Maclnnis et al. 2011). Only
H,0, HCO;, or CO5*", but no SO,>  was detected in
micro-Raman analyses.

Fluid type B: high salinity, moderate to low
temperature

Fluid type B was recognized in sphalerite from and quartz
associated with mineralization stage Il and in quartz from
stage III. Similar to fluid type A, most primary (Fig. 6f), sec-
ondary, or pseudo-secondary inclusions are irregularly shaped
(Fig. 6f), but they occur on primary growth zones and well-
healed fractures in quartz and sphalerite. Homogenization
temperatures vary between 50 and 250 °C into the liquid
(Fig. 7a). Above — 50 °C, a first melting is visible, indicating
a ternary NaCl-CaCl,-H,O system (Fig. 7b). Last dissolving
phases are ice and hydrohalite. Observations show that the
final melting temperature of ice ranges between —29 and
18.5 °C and of hydrohalite between —28.5 and —17.5 °C,
which results in calculated salinities of 20 to 26 wt% (NaCl+
CaCl,, Steele-Maclnnis et al. 2011). The molar Ca/(Ca+Na)
ratio ranges between 0.00 and 0.80. In all FIAs, H,O (Raman
bands between 2750 and 3900 nm) was the only Raman-
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active species detected in all analyses. Further, minor NaCl-
dependent modifications of the H,O-bands were recognized
(Frezzotti et al. 2012).

Fluid type C: variable salinity, moderate to low
temperature

This fluid type was found in inclusions in quartz, associated
with stage IV sulfide mineral assemblages. Inclusions of this
fluid type have variable sizes and shapes and occur along trails
and in clusters. Homogenization temperatures vary between
50 and 200 °C (Fig. 7a). Compared to fluid types A and B, two
different clusters of fluid compositions can be distinguished:
one with a eutectic temperature of —21.2 °C and another one
with a eutectic temperature of — 52 °C. Final melting temper-
atures of ice range between — 2.6 and — 18 °C, and hydrohalite
melts between —20.9 and —25.8 °C. The calculated salinity
ranges between 7.5 and 20 wt% (NaCl+CaCl,, Fig. 7a, Steele-
Maclnnis et al. 2011) and the molar Ca/(Ca+Na) ratio ranges
from 0.00 to 0.80. In all FIA, H,O was the only Raman-active

species detected in all analyses with significant NaCl-
dependent H,O-band modifications.

Oxygen isotope data

All oxygen isotope data is reported relative to the SMOW
standard. The 5'%0 values of quartz vary greatly, quartz
(stage I-III) from the Bad Sulzburg area (area D, Fig. 1)
showing a range from — 1 to + 18%o, from Ehrenkirchen
(area C, Fig. 1) a range from + 12 to + 18%o, and from
Miinstertal a range from —3.5 to + 19%o (area C, Fig. 1).
The analyzed range of 6'°0 values greatly exceeds the
range reported by Baatartsogt et al. (2007) who related
5'%0 values of quartz to Variscan (— 12.5 to + 4.4%o) and
post-Variscan fluids (— 7.1 to + 2.1%o).

The large dataset of formation temperatures was combined
with oxygen isotope data of quartz to calculate 5'*0 values of
the fluid responsible for vein formation (according to Ligang
et al. 1989). For analyses from samples, where no respective
fluid inclusion data was available, the 5'30 fluid values were
calculated at 50 and 400 °C, representing the minimum and
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maximum homogenization temperatures observed in all veins.
Unfortunately, the large number of intergrown quartz genera-
tions and the commonly lacking textural evidence prevented
an exact temporal correlation of a specific quartz generation
from one locality to a specific quartz generation from other
localities and/or mineralization stages. However, relative
trends from initial quartz (I) to successive quartz (II, I1I) gen-
erations are visible within individual localities from which
several, temporally distinguished quartz generations were an-
alyzed; also, the overall range of the isotopic ratios serves as a
solid base for interpretation. The analyses illustrate that the
calculated 5'%0 values of fluids associated with Sb-Pb-Ag
+Au veins overlap with magmatic/metamorphic and meteoric
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fluids, with peaks at ca. — 5%c and + 6 to + 11%o. Metamorphic
fluids typically have 5'%0 values of ~ + 3 to + 20%c, magmatic
fluids + 5.5 to + 9.5%0, and meteoric water shows variations
from —25 to 0%o (e.g., Craig 1961; Sheppard 1986; Taylor
and Barnes 1997; Kendall and Coplen 2001). The evolution-
ary trend for a specific locality with several quartz generations
indicates an increasing importance of meteoric fluids for suc-
cessively younger quartz generations. For example, at the
Wonnen locality (Miinstertal, Area C Fig. 1), the fluid which
formed the early quartz I shows a typical magmatic/
metamorphic signature (max. +13%o), whereas the subsequent
quartz generations (II + III) indicate a meteoric fluid compo-
sition (on average — 2.4%o).
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Discussion

The discussion section is subdivided into two parts. The first
part deals with fluid compositions and age constraints for Sb-
Pb-Ag+Au-quartz veins in the Schwarzwald. In the second
part, the mineralogical and chemical evolution of the different
mineralization stages is discussed in detail, as well as the
occurrence of gold and the comparison to other Sb- (Au) oc-
currences in the Variscan Orogen and worldwide.

Fluid compositions and age constraints

Textural observations correlated to fluid inclusion data, fluid
salinities, and oxygen isotopes can be used here to invoke a
Permian age for mineralization stage I, whereas stage I and I1I
formed during Jurassic and stage IV during Tertiary times.
With an age of 277.6 Ma (Walter et al. 2018c, submitted),
Permian veins are significantly younger than the last magmat-
ic event in the Schwarzwald, which was the intrusion of post-
collisional granites between 335 and 315 Ma (e.g., Todt 1976;
Altherr et al. 2000; Hann et al. 2003). The rare and local
occurrence of ferberite (FeWOy; at the Segen Gottes locality)
in the Permian veins is tentatively attributed to the proximity
of this locality to the Nordrach pluton from which W-bearing
minerals are well-known (Walenta et al. 1970) and which may
have been remobilized. Such post-Variscan mobilization pro-
cesses are common in the Schwarzwald and were described in
detail by Werner et al. (1990). Oxygen isotope analyses for
quartz from stage I mineralization point to a magmatic/
metamorphic fluid signature. Very variable homogenization
temperatures (100 to 400 °C, Fig. 7a) and low salinities (0 to
5 wt% NaCl + CaCl,, Fig. 7a) show fluid compositions typical
for Permian veins in the Schwarzwald (e.g., Wagner and Cook
2000; Baatartsogt et al. 2007; Walter et al. 2016). The temper-
ature fluctuation is due to fluid cooling and not due to evalu-
ating primary vs. secondary inclusions. This large temperature
(cooling) range is similarly observed in many large Sb de-
posits worldwide, e.g., in Australia, Bolivia, Russian
Federation, or China (e.g., Comsti and Taylor 1984; Ashley
et al. 1990; Dill et al. 1995; Bortnikov et al. 2010; Zhai et al.
2014). However, individual localities from all over the world
generally do not show such a broad temperature range (com-
monly <200 °C), which may be linked to factors such as the
difference in tectonic setting and/or size of the mineralization
(fluids in small fractures in the Schwarzwald may cool down
faster than larger volumes of fluids in the large deposits).
The intensive brecciation of stage I minerals and the over-
growth by minerals of stage Il indicates significant tectonic
processes during the initiation of stage II. In combination with
a strong change in fluid composition and formation tempera-
ture, this suggests the presence of a significantly different fluid
reservoir during stages II and III. During Late Permian to
Triassic times, the central European basin was flooded by

seawater and evaporites were deposited (e.g., Roscher and
Schneider 2006; Geyer et al. 2011). This marine influence is
reflected in the fluid composition of the successive stages,
which contains increased salinities up to 27 wt% NaCl+
CaCl, (Fig. 7a, b), compared to Permian low-salinity fluids
(max. 5 wt%). Furthermore, the recorded fluid composition is
in agreement with fluids from other Jurassic-Cretaceous veins
that typically show salinities between 20 and 28 wt% (Walter
et al. 2016). The presence of significant Pb in the mineralized
system is probably related to the high chlorinity of these fluids
(as Pb is transported als Cl complexes, Yardley 2005; Wagner
et al. 2016), since the sudden increase in Pb is directly corre-
lated with a significant salinity increase, whereas the possible
source rocks have remained constant. Moreover, the calculat-
ed oxygen isotope values of the fluid show (at some localities)
that the younger quartz generations formed from a fluid with
increasing influx of meteoric water and/or seawater (Weissert
and Erba 2004).

A second significant change in fluid composition is visible
for the transition to stage IV, which is also recorded by a
change in tectonic regime. Fluid inclusion analyses of quartz
directly associated with the Ag-bearing minerals of stage IV
show variable salinities ranging between 7.5 and 20 wt%
(NaCl+CaCl,). These values are typical of post-Cretaceous
fluids in veins of the Schwarzwald district (Walter et al.
2016). This stage and the newly formed Ag-bearing minerals
are only locally present, especially in the Central
Schwarzwald district, and are generally lacking in the
Southern Schwarzwald. Interestingly, stages I to III occur in
all veins independent of their strike direction (ESM 3 3),
whereas predominantly NE-SW striking veins (i.e., parallel
to the Rhine Graben rift) contain a large variety of Ag minerals
(ESM 3 3). Thus, there is a correlation between vein orienta-
tion and the presence of stage IV. Because it is regarded as
unlikely that the tectonic regime changed significantly during
a single mineralization event, it is assumed that the Ag min-
eralization is related to a separate tectonic setting and fluid
influx. The orientation of these veins parallel to the Rhine
Graben is thus thought to be related to a reactivation of pre-
existing Permian veins during the course of the Upper Rhine
Graben opening, and hence, a Tertiary age of the Ag-rich stage
IV mineralization is deemed very likely.

Mineralogical and chemical evolution
Fe-As(-Sb+Au) stage (stage I)

Initially, this stage is strongly dominated by Fe- and As-
bearing minerals, but this transitions to an abundance of Sb-
rich sulfides. The initial minerals do, however, contain Sb (as
well as Au and Ag) as a minor or trace element. The best
example is the As-Sb zoning of arsenopyrite (ESM 3 1b).
Antimony was, hence, present in the fluid from the beginning
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and this mineral sequence does not record a compositional
evolution from an Fe-As- to a Sb-dominated fluid. Rather,
the mineral succession records a decrease in temperature
(e.g., Wagner and Cook 2000; Krolop et al. 2018; Burisch
et al. 2018, this issue).

The fluid inclusions of the first stage (in quartz and in
stibnite) record a large temperature range from 400 to
100 °C (Fig. 7a), which further strengthens the argument of
fluid cooling. The process of fluid cooling can be thermody-
namically modelled by using a fluid of low salinity (5 wt%

NaCl) in equilibrium with a granitic host rock (assumed com-
position, comprised of 5 wt% muscovite, 5 wt% annite,
10 wt% anorthite, 10 wt% albite, 35 wt% quartz, and
35 wt% K-feldspar) at neutral pH (6.55 at 400 °C). Granitic
host rocks buffer a fluid at near-neutral conditions (Bucher
and Stober 2002; Bucher and Stober 2010; Fig. 8c, d).
Starting at 400 °C, the minimum temperature estimate of the
source fluid produces a sequence of early pyrite and later
stibnite during simple cooling (Fig. 8a, b). However, without
additional water-rock interaction during cooling, the quantity
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Fig. 8 a, b Mineral stability diagram during cooling of a fluid initially in
equilibrium with a granitic host rock. WRR = water-rock ratio, WRI =
water-rock interaction, gray minerals = not found in samples of this study.
a No WRI during cooling with Sb concentrations of 100 and 10 mg/kg.
b WRI during cooling drastically increases the amount of pyrite
precipitation. Shown is an example of WRI (1000:1) between 400 and
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300 °C and a sealed system from 300 to 200 °C. ¢, d Predominance fO,-
pH diagrams at 200 °C, 500 bar, where the Fe species are shown in ¢ and
the Sb species in d. For a simplified comparison between the
predominance field, the As species are shown in both ¢ and d. Both ¢
and d represent overlapping predominance fields of the same fluid
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of pyrite relative to stibnite and quartz would be too low to
match the observed relative phase volumes, since only minor
amounts of Fe can be transported at near-neutral conditions.
We thus assume that additional Fe was derived near the place
of pyrite precipitation from the host rocks. Bleached zones
around the veins support this notion. However, in our model,
water-rock interaction was only assumed to happen between
400 and 300 °C, as quartz precipitation seals the veins and
prevents further reactions. Still, relatively little fluid-rock in-
teraction suffices to explain the observed amounts of pyrite.

The hydrothermal fluid must initially have been relatively
reduced and sulfur-rich, otherwise, hematite and/or magnetite
would form and deplete the fluid of Fe before pyrite saturation
is reached. Graphite- and sulfide-bearing host rocks favor re-
duced fluids (Kontny et al. 1997) and the Schwarzwald
gneisses contain both (e.g., Bucher et al. 2009; Markl et al.
2016; Walter et al. 2018b). Further, the formation of arseno-
pyrite together with pyrite during the initial fluid stage re-
quires an As/Sb ratio of 10 (Fig. 8c, d). This is at first glance
surprising since we are dealing with an Sb-dominated miner-
alization, but it is thermodynamically essential.

Finally, the mineral berthierite, which based on the ob-
served textures precipitated between pyrite and stibnite, is
not thermodynamically stable (data from Seal et al. 1992) in
our calculations with a realistic fluid composition (see
Fig. 8a—d). It only becomes stable if the stability of berthierite
is increased by 2 logK values, which represents twice the
estimated uncertainty given by Seal et al. (1992). We have
no conclusive explanation of the non-stability of berthierte
in our calculations.

Pb-Zn-Cu stage (stage Il)

The chemical variability increases during this second stage,
where Pb-, Zn-, and Cu-bearing minerals dominate.
Tetrahedrite (I) is the only Sb- and Ag-bearing (up to 30 wt%
Ag but prevalently <20 wt%) mineral in this stage. The forma-
tion of galena instead of Pb-Sb sulfides (in contrast to stage I1I)
indicates a higher S/Sb activity ratio of the fluid. Mineral tex-
tures show that some stibnite of stage I is replaced by tetrahedrite
(D) of stage 11, indicating a remobilization of stibnite (Fig. 3e).
Available aqueous Sb is incorporated in tetrahedrite (I) and, thus,
base metal sulfides (i.e., sphalerite, galena, and chalcopyrite) can
precipitate. This implies that only minor amounts of stibnite
were dissolved and re-precipitated and thus the ore-forming flu-
id only contained minor Sb, which fits with textural observa-
tions. Furthermore, to form tetrahedrite and chalcopyrite in the
large quantities observed, increased amounts of Cu in the fluid
or more effective precipitation mechanisms need to be invoked.
We speculate that rather an increased amount of Cu is probable
since no Cu-bearing minerals are present before the occurrence
of these minerals and besides, Cu can be more effectively

transported in highly saline fluids (Yardley 2005; Wagner et al.
2016), which formed stage II.

Pb-Sb stage (mineralization stage Ill)

This mineralization stage is characterized by a large variety of
chemically very similar minerals. Interestingly, textures show
a clear inverse relationship: samples with large modal
amounts of stage I-stibnite typically do not show a well-
developed stage III and the mineral assemblage ends with
the Pb-Zn-Cu stage II; samples with a distinct stage III Pb-
Sb mineralization, on the other hand, do not show any or only
minor amounts of stage [-stibnite. If it occurs at all, it is present
as small relics (stage III minerals intensively replace stibnite,
Fig. 4a). Hence, formation of the stage IIl minerals depends on
the existence of an earlier Sb mineralization and remobiliza-
tion especially of stibnite by Pb+Fe-Ag-bearing fluids (Fig. 9).
Locally, these reaction textures are preserved (e.g., stibnite =>
zinkenite, zinkenite => plagionite, Fig. 2). Thermodynamic
calculations show that the Pb-Sb sulfides can precipitate
from fluids of variable composition and pH, as long as
sufficient Pb is present (Fig. 9). Some reactions (e.g., stib-
nite => zinkenite) show approximately volume constant
textures (Fig. 4a) which indicates a steady Pb increase with
simultaneous Sb and S decrease during the evolution of
this stage. Although these calculations hold an uncertainty
since a constant volume cannot be guaranteed in most
cases, it is the only method to investigate the mobility of
elements (influx vs. discharge), as the fluid composition
(relative elemental content) is unknown. Concluding, an
additional Pb influx and replacement of pre-existing stib-
nite has been essential for ore stage III (Fig. 9).

Apart from Pb, Ag is a conspicuous element in stage III, as
shown by the occurrence of the Ag-rich minerals andorite and
fizélyite in all investigated occurrences. Ag may have been
added by the Pb-rich stage III fluid, or it was remobilized from
stage Il tetrahedrite and stage I electrum. As there is no tex-
tural evidence for tetrahedrite and electrum dissolution, it is
plausible that the stage III fluid must have transported some
Ag besides Pb.

Ag-Sb stage (stage IV)

Mineral composition and mineral sequence in stage I'V record a
successive Ag enrichment (Fig. 10): the minerals with the
highest Ag contents precipitate at the end of this stage.
Textures record abundant replacement processes of stages 11
and III Pb-Sb minerals by minerals of stage IV (e.g., tetrahedrite
I = tetrahedrite II (freibergite), andorite => tetrahedrite II
(freibergite), galena => pyrargyrite, andorite = miargyrite,
Fig. 2). Stage IV Pb-bearing minerals (i.e., diaphorite and
freieslebenite, Fig. 2) only crystallize at the beginning of stage
IV. Common reaction textures show that the strongly porous
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tetrahedrite I is replaced irregularly by tetrahedrite II
(freibergite; Fig. 3d, f). Tetrahedrite I of the Pb-Zn-Cu stage 11
(Figs. 10 and 11) is obviously remobilized and re-precipitated
with a Ag-enriched composition (tetrahedrite II (freibergite);
Figs. 10 and 11). During this reaction, excessive Cu could not
be removed from the system, and hence, local oversaturation

3) Pb-(Sb)-S-mineral

% ]
1 10 100 1009 precipitation

fluid per 1 mg stibnite [g]

initial pH dependency of the mineral stability relative to fluid-stibnite
ratios. Note that the stability of zinkenite is estimated by the assumption
that AGy=0 for the formation from stibnite and galena

leads to the precipitation of chalcopyrite inclusions in
tetrahedrite II (freibergite). Moreover, small grains of miargyrite
form locally during this process due to the high Ag content of
the fluid. Interestingly, there is a correlation of Ag content in
tetrahedrite and homogenization temperature of fluid inclu-
sions (Fig. 12): higher homogenization temperatures are

Pb 05 Sb

Stage | Ag Stage Il Ag
Fe-As(-SbxAu) Pb-Zn-Cu
© stibnite § O tetrahedrite | §
@® electrum 5} [ galena )
0.5
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Pb-Sb Ag-Sb
A bournonite |5 Y% diaphorite g
A zinkenite ® ¥ freieslebenite |®
A jamesonite ¢  miargyrite
A andorite % pyrargyrite
A boulangerite * freibergite Il
A fizélyite * stephanite
A plagionite 0.5 0.5 7¢  polybasite 0.5
A veenite Y allargentum
A heteromorphite
A semseyite

Fig. 10 Composition of all Pb+Ag+Sb-bearing minerals, separated by
each mineralization stage and time of crystallization. Red fields show
Permian minerals (stage I), blue fields Jurassic-Cretaceous minerals

@ Springer

(stage II and III), and the yellow field shows minerals of the Tertiary
mineral stage IV. The black arrow indicates a strong Ag enrichment
during stage I'V, where the youngest minerals show the highest Ag content
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Fig. 11 Ag/(Ag+Cu) versus Sb/(Sb+As) plot of all tetrahedrite analyses,
colored according to the different areas sampled. Blue field shows
compositions of Jurassic-Cretaceous tetrahedrite I (stage II) and the
yellow field those of Tertiary tetrahedrite (freibergite) II (stage IV).
Black arrows indicate the evolution of the tetrahedrite composition,
oldest at the bottom, youngest at the top

associated with lower Ag content in tetrahedrite, i.e., this is
due to a higher Ag content in later stage fluids and not due
to crystallographic effects. Precipitation mechanisms for
this stage are fluid mixing (indicated by the large spread
in salinities even for individual samples) as well as reaction
with pre-existing sulfides.

The occurrence of gold

Gold is rather widespread in the studied Sb-quartz vein type
mineralization in the Schwarzwald either as invisible gold and/
or as native gold/electrum. Invisible gold is present in signifi-
cant concentrations in minerals of stage I, in pyrite, arsenopy-
rite, marcasite, and stibnite. Invisible Au concentrations of
some samples in this study (up to 3100 ppm) are similar to
concentrations commonly observed in large economically sig-
nificant structurally controlled Au-Sb deposits (~ 100—
5000 ppm; e.g., Dill et al. 1995; Ashley et al. 2000;
Baltukhaev and Solozhenkin 2009; Kovalev et al. 2011).
Generally, changes of physicochemical parameters such as
pressure, temperature, Cl concentration, pH, oxygen, or sulfur
fugacity provide effective mechanisms for gold precipitation
(e.g., Williams-Jones et al. 2009; Zhu et al. 2011).

Due to the intimate correlation between gold and sulfide
abundances (i.e., Au as invisible gold in sulfides), one can
presume a common precipitation mechanism. Similar to the
sulfides, the solubility of gold in the presence of sulfide and
chloride complexes (as are present in such hydrothermal sys-
tems; Gammons and Williams-Jones 1997; Zhu et al. 2011)
decreases with temperature (Seward 1973) indicating that both

Fig. 12 Ag content (wt%) of
tetrahedrite (stage Il and IV)
versus the homogenization
temperature of all four
investigated areas in the
Schwarzwald. The boxes of each
locality represent the temperature
range between the minimum and
maximum homogenization
temperature and the minimum to
maximum Ag content
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can form by fluid cooling (e.g., Gammons and Williams-Jones
1997; Hagemann and Liiders 2003; Zhu et al. 2011).
Furthermore, ongoing sulfide precipitation decreases the sul-
fide activity and gold-sulfide complexes are de-stabilized
(Williams-Jones et al. 2009). Thus, the association between
Au and Sb sulfides in quartz veins is typical and has been
observed in a large number of deposits (e.g., Distanov et al.
1975; Bril and Beaufort 1989; Clayton et al. 1990; Ortega and
Vindel 1995; Obolensky et al. 2007; Zhu et al. 2011).

According to Romer and Kroner (2017), major sources for
hydrothermal Au (independent whether it forms discrete
grains or is incorporated as invisible gold) in the Variscan
basement are Cambrian to Ordovician sedimentary rocks
and magmatic arcs; re-distribution in the crust during meta-
morphism is common in the entire Variscan basement and Au-
bearing mineralization is found in many parts of central
Europe (e.g., in Germany: Goldkronach, Fichtelgebirge,
Pascher 1985, Irber and Lehrberger 1993; Korbach,
Rheinisches Schiefergebirge, Lehrberger 1995, Kulick et al.
1997; in France le Bourneix, Laurieras, Saint Yrieix district,
Bouchot et al. 1989; in the Czech Republic, Bohemian Massif,
Moravek and Pouba 1987, Zacharias et al. 2014).

Gold also occurs as discrete electrum grains. These are
rarely observed in direct association with stage I but occur
as small inclusions within minerals of the second, third, and
fourth ore stage. Textures show marcasite (stage I) directly
associated with electrum (Figs. 3b and 7b), which either
formed by direct precipitation during fluid cooling (i.e., pri-
mary gold) or, more likely, by remobilization when primary
pyrrhotite reacted to pyrite or marcasite. This hypothesis is
strengthened by the porous appearance of, e.g., marcasite
(Fig. 3b). Some electrum associated with the later stages also
could have formed by Au and Ag remobilization of invisible
gold during replacement of sulfides from ore stage I during
later stages. Since the concentration of invisible gold is ex-
tremely low (on average < 0.05 wt% in ore minerals of stage
I), the remobilized amount of these ore minerals needed to
form electrum is significant. Thus, the probability and abun-
dance of discrete gold grains in individual samples in the
Schwarzwald are very low.

Comparison to other occurrences of this
mineralization type in the Variscan belt

Sb-(Au)-bearing quartz veins of the type studied here are wide-
spread throughout the Variscan Orogenic belt (ESM 3 4 and
Table 1) (e.g., Walenta 1957; Dill 1985; Dill 1986; Gumiel and
Arribas 1987; Ortega and Vindel 1995; Dill 1998; Wagner and
Cook 2000; Krolop et al. 2018; Burisch et al. 2018, this issue).
According to literature, four typical metal associations can be
distinguished in these deposits: (1) Fe-As +Sb-Au, (2) Pb-Zn-
CutAu, (3) Pb-Sb+Au-Ag, and (4) Ag-Sb which is broadly
similar to mineralization stages recognized in this study.
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However, only the first three metal associations are wide-
spread (e.g., Boiron et al. 1990; Clayton et al. 1990; Munoz
et al. 1992; Wagner and Cook 2000; Pochon et al. 2016;
Krolop et al. 2018).

The initial stage of mineralization at many deposits is char-
acterized by the mineral succession pyrrhotite, arsenopyrite,
pyrite, and late-stage berthierite and stibnite. Only small min-
eralogical variations are documented, such as the presence of
Ag-Sb minerals in the primary ore stage in the Erzgebirge
(Burisch et al. 2018, this issue). This indicates a common
formation mechanism due to fluid cooling of a, commonly
described as a primarily late-metamorphic, Sb-bearing fluid,
as has been previously suggested for other localities by, e.g.,
Wagner and Cook (2000), Neiva et al. (2008), and Krolop
etal. (2018). Thus, a similar fluid composition can be invoked
in all these Variscan occurrences, indicating a relatively sim-
ilar fluid regime/source over thousands of kilometers largely
independent of host rock. The same holds true for the subse-
quent stages II and III, suggesting extensive remobilization
processes throughout the Variscan belt.

The fourth stage (Ag-Sb), which is abundant in several
veins of the Schwarzwald, has only been documented at few
other localities in the Variscides (see Table 1 for references),
i.e., Urbeis and Charbes (France, No. 6, ESM 3 4), Erzgebirge
and Fichtelgebirge (Germany, No. 5+ 8, ESM 3 4), Pribram
and Kutna Hora (Czech Republic, No. 9, ESM 3 4), Kremnica
(Slovakia, No. 12, ESM 3 4), and the Didgenes mine (Spain,
No. 18, ESM 3 4). Local tectonic processes such as the Upper
Rhine Graben or the Eger Graben rifting in the course of the
Cenozoic tectonic evolution of Europe (Ziegler 1992; Rajchl
et al. 2009) may tentatively invoked to explain these late re-
activation and remobilization processes.

International context—Shb-Au deposits worldwide

Compared to the small size of structurally controlled Sb-(Au)
deposits in Europe, similar deposits in, e.g., China, Canada,
Bolivia, Australia, or the Russian Federation are much larger
and have great economic significance (e.g., Dill et al. 1995;
Kontak et al. 1996; Ashley et al. 2000; Baltukhaev and
Solozhenkin 2009). However, independent of deposit size,
the mineralogy of the initial stages appears generally similar
(e.g., Dill et al. 1995; Ashley et al. 2000; Hagemann and
Liiders 2003), and for this reason, similar formation processes
and parameters (e.g., fluid chemistry, cooling) may be as-
sumed. Hence, the evolution of stages I through III of the
Variscan occurrences is an analogy to many large deposits,
the main difference being size and the absence of a distinct
late-stage silver-rich assemblage (stage IV) in the large de-
posits. Our study shows that the characteristic ore succession
of the primary mineralization (stage I) can be exclusively ex-
plained by fluid cooling. Boiling or fluid mixing, which have
been described for some economically significant deposits
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(e.g., Hillgrove Au-Sb deposit in Australia, Ashley et al. 1990;
Ashley et al. 2000; Lake George Sb deposit in Canada, Yang
et al. 2004; Woxi deposit in China, Zhu and Peng 2015), may
further aid ore formation at some localities, but due to the lack
of features such as boiling in fluid inclusions from many lo-
calities and a general presence of cooling indicators, further
processes are not essential.

Although the vast difference in size between deposits may
be attributed to processes such as boiling further aiding pre-
cipitation, it is likely that it is predefined by the tectonic
setting/absolute fluid volume and is thus structurally con-
trolled. For example, the formation of frequent small scale
deposits in Europe may be related to the presence of abundant
former micro-continents and predefined small scale fractures
(Kalt et al. 2000; Geyer et al. 2011).

Due to the economic insignificance of late-stage sulfosalts in
economically important worldwide deposits, their formation is
commonly not investigated in sufficient detail. However, all
deposits generally show an evolution from an Fe-Sb stage to
a Pb-enriched stage (e.g., Kaiman et al. 1980; Ashley et al.
1990; Dill et al. 1995; Bortnikov et al. 2010), where the

1) Fe-As (-Sb-Au) stage (Permian)

II) Pb-Zn-Cu stage (Jurassic-Cretaceous)

formation of the commonly occurring Pb- rich sulfosalts (e.g.,
Hagemann et al. 1994; Chovan et al. 1998; Tomkins et al. 2004)
is not linked to the initial cooling process but to remobilization
processes of stibnite (e.g. Schwarzwald, this study; Kharma ore
deposit in Bolivia, Dill et al. 1995). This could indicate a poly-
stage nature of other deposits around the globe with a typical
and common evolutionary process representing a transition
from initial cooling of a late-metamorphic fluid system (stage
I) to a system dominated by a typical Pb-rich saline basinal
brine of initial seawater/meteoric fluid origin (subsequent
stages). Hence, this study can be used as an example for future
investigations of remobilization processes within hydrothermal
Sb deposits worldwide.

Conclusions

Quartz rich Sb-Pb-Ag+Au veins in the Schwarzwald can be
seen as representative examples of this ore type with a high
mineralogical diversity. They typically show four mineraliza-
tion stages that can be related to distinct mineralization events,
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metal and fluid source, and precipitation mechanisms: The
characteristic mineral sequence of the primary ore stage I is
formed by cooling of late-metamorphic (400-100 °C), low-
salinity fluids with maximum salinities of 5 wt% (NaCl eq.)
(Fig. 13). A remobilization of early minerals which incorpo-
rate significant amounts of invisible gold, such as arsenopy-
rite, pyrite, marcasite, and stibnite, leads to the precipitation of
electrum, which is observed at Sb-Au-deposits worldwide. The
development and thus the character of later mineralization
stages is strongly dependent on the abundance and remobiliza-
tion of pre-existing Sb minerals. The fluid composition evolved
to high-salinity (up to 28 wt% NaCl eq. and <250 °C) and Pb-
rich fluids which remobilized stibnite and formed a complex
Pb-Sb mineral assemblage (Fig. 13). This transition from an
initially late-metamorphic fluid system to a saline basinal brine
fluid system is also evident for many other examples of this
deposit type. During the influx of Pb, remobilization of stibnite
leads to the formation of various Pb-Sb-bearing sulfosalts,
whereas during limited remobilization, galena forms. The last
mineralization stage is locally confined to only some localities
in the Variscan belt affected by Tertiary tectonic events (e.g.,
Upper Rhine Graben and Eger Graben). A rift-related hydro-
thermal fluid with variable salinity and low temperature (7—
20 wt%, 150 °C) combined with an influx of Ag into the pre-
existing mineralization leads to the replacement of Pb-Sb
minerals and formation of a distinct Ag-rich assemblage
during this stage.
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ABSTRACT

Pyromorphite-group minerals (PyGM), mainly pyromorphite [Pbs(PO,);Cl], mimetite
[Pbs(AsO,);Cl], and vanadinite [Pbs(VO,);Cl], are common phases that form by supergene weathering
of galena. Their formation is strongly influenced by processes at the Earth’s surface and in the soil
overlying a lead deposit, and they incorporate high amounts of halogens, mostly Cl and, in some cases,
F. The abundance of Br and I in natural PyGM and their potential as process tracers during surface
and sub-surface fluid-rock interaction processes has not been investigated in detail due to analytical
difficulties. We, therefore, developed methods for the simultaneous determination of Cl, F, Br, and I
in PyGM for (1) powdered bulk samples via combustion ion chromatography (CIC) and (2) compo-
sitionally zoned crystals by means of secondary ion mass spectrometry (SIMS).

Our study is based on well-characterized samples of pyromorphite (N = 38), mimetite (N = 16),
and vanadinite (N = 2) from Schwarzwald (Germany). Natural pyromorphite incorporates more I (up
to 26 pg/g) than mimetite (up to 2 pg/g) and vanadinite (up to 1 pg/g), while Br contents are higher in
mimetite (up to 20 pg/g) and vanadinite (up to 13 pg/g) compared to pyromorphite (less than 4 pg/g).
These results are unexpected, as mimetite and vanadinite have longer As/V-O bonds giving them larger
unit cells and larger polyhedral volumes for the Cl site in the Pb2, octahedron than pyromorphite.
Accordingly, pyromorphite was expected to preferentially incorporate Br rather than I, but the oppo-
site is observed. Hence, halogen chemistry of PyGM is probably not governed by a crystal-chemical
control (alone) but by fluid composition. However, the exact reasons remain enigmatic. This idea is
corroborated by spatially resolved SIMS analyses that show that many pyromorphite-group minerals
are strongly zoned with respect to their halogen mass ratios (e.g., Br/Cl, Br/I mass ratios). Furthermore,
variations in halogen abundance ratios do not correlate with Ca/Pb, P/As, or P/V ratios and therefore
may record alternating and season-dependent environmental parameters including biological activity,
vegetation density, physico-chemical soil properties, and rainfall rate. We suggest that the zonation
reflects multiple single fluid flow episodes and, hence, records surface processes. However, further
experiments concerning the fractionation of halogens between fluid and PyGM are needed before halo-
gen ratios in pyromorphite-group minerals can be used as reliable monitors of fluid-driven processes.

Keywords: Bromine, iodine, combustion ion chromatography, pyromorphite, mimetite, vanadinite

INTRODUCTION

More than 1500 localities (www.mindat.org) are known to
contain pyromorphite-group minerals (PyGM). The supergene
weathering of ore deposits plays a major role in both mobilizing
and re-precipitating toxic trace elements such as Pb, As, Cd, and
Sb (Siegel 2002; Reich and Vasconcelos 2015). Dissolution of
primary minerals and precipitation of secondary mineral phases
during oxidation is mainly governed by fluid flow from the
surface through the soil and fractured rocks into and through
ore deposits (Ruby et al. 1994; Basta and McGowen 2004). The
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most abundant Pb-bearing ore mineral is galena (PbS). During
supergene weathering of galena, pyromorphite-group minerals
(PyGM) form in the immediate environment (e.g., Park and
MacDiarmid 1975; Ruby et al. 1994; Keim and Markl 2015).
Due to their extremely low solubility products (logK values in
the range of —75 to —86; Nriagu 1973; Flis et al. 2007; Gerke et
al. 2009; Bajda 2010), Pb, As, V, and other toxic metals (e.g., Cr,
Sb, Bi, U) are immobilized and their bioavailability is thereby
reduced when PyGM form (e.g., Flis et al. 2011; Burmann et al.
2013; Markl et al. 2014).

As part of the apatite supergroup, the generalized formula
for PyGM is PbsA;L, where A represents PO3~ (pyromorphite),
AsOj (mimetite), or VO3~ (vanadinite) and L is mostly comprised
of CI, F-, OH~, Br, and/or I" (e.g., Wondratschek 1963; Knyazev
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et al. 2011; Markl et al. 2014). Structurally related members
of the hedyphane group (hedyphane, phosphohedyphane, and
fluoro-phosphohedyphane) have the composition Ca,Pb;A(CI,
OH, F), where A is either PO3~ or AsOj  (Pasero et al. 2010).
There exists complete miscibility between pyromorphite and
mimetite, pyromorphite and phosphohedyphane, and mimetite
and hedyphane (e.g., Dennen 1960; Wondratschek 1963; Fortsch
and Wondratschek 1965; Flis et al. 2011; Markl et al. 2014).
Based on the presently available data on natural samples, the
miscibility gap between vanadinite and pyromorphite allows
for up to 3 mol% vanadinite component in pyromorphite and
up to 39 mol% pyromorphite component in vanadinite (Markl
etal. 2014).

The halogen site in PyGM is mostly occupied by CI- but
can also incorporate significant F~ and OH~ (Markl et al. 2014).
However, the only naturally occurring F-dominated end-member
is phosphohedyphane (Pasero et al. 2010; Kampf and Housley
2011). Markl et al. (2014) identified the occurrence of naturally
existing hydroxylmimetite in which the crystallographic site is
dominantly occupied by an OH-end-member. A further natural
OH-end-member hydroxylpyromorphite was described (Héle-
nius et al. 2017). Halogen (F, Cl, Br) end-members have been
synthesized (except for [-pyromorphite; Wondratschek 1963;
Janicka et al. 2012) and thus appear to be thermodynamically
stable at near-surface conditions (Janicka et al. 2012; Wond-
ratschek 1963). However, little is known about the natural abun-
dance of Br and I in these minerals due to their low concentrations
in natural fluids (Fuge 1988; Schnetger and Muramatsu 1996)
and a lack of suitable analytical techniques.

The variation of halogen contents and halogen ratios (e.g.,
Br/Cl, F/Cl, Br/I) in a range of minerals including apatite, mica,
amphibole, serpentine, and scapolite are used to decipher fluid-
involving processes, such as magmatic degassing, metasoma-
tism or hydrothermal processes during fluid-rock interaction
and ore formation (e.g., Harlov et al. 2005; Boyce and Hervig
2009; Kendrick and Phillips 2009; John et al. 2011; Marks et al.
2012; Kendrick et al. 2013, 2015; Harlov 2015; Kusebauch et
al. 2015a; Teiber et al. 2015; Webster and Piccoli 2015; Burisch
et al. 2016; Walter et al. 2018). For apatite in particular it was
shown that crystal and fluid chemical processes control halo-
gen incorporation (Kusebauch et al. 2015a). Due to structural
similarities between apatite and PyGM, we suggest that halo-
gen contents and ratios in PyGM may also serve as recorders
of fluid processes in the near-surface environments. Based on
geochemical considerations and estimations of the growth rate
of PyGM, compositional zonation in PyGM may even reflect
seasonal changes in precipitation and/or changes in the intensity
of host rock alteration. This potentially monitors the variable
importance of diverse fluid sources and of processes changing
the fluids’ composition during their growth (Markl et al. 2014;
Keim and Markl 2015).

As a first step toward testing the capability of PyGM for
monitoring such processes, we present halogen (Cl, F, Br, 1)
data for a comprehensive set of PyGM from the Schwarzwald
mining district in SW Germany. We developed a method for
determining bulk halogen contents in PyGM via combustion ion
chromatography (CIC), which was cross-calibrated with data
from instrumental neutron activity analysis (INAA) and a noble
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gas technique (NG; Kendrick 2012; Kendrick et al. 2018). Fur-
thermore, secondary ion mass spectrometry (SIMS) was used to
resolve small-scale halogen variations in single PyGM crystals.

MATERIALS AND METHODS

Samples and geological background

The samples for this study originate from the Schwarzwald, southwest Germany
(Fig. 1), a part of the Central European Variscan fold belt composed of crystalline
basement rocks (mainly gneisses and granites), which are overlain by a sequence of
terrestrial and marine sedimentary cover rocks (McCann 2008). The Schwarzwald
hosts more than 1000 hydrothermal veins (Metz and Richter 1957) with a large
variety of mineral assemblages, which have formed continuously between about
310 Ma and today (e.g., Pfaff et al. 2009; Staude et al. 2009; Walter et al. 2016).
The hydrothermal veins most important for the present study consist of galena-
sphalerite(+chalcopyrite)-bearing assemblages, which are commonly embedded
in barite, fluorite, calcite, or quartz.

The PyGM samples investigated in this study are from the entire Schwarzwald
region, with many samples from the Kinzigtal area (central Schwarzwald), the
Miinstertal-Schauinsland-Todtnau region and the area around St. Blasien (southern
Schwarzwald). The samples are from 23 different sites (Fig. 1, Table 1), where
the hydrothermal veins are hosted either by basement granites, schists, rhyolites,
gneisses, and migmatites or quartzitic sandstones of the sedimentary cover. The
samples for this study represent a carefully selected subset of the samples that
were previously analyzed by Markl et al. (2014) for their major and trace element
composition. They comprise a large variety of colors (green, brown, orange, and
yellow) and textures (euhedral, prismatic crystals, microcrystalline needles, spheri-
cal aggregates, as well as crusts and sinters) and cover a broad range of geological,
regional, and compositional variation (Table 1). Based on previous data (Markl et
al. 2014), most samples either show P# (= P/P + As + V) < 0.2 (= mimetite, vana-
dinite) or > 0.8 (= pyromorphite), with only few samples representing intermediate
mineral compositions (Fig. 2).

The current oxidative weathering profile of these ore deposits began to
develop at 12 Ma and is dominated by supergene minerals younger than 3 Ma
(e.g., Hofmann and Eikenberg 1991; Hautmann and Lippolt 2000; Pfaff et al.
2009). The higher areas in the Schwarzwald (including the Feldberg area) were
extensively eroded during the last glacial period (Brook et al. 2000; Morel et al.
2003; Ehlers and Gibbard 2004). Therefore, we assume that PyGM from areas
that are today >900 m above sea level (localities 10-12, 15; Fig. 1; Table 1) were
probably formed in the last 20000 yr. Some samples are demonstrably younger
than 200 yr because they occur as sinters on historic mine walls (localitites 4, 67,
12-13,20-21; Fig. 1, Table 1).

Analytical methods

In total, 41 samples from 23 sites were analyzed with Combustion Ion Chro-
motography (2 vanadinites, 28 pyromorphites including 1 Pb-phosphohedyphane,
and 11 mimetites including 1 mimetite with fluoro-phosphohedyphane zones;
Table 1). A subset of 15 of these samples was analyzed by Secondary lon Mass
Spectrometry (10 pyromorphites including 1 Pb-phosphohedyphane, and 5 mi-
metites including | mimetite with fluoro-phosphohedyphane zones).

Combustion ion chromatography (CIC). CIC is an automated combina-
tion of combustion digestion (pyrohydrolysis) and ion chromatography. This
method was used for the simultaneous determination of halogens (Cl, F, Br, I)
at the Universitdt Tiibingen. A 930 Compact IC Flex chromatograph (Metrohm)
with chemical suppression and a peristaltic pump for regeneration (100 mmol/L
H,SO,) connected to a combustion oven and an autosampler for solid samples
(MMS 5000; Analytik Jena) was used.

For combustion, a mixture of equal amounts (9.9-10.5 mg) of powdered
sample and WO; (99.995%; Aldrich 204781) was inserted into a quartz vial that
was capped on both sides with quartz wool and placed into a glass vessel. The
quartz vials were heated in an extraction line coupled to the IC with a constant
flow of Ar (6.0; 100 mL/min) and O, (5.0; 300 mL/min) to 1050 °C for 12 min,
followed by 10 min of post-combustion and 7 min of cooling. During combus-
tion, a constant water flow (0.2 mL/min) was maintained. The loaded steam was
collected in an absorber module containing 10 mL of 500 pg/g H,O, solution.
After matrix elimination (using a Metrosep A PCC 2 HC/4.0 column) the solu-
tions were injected into the ion chromatograph. For improved detection of Br
and [ in the presence of high amounts of Cl, a Metrosep A Supp 5-250/4.0 (kept
at 55 °C) and a Metrosep A Supp 4/5/4.0 guard column and an eluent consisting
of a mixture of 2 mmol NaOH (suprapure), 1.6 mmol Na,CO; (suprapure), and
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FIGURE 1. Simplified geological overview of the Schwarzwald (SW
Germany). Sample localities 1-23 (for more information refer to Table 1).
Abbreviations: BLZ and BBZ = Badenweiler-Lenzkirch and Baden-
Baden-Gaggenau Zones; CSGC and SSGC = Central and Southern
Schwarzwald Gneiss Complexes. Map modified after Kalt et al. (2000).

5 vol% acetone at a flow rate of 0.7 mL/min was used. This eluent composi-
tion was chosen as it minimized the overlap between the Br and Cl signals and
optimized the simultaneous detection of low Br concentrations (ug/g level) in
the presence of high Cl contents (wt% level). However, a complete separation
of the Br and Cl peaks was impossible to achieve and Br was quantified as a
shoulder peak on the CI signal. For the whole analytical procedure, Millipore
water (18.2 MQ-cm) was used.

For the calibration a primary reference solution was prepared by mixing
single element-solutions of Cl, F, Br, and I (Roth; 1000 mg/L) and a quadratic
6-point-calibration curve that covered the concentrations investigated was con-
structed using the Metrohm intelligent Partial Loop Injection Technique (MiPT).
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Quantification was done using MagIC Net software (Metrohm).

The effective detection limits for powdered samples were about 10-30 pg/g
for F and Cl, about 0.1 pg/g for I, and around 0.3 pg/g for Br. Based on the
frequent analyses of standard solutions and various reference materials (Table
2), relative uncertainties were generally <10% (1o level) for F and Cl, and up to
~20% for Br and I, depending on the concentrations.

Instrumental neutron activity analysis (INAA). For cross-calibration
with the CIC technique, sample PY-1 was analyzed for Br at University of Mas-
sachusetts, Lowell, using Instrumental Neutron Activation Analysis (INAA).
Approximately 200 mg of sample was weighed into an acid-cleaned high-purity
polyethylene vial. The sample was irradiated in-core for 1 h and the nominal
neutron flux was 10" n cm?s™'. Following a 5 to 7 day decay period, the sample
was counted for 10000 s. The 554 and 777 keV y-ray energies (Br-82, half-life
35.3 h) were used for the analytical determinations. The 619 keV y-ray was not
used because of potential interference from the 618.3 keV W-187 y-ray. Peak
areas were determined using Canberra Genie software. Further data reduction
for decay time, flux, and geometry was done using software developed in-house.
The Br concentration was determined by reference to the NIST traceable Dionex
Combined Seven Anion Standard II (Thermo-Scientific).

Noble gas (NG). For three samples (JH-053, JH-128, and PY-1), Cl, Br, and I
contents were determined from 5-30 mg size sample duplicates by the noble gas
method (NG), which enables halogen measurement from irradiation-produced
noble gas proxy isotopes (**Arg, *Arg, ¥Krg,, **Xe)) (e.g., Johnson et al. 2000;
Kendrick 2012). The samples were irradiated for 50 h in the Central Facility of
the research reactor at the McClellan Nuclear Radiation Center, University of
California, Davis, U.S.A., on August 23, 2014 (Irradiation RS#1). The irradiation
was monitored with Hb3Gr (1072 Ma; Roddick 1983) and aliquots of 3 scapolite
gems used as halogen standards (Kendrick 2012; Kendrick et al. 2013). The
samples received a total neutron fluence of 3.7 x 10'® n cm™? with a fast/thermal
ratio of 1 (J =0.0096). Noble gases were extracted from the samples by fusion
at 1500 °C in a tantalum resistance furnace and purified over 40 min on a series
of Zr-Al getter pumps, which removes active gases such as H,0, CO,, and N,.
The purified noble gases were expanded into the MAP-215-50 noble gas mass
spectrometer and sequentially analyzed for isotopes of Ar, Kr, and Xe in peak
jumping mode over a period of 45 min. This technique enables determination of
Br/Cl and I/Cl ratios with analytical precision of 1-2% in a single irradiation.
Scapolite standards calibrated relative to experimentally determined neutron
capture cross sections have long term reproducibility of ~3-5% (1 s.d.) (Kendrick
et al. 2013). However, Cl, Br, and I concentrations are subject to an additional
uncertainty related to mass spectrometer sensitivity, giving a total uncertainty
(accuracy) of ca. £10% relative in concentrations (Kendrick et al. 2018).

Electron probe microanalysis. The composition of the samples analyzed
by SIMS was determined using a JEOL Superprobe JXA-8900RL at the Fach-
bereich Geowissenschaften, Universitit Tiibingen, Germany following the
method described in Markl et al. (2014). Acceleration voltage of the defocused
beam (15 pm diameter) was 20 kV at a beam current of 20 nA. Counting times
for major elements were 16 s for the element peak and 8 s for each background
and for minor elements 30 and 15 s, respectively. The following synthetic and
natural standards were used for calibration: Cas(PO,);(F,Cl) for FKa and CaKa;
CaMgSi,0, for SiKa; UO, for UMa; and V for VKa. To improve the quality of
the analyses, the external standards PY-1 Pbs(PO,);Cl and MIM-1 Pbs(AsO,),;Cl
were used for Pb, P, As, and Cl (see details in Markl et al. 2014). An automatic
@pz correction was applied to all analyses. Peak overlaps of Ca by Pb (Ly 1,
fourth order) and F by P (Ka 1 and 2, third order) were corrected internally.
The detailed WDS configuration, including standards, counting times and the
resulting average detection limits are given in the electronic supplement' ESM 1.

Secondary ion mass spectrometry (SIMS). SIMS analyses were performed
using the Heidelberg Ion Probe (Cameca IMS 1280-HR) at the Institute of Earth
Sciences, Heidelberg University. Cs* ions with a net energy of 23 keV and a
beam current of ~2 nA were focused to ~5 um and rastered over an area of 10
x 10 um. Negative secondary ions were accelerated to 10 keV with an offset of
50 V to the acceleration voltage. The normal incidence electron gun (NEG) was
used to compensate for charge build-up on the samples, which were coated with
~50 nm of gold. The offset of 50 V was also applied to the acceleration voltage
of the NEG. The width of the mass spectrometer’s energy window was set to 40
eV so that secondary ions with a starting energy of 70 + 20 eV were transmitted
(energy filtering to reduce the impact of molecular interferences). The mass
resolving power was set to M/AM = 2200. **CI- [20 s] was detected with the
axial Faraday cup (R = 10"Q) while all other species (**F [40 s], #Ca’’Cl [40
s], ¥'Br [80 s], and I [80 s]) were detected with the axial electron multiplier
in counting mode (the times given in square brackets are the total integration
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TABLE 1. Information about the locality, mineralization type, host rock, methods used, crystal shape, and basic mineralogy of all samples

investigated

No. Locality Samples  Position a.NN Coordination (UTM) Host Rock Mineralization type Method
(m) SIMS  CIC_ EPMA

1 Silberbriinnle JH-078 515 32U 4322715365312 gneiss qtz-ccp-gn-fhi X X
2 Clara JH-087 630 32 U 443346 5359394 gneiss brt-fl-qtz-gn-fhl-ccp X

2 Clara JH-086 630 32U 443346 5359394 gneiss brt-fl-qtz-gn-fhl-ccp X

2 Clara JH-089 630 32U 443346 5359394 gneiss brt-fl-qtz-gn-fhl-ccp X

3 Friedrich-Christian JH-094 500 32 U 445999 5359392 gneiss fl-qtz-gn-ccp X

4 Herrensegen JH-096 500 32U 446018 5359411 gneiss fl-qtz-gn-ccp X X
4 Herrensegen JH-092b 500 32U 446018 5359411 gneiss fl-qtz-gn-ccp X X
4 Herrensegen JH-092a 500 32U 446018 5359411 gneiss fl-qtz-gn-ccp X

4 Herrensegen JH-097a 500 32U 446018 5359411 gneiss fl-qtz-gn-ccp X

5 Erzengel Gabriel JH-079 740 32U 438778 5354736 gneiss fl-brt-qtz-gn X

6 Eichhalde Biberach JH-101 260 32U 426794 5354331 gneiss. granite qtz-sid-fhl-gn-ccp X

7 Michael im Weiler JH-076 370 32U 4234545356116  gneiss. granite brt-qtz-gn-sph-nat.As X

7 Michael im Weiler JH-074 370 32U 4234545356116  gneiss. granite brt-qtz-gn-sph-nat.As X

7 Michael im Weiler JH-077 370 32U 4234545356116  gneiss. granite brt-qtz-gn-sph-nat.As X

8 St. Josefi JH-102 270 32U 422415 5345980 gneiss brt-qtz-gn-sph X

9 Silberloch JH-113 460 32U 419816 5337573 sandstone brt-qtz-gn(-fhl) X

9 Silberloch JH-112 460 32U 419816 5337573 sandstone brt-qtz-gn(-fhl) X

10 Gsprenggang JH-048 1180 32T 416907 5306385 gneiss. migmatite qtz-gn-sph X

1 Willnau JH-045 1120 32T 417456 5304584 migmatite qtz-brt-gn X

12 Kammentobel JH-122b_Q 1320 32T 424654 5303177 migmatite sid/goe-gn X X
12 Kammentobel JH-122b_L 1320 32T 424654 5303177 migmatite sid/goe-gn X X
12 Kammentobel JH-119 1320 32T 424654 5303177 migmatite sid/goe-gn X X X
12 Kammentobel JH-118 1320 32T 424654 5303177 migmatite sid/goe-gn X X X
12 Kammentobel JH-117 1320 32T 424654 5303177 migmatite sid/goe-gn X X X
12 Kammentobel JH-122 1320 32T 424654 5303177 migmatite sid/goe-gn X

12 Kammentobel JH-121 1320 32T 424654 5303177 migmatite sid/goe-gn X

12 Kammentobel JH-120 1320 32T 424654 5303177 migmatite sid/goe-gn X

13 Klopfe JH-127a 700 32T 409466 5303259 migmatite qtz-brt-gn X X
14 Anton Wieden JH-058 820 32T417227 5299318 gneiss. granite fl-brt-qtz-gn-sph(-ccp) X

15 Pfingstsegen (Aitern) JH-066 960 32T 414854 5296459 schist fl-brt-qtz-gn X

16 Karlstollen JH-036 660 32T401019 5294106 schist qtz-brt-gn X

17 Hausbaden JH-017 610 32T 400777 5293817 granite qtz-brt-fl-gn(-sph-ccp) X X X
17 Hausbaden JH-022 610 32T 400777 5293817 granite qtz-brt-fl-gn(-sph-ccp) X

17 Hausbaden JH-020 610 32T400777 5293817 granite qtz-brt-fl-gn(-sph-ccp) X

18 Altemannfels JH-128 610 32T 4007955293679 gneiss. sandstone qtz-brt-gn X X
18 Altemannfels JH-128b 610 32T 400795 5293679 gneiss. sandstone qtz-brt-gn X X
18 Altemannfels JH-128e 610 32T 400795 5293679 gneiss. sandstone qtz-brt-gn X

19  Wilhelminen- stollen JH-028 620 32T 400771 5293509 granite qtz-brt-gn X

19  Wilhelminen- stollen JH-025 620 32T 400771 5293509 granite qtz-brt-gn X

21 Neuhoffnung JH-129b 740 32T 434064 5285952  gneiss. granite  fl-brt-qtz-dol-gn-sph-ccp X X
21 Neuhoffnung JH-129a 740 32T 434064 5285952 gneiss. granite  fl-brt-qtz-dol-gn-sph-ccp X

21 Neuhoffnung JH-011 740 32T 434064 5285952  gneiss. granite  fl-brt-qtz-dol-gn-sph-ccp X

21 Neuhoffnung JH-001 740 32T 434064 5285952  gneiss. granite  fl-brt-qtz-dol-gn-sph-ccp X

21 Neuhoffnung JH-007a 740 32T 434064 5285952 gneiss. granite  fl-brt-qtz-dol-gn-sph-ccp X

21 Neuhoffnung JH-013 740 32T 434064 5285952  gneiss. granite  fl-brt-qtz-dol-gn-sph-ccp X

21 Neuhoffnung JH-002 740 32T 434064 5285952  gneiss. granite  fl-brt-qtz-dol-gn-sph-ccp X

21 Neuhoffnung JH-016 740 32T434064 5285952 gneiss. granite  fl-brt-qtz-dol-gn-sph-ccp X

20 Gottes Ehre. Urberg JH-054 790 32T 4340605286155  gneiss. granite  fl-brt-qtz-dol-gn-sph-ccp X

20 Gottes Ehre. Urberg JH-005 790 32T 4340605286155  gneiss. granite  fl-brt-qtz-dol-gn-sph-ccp X

22 Segalen JH-114 700 32T 439729 5283604 rhyolite fl-brt-qtz-gn X X
23 Osterzeitstollen JH-053 1040 32T4177125306115  gneiss. granite X X

times). Prior to each analysis, the sample was sputtered for 90 s with a raster
size of 15 um and the analysis started after a sputter time of ~190 s. There were
two significant molecular interferences: *'P'°0,'*0 and *Ca*’Cl on *'Br. The first
was fully resolved while the latter would have required a very high MRP (mass
resolving power) of ~15 900 and was not resolved. To correct for the contribution
of #Ca’’Cl on the *'Br peak the “’Ca*’Cl intensity was extrapolated to “Ca*’Cl and
subtracted (Marks et al. 2012). This resulted in relative corrections of 0 to —13%.

The samples showed a strong increase of the halogen ion count rates during
sputtering, as shown in Figure 3a for sample PY-1. The increase of the count
rates is very similar for all halogens, which results in reasonably constant ratios
(Fig. 3b). For comparison, results using the same analytical setup are shown for
an obsidian glass (Pichavant et al. 1987) in Figures 3¢ and 3d. This glass (and
other glasses) did not show this increase of halogen count rates. Because the count
rates of all halogens increase simultaneously, Cl (major element in all samples
investigated) was chosen as a reference element. P was taken into consideration
but showed a completely different behavior over sputter time.

Halogen reference materials or standards for SIMS are in short supply (e.g.,
Marks et al. 2017; Kendrick et al. 2018) and is even worse for exotic minerals
like PyGMs: there are no reference materials with a remotely similar matrix.

American Mineralogist, vol. 104, 2019

(Table extends on next page)

For further detailed studies on such materials, it is desirable to produce matrix-
matched synthetic reference materials with known concentrations of the halogens.
The ion yields (RIY) of F, Br, and I relative to Cl1 were therefore determined on
samples JH-053, JH-128, and PY-1 using data from the other analytical methods.
The results are presented in the electronic supplement' 2. The mean value of the
RIYs on these three reference samples was used to quantify the halogens in the
unknown samples. It is currently not clear whether the high variation in the RIYs is
caused by matrix effects, by the inhomogeneity of the reference samples, or other
unknown factors. The accuracy of the SIMS data is therefore semi-quantitative at
best. This should however not affect the data on relative halogen incorporation
within one sample, which was the goal of the SIMS analyses.

RESULTS

Consistency of the data set

Three samples (PY-1, JH-053, and JH-128) have been
analyzed by EPMA (Markl et al. 2014 and this study), NG
(this study) and INAA (only PY-1, this study) for testing the
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TABLE 1. —EXTENDED

No. zoned  Shape #Ca #P Color Mineral
1 X crystalline  0.13 0.95 green pym
2 crystalline  0.04 1.00 green pym
2 crystalline  0.01 0.92 yellow- orange pym
2 crystalline  0.00 0.02 orange mim
3 crystalline  0.01 1.00 green pym
4 X spherical 0.16 0.98 green pym
4 X crystalline  0.10 0.99 green pym
4 crust 0.03 1.00 green pym
4 crystalline  0.00 1.00 green pym
5 crystalline  0.00 0.98 green pym
6 crust 0.19 1.00 green pym- p.hed
7 crystalline  0.00 0.15 orange mim
7 crust 0.00 0.82 orange pym
7 crystalline  0.00 0.00 yellow mim
8 crystalline  0.00 0.52 green mim
9 crystalline  0.07 0.95 green pym
9 crystalline  0.02 0.93 yellow pym
10 spherical 0.02 1.00 green pym
1 crystalline  0.00 1.00 green pym
12 crystalline  0.00 1.00 green pym
12 crystalline  0.00 1.00 green pym
12 crystalline  0.00 1.00 yellow- green pym
12 X crust 0.04 1.00  yellow-green pym
12 crust 0.00 1.00 yellow- brown pym
12 crystalline  0.00 1.00 green pym
12 X crystalline  0.03 1.00  yellow-green pym
12 crust 0.00 1.00 green pym
13 X crust 0.19 0.99 green-gray pym- Pb p.hed
14 crystalline  0.01 0.04 yellow mim
15 crystalline  0.01 0.92 green pym
16 spherical 0.05 0.05 orange mim
17 X spherical 0.01-0.40 0.05-0.99 orange mim- p.hed
17 spherical 0.05 0.19 yellow mim
17 crystalline  0.14 1.00 green pym
18 spherical orange mim
18 X spherical 0.11 0.1 orange mim
18 spherical 0.10 0.09 orange mim
19 crystalline  0.07 0.99  vyellow-green pym
19 crystalline  0.10 0.89 orange pym
21 X spherical 0.11 0.59 green- gray mim
21 spherical 0.03 0.43 orange mim
21 crust 0.01 0.95 orange pym
21 spherical 0.11 0.97 green pym
21 crystalline  0.00 0.99 green pym
21 crystalline  0.03 1.00 green pym
21 crystalline  0.04 0.99 yellow-green pym
21 crystalline  0.02 0.96 yellow pym
20 crystalline  0.00 0.04 red-brown van
20 spherical 0.01 0.01 yellow mim
22 X crust 0.08 0.24 yellow mim
23 crystalline  0.00 0.07 brown van

accuracy of the CIC method. The mean Cl concentrations based
on CIC and EPMA data for PY-1, JH-053, and JH-128 show a
maximum relative difference of 3%, demonstrating the consis-
tency between these two methods (Fig. 4; Table 2). For most
samples investigated during this study, Cl contents determined
by EPMA and CIC overlap within uncertainty (Fig. 4). Note that
the relatively large range of EPMA data for some of the samples
indicates strong compositional zonation, which is not mirrored
in the CIC data, which derive from much larger bulk sample
amounts. A few samples show higher EPMA than CIC-derived
CI concentrations (Fig. 4), which can, however, not be traced
back to especially strong zonation in these samples. Accord-
ingly, the reason for this observation remains unclear. The CIC
determinations agreed within a 90% confidence interval with the
electron microprobe results. In comparison, NG-derived Cl data
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are 2—5% higher than the CIC data (Table 2). The Br contents
obtained by the NG method for PY-1, JH-128, and JH-053 are
20-30 rel% higher than those obtained by CIC and 17 rel% lower
than those obtained by INAA (PY-1 only) (Table 2). This scat-
ter is partly a function of the different standardization protocols
(see methods) but may also indicate that the separation of the
Br from the dominating Cl peak during ion chromatography
was not perfect (see above). Note, however, that CIC results for
other reference materials such as granite and basalt are within
the reported literature values (Table 2).

Iodine concentrations obtained by the NG and CIC methods
are within 24 rel% of one another for JH53 and consistent for
sample JH128 in which I was below the CIC detection limit.
However, the I concentration obtained by the NG method for
sample PY-1 is about twice the one obtained by CIC (Table 2).

The SIMS data indicate that small-scale heterogeneities in
Br and I concentrations are present in many of the investigated
samples. Therefore, sample heterogeneity may contribute to
the different results obtained from the different techniques.
The sample masses of ~10 mg for CIC and 5-30 mg for the
NG method overlap and sample duplicates analyzed by the NG
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FIGURE 2. Ternary diagram showing the sample classification of
the pyromorphite-group minerals, n = number of analyzed samples. (a)
All analyses of this study plotted in the ternary diagram pyromorphite-
vanadinite-mimetite. The color-coding refers to the three distinguished
crystal shapes. (b) The same analyses plotted in the trapezoid
pyromorphite-phosphohedyphane-mimetite-hedyphane.
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TABLE 2. Internal reference material of samples JH-053, JH-128, and PY-

EPP ET AL.: THE HALOGEN (CL,F,BR,I) INCORPORATION IN PyGMs

1 characterized by different methods

Sample  Mineral/sample type  Method Cl (wt%) Br (ug/q) 1 (ug/g)
mean 10 mean min max 10 mean min max 10
JHO053 vanadinite NG 2.68 0.1 19.3 0.3 0.72 0.01
EPMA 234 0.07
cic 237 0.07 13.13 0.8 0.86 0.3
SIMS 2686  23.99 3427 335 0.58 0.35 080 0.17
JH 128 mimetite NG 2.82 0.1 6.46 0.1 0.065 0.002
EPMA 245 0.19
CIC 243 0.057 4.53 0.32 b.d.l. b.d.l.
SIMS 8.11 7.65 8.62 0.40 0.10 0.08 0.17 0.04
PY-1 pyromorphite NG 2.8 0.1 215 0.03 3.2 0.1
EPMA 2.54 0.19
INAA 23 0.12
CIC 2.46 0.06 1.63 0.15 1.34 0.1
SIMS 0.82 0.66 1.02 0.13 3.09 1.70 3.83 0.84

method were reproduced at the 3% level for Cl, 0.3-9% for Br
and 1-21% for I, with the greatest heterogeneity indicated for the
duplicate pair including the smallest sample aliquot (Table 2).
Further work to cross-calibrate these techniques is desirable.
However, given the demonstrable heterogeneity of the sample
material (and the orders of magnitude variation in halogen abun-
dances in natural materials), these results provide confidence that
the CIC results reported below are meaningful.

Bulk halogen (Cl, F, Br, I) contents

The EPMA and CIC data indicate that the samples contain
between 1.9 and 2.5 wt% Cl and generally <0.3 wt% F (Table 3).
An exceptionally high F content of 1 wt% was determined in
sample JH-001, where fluorite occurs as a gangue mineral. Al-
though pyromorphite (JH-101) and mimetite (JH-017) contain
fluoro-phosphohedyphane zones, they do not have exceptionally
high bulk F contents, as these zones are only up to 100 um thick
and are therefore too small to influence the bulk data. Bulk Br
contents are highly variable and range from 0.3 to 20 pg/g, as do
I contents, which vary from <0.1 to 26 pg/g (Table 3).

Pyromorphite PY-1

The contents of F, Br, and I correlate strongly with the major
element composition (Fig. 5): pyromorphite samples (P# > 0.6)
reach high levels of F and show only low Br contents (<5 pg/g).
In contrast, mimetite (P# < 0.4) and vanadinite reach the highest
Br contents but contain only little F (generally <500 pg/g) and
1 (<2 pg/g). Mimetite with phosphohedyphane zones shows the
same systematics as mimetite, and pyromorphite with phospho-
hedyphane zones the same as pyromorphite (Fig. 5).

Spatially resolved halogen data

The samples analyzed by SIMS and EPMA do not show large
variations on the A site, with P# [P/(P+As+V)] in pyromorphites
ranging from 0.98 to 1 and between 0.0 to 0.2 in mimetites. The
visible zonation in BSE images (Figs. 6 and 7) is mainly due to
variations in Pb and Ca (Supplemental' Table S1).

Type-A samples do not show any obvious zonation patterns
in BSE images. The example shown in Figure 6a has a constant
Pb# of 1.00 and shows increasing Br/I from core (0.4) to rim
(5.0), due to increasing Br contents. A similar trend is visible
in the F/Cl ratio (0.001 to 0.004), because Cl slightly decreases
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FIGURE 4. Method comparison between the electron microprobe
analyses and the combustion ion chromatography with respect to the Cl
content (in wt%). The Cl content of all CIC analyses and the appropriate
Cl content determined with the EPMA. Black circles show the three
standard materials; JH-128 = mimetite, JH-053 = vanadinite, PY-1 =
pyromorphite. Black vertical lines show the maximum Cl-content that
can be theoretically incorporated into the three end-members. The color-
coding refers to different host rocks and the shapes to different minerals.
Vertical bars show the minimum and maximum detected Cl content with
the EPMA, and each symbol represents the mean value. Vertical black
bar = 1o uncertainty EPMA, horizontal black bar = 16 uncertainty CIC.

toward the rim, whereas F increases (Fig. 6a).

Type B samples (Fig. 6b) show dark and relatively Ca-rich
areas (Ca# 0.2-0.25) and brighter, relatively Ca-poor areas (Ca#
0.01). In the example shown, the brightest area has the lowest
F/C1(0.01), but the highest Br/I ratio (0.11) due to relatively low
F (200 pg/g) and I (15 pg/g) contents. In the remaining parts of
this sample, non-systematic variations of all four halogens oc-
cur, with remarkably high I contents (up to 35 pg/g) relative to
Br (1-2 pg/g) (Fig. 6b).

Type C samples show clear halogen variations from internal
(relatively old) to external (relatively younger) zones (Figs. 6c,
7a, and 7b). In pyromorphite JH-118, F (from 400 to 17 pg/g),
Br (from 2.3 to 0.6 pg/g), and I (from 2 to 0.08 pg/g) contents
decrease from core to rim, resulting in increasing Br/I but de-
creasing F/CI and Br/Cl ratios in the same direction (Fig. 6c¢).
In pyromorphite JH-078, no systematic halogen variations from
core to rim are evident and Br/Cl, Br/I, and F/Cl ratios scatter in
an unsystematic way (Fig. 7a). Halogen variations in mimetite
JH-114 (Fig. 7b) are less compared to pyromorphites JH-118
(Fig. 6¢) and JH-078 (Fig. 7a), whereas F, Br, and I contents are
relatively constant in most of the sample. A later overgrowth
shows higher F and I but lower Br contents. This results in dis-
tinctly higher F/Cl and lower Br/I and Br/Cl ratios.
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DISCUSSION

Based on our results using different analytical techniques, we
are able to distinguish different types of halogen incorporation
(1) into different PyGMs in general, and (2) into specific zones
of individual crystals.

Crystal chemical controls on the incorporation of F, Br,
and I in pyromorphite-group minerals

The experimental study of Wondratschek (1963) showed that
the incorporation of Cl, F, and Br into PyGM is thermodynami-
cally stable. In his study, Cl-, F-, and Br-PyGM end-members
were synthesized, but the synthesis of the I-pyromorphite
end-member was not successful (Wondratschek 1963). In natu-
ral PyGM, Cl is by far the most abundant halogen (we found a
minimum concentration of 1.9 wt% in our samples), probably
because Cl is the dominant halogen in basically all natural fluids
(Cicerone 1981; Neal et al. 2010; G6b et al. 2013). Flis et al.
(2011) synthesized several solid solution compositions of the
pyromorphite-mimetite series with variable P/As ratios. The P/A
ratios of initial fluid and final solid composition were identical,
which implies that no fractionation of P and As occurs between
fluid and solid phases. In other words, PyGM P/As ratios reflect
the P/As ratio of the fluid they crystallized from. In the following,
we assume that this is also true for the halogens, but we stress
that this is just an assumption. We believe that this assumption
is reasonable, as the halogens (except for Cl) are trace elements
in natural fluids and, hence, Henry’s law applies. Hence, we
suggest that the relation of halogen content and major element
composition of the analyzed PyGM sheds light on the relative
preferred incorporation of the different halogens into the different
PyGMs, although the actual abundance of the halogens in the
PyGM-forming fluid is unknown.

The halogen site of a Ca-poor PyGM is preferentially occu-
pied by Cl relative to F, because compositions close to PbsA;L
have larger unit-cell dimensions than compositions such as
Ca,Pb;A;L, and because larger unit-cell dimensions favor the
incorporation of the halogen with the larger ionic radius (Markl
et al. 2014; Pasero et al. 2010). This explains why hedyphane
samples (Ca-rich compared to the “standard” PyGM), which
have smaller unit-cell dimensions, incorporate greater amounts
of F than, e.g., pyromorphite or mimetite. This is supported by
the occurrence of phosphohedyphane (Ca-rich), which is the
only naturally occurring F-dominated end-member (Pasero et
al. 2010; Kampf and Housley 2011). It is also illustrated by
sample JH-127 in which the highest F content correlates with
the highest Ca# (Fig. 6b).

On the other hand, the highest I content (the halogen with
the largest ionic radius) was also detected in hedyphane zones
(Supplemental' Table S1), which implies that halogen incorpora-
tion is not only dependent on the occupation of the Pb-Ca site
in the PyGM crystal. Furthermore, we observed that the degree
of Br and I substitution correlates with the P/(P+As) ratio of the
PyGMs (Fig. 5 and 8): higher P/(P+As) ratios favor substitution
by I. The explanation for the observed data is, however, difficult,
and simple crystallographic arguments do not suffice. Arsenic
(As®) has an effective ionic radius of 0.335 A and vanadium
(V**) 0f 0.355 A, whereas phosphorous (P5*) has an ionic radius
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TABLE 3. All combustion ion chromatography analyses and important EPMA data

EPMA CIC
apfu
Sample P As V Pb Ca Cl (Wt%) Cl (wt%) Br (ug/g) F (ng/9) 1(ug/g) Cl/Brratio o (%) F/Clratio o (%) Br/lratio (%)
mean min max
JH-001 29 01 00 45 06 246 241 252 2.11+0.06 0.60 + 0.35 9668.60 +4177.81 461 £046 35184.67 0.58 046 043 0.13 0.59
JH-002 29 00 00 49 02 238 230 250 227 +0.07 130 £0.17 101037 +257.67 256 +0.10 17456.51 0.14 004 0.26 051 0.4
JH-005 00 29 00 51 00 202 202 202 206=+0.05 10.33 = 2.08 90.73 + 14.88 0.00 +0.00 1995.62 0.20 0.00 017 0.00 0.00
JH-007a 29 0.0 0.0 51 00 229 218 238 222+005 140 +0.53 877.70 +208.82 528 +£0.18 1582540 038 004 024 0.27 038
JH-011 27 01 00 53 00 181 174 187 1.94+0.04 423 +0.84 2815.70 +884.70 097 +035 457491 0.20 0.15 037 437 0.21
JH-013 29 00 00 49 01 263 258 265 249008 0.85 +0.21 666.10 +£164.63 2570 £0.52 29243.80 0.25 003 025 0.03 0.25
JH-016 28 01 00 50 0.1 249 245 253 240+0.06 0.97 £ 0.15 613.07 +137.12 0.85 +0.07 2483148 0.16 003 023 114 0.8
JH-017 03 26 00 50 01 229 226 234 2.11+£0.05 3.97 £0.23 2197.37 +788.82 228 +034 5316.19 0.06 0.10 0.36 174 0.6
JH-020 30 00 00 44 07 217 173 241 242+0.07 0.73 £ 047 111270 +£331.76 13.28 £0.21 32937.18 0.65 005 030 0.06 0.64
JH-022 06 24 00 48 02 234 227 234 227+0.05 4.53 +0.29 207.93 + 2585 0.41 +0.00 5015.78 0.07 001 0.13 1114 0.00
JH-025 26 03 00 46 05 247 242 252 247 +£0.07 1.07 £0.23 385.17 +£7233 631 £0.27 2311441 022 0.02 0.19 0.17 022
JH-028b 29 00 0.0 47 04 249 242 254 243+007 035 £ 035 76.23 £ 3.56 031 +£0.00 69370.86 1.01 0.00 0.05 1.14 0.00
JH-036 02 28 00 48 02 230 228 231 229+0.06 520 £0.17 17147 +19.06 050 +0.14 4410.15 0.04 001 0.11 1036 0.29
JH-045 29 00 00 51 00 252 252 253 241007 0.83 +£0.29 79.60 + 235 0.67 +0.07 28887.12 035 0.00 0.04 125 036
JH-048 29 00 00 50 01 243 210 258 220*0.06 1.00 +0.28 16590 + 1290 0.19 +£0.00 22005.67 0.28 0.01 0.08 526 0.00
JH-053 02 02 23 53 00 234 220 242 237+0.08 13.13 £0.76 3490 * 9.71 0.86 +0.38 1802.53 0.07 000 0.28 1531 044
JH-054 01 03 23 53 00 231 223 237 222+006 1177 £147 5926.77 £2512.50 0.00 +0.00 1883.60 0.13 027 042 0.00 0.00
JH-058 01 29 00 50 00 232 216 242 233%1.14 14.00 * 0.66 183.70 + 16.20 0.00 +0.00 1664.24 0.74 001 074 0.00 0.00
JH-066 26 02 00 51 01 220 219 221 212+0.05 1.03 +0.76 1250.23 +379.91 046 +0.00 20486.94 0.74 006 0.30 224 0.00
JH-074 23 05 00 52 00 249 246 251 2.16+0.06 233 £ 055 36.17 + 444 320 +0.21 9277.27 0.24 0.00 0.13 073 025
JH-076 05 25 00 51 00 234 224 246 203005 1243 £ 0.76 51.80 * 852 0.00 +0.00 1631.12 0.07 000 0.17 0.00 0.00
JH-077 00 3.0 00 51 00 232 228 236 216+0.07 2023 +145 5230 + 9.75 0.00 +0.00 1068.89 0.08 0.00 0.19 0.00 0.00
JH-079 28 00 00 51 00 246 238 256 2.34+0.07 1.87 £0.21 315143 £122335 3.86 £0.06 1254152 0.12 0.13 039 048 0.11
JH-086 27 02 00 50 01 254 251 259 242+0.07 0.90 +0.52 39463 + 83.39 0.70 £0.15 26930.56 0.58 002 021 128 0.61
JH-087 29 00 00 49 02 256 246 264 238+0.07 1.10 £ 0.36 5851.77 +244242 3.14 £0.14 21617.00 0.33 025 042 035 033
JH-089 0.1 3.0 00 50 00 243 242 246 228+0.04 1.20 +0.98 40343 + 33.64 095 +£0.00 19040.89 0.82 0.02 0.09 1.26 0.00
JH-092a 28 0.0 00 50 02 249 243 257 240+0.07 117 £0.23 5953 = 241 0.61 +£0.03 20580.17 0.20 0.00 0.05 190 0.20
JH-094 28 00 00 51 00 254 246 259 234+0.09 1.03 +0.21 366.13 =+ 47.74 240 +£043 22642.23 0.20 002 0.14 043 027
JH-097a 29 0.0 0.0 52 00 237 225 250 237+0.08 140 +0.26 7357 £ 1.70 0.80 +0.00 16910.79 0.19 0.00 0.04 176 0.19
JH-101 29 00 00 42 10 270 263 274 250%0.08 0.73 £ 047 143.07 + 1337 122 £0.07 34088.59 0.65 0.01 0.10 0.60 0.65
JH-102 15 14 00 51 0.0 238 237 239 207+006 1083 +0.55 105.27 + 6.68 149 £0.15 1915.05 0.06 0.01 0.07 728 0.12
JH-112 27 02 00 50 0.1 249 246 256 248 +£0.07 1.40 +0.56 47.00 = 4.00 934 +£0.98 17709.93 0.40 0.00 0.09 0.15 041
JH-113 27 01 00 48 04 259 247 275 251x007 1.73 £ 031 5137 £ 3.49 10.08 £0.26 1445356 0.18 0.00 0.07 0.17 0.8
JH-117 28 00 00 52 00 221 213 234 1.97+0.04 1.00 +0.10 239.90 + 2345 287 +£0.06 1974540 0.05 0.01 0.12 035 0.05
JH-118 29 00 00 50 02 238 220 256 2.32+0.06 0.53 + 045 189.30 + 1842 113 £0.27 4351331 0.85 0.01 0.10 047 0.88
JH-119 29 00 00 52 00 239 233 243 221x0.06 117 £0.23 12943 £ 9.13 262 +£0.17 18937.26 0.20 0.01 0.08 0.44 0.21
JH-120 242 +£0.07 093 +0.38 11143 + 673 175 £039 25933.61 041 0.00 0.07 0.53 046
JH-121 29 00 00 50 02 234 215 253 231+£0.06 0.90 +0.26 11257 + 755 253 +£0.13  25709.33 0.30 0.00 0.07 036 0.30
JH-122 28 00 00 52 00 243 237 248 228+0.06 1.03 £ 0.15 86.33 + 276 0.12 £0.00 22087.39 0.15 0.00 0.04 833 0.00
JH-128¢ 03 27 0.0 46 05 238 233 242 234+0.06 437 +£0.21 13327 + 987 0.00 +0.00 535443 0.05 0.01 0.08 0.00 0.00
JH-129a 13 1.7 0.0 49 02 215 197 226 2.20+0.06 497 + 047 346.90 * 62.57 0.89 +0.39 442226 0.10 0.02 0.18 558 0.44
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FIGURE 5. (a) Bromine vs. iodine and (b) bromine vs. fluorine content, respectively, of all CIC analyses. The symbols refer to different minerals,
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of only 0.17 A (Shannon 1976; Flis et al. 2010). Thus, mimetite
and vanadinite have similar and larger unit-cell volumes than
pyromorphite, correlating with significantly longer B-O (B =As,
V, P) bond lengths that increase linearly with cell volume (e.g.,
Shannon 1976; Dai and Hughes 1989; Okudera 2013). Further-
more, the polyhedral volume of the Cl site in the Pb2, octahedron
is smaller in pyromorphite (40.1 A%) compared to mimetite
(41.9 A% and vanadinite (42.0 A%) (Okudera 2013). Hence, Br
(which has a smaller ionic radius than I) should be preferentially
incorporated (relative) in pyromorphite and I preferentially in-
corporated in mimetite and vanadinite. However, the opposite
is observed: pyromorphite has higher I concentrations (Fig. 9).

If, crystallography does not explain the observed incorpora-
tion patterns, they could be a function of the composition of
the fluid from which the PyGMs crystallize. In this case, we
would have to assume that fluid composition alternates (see e.g.,
Fig. 7b) between P-dominated/I-rich and As-dominated/Br-rich
end-members. Based on the experiments of Flis et al. (2011) that
imply that the PyGM mirrors the composition of the coexisting
fluid the resulting minerals would be I-rich pyromorphite and
Br-rich mimetite. This is the case in sample JH 114 (Fig. 7b),
where the core is Br-rich mimetite, whereas the outer rim is I-rich

JH-122b L

1681

pyromorphite. This sample clearly records a drastic change of
the fluid chemistry with time. Arsenic in the fluid mainly derives
from weathering of vein and host rock minerals (Basu and Sch-
reiber 2013), whereas the primary P source has microbial origin,
i.e., plant litter from topsoil horizons (Burmann et al. 2013). This
distinction would imply that different fluid pathways of differ-
ent initial fluid sources would lead to either pyromorphite or
mimetite precipitation. The positive correlation of pyromorphite
with I and of mimetite with Br indicates that not only P and As
have different sources, but also I and Br are derived from different
reservoirs. This is surprising, as both halogens are believed to be
“biophilic” (Fuge 1988), and we have no explanation so far for
this observation. However, not only the initial source but also
the amount of available As or P at the time of PyGM formation
determines which PyGM precipitates.

Possible parameters influencing the formation of
pyromorphite-group minerals

Minor variations of the major element composition in single
PyGM crystals can be explained by relatively constant boundary
conditions during their formation. It seems unlikely to us that
factors such as weathering of the host rock or fluid pathways
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FIGURE 6. BSE images of (a) a macro- and microscopic non-zoned crystal, (b) a patchy zoned crystal, and (c) a crystal with growth zoning
combined with spatially resolved SIMS halogen data. Halogen ratios and absolute element concentrations are shown. Black vertical bars show
average 1o uncertainties of all measurements. Variations in grayscale in the BSE images are due to variations in Pb content.

Bereitgestellt von | Univergliataoilinlah 50096y, 2019

Angemeldet | tatjanaepp@web.de Autorenexemplar
Heruntergeladen am | 04.11.19 12:29



1682

#P 0.850-0.960

EPP ET AL.: THE HALOGEN (CL,F,BR,I) INCORPORATION IN PyGMs

5.0
4.0

3.0

Br/l

20 ° °
0.01 - =

0.005 [ ) °

F/Cl

0.001 L]
0.25 @

0.20

Br/CIx10°
e

0.15 © )

20 4 @

lugg")
i

40 41 @

30 4 °

150 °

100 = © L4

50 A e ®
0.0
25 T
20

F(ugg') Br(pgg’)

5} @ @ ) ® 6}
@

Cl (wt %)

1.5

) 1 2 3 4 5 6 7
rim core
#Pb084 086 082 075 089 096 0.99
#P 098 098 098 098 097 092 085

[ ] ® ® [ ® L J
10
< [ ]
] 1 o
0.1
001 #P 0.1-0.2 #P 0.4-0.85
0.1 L4
o o °
— 001
v
T o ° o o
0.001
o8 o)
S 06 @
x
S 04
¥ e o o °
@ 0.2 1 )
0.0 °
LJ
~ 20 A
@ M °
2 10
= 00 P Py Py r'Y ([ ] e
z 15 ° o
10
o
E ° ° e ©
e 5 1 °
a °
0.0 _
@ 2000
2 00 {1, o ®
w = a
] oo e o
- ]e
g 22 ! ° °
21 e
[l
20 Ta 16 22 26 3 4 5 6
core rim late overgrowth

#Pb0.83 0.84 095 097 099 095 099 0.88
#P 0.13 0.14 0.14 0.10 0.09 0.03 034 091
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the BSE images are due to variations in Pb content.

change abruptly on such relatively short timescales.

However, trace elements are more prone to small scale
processes in the environment and compositional zonation pro-
vides details about the crystal’s formation environment and the
evolution of the environmental parameters. This is comparable
to zoned crystals in magmatic, metamorphic, and hydrothermal
systems (Harlov et al. 2005; Boyce and Hervig 2009; Webster
and Piccoli 2015).

The composition of a mineral in equilibrium with a fluid is
determined by external physico-chemical parameters such as
temperature, pressure, and fluid composition. Due to the shallow
formation depth of the PyGM, temperature, and pressure can be
assumed to be relatively constant for individual crystals and thus,
the fractionation factor for individual elements between fluid
and mineral should be relatively constant throughout the crystal-
lization of individual mineral aggregates. For instance, it is well

American Mineralogist, vol. 104, 2019

known that the temperature in shallow underground workings at
dozens to a hundred meters’ depth is basically constant and is
identical to the annual mean temperature at the surface. The effect
of temperature may only be important when different localities
are compared. For example the mean annual temperature in the
Rhine valley is close to 20 °C while the highest Schwarzwald
peaks have a mean annual temperature of 5 °C.

We suggest that the halogen variations within single PyGM
crystals and aggregates reflect the compositional evolution of
the fluid from which they precipitated. The composition of fluids
from which secondary/supergene mineral phases are formed
within the oxidation zone of ore deposits is initially governed
by the composition of the precipitation. However, halogen input
by rainfall is not a major contributor to halogen concentrations
in the soil or vegetation (Lovett et al. 2005), but the amount of
water that is available to leach rocks has an influence on the
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(2012), SIMS; *Kusebauch et al. (2015b), SIMS; '°’Lag and Steinnes (1976); ''Seelig and Bucher (2010); ?Gob et al. (2013), samples from Germany;
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higher element content. Dashed lines mark samples with either F or Cl as dominating halogen. (a) Increasing Br content with decreasing P# and
slightly increasing Pb#. (b) Increasing I content with increasing P# and slightly decreasing Pb#.

process of chemical weathering of minerals (Carroll 2012). If
the principle of lower fluid/rock ratios resulting in lower release
rate, but higher halogen concentrations in the fluid (Huang et
al. 1986; Burisch et al. 2016) is applied to halogen release by
weathering of minerals, higher rainfall rates lead to a decrease
in halogen concentrations of the fluid, i.e., the soil solution,
which in turn results in variable halogen content among distinct
growth zones of PyGM.

Halogens as a tracer: Halogen variations independent of
major element composition

Pyromorphite and mimetite crystals can be strongly zoned
with respect to their halogen contents (Figs. 6a—6c, 7a, and 7b).
Because zoning can be found in crystals with a constant major
element composition (P# and Ca#), exclusively crystallographic
reasons can be excluded, and an additional process needs to be
invoked. Individual growth zones in PyGM have been interpreted
to represent single episodes of fluid flow and related weathering
reactions (e.g., Markl et al. 2014), and it has been shown that
there are still active processes of PyGM crystallization on the
walls of some underground workings and in medieval dumps
(Burmann et al. 2013). Thus, small variations in the environ-
mental conditions during PyGM formation, such as availability
of halogens or other physico-chemical parameters, can affect
halogen incorporation.

Potential halogen sources for PyGM formation include soil,
rock, and rainwater. The halogen contents in these environmental
components are known in very different detail and vary greatly
(Fig. 8, Table 4). In general, on Earth F and Cl have similar abun-
dance (Kabata-Pendias 2011), but Cl is the dominant halogen in
different types of waters, rocks, and soils (similar as in PyGM)
although some rock types like, e.g., evolved leucogranites contain
more F than Cl (Table 4).

The highest Cl concentrations in surface waters are observed
in seawater (18 800 mg/L) and geothermal waters (1070 mg/L;
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Table 4). Rain and creek water contain Cl concentrations be-
tween 0.07 and 8.16 mg/L. In soils (depending on soil type and
sampling depth), CI concentrations are highly variable, with
maximum Cl concentrations (up to 1200 mg/kg) in the humus
layer of a forest soil (Table 4). Whole-rock analyses from vari-
ous igneous, metamorphic, and sedimentary rock types show
variable Cl concentrations but are similar to the range observed
in the soils (Table 4).

Comprehensive data sets that include CI, F, Br, and I content
for the different geochemical reservoirs are sparse (Table 4).
However, different reservoirs can be distinguished according to
their Br/Cl, I/Cl, and F/Cl ratio (Figs. 8a—8c). The range of halo-
gen ratios in PyGM compared to other known rocks, minerals,
and fluids show that the Br/Cl ratios are notably lower in PyGM
(Figs. 8a—8c), suggesting that Br is preferentially excluded from
PyGM formation relative to Cl. The low Br/Cl ratios of PyGM
partly overlap with those of F-apatite and to some extend with
mica, mine, and thermal waters (Fig. 8a). Considering Br/Cl vs.
I/Cl ratios mimetite data fall in the amphibole field (Fig. 8b),
whereas pyromorphites, phosphoheyphanes, and vandadinites
do not overlap with any of the known data. One phosphohedy-
phane outlier lies within the marine pore fluids reservoir due to
extremely high Br and I concentrations (Fig. 8b), reflecting a
possible organic contamination. When comparing F/Cl and I/Cl1
ratios, PyGM ratios partly overlap with amphibole, Cl-apatite
and OH-apatite (Fig. 8c). However, F/Cl ratios of PyGM are
distinctly lower compared to the other reservoirs, showing that
the main distinctive feature are not I/Cl ratios but Br/Cl and F/C1
ratios (Figs. 8a—8c). Vanadinite has a F/Cl ratio comparable to
seawater but an orders of magnitude higher I/Cl ratio (Fig. 8c).

The variations in halogen concentrations within and between
the different geochemical reservoirs are attributed to a combina-
tion of complex abiotic and biotic processes. For example, the
initial halogen composition of rainwater is altered during seepage
through the organic layer on top of the mineral soil, underlying
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mineral soil horizons and the host rock. Because (sub-)surface
fluids are involved in the precipitation of PyGM, the halogen
cycle in combination with the H,O cycle has to be considered
to understand variations in halogen availability during mineral
formation.

The composition and seasonality of local rainfall are subordi-
nately relevant due to its low halogen content; more important is
its influence on the intensity of host rock alteration. The halogen
composition of rainwater has been shown to fluctuate (Yuita et
al. 2006). Absolute I concentrations in rain vary, depending on
seasonal changes in rainfall frequency and intensity. Furthermore,
rainwater in continental sites has lower halogen concentrations
than coastal sites (Fuge 1988). Higher Br/Cl and I/Cl ratios were
reported for inland areas (Fuge 1988; Neal et al. 2010) due to the
relative enrichment of Br and I. After precipitation, the initial
halogen content in the rainwater can be altered by vegetation, as
plants commonly take up growth-relevant elements through the
roots and thus increase the Cl concentrations in plant tissue and

in throughfall relative to directly incident rainfall (Lovett et al.
2005; Oelmann et al. 2007). The impact of vegetation on through-
fall is, however, negligible compared to other processes, because
the Cl in the soil solution is primarily derived from weathering
and not from rainfall (Lovett et al. 2005; Svensson et al. 2012).
Halogens (Cl and Br) were regarded in the past as conservative
tracers in fluid-involving processes in soils and upper crustal
rocks (Oberg and Sandén 2005). There is increasing evidence that
halides serve as important nutrients and are therefore actively be-
ing cycled by plants and microorganisms (Leri and Myneni 2012;
Oberg and Bastviken 2012). Furthermore, evapotranspiration has
an influence on downward water fluxes (Oelmann et al. 2007),
because increased evapotranspiration leads to a limited transport
of water in soil (Johansson et al. 2003 and references therein).
Thus, it is likely that the effect of evaporation has an impact on
halogen incorporation. Vegetation density and vegetation type
may also influence halogen input into the soil to various extent
(e.g., Lag and Steinnes 1976).

TABLE 4. Halogen data compilation in water, soil, rocks and vegetation, b.d.l. = below the detection limit

Sample type Region Absolute concentration (mg/kg, L) Reference
Cl F Br |
Water
Rain water Tubingen; DE 0.121 0.0121 b.d.l. Gob et al. (2013)
Rain water Hafren forest, UK. 449 0.0172 0.013 Neal et al. (2010)
Rain water New Hampshire, U.S.A. 4.35-8.16 Lovett et al. (1996)
Rain water Chile 0.5 0.0039  0.00048 Biester et al. (2006)
Cloud water Hafren forest, U.K. 47.8 0.156  0.00848 Neal et al. (2010)
Throughfall Slavkov forest; CZ 0.029-0.041 Kram et al. (1997)
Throughfall (under sugar maple)  Hardwood forest, U.S.A. 1.29-2.35 Eaton et al. (1973)
Throughfall (under yellow birch)  Hardwood forest, U.S.A. 0.93-0.95 Eaton et al. (1973)
Throughfall (under beech) Hardwood forest, U.S.A. 0.75-1.25 Eaton et al. (1973)
Creek water Feldberg; DE 0.393 0.0233 b.d.l. Gob et al. (2013)
Creek water Oberwolfach; DE 1.44 0.58 0.00675 Gob et al. (2013)
Stream water Slavkov forest, CZ 0.069-0.0665 Kram et al. (1997)
Mine water Feldberg; DE 0.744 0.0488 0.00454 Gob et al. (2013)
Thermal water Leuze, Stuttgart; DE 1070 1.21 1.96 Gob et al. (2013)
Sea water 18800 13 67 0.06 (Wong and Brewer 1974;
Wilson 1975; Whitfield and
Turner 1979; Fuge 1988; Li 1991)
Soil
Agricultural soils France 19-100 (med.:50) Redon et al. (2013)
Grassland soils France 13-1248 (med.:54) Redon et al. (2013)
Forest soils France 34-340 (med.:90) Redon et al. (2013)
Forest soils Japan 68-130  20-23 Yuita et al. (1978)
Humus layer forest soils Norway 300-1200 5-100 3-20 Lag and Steinnes (1976)
Organic rich soil - peat bog Chile 350-1200 40-200  10-20 Biester et al. (2004, 2006)
A horizon soil forest Tsukuba, Japan 70 Yuita et al. (2006)
B horizon soil forest Tsukuba, Japan 40-55 Yuita et al. (2006)
Rock leachates
Gneiss leachates Schwarzwald, DE 0.1-2.4 0.002-0.75 b.d.l.-0.035 Burisch et al. (2016)
Granite, leachates Schwarzwald, DE 0.29-13.8 0.016-1.78 b.d..-0.144 Burisch et al. (2016)
Sandstone, leachates Schwarzwald, DE 0.12-2.68 0.012-0.027 b.d.l.-0.035 Burisch et al. (2016)
Rock

A-type granite U.S.A, Canada 45-400 400-12200 Eby (1990)
Granite Germany 70-300 <1-9.5 Behne (1953)
Granite Schwarzwald, DE 240 980 1.5 Burisch et al. (2016)
Gabbro Harzburg, DE 20 <1 Behne (1953)
Basalt Gottingen, DE 30-120 <1-2.2 Behne (1953)
Keuper clay Friedland a.d. Leine, DE 370 44 Behne (1953)
Gneiss 140-1000 0.007-0.055 Johns and Huang (1967);

Muramatsu and Wedepohl (1998)
Gneiss Schwarzwald, DE 120 600 04 Burisch et al. (2016)
Amphibolites China, 100-400 659 0.020-0.026 Johns and Huang (1967);

Gao et al. (1998);

Muramatsu and Wedepohl (1998)
Sandstone China 68-180 482-489 Gao et al. (1998)
Sandstone Schwarzwald, DE 47 68 0.5 Burisch et al. (2016)

Vegetation

Wood New Hampshire, U.S.A. 9-185 Lovett et al. (2005)
Bark New Hampshire, U.S.A. 37-170 Lovett et al. (2005)
Foliage (temperate-zone forest) New Hampshire, U.S.A. 9-2500 Lovett et al. (2005)
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A major halogen source for groundwater or soil water
is rock weathering by leaching and dissolution of minerals,
which strongly depends on the fluid/rock ratio (Carroll 2012).
For example, feldspar dissolution experiments of Huang et al.
(1986) revealed that elements are more rapidly released at higher
fluid/rock ratios. However, even though a lower fluid/rock ratio
may result in a lower release rate, it also results in higher halogen
concentrations in the final fluid (Huang et al. 1986; Burisch et
al. 2016), because lower fluid/rock ratios favor an increased
retention time at the water-rock interface (Oliva et al. 2003).
Microbial activity also influences the process of weathering and
thus elemental release (Oliva et al. 2003; Wu et al. 2008), where
the heterotrophic bacterial metabolism is pH dependent. For
example, a lower pH (e.g., due to nitrification processes) results
in accelerated Ca release from minor phases in granite (Oliva et
al. 2003; Wu et al. 2008). Consequently, variations in pH may
also influence the release of halogens during biogeochemical
weathering. However, soil-vegetation interactions are very com-
plex. For example, the environmental pH of the soil depends on,
among others, host rock, type of vegetation, microbial activity,
chemical processes within the soil, and rainfall amount (Jenny
1941). Furthermore, vegetation and biological activity are also
essential in defining the degree of weathering of the host rock
(Park et al. 1990; Oades 1993; Seybold et al. 1999). Not only
the vegetation but also the thickness of the soil cover affects
the weathering process, where a thin soil cover favors chemical
weathering and the release of halogens into the fluid (Oliva et al.
2003). At the same time, weathering results in the formation of
secondary minerals in the soil such as pedogenic oxides (Fe- and
Al-oxides and hydroxides) and clay minerals. These minerals are
able to adsorb halides, thereby potentially further altering the
halogen composition in the fluid (Nodvin et al. 1986; Loganathan
et al. 2007). FeOOHnH,0O strongly incorporates halogens into
its structure, e.g., up to wt% Cl and some parts per million of I.

IMPLICATIONS

Halogen concentrations in PyGM crystals from different
localities, of various bulk compositions, and between specific
zones in single crystals are controlled by changes in the physico-
chemical conditions during their formation (e.g., composition of
the fluid, temperature variations). Furthermore, crystal-chemical
effects may have an influence, but their exact effect is not com-
pletely understood. Fluid-chemical and possibly crystallographic
effects can lead to variable halogen incorporation in different
types of PyGM (pyromorphite, mimetite, vanadinite). Thus,
halogen ratios of different PyGM may be used as fluid monitors,
because it was shown that the halogens are preferentially incorpo-
rated into specific PyGM. Further studies, aimed at each respec-
tive process, are needed to understand and correlate the zonation
to individual processes. We therefore suggest interdisciplinary
studies that not only take into account abiotic aspects of mineral
growth but also potential biological influences on the weather-
ing (and formation) of PyGM in near-surface environments.
Furthermore, experimental work on mineral-fluid partitioning
behavior for the different halogens with respect to mineral type
is essential for further understanding halogen incorporation into
PyGM. The environmental importance of this mineral group due
to incorporation and removal of toxic elements from the environ-
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ment requires a more detailed investigation. Moreover, PyGM are
of further interest as they incorporate significant amounts of Cl,
thus depriving the fluid of Cl, which is an important complexing
agent for many toxic elements. This, in turn, implies that the
mobility of these toxic elements is reduced, not only by direct
incorporation into PyGM but also by removal of Cl from the
fluid and thus decreasing their mobility.
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Although halogens are omnipresent in the environment, detailed understanding of processes involving chlorine
(CI), bromine (Br), fluorine (F) and iodine (I) in the terrestrial halogen cycle is still sparse. Our objectives were to
(i) assess vertical depth profiles of total and water-extractable inorganic halogen concentrations (Cliog, Briop Frot
Itor) in solid soil, (ii) test the effect of a tree canopy, and (iii) follow the fate of dissolved inorganic halogens along
the hydrological flow path. More than 200 soil samples and ecosystem solutions (rainwater, soil solution, adit
and creek water) collected in the Schwarzwald, SW Germany, were analyzed by combustion ion chromatography
and ion chromatography for total and inorganic halogen concentrations.

We found decreasing Cl, concentrations with increasing soil depth which were indicative of biological chlorina-
tion of organic matter and nutrient uplift, both associated with Cl accumulation in upper soil horizons. Vertical
patterns of total Br, F and [ were contrary to Cl, concentrations and were related significantly (positively) to ped-
ogenic oxides, revealing their dependence on abiotic processes. The presence of a canopy at our study site re-
sulted in significantly higher halogen concentrations in throughfall compared to rainfall and higher Brio
concentrations in the organic layer. We attribute this difference to leaching from leaves and needles and wash-
off of dry deposition. There were hardly any differences in halogen concentrations along the hydrological flow
path except for significantly higher inorganic I concentrations in soil solution compared to rainfall due to equilib-
rium reactions between the soil solution and the solid soil phase. Highest inorganic F concentrations of up to

* Corresponding author at: Geoscience, University of Tiibingen, Wilhelmstrae 56, 72074 Tiibingen, Germany.
E-mail addresses: tatjana.epp@uni-tuebingen.de (T. Epp), harald.neidhardt@uni-tuebingen.de (H. Neidhardt), norina.pagano@uni-tuebingen.de (N. Pagano), marks@uni-tuebingen.de
(M.A.W. Marks), markl@uni-tuebingen.de (G. Markl), yvonne.oelmann@uni-tuebingen.de (Y. Oelmann).

https://doi.org/10.1016/j.scitotenv.2019.135473
0048-9697/© 2019 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2019.135473&domain=pdf
https://doi.org/10.1016/j.scitotenv.2019.135473
mailto:tatjana.epp@uni-tuebingen.de
mailto:harald.neidhardt@uni-tuebingen.de
mailto:norina.pagano@uni-tuebingen.de
mailto:marks@uni-tuebingen.de
mailto:markl@uni-tuebingen.de
mailto:yvonne.oelmann@uni-tuebingen.de
https://doi.org/10.1016/j.scitotenv.2019.135473
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv

2 T. Epp et al. / Science of the Total Environment 712 (2020) 135473

0.2 mg L~ were detected in creek water samples and may originate from the weathering of fluorite-bearing
veins. Our study indicates halogen-specific processes underlying Cl, Br, I and F cycling in ecosystems.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Halogens chlorine (Cl), bromine (Br), fluorine (F) and iodine (I) are
ubiquitous in the environment, but only Cl represents an important
micro-nutrient for both, plants and microorganisms (e.g., Yuita, 1983;
Fuge, 1988; Marschner, 1995; Kabata-Pendias, 2011). In terrestrial eco-
systems, halogens are mainly present as aqueous anions (halides) and
complexes. These are bound to organic substances and mineral surfaces,
are part of mineral structures, or form volatile gases (Soper and
Weckstrém, 2006; Matucha et al.,, 2010; Epp et al.,, 2019). Accordingly,
halogens occur as organic (Clorg, Brorg, Forg, lorg) and inorganic (Clinorg,
Brinorg: Finorgs linorg) Species. A proportion of both can be water-
extractable from solid phases or present in ecosystem solutions in dis-
solved form. Bulk analyses of ecosystem samples commonly comprise
a mixture of inorganic and organic halogen species. The heavier halo-
gens Cl, Br and I dissolved in water were commonly regarded as inert
tracers for water flow through soils and host rock (e.g., Conway, 1942;
Schlesinger, 1997). In recent decades, this paradigm has been chal-
lenged because halogens were shown to be involved in a number of re-
tention processes (Bastviken et al., 2007; Vodyanitskii and Makarov,
2017). For example, the formation of halogenated organic compounds
during either microbial decomposition (Amachi, 2008; Seki et al.,
2012) of soil organic matter (SOM) or by abiotic mechanisms such as
abiotic oxidation or halogenation (Leri and Ravel, 2015) has recently
been identified as a key process in the biogeochemistry of Cl, Br and I
in forest ecosystems (Oberg et al., 2005; Cabral et al., 2011; Leri and
Myneni, 2012). Accordingly, atmospheric halogen input in dissolved
form accumulates in the organic layer of forests through halogenation.
This is in line with results reported for Cl (Bastviken et al., 2007;
Montelius et al., 2016). Bromination was even favored over chlorination
during decomposition of litter in a temperate coniferous forest ecosys-
tem (Leri and Myneni, 2012). Accordingly, Takeda et al. (2018) found
a vertical depth pattern in volcanic ash soil, namely a decrease in total
Br concentrations with increasing soil depth similar to that reported
above for Cl. The same applied to I as well (Takeda et al., 2018). For
Fror cOnstant concentrations with depth in agricultural regions and de-
creasing Fy,; concentrations in industrial areas were described for soils
in the Southwest of China (Wang et al., 2019). It is tempting to regard
these vertical depth patterns of total halogen concentrations described
in the literature caused by halogenation as universally valid.

However, opposite patterns were reported as well in Spain and
France, e.g., an increase in Br, and I, concentrations with increasing
soil depth (Cortizas et al., 2016; Roulier et al., 2019). These authors
argue that a combination of the level of bromination linked to the age
of SOM and the stabilization of brominated organic compounds by com-
plexation with aluminum (Al; in deeper soil layers) could serve as an
explanation. Not only complexation but also adsorption to positively
charged surfaces of secondary minerals formed during pedogenesis
(“pedogenic oxides”: iron (Fe) and aluminum (Al) oxides and (oxy)hy-
droxides) contribute to the retention of negatively charged ions in soil
solution. In line, adsorption of dissolved linorg and Finorg ONto pedogenic
oxides in soil was reported (Gerzabek et al., 1999; Loganathan et al.,
2007). However, most previous studies did not investigate Cl, Br, F
and [ at the same time, instead the halogens were studied individually
at different site conditions. Thus, different vertical depth patterns be-
tween halogens might be caused by different site conditions. Alterna-
tively, vertical depth patterns that differ between halogens could be a
result of different underlying processes (Cl: chlorination; Br, I, F: sorp-
tion to pedogenic oxides) rather than of site-specific conditions. The

joint analysis of all halogens (Cl, Br, F and I) at the same sites could
help to judge the potentially halogen-specific importance of processes
underlying vertical depth patterns of total halogen concentrations in
soil.

Not only soil internal processes but also external halogen input may
influence vertical patterns of halogen concentrations in soil. Locations
far away from the coast commonly receive small amounts of atmo-
spheric deposition of halogens (Lag and Steinnes, 1976; Steinnes and
Frontasyeva, 2002; Johansson et al., 2003b; Montelius et al., 2015).
However, rainfall may get enriched in halogens when passing through
a vegetation canopy (throughfall). Accordingly, higher dissolved CI
and I concentrations in throughfall as compared to rainfall were ob-
served and explained by dissolution of dry deposition on tissue surfaces
and by leaching from organic compounds in the canopy (Lovett et al.,
2005; Montelius et al., 2015; Takeda et al., 2016; Roulier et al., 2019). Lo-
cations in the presence or absence of a canopy should thus be character-
ized by different halogen inputs, which should be reflected in the
vertical depth pattern in soils.

Moreover, rainfall and throughfall percolate through the soil and the
underlying host rock, where complex release and transformation pro-
cesses take place (e.g., Lovett et al., 2005). Furthermore, Lovett et al.
(2005) reported that dissolved Cliyorg concentrations were higher in
soil solution as compared to rainfall because of Cl release from the or-
ganic soil layer. Decreasing dissolved Cliyorg concentrations with depth
were explained by subsequent adsorption or uptake by plants in the
subsoil. For I, the order was dependent on the sorption capacity of the
soil: dissolved Ijnorg iodide concentrations in rainfall < in soil solution
in case of low sorption capacity (Roulier et al., 2019), iodide concentra-
tions in rainfall > soil solution > stream water in the case of a high sorp-
tion capacity as in Andosols (Takeda et al., 2016).

Here, we focus on the entire halogen cycle, i.e., rainfall water that
percolates through the vegetation, soil horizons and/or weathered
rock, subsequently interacts with a former ore deposit and finally dis-
charges as creek runoff. Furthermore, our study considers Cl, Br, F and
[ distribution at a locality below canopy and at a locality without canopy.
This enables us to compare directly the halogen distribution patterns
under the same site specific conditions.

We studied a Cambisol developed on gneissic host rock located in a
spruce (Picea abies (L.) H. Karst.) forest. Such sites are characterized by a
thick organic layer on top of the mineral soil, an input of organic matter
into the topsoil horizons and formation of secondary pedogenic oxides
in the subsoil.

We hypothesized that

(i) Clior concentrations will decrease with increasing soil depth and
this will be linked to SOM concentrations. Bromination, fluorina-
tion and iodination during SOM decomposition will be evident
by increased total Br, F and I concentrations in more decomposed
as compared to less decomposed organic layers. The overall pat-
tern will be an increase of total Br, F and I concentrations down to
the mineral soil.

(ii) Increased halogen input in the presence of a canopy will increase
halogen concentrations along the vertical depth profile as com-
pared to locations where a canopy is not present.

(iii) Halogen concentrations in rainfall will be lower than in soil
solution and this difference will depend on the halogen-
specific affinity to adsorption in soil (greater for Cl). Halogen
concentrations in adit water and creek water will be higher
than in soil solution.
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2. Methods
2.1. Study site

We selected the Kammentobel valley which is located in the forest
“Napf” in the St. Wilhelm valley, right below the Feldberg mountain
peak in the Schwarzwald, southwest Germany, as our study site
(Fig. 1). The study site is situated at ~1360 m a.s.l. (approximately
500 km to the nearest ocean) and in 2018 the annual temperature
ranged between 23 and —20 °C, total precipitation was ~1500 mm
(Deutscher-Wetterdienst, 2019; WetterKontor, 2019). In general, the
climate at the Feldberg is temperate. The soil developed on strongly
weathered gneisses from the Schwarzwald low mountain range and
can be classified as Cambisol according to IUSS-Working-Group-WRB
(2015). A vertical soil profile is typically characterized by an organic
layer and a mineral topsoil and subsoil. Three sample locations were sit-
uated below the canopy of spruce trees (Picea abies (L.) H.Karst.; C 1-3)
and another three below a shrub layer dominated by blueberry
(Vaccinium myrtillus L.) without trees (OC 1-3). The forest itself and
the open area are part of a protected forest where no land management
is conducted. In the vicinity there are meadows which are used as pas-
tures. The individual localities (three below a canopy and three without
a canopy) are only a few 10 m away from each other which enabled the
investigation of the canopy impact without having differences in loca-
tion properties. Since, the locations are so close to each other it is un-
likely that there are significant rainfall volume or compositional
changes between canopy and without canopy. In the following, tripli-
cates are summarized and labelled as C (below canopy) and OC (with-
out canopy), respectively.

2.2. Sampling strategy

A large variety of different samples was collected and thus, each in-
dividual sampling strategy will be briefly explained in the following. Six
soil profiles were taken once at the beginning of the project (maximum
depth: 0.57 m) in the protected forest area where there is no land use.

Feldberg
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L . St. Wilhelmer
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l:l paths
creeks
rainfall/throughfall, soil solution A
and solid soil sample position
E adit water samples —
El creek water samples 25 m

Fig. 1. Simplified overview of all sample locations and types from the Feldberg, southwest
Germany. C = with canopy; OC = without canopy; AW = adit water; CW = creek water.

The maximum depth of the soil profiles marks the transition to the pa-
rental host rock. Soil profiles comprised the organic layer (Oi, Oe;
Table 1), the topsoil (Ah; Table 1) and the subsoil (Bw1, Bw2C;
Table 1) and analyzed samples were selected from each soil horizon,
as summarized in Table 1. Halogen concentrations were determined
from both organic layers (Oi, Oe), as well as from the topsoil (Ah) and
the two subsoil horizons (Bw1 and Bw2C). The soil samples were col-
lected systematically along the profile so that all characteristic soil hori-
zons could have been considered for analyses. Accordingly, 30 soil
samples were analyzed for total (Cliot, Brior, Fror, Itor) and water-
extractable halogen concentrations (water-extractable Clinorg, Brinorg,
l:inorg and linorg)-

Ecosystem solution samples (i.e., rainfall, throughfall, soil solution,
adit water and creek water) were collected regularly over two growing
seasons (2017 and 2018). Due to snow cover during winter and strict
nature preservation measures in spring and early summer, the sampling
period was restricted to May/July/August/October in 2017 and August/
September/October in 2018. There was a long-lasting dry period in
summer 2018: In the period August to October 2017, 360 mm total rain-
fall was recorded, whereas in the same period in 2018 it was 163 mm
(Deutscher-Wetterdienst, 2019; WetterKontor, 2019). Therefore, due
to water shortage, monthly sampling of ecosystem solutions was not al-
ways possible.

Rainfall, throughfall and soil solutions were collected at the same lo-
cations as the soil samples (Fig. 1). Rainfall (OC) and throughfall
(C) samples were collected in triplicates by means of a PE funnel (diam-
eter of 0.12 m) connected to a PE sampling bottle which were installed
at 1 m above the surface in the open area in October 2016. In September
2016, we installed suction cups (plastic suction cups 32 mm without
shaft, 4313.32/00, ecoTech, Bonn, Germany) at different depths (0.15,
0.35 and 0.55 m) in triplicates at each location. After an equilibration pe-
riod of 7 months, we started to collect soil solution. At each location one
tensiometer (mechanical tensiometer, 4221, ecoTech, Bonn, Germany)
was installed. The vacuum applied to the suction cups was adjusted to
the soil matric potential measured by means of the tensiometer in
order to capture the proportion of soil solution that percolates through
the soil. Due to the dry period, adit water (Fig. 1) could be collected
twice only (05/24/2017, 08/09/2017) and represents water accumula-
tions on the mine floor. Creek water was sampled at three different lo-
cations (Fig. 1). Ecosystem solution samples were transported in a
refrigerator and subsequently frozen until analysis. In total, 145 liquid
samples (21 rainfall, 21 throughfall, 44 soil solution, 8 adit water, 21
creek water) were analyzed in this study.

2.3. Halogen analyses

Sieved (2 mm) soil samples were dried at 40 °C for five days, to avoid
loss of halogens to the gaseous phase. To determine the amount of
water-soluble halogens, dried soil (5 g) was extracted with 30 ml
Millipore water for 1 h on a vertical shaker. The extractions were filtered
in the ion chromatograph, which contains an internal filter of 0.2 pm
pore size. An aliquot of the extraction solution was analyzed for the
water-soluble inorganic halogen contents by ion chromatography (IC).

Total halogen concentrations (Clos, Breor, Fror and Iior) in homoge-
nized (milled by planetary ball mill) solid soil samples (triplicates for
each depth and location) were determined via combustion ion chroma-
tography (CIC) at the University of Tiibingen. To this end, a 930 Compact
IC Flex chromatograph (Metrohm, Filderstadt, Germany) with chemical
suppression and a peristaltic pump for regeneration (100 mmol L™
H,S04) connected to an autosampler for solid samples (MMS 5000;
Analytik Jena), which was additionally connected to a combustion
oven, was used. The eluent used for the CIC measurements was a mix-
ture consisting of 2 mmol NaOH (suprapure), 1.6 mmol Na,CO3
(suprapure) and 5 vol% acetone. The entire analytical method is de-
scribed in detail in Epp et al. (2019). For the CIC the limit of detection
was 0.2 mg kg~ for Cl, 0.02 mg kg~! for Br and I and 0.8 mg kg~! for
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Table 1

Soil properties of soil profiles. Horizons were classified according to IUSS-Working-Group-WRB, 2015. C = with canopy; OC = without canopy; Cog = organic carbon; ox = poorly crys-

talline; 4 = crystalline.

Location Depth Horizon pH Corg Oxalate-extractable pedogenic oxides Dithionite-extractable pedogenic oxides
—1
(g ke™) Alox Feox Moy Alg Feq Mng
(mg kg™") (mg kg™") (mg kg™ ") (mg kg™") (mg kg™ ") (mg kg™")
C1 0-3.5 cm oi 410
1 3.5-7.0 cm Oe 170
C1 7.0-18.0 cm Ah 3.7 70 2700 4100 75 9400 30,600 500
c1 32.0-37.0 cm Bwl 43 40 3300 4000 130 12,200 36,500 700
1 52.0-57.0 cm Bw2C 44 20 3600 4100 170 11,300 36,800 800
c2 0-2.0 cm oi 2100
c2 2.0-5.0 cm Oe 110
c2 5.0-15.0 cm Ah 3.7 50 2650 4100 80 10,000 36,500 410
c2 30.0-35.0 cm Bw1 42 30 2700 4000 220 12,000 37,200 800
c2 50.0-55.0 cm Bw2C 43 20 3800 4000 200 12,100 36,800 1120
c3 0.0-2.5 cm oi 360
c3 2.5-6.0 cm Oe 170
c3 6.0-17.0 cm Ah 338 60 2100 3500 210 9300 33,200 1700
c3 31.0-36.0 cm Bwl 43 25 3000 3800 300 11,100 35,400 1400
c3 51.0-56.0 cm Bw2C 45 20 3200 3300 300 11,100 33,700 1300
oc1 0-1.5 cm oi 200
oc1 1.5-4.5 cm Oe 120
oc1 45-13.5 cm Ah 3.7 50 2100 4200 200 8300 38,100 650
oc1 29.5-34.5 cm Bw1 43 30 2900 3600 300 10,900 43,500 1300
oc1 49.5-54.5 cm Bw2C 45 20 3000 3200 300 10,900 38,000 1400
0C2 0-2.5 cm oi 4200
0C2 2.5-6.0 cm Oe 180
0C2 6.0-20.0 cm Ah 3.7 60 2300 3700 340 8200 44,000 900
0C2 30.0-36.0 cm Bw1 42 30 2400 3500 200 9800 54,400 1100
0C2 51.0-56.0 cm Bw2C 44 20 3300 3300 2600 11,9000 43,300 1100
0C3 0-2.0 cm oi 100
0c3 2.0-6.0 cm Oe 130
0c3 6.0-15.0 cm Ah 3.8 60 2700 3800 110 13,400 40,000 650
0C3 31.0-36.0 cm Bw1 4.1 40 3500 4100 230 12,200 34,200 1000
0C3 51.0-56.0 cm Bw2C 44 30 3300 3400 300 13,400 37,400 1800
F for solid samples of 10 mg. Based on standard solutions (single ele- pyrophosphate treatment with a combination of wet sieving

ment solutions of Cl, Br F and I; Roth; 1000 mgL™~!) and various refer-
ence materials (SO3, GSN), the long term reproducibility (10) for solid
samples of the measurements was within a 10% margin for Cl, Br and I
and 20% for F. Liquid samples (water-extractable Clinorg, Blinorg, Finorg
and Iiperg; dissolved Clinorg, Brinorg, Finorg and linorg in €cosystem solu-
tions) were determined via ion chromatography (IC) using an
autosampler for liquid samples (858 Professional Sample Processor,
Metrohm). Limits of detection (calculated according to DIN 32645) of
the IC were 0.01 mg L~ for Cl and 0.001 mg L~ for Br, F and I for all lig-
uid samples. For liquid samples the precisions of repeated measurement
were 5% for Cl, Br and I and 15% for F.

2.4. Complementary analyses

We used dried (40 °C) and sieved (<2 mm) sample material for all
complementary analyses (except for total carbon (Cy,) concentrations).
The soil pH was determined from an extraction of 5 g soil with a 0.01 M
CaCl; solution and a pH meter (pH 340, WTW GmbH) according to DIN
EN 15933 (2012-11-00). Ci, contents were analyzed from homoge-
nized samples (dried at 105 °C; ground with a planetary ball mill)
with an Elemental Analyzer (Vario EL III, Elementar Analysensysteme
GmbH). Due to the absence of CaCOs in the acidic mineral soil
(pH < 4.5), Cio¢ is considered as total organic C (Corg, Table 1). Poorly
crystalline pedogenic oxides (Feyy, Alox and manganese oxide (Mney),
Table 1) were measured as ammonium-oxalate extractable compounds
(Schwertmann, 1964). The sum of poorly crystalline and crystalline
pedogenic oxides (Feq, Alg and Mng, Table 1) were determined with
the dithionite-citrate method as described in Burt (2004). Iron, Al and
Mn concentrations in extraction solutions were analyzed by ICP-OES
(Optima 5300 DV, PerkinElmer, Baesweiler, Germany). Texture (sand,
silt, clay) was analyzed after organic matter destruction and sodium

and sedigraph analysis (SediGraph III Particle Size Analyzer,
micromeritics).

2.5. Statistical analyses

All statistical analyses were conducted using IBM® SPSS® Statistics
Version 25. The Shapiro-Wilk test was applied to test for normal distri-
bution and homogeneity of variances was assessed by using the Levene
test. Variables with p > 0.05 were considered as normally distributed
and all variables respected these parameters. A repeated measures
ANOVA for solid soil samples with location as between-subject factor
and depth as within-subject factor was used to disentangle the effects
of location and depth on halogen concentrations in soil. Halogen distri-
bution between various liquid sample types were tested using a one-
way ANOVA with Games-Howell as post hoc test. In order to detect sig-
nificant variations in halogen concentration at each depth between C
and OC in soil water a Kruskal-Wallis test was conducted. Non-
parametric tests were applied when the variance analysis requirements
were not fulfilled and the data was not normally distributed. The differ-
ences in the organic layer between C and OC was tested by a one-way
ANOVA. Because evaporation - a process we did not intend to consider
- might influence halogen concentrations particularly in rainfall and
throughfall, we calculated Spearman rank correlations of halogen con-
centrations on rainfall volume for the given sampling intervals. Spear-
man rank correlations were also conducted to detect possible
correlations between halogen concentrations and various soil parame-
ters. In general, for p < 0.05 differences and correlations were consid-
ered as statistically significant. Linear regressions were calculated for
correlations between total halogen concentrations and pedogenic
oxides.



T. Epp et al. / Science of the Total Environment 712 (2020) 135473 5

3. Results
3.1. Rainfall and throughfall

The concentrations of dissolved Clinorg, Brinorg and Finorg in rainfall
differed significantly between sampling intervals (Fig. 2; significant ef-
fect of time in repeated measures ANOVA, 0.001 <p < 0.05). Correlations
between concentrations of halogens and volume were significant for
Brinorg in throughfall (r = —0.964, p <0.001, Fig. A3) and Fjqr in rainfall
(r = —0.757, p = 0.049, Fig. A3). Averaged halogen concentrations
across all sampling periods were significantly higher in throughfall as
compared to rainfall (Cl: 528 + 1.78 mg L' versus 032 =+
0.09 mg L~'; Br: 0.006 & 0.001 mg L~! vs. 0.002 + 0.000 mg L™,
p <0.001; F: 0.019 & 0.004 mg L™ vs. 0.003 + 0.000 mg L™'; Fig. 2).
The effect of the canopy expressed as the ratio between concentrations
in throughfall:concentrations in rainfall decreased in the order Cl
(16) > F (6) > Br (3). Only a few samples (14 out of 42 samples)
contained detectable amounts of Ijnorg (>0.001 mg L™1) and thus, did
not allow for further statistical analyses.

3.2. Solid soil phase

In general, the largest shift in total halogen concentrations was visi-
ble between the organic layer and the mineral soil (Fig. 3). Cl,;: concen-
trations in soil samples decreased with depth from 300 to 60 mg kg™
(Fig. 3; significant depth effect in repeated measures ANOVA, p =
0.01). The same was true for water-extractable Cli,org cOncentrations:
In the subsoil about 5% was water-extractable Cliyo, whereas in the
topsoil up to 20% was extractable (p = 0.002, Fig. A1). Water-
extractable Cliyorg concentrations ranged from 0.8 to 50 mg kg~1,
representing on average a proportion of 9% of the Cli, concentration
(Fig. 3, Fig. A1). Water-extractable Cliyors concentrations were corre-
lated significantly with Cli,. concentrations (Table A1). Both, Clo: con-
centrations and water-extractable Clihg concentrations were
correlated significantly with C,,, concentrations (r = 0.92 and 0.81, re-
spectively, p < 0.001, Table A1), considering all investigated horizons
(Oi, Oe, Ah, Bw1, Bw2C). Cl, was not significantly correlated with the
clay content (r = 0.50, p = 0.39) but with the pedogenic oxides Alyx
(r = —0.51, p = 0.03, Table A1) and Mnyy (r = —0.64, p < 0.001,
Table A1).

Total concentrations of the other halogens increased with depth
(Fig. 3; Bryo from 8 to 40 mg kg™, Fyo; from 100 to 450 mg kg ! and
Ior from 2 to 10 mg kg™ '; significant depth effect in repeated measures
ANOVA, p reached from <0.001 to 0.005). The largest variations were
observed considering the organic soil horizons (Oi, Oe) only, Bre:
(p < 0.001), Feor (p = 0.007) and Iy (p = 0.001). The pattern of
water-extractable Brinorg throughout all horizons did not change with
depth (Fig. A1; p = 0.39), whereas water-extractable Fi,org concentra-
tions significantly decreased (Fig. A1; p = 0.001). On average, 0.7%
were water-extractable Brinorg, 0.4% Finorg and 0% Iinorg (concentrations
below limit of detection), respectively (Fig. A1). The contribution of
water-extractable Brinorg and Finorg concentrations to Brioe and Fyor con-
centrations decreased with depth (p > 0.05). Furthermore, Brio, Fot
and I, were negatively correlated with Corg concentrations
(—0.75 <1< —0.80, p < 0.001). There were significant correlations be-
tween Bryoy, lior and Aloy (Fig. 4a, Table A1), Bryoy, ltor and Alg (Fig. 4b,
Table A1) and between F, and Fe4 concentrations (Fig. 4c, Table A1).
Concomitantly, pedogenic oxide concentrations (Alyx, Mneyx and Mng)
correlated negatively with Cog concentrations (—0.47 <r < —0.69,
p <0.05, Table A1). There was no significant correlation between the
proportion of clay and Bry (r = 0.10, p = 0.87), Fo¢ (r = —0.70,p =
0.19) or Iy concentrations (r = —0.30, p = 0.62).

The organic layer thickness did not vary between C and OC locations.
Taking into account the organic layers and mineral soil, we found no ef-
fect of location (open area versus below the canopy) on any of the total
halogen concentrations of any soil horizon (p > 0.05). If the organic layer

was considered separately, we found a significant location effect for Br
concentrations (higher Br, concentrations below canopy; p = 0.03) in
the Oi horizon, but no significant location effect for Clioy, Fior OF Itor cON-
centrations (p > 0.1).

3.3. Soil solution

There was no relation between sampling month and dissolved inor-
ganic halogen concentrations (no seasonality). Thus, samples from dif-
ferent sampling intervals were averaged which also facilitates the
comparison with data for the solid soil phase. Concentrations of dis-
solved Clinorg and Brinorg in soil solution decreased with increasing
depth from 13.8 t0 0.61 mg L~ and from 0.007 to 0.001 mg L™, respec-
tively (Fig. A2). However, high variability among replicates resulted in
non-significant trends. Similarly, there were no distinctive vertical pat-
terns of Finorg and Iinorg cOncentrations in soil solutions visible. Concen-
trations fluctuated between 0.006 and 0.016 mg L~ for Finorg and
between 0.012 and 0.024 mg L™ for Iiyorg (Fig. A2) in the three horizons
of the mineral soil (Ah, Bw1, Bw2C). Accordingly, we did not find a cor-
relation of dissolved inorganic halogen concentrations in soil solution
neither to water-extractable inorganic nor to total halogen concentra-
tions in the soil solid phase (—0.44 < r < 0.35; 0.07 <p < 0.93).

3.4. Adit water and creek water

Due to the sparse amount of adit waters the available data set was
limited. Nevertheless, water was collected twice and dissolved Cliporg
in adit water ranged from 0.040 to 0.057 mg L™, Brinorg from 0.003 to
0.008 mg L™ and Fiyorg from 0.015 to 0.037 mg L™ ! (Fig. 5). The halogen
concentrations (dissolved Clinorg, Brinorg and Finorg) in creek water were
relatively constant as indicated by no significant effect of the sampling
interval (p > 0.11). Dissolved li5org cOncentrations in creek water always
were below the detection limit (<0.001 mg L™").

4. Discussion

4.1. Vertical distribution of halogens in the soil and the role of soil organic
matter

We found a significant decrease in Cly, concentrations in the soil
solid phase with increasing depth (Fig. 3). Furthermore, Cl, concentra-
tions were positively correlated with the Cor concentrations. This is in
line with our first hypothesis and confirms that although Cl is consid-
ered as a very mobile element in soil (e.g., Rhykerd and Overdahl,
1972; Fuge et al., 1986; Bodek, 1988; Johansson et al., 2003a; Lovett
et al., 2005 and references therein), there was a pronounced accumula-
tion of Cl in the organic layer (soil horizons Oi and Oe). This distribution
pattern points at chlorination as underlying fixation process (Hjelm
et al., 1995 and references therein; Oberg and Gren, 1998; Leri and
Myneni, 2010; Redon et al., 2011; Le Dizés and Gonze, 2019).
Montelius et al. (2019) found that soil with plants depicted a higher
chlorination capacity than bulk soil without plants. In order to elaborate
if higher Cl;,; concentrations at our locations below canopy were the re-
sult of enhanced chlorination of SOM in the rhizosphere, we would need
further data like information about the soil humidity, temperature etc. A
complementary explanation for the observed vertical profiles could be
related to nutrient uplift by the vegetation. The root zone at the investi-
gated locations reaches a depth of approximately 40 cm below canopy
and 50 cm without canopy. Nutrients, such as N or P, are acquired by
plants from the subsoil via roots and are subsequently returned to the
topsoil by litterfall (Attiwill and Adams, 1993; Le Dizes and Gonze,
2019). Because Cl represents a micro-nutrient for the ecosystem
(Kabata-Pendias, 2011) the process of nutrient uplift may also apply
for Cl. Lower water-extractable Clinorg cOncentrations in the subsoil as
compared to the topsoil (Fig. A1) further supported the assumed Cl up-
lift namely the increased exploitation of water-extractable Clinorg by



6 T. Epp et al. / Science of the Total Environment 712 (2020) 135473

®

10
@ C (throughfall)
22.00 @ OC (rainfall)
8
o
o 6
E
[w] 4
2 : ¢
e o e &
0 @ @ @ () @ @
May  July  Aug Oct Aug Sep Oct
2017 2017 2017 2017 2018 2018 2018
0.080
@ C (throughfall)
@ OC (rainfall)
0.060
0
D 0.040
E
w
0.020 é i
i e e,
e [ ]
0.000 (1 ) @
May July Aug Oct Aug Sep Oct
2017 2017 2017 2017 2018 2018 2018

®

0.025
@ C (throughfall)
@ OC (rainfall)
0.020
< 0015
=]
E
& 0.010 §
0.005 ® °
[
° 8 o o e ©
0.000
May  July Aug Oct Aug Sep Oct
2017 2017 2017 2017 2018 2018 2018
@ C (throughfall)
0016 ° @ OC (rainfall)
. 0012
0
£ o008
0.004
[}
@
0.000 hd [
May  July Aug Oct Aug Sep Oct
2017 2017 2017 2017 2018 2018 2018

Fig. 2. (a)-(d) Halogen concentrations (mg L™ ') in throughfall and rainfall samples during sampling intervals of two growing seasons. Blue = C (throughfall), red = OC (rainfall). The error

bars show the standard deviation. C: n = 21, 0C: n = 21.

plants in subsoil compared to topsoil. However, the uplift of Clis difficult
to identify and disentangle from other biogeochemical processes such
as fixation of halogens in Cy,, via halogenation. Furthermore, Cliyorg is
released from soil parent materials at first, which is however,
overprinted by uplift and enrichment on the surface soil due to biolog-
ical processes. Stable isotope approaches have provided new insights for
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water and nutrient uplift in forested ecosystems (Uhlig et al., 2017)
which should be tested for Cl in future research. In general, Cl;,, concen-
trations are expected to be higher in more decomposed organic layers
(Clior Oi < Clor Oe) because Clinorg is incorporated into organic matter
resulting in an absolute enrichment (Myneni 2002; Cortizas et al.,
2016). Furthermore, Cl is enriched relative to Corg caused by mass loss
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due to heterotrophic respiration of CO,. However, organic layers did not
differ with respect to Clyo concentrations (Fig. 3). Therefore, not only
halogenation, but also dehalogenation (transformation of Clinerg to
Clorg) and subsequent leaching of dissolved Clino,g (0r loss due to volatil-
ization) apparently plays an important role in the organic layers
(Montelius et al.,, 2016). In sum, we could show that dissolved Cliporg

interacts with the solid soil phase and this interaction is likely linked
to the cycling of Coyy.

Contrary to Cly, concentrations of Bryoy, Fior and Iy Were signifi-
cantly lower in the organic layer as compared to the underlying mineral
soil. The observed trend in Fyy is in line with the low affinity of F to or-
ganic matter (Kabata-Pendias, 2011). However, similar to Cl, Brand I are
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were above the detection limit. For I, 16 out of 21 rainfall samples were above the detection limit and for soil water 30 out of 44. No I concentrations were shown for adit and creek
water, since all analyses were below the detection limit. Different letters indicate significant differences (p < 0.05).
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supposed to be closely associated with the occurrence of organic matter
(Yamada, 1968; Fuge, 1988; Keppler et al., 2003; Kabata-Pendias, 2011;
Leri and Myneni, 2012; Takeda et al., 2018). Bryor, Fior and I concentra-
tions were negatively correlated with C,.s which itself was negatively
correlated with pedogenic oxides. We interpret this as a non-causal
link between two co-occurring processes during pedogenesis (accumu-
lation of organic matter in the uppermost part of the profile and forma-
tion of secondary minerals in the subsoil). Nevertheless, higher
concentrations of Bryey, Itor and Fyo¢ in the more decomposed layers are
in line with our first hypothesis and imply that halogenation processes
dominate over dehalogenation and subsequent leaching in the organic
layer in the case of Br, F and 1.

In mineral soil, Fyor and I, concentrations did not differ among soil
depths (Fig. 3). This might be related to the low solubility of F-bearing
minerals like apatite (Migdisov and Williams-Jones, 2014) as compared
to Cl-bearing hydroxysilicates (such as biotite and amphibole) in soil.
The low solubility of F is further supported by the order of Cl > Br > F re-
garding the proportion of water-extractable to total halogen concentra-
tions. Fluorine in soil is commonly considered as strongly adsorbed to
clay mineral surfaces (Weinstein and Davison, 2004), but can be also in-
corporated into the crystal lattice of clays and hydroxysilicates by re-
placing OH™ (Fuge, 1988; Liu et al., 2014). However, we did not find a
significant correlation between clay contents and F.,; concentrations
(p > 0.1), thus not corroborating the general high affinity to clays
(Piotrowska and Wiacek, 1975). Furthermore, pedogenic oxides con-
tribute to the clay fraction in soil and might explain the retention of dis-
solved Fiyorg in mineral soil via electrostatic interactions between their
positively charged surfaces and dissolved Fiporg. In line, we observed a
positive correlation of F, concentrations to pedogenic oxides. We con-
sider the weathering of F-bearing minerals like biotite and the subse-
quent adsorption to pedogenic oxides as the primary cause for the
constant Fo concentrations across the mineral soil. The same processes
likely cause the vertical patterns of Br and I in soil i.e., weathering via
high solubility in the topsoil due to a low pH and subsequent adsorption
processes. The former is in line with the weathering of gneiss, as gneiss
is known to incorporate Br (Burisch et al., 2016; no data exists for I). Fur-
thermore, Bry, and I, showed a positive correlation to pedogenic ox-
ides, corroborating the importance of adsorption processes for these
halogens as well. In addition, not only sorption to pedogenic oxides
but also the formation of secondary minerals could explain the observed
accumulation of Bregy, Fror and Iio¢ in subsoils. The similar depth distribu-
tion pattern of Br, F and I and the opposed trends with regard to Cl is fur-
ther strengthened by the fact that Br, I and F do not represent essential
nutrients (Kabata-Pendias, 2011) and are thus not uplifted by roots
from the subsoil. Our results highlight that Cl cycling differed from Br,
F and I cycling in soil at our study site. In our temperate coniferous for-
est, Cl cycling was dominated by biological processes whereas Br, F and I
cycling was controlled by abiotic processes (e.g., formation of pedogenic
oxides, changes in pH etc.).

4.2. The impact of a canopy on the hydrological pathway and soil profiles

A generally increased halogen input in the presence of a canopy
(throughfall) was observed for dissolved Clinorg, Brinorg, Finorg and linorg
(Fig. 2), which is in agreement with our second hypothesis. Evaporation
processes may influence the halogen concentrations, depending on the
sample locations. Although evaporation processes are likely to take
place in collectors without canopy due to direct solar exposition, still
the halogen concentrations in throughfall samples were always higher.
Thus, evaporation processes were not further considered. A higher
Clinorg throughfall input can be explained by the wash-off of dry depos-
ited dissolved Cl, or the leaching of Cl from foliage (Eaton et al., 1973;
Peters, 1991; Lovett et al., 2005). Furthermore, Cl,,; compounds origi-
nating from the organic compounds in the canopy might be also leached
which, however, was not considered since only Clinerg Was measured in
throughfall and rainfall. Furthermore, higher dissolved Iinorg fluxes

compared to rainfall fluxes were also attributed to leaching from
needles and leaves (Roulier et al., 2019). Since our previous results
(discussed in Section 4.1) showed that Br and I are commonly influ-
enced by the same processes and reflect similar patterns, it can be as-
sumed that dry deposition wash-off also affects dissolved Brinorg
concentrations in throughfall. In addition, dissolved Clinorg, Brinorg and
linorg cONcentrations in throughfall mainly derive from natural sources
(e.g., sea water; Fuge, 1988), whereas, dissolved Fi,org cOncentrations
are mainly influenced by atmospheric dry deposition from industrial
plants (Wang et al., 2019). However, the possible influence of atmo-
spheric inputs from industrial plants from the Upper Rhine Graben is
difficult to estimate in our study because halogen concentrations are
not routinely assessed in federal monitoring programs. Furthermore,
dust deposition of soil material on the spruce needles can also increase
dissolved Finorg concentrations in throughfall as reported by Barnard
and Nordstrom (1982). This process may also, to some degree, effect
the halogen budget of Clinorg, Brinorg and linorg. During the sampling in-
tervals with the highest dissolved Fi,org concentrations the rainfall vol-
ume was by far the lowest, resulting in very dry soils and thus an
increased dust production and increased Fi,org concentrations. There-
fore, dust deposition of soil material seems to be a plausible explanation.

In line with our second hypothesis, Clic and water-extractable Clinorg
concentrations in soil showed a more pronounced (higher concentra-
tion differences between the organic layer and lower mineral soils) ver-
tical depth profile in the presence of a canopy than did Br, I and F
concentrations. The more pronounced profile of Cl is probably linked
to the importance of chlorination processes since chlorination domi-
nates over dechlorination (the other halogens showed the opposite)
and this is a very important enrichment process for Cl (Bastviken
et al., 2007; Montelius et al., 2016). Although significant differences be-
tween rainfall and throughfall occurred, a significant impact of the can-
opy was only visible in the organic layer for Bry, (Fig. 3b). This could
indicate that bromination plays a more important role than fluorination.

In addition, the mineral soil horizons did not reflect different halo-
gen deposition related to the presence of a canopy because halogen
input fluxes might be negligible as compared to halogen stocks in soil.
For the calculation of the halogen stocks each horizon thickness was
accounted with the mean total halogen concentrations, the appropriate
concentrations were summed up by taking the total depth into consid-
eration and then multiplied with the soil density. Based on a bulk den-
sity of 1300 kg m~> and a soil depth of 0.60 m, the soil was the main
halogen stock for Br, Fand I (Br: 271,035 g ha—', F: 3,717,455 g ha™',
I: 78,600 g ha™ ') in our study. However, this was not as strongly ob-
served for Cl (772,750 g ha™'). Furthermore, I-stocks are in line with
72,000 + 7000 g ha™! reported by Roulier et al. (2018). Indeed, annual
input fluxes via throughfall represented a minor fraction of the total hal-
ogen stocks in soil (Br: 110 g ha~' year™!, F: 340 gha~'year ' F, I:
mostly below the detection limit), but for Cl the fluxes are larger than
the reservoir (Cl: 96,000 g ha~! year™1).

In sum, wash-off of dry deposition and leaching increased dissolved
inorganic halogen concentrations in throughfall but this increase did
only slightly (ClI) or not (Br, F and I) translate into canopy effects on
total halogen concentrations in soil due to the small input as compared
to halogen stocks in soil.

4.3. The fate of halogens in the aqueous phase along the hydrological
pathway

We found significantly higher dissolved Iinors concentrations in soil
solution as compared to rainfall (Fig. 5) and this partly confirms our
third hypothesis. The linorg input via rainfall was negligible, since almost
all concentrations were below the detection limit. Thus, our observa-
tions indicate a further source of linorg and enrichment processes during
the passage of rainfall through the soil. In general, the soil solution is in
equilibrium with the solid soil phase, i.e., an equilibrium between
adsorbed and dissolved I and between mineral and dissolved phases.



T. Epp et al. / Science of the Total Environment 712 (2020) 135473 9

Therefore, higher dissolved Iinorg concentrations in the soil solution
point to equilibrium conditions with the solid phase (lacking in rainfall).
Apart from this, no significant differences in dissolved Clisorg, Blinorg and
Finorg CONcentrations between ecosystem solutions were visible (Fig. 5).
This is in contrast to our third hypothesis stating differences in dissolved
Clinorg concentrations. A lacking difference might be related to the fact
that dissolved Clinorg generally does not show a strong binding affinity
for soil components (Leri and Myneni, 2010). By contrast, the affinity
to adsorption in soil is highest for dissolved Fi,org With respect to the
other halides (Chubar et al., 2005). Thus, one would expect lower dis-
solved Finorg concentrations in soil solution due to the accumulation in
relatively immobile forms (Loganathan et al., 2007). Since no significant
differences between rainfall and soil solution for dissolved Ciinorg, Brinorg
and Finorg OCcurred, our results indicate that geochemical equilibrium
reactions between the host rock and the soil solution resulted in halo-
gen concentrations comparable to those in rainfall.

Furthermore, the other dissolved halide concentrations (Clinorg,
Brinorg: linorg) in adit and creek water did not show significantly higher
concentrations than in soil solution. The only exception was higher dis-
solved Finorg concentrations in creek water compared to soil solution.
Distinctly higher Finor concentrations in creek water can be explained
by leaching processes of dump material which contains crushed host
rock material (rich in biotite and clay minerals) and can be found adja-
cent to the creek at the investigated location. Along the sampled
Kammentobel creek several large dumps from mining activities in me-
dieval times provide sufficient host rock material that could serve as
Finorg Source through weathering. A more plausible explanation is the
weathering of possible fluorite-bearing veins which were described
for an area in close proximity to the study site. However, the highest
Finorg cONcentrations of our study lie in the range of other creek and
river analyses from (Baden-Wiirttemberg LUBW, 2019) and are thus
not exceptionally high. In conclusion, halogen concentrations did not
differ among ecosystem solutions. In conjunction with the explanation
of vertical depth profiles of halogens in the solid soil, similar concentra-
tions among ecosystem solutions indicate balanced release
(weathering, dehalogenation) and retention (halogenation, adsorption,
precipitation) processes rather than an inert behavior that was previ-
ously assumed.

5. Conclusions

We found that Cl, concentrations decreased with increasing depth
and were linked to Corg concentrations. Chlorination processes and nu-
trient uplift by root uptake likely accumulated Cl in the topsoil. The
other halogens (Bryoy, Fior and Io;) showed opposed vertical trends and
a negative correlation with Corg. Thus, pH-related weathering and a
high solubility in combination with adsorption processes to pedogenic
oxides were geochemical processes controlling the cycling of Bryo, Frot
and I, Furthermore, our results show that the presence of a canopy
had a major influence on throughfall halogen composition due to the
wash-off of dry deposition and leaching from foliage. Within the soil
profile only Bry, in the organic Oi horizon was significantly influenced
by the canopy, indicating the importance of bromination. The lacking
difference between the location with and without canopy in the vertical
soil profile is attributed to the additional halogen input by throughfall,
which by far is exceeded by weathering and sorption processes in soil.
Higher dissolved lisorg concentrations in soil solution compared to rain-
fall (rainfall concentrations below the detection limit) were found due
to the equilibration between soil solution and the solid soil phase. No
differences between dissolved Clinorg, Brinorg and Finorg cOncentrations
in soil solution and rainfall further strengthens the argument that halo-
gen concentrations in soil solution are similar to the rainfall composi-
tion due to equilibrium reactions between the host rock and the soil.
Significantly higher dissolved Fiorg concentrations in creek water possi-
bly result from weathered fluorite-bearing veins.

In conclusion, our results revealed the complexity of processes
which control the halogen cycling close to the surface and illustrate
the impact of atmospheric input, vegetation and pedogenesis. In order
to decipher the relative importance of processes involved in the halogen
cycle such as uplift, halogenation/dehalogenation, weathering/adsorp-
tion we encourage the use of isotope approaches. Since our results
partly deviate from those of other studies, the importance of biological
and abiotic processes for the halogens might be site specific and thus,
requires more detailed studies on various sites.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.135473.
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Abstract

In spite of considerable efforts on understanding the role of halogens in soil biogeochemistry,
information about sorption of fluorine (F), chlorine (CI), bromine (Br) and iodine (I) and
concentration data for different soil size fractions is still sparse. For surface sorption processes
the surface area and therefore the particle size is highly relevant. The objectives of this study
were to determine the proportions of F, Cl, Brand I (organic + inorganic) that are surface sorbed
or incorporated in the structure of clay minerals and pedogenic oxides for different soil horizons
in a temperate forest ecosystem (in SW Germany). Because the surface sorption largely depends
on the (specific) surface area, we determined halogen concentrations in different soil size
fractions (i.e., coarse silt with 20-63 pum, medium and fine silt with 2-20 um, coarse clay with

0.2- < 2 um and medium clay with 0.02-0.2 um). Total halogen concentrations and the
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structurally bound halogen proportion after K;HPO4 solution treatment were analyzed by
combustion ion chromatography (CIC). Sorbed halogen proportions were calculated by

subtracting the structurally bound proportion from the total concentrations.

While F was mainly structurally bound in the crystal lattice and by specific sorption to clay
minerals, the halogens with larger atom radii (CI, Br and I) were predominantly unspecifically
sorbed. Around 70 % of Br and I and 90 % of ClI were sorbed in the medium clay fraction (0.02-
0.2 pum) in mineral subsoil while > 95 % of F was structurally bound, most likely in clay
minerals by exchange reactions between OH™ and F in the crystal lattice but also as specific
sorption mechanism. The proportion of sorbed CI, Br and | was highest in the medium clay
fraction (the finest fraction we studied), although this fraction only contributed about 1 wt% to
the bulk soil. This is probably related to the highest sorption capacity of small particles due to
their large specific surface area. Vertical depth profiles of halogens in the individual soil size
fractions matched with the bulk soil vertical patterns. Lacking vertical concentration differences
of Frot, Briot and liot in the mineral soil during soil development might be due to steady state or
equilibrium conditions between weathering, sorption processes and surface input. In contrast,
the vertical depth pattern of Clit tended to decrease, reflecting the process of Cl accumulation
in the topsoil and nutrient uplift. Our study provides new data on the different biogeochemical
sorption behavior of the various halogens in soils of forest ecosystems which seem to be
halogen-specific, with the amount of sorbed halogens further dependent on soil particle sizes.
The understanding of halogen sorption behavior might have implications for retention processes

of pollutants in landfills or radioactive waste disposal.

Key words: Sorption processes, particle size fractions, Cambisol, fluorine, chlorine bromine,

iodine
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The halogens, fluorine (F), chlorine (CI), bromine (Br) and iodine (I) are important elements in
natural ecosystems and their understanding is necessary for a variety of organic and inorganic
reactions in soils, the critical zone and in the Earth’s crust in general (e.e., Fuge 1988; Bastviken
et al. 2007; Redon et al. 2011; Oberg and Bastviken 2012; Kendrick and Burnard 2013). While
Cl is an essential micro-nutrient for plants and micro-organisms (Raven 2017), F, Brand | are
no essential micro-nutrients but appear to be involved in a large variety of organic processes
(e.g., Yuita 1983; Fuge 1988; Marschner 1995; Kabata-Pendias 2011), and act as important
ligands in inorganic processes like metal transport (Lecumberri-Sanchez and Bodnar 2018). In
large concentrations halogens can have harmful effects on living organisms (Chubar et al.
2005). Processes within soils (such as halogenation; e.g., Asplund and Grimvall 1991;
Montelius et al. 2015; Montelius et al. 2016) and external halogen input (such as dry deposition
wash-off and canopy leaching; e.g., Lovett et al. 2005; Roulier et al. 2019) strongly influence
the halogen distribution and availability in soils. The CI distribution for example, is strongly
governed by chlorination processes in the organic layer which result in an accumulation of Clyot
in the organic layer and decreasing Clwt concentrations with increasing soil depth (e.g.,
Bastviken et al. 2007; Montelius et al. 2016; Epp et al. 2020). In contrast, Fiot, Briot and ltot
concentrations increase with increasing soil depth (Epp et al. 2020), which may be linked to
sorption on for example positively charged surfaces of pedogenic oxides (iron (Fe), manganese
(Mn) and aluminum (Al) oxides and (oxy) hydroxides) that form during pedogenesis (Gerzabek
et al. 1999; Loganathan et al. 2007; Cortizas et al. 2016; Roulier et al. 2019). Further
explanations for these depth profiles could be weathering and subsequent leaching (Davison
and Weinstein 2006; Liu et al. 2014 and references therein; Fuge 2019) or the combination of
the level of for example bromination linked to the age of SOM and stabilization of brominated

organic substances by complexation with Al (Cortizas et al. 2016).
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Modification of host rock material and primary mineral weathering and formation of secondary
minerals such as clay minerals are governed by progressive soil formation (Chadwick and
Chorover 2001; Cornelis et al. 2014). In general, soils consist of highly variable particle size
mixtures with gaseous and liquid interstitial phases. Numerous reactions such as sorption and
desorption processes take place at interfaces of water and charged surfaces of the solid soil
phase, for instance clay minerals or pedogenic oxides (Scheffer et al. 1998; Schoonheydt and
Johnston 2006). These sorption processes are strongly dependent on the size and type of the
particle surfaces, where the specific surface size increases with decreasing particle size. With
respect to silicate phases, allophane (Al.03*(SiO2)17*(H20)2.8) and imogolite (Al2SiO3(OH)a4)
have the largest specific surfaces ranging between 700 and 1100 m? gt (Parfitt 1989; Scheffer
et al. 1998 and references therein). With specific surfaces between 600 and 800 m? g smectite
and vermiculite have the largest specific surfaces among clay minerals. In comparison, specific
surface areas of pedogenic oxides, like goethite and hematite range between 50 and 150 m? g
! whereas ferrihydrite has by far the largest surface of 300 to 400 m? g* (Parfitt 1989; Scheffer
et al. 1998 and references therein). Due to their large specific surface area, clay minerals and
also pedogenic oxides are particularly effective sorbents for a large variety of ions. While clay
minerals are generally negatively charged in the pH range of most soils, pedogenic oxides are
rather positively charged and, thus, can sorb anions (Scheffer et al. 1998) such as F-, CI, Br or
I". In general, the sorption of F, CI', Br and I on pedogenic oxides or clay minerals increases
with decreasing pH (Weerasooriya and Wickramarathna 1999; Goldberg and Kabengi 2010).
Decreasing sorption behavior is linked with increasing solution ionic strength of the background
electrolyte and no adsorption was reported at pH 8.8, the point of zero net proton charge
(Weerasooriya and Wickramarathna 1999). With regard to sorption of ions, two general
processes can be distinguished: (1) inner-sphere adsorption, where ligand exchange takes place,
hence the ion and the ligands which form complexes are in direct contact , and (2) outer-sphere

adsorption, where hydrated ions are weakly bound to mineral surfaces by electrostatic
4
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interactions, i.e., where water molecules are interconnected between ions and the ligands (e.g.,
Sposito 1989; Scheffer et al. 1998; Strawn and Sparks 1999). According to theoretical models
fluoride was described to form inner-sphere complexes with pedogenic oxides, while CI rather
forms outer-sphere complexes (Scheffer et al. 1998; Eskandarpour et al. 2008). Only a few
studies dealt with Br~adsorption of natural soils with complex matrices (Li et al. 1995; Goldberg
and Kabengi 2010) or oxides (Petkovic et al. 1994; Chubar et al. 2005) and clay minerals
(Weerasooriya and Wickramarathna 1999) with less complex matrices. These studies found
that Br is typically adsorbed on Fe and Al oxides but shows a relatively weak adsorption
behavior on kaolinite by outer-sphere complexation (Weerasooriya and Wickramarathna 1999;
Goldberg and Kabengi 2010). In natural soils Br~ was found to be adsorbed on soils at pH below
7 and that adsorption may be attributed to clay minerals or exchange reactions between Br~ and
negatively charged organic compounds (Li et al. 1995; Goldberg and Kabengi 2010).
Furthermore, sorption experiments of Kaplan et al. (2000) with a large variety of natural model
substances revealed that most of I" in natural arid sediments was weakly adsorbed on illite and
minor amounts of I" were adsorbed by surface complexation with soft metals such as mercury
or silver which were included in the illite structure as trace impurities, which could easily be
desorbed. A weak I~ adsorption on kaolinite was also explained by outer-sphere complexation
mechanisms (Weerasooriya and Wickramarathna 1999). In contrast, only minor amounts or no
I” sorption could be observed on individually sampled and investigated calcite, chlorite,

goethite, montmorillonite, quartz or vermiculite model substances (Kaplan et al. 2000).

Previous studies almost exclusively investigated halogen sorption on natural model substances
such as mineral separates or synthesized Fe- and Al oxides. Sorption processes in natural soil
samples were rarely considered and a distinction between sorbed (unspecifically) and
structurally bound halogens (i.e., halogens in the crystal lattice and specifically sorbed) within

soil depth has not been investigated yet. Especially the sorption behavior of all halogens has
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not been investigated in previous studies so far. Hence, information on the relative amount of
halogens sorbed to clay minerals, pedogenic oxides or organic compounds and the role of
different particle sizes and thus potential grain size effects has been lacking. The objectives of
this study were to determine the relative amount of sorbed halogens (organic + inorganic) (1)
for each halogen and to investigate if the sorption behavior of F, Cl, Br and | is similar, and (2)
in four particle size fractions (i.e., 20-63 um (coarse silt), 2-20 um (fine and medium silt), 0.2
- < 2 um (coarse clay) and 0.02 — 0.2 um (medium clay) in the mineral soil. Our analytical
approach enables us to distinguish structurally bound (organic + inorganic) F, Cl, Brand | from
sorbed (organic + inorganic) halogens in three soil horizons in mineral top- and subsoil.
Furthermore, we paid attention to potential vertical patterns of Fiot, Cliot, Briot and liot
concentrations (organic + inorganic) of three soil horizons in the different soil size fractions.
The distinction between organic and inorganic halogens is not topic of this study, this could be
subject to further studies. We investigated a Cambisol developed on gneissic host rock located
in a spruce forest (Picea abies (L.) H. Karst). Typically, this soil type consists of an organic

layer on top of the mineral soil, a mineral topsoil and mineral subsoil (Fig. 1).

Material and Methods

Study area

The investigated soil samples derive from the Kammentobel valley, close to the Feldberg peak
in the Schwarzwald, SW Germany. The annual temperature in 2018 ranged between 23 and -
20 °C and total precipitation was ~1500 mm (Deutscher-Wetterdienst 2019; WetterKontor
2019). The samples of this study represent a carefully selected subset of soil samples that were
previously analyzed by Epp et al. (2020) regarding their bulk halogen (F, Cl, Br and I)
composition and pedogenic oxide content (see chapter 2.3). The vegetation comprises spruce
trees (Picea abies (L.) H. Karst) and blueberry (Vaccinium myrtillus L.). The investigated soil

can be classified as Cambisol according to IUSS-Working-Group-WRB (2015) and developed
6



149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

on strongly weathered gneisses (migmatites) from the Schwarzwald low mountain range. The
investigated soil profile comprises a depth of 57 cm and soil horizon Bw2C in the subsoil can
be found until a depth of ~ 70cm, then the transition to the host rock is reached. In total, triplicate
samples from each soil horizon i.e., mineral topsoil (Ah) and subsoil (Bwl, Bw2C) were
selected. Further details on the study site are given in Epp et al. (2020). The vertical halogen
distribution in the four investigated particle sizes will be presented as a preliminary data set and

is included in this study as there have not been many studies on this topic so far.

Sample preparation

The soil material used in this study was first sieved (< 2 mm) and dried at 40 °C for five days
in order to minimize loss of halogens to the gaseous phase. For further investigation, respective
samples from each location were combined to form composite samples. The sieved soil samples
(< 2 mm) were then mixed with Millipore water (18.2 MQ*cm) and subsequently passed
through 500, 250, 125, 63 and 20 um stainless steel sieves to capture the remaining solid

material for further size-specific particle separation.

The fraction < 20 pm was transferred into a 1 L Atterberg cylinder with a drop height of 25 cm
and suspended with Millipore water. This procedure was applied to separate the clay fractions
< 2 um from the remaining medium and fine silt fraction (2-20pum) according to Stokes’ law
(Stokes 1901) as described by Atterberg (1912). Note that the clay fractions do not exclusively
consist of clay minerals, but also contain to a certain extent pedogenic oxides. The sediment
was shaken in the cylinder and left to stand for 22 hours. During this period heavier silt and
sand sized particles (> 2 um) sedimented, whereas clay-sized particles (< 2 um) remained in
suspension and could be separated from the remainder. Subsequently, the cylinder was refilled
with Millipore water and the procedure was repeated until the supernatant liquid was no longer
muddy. Depending on the soil horizon, this procedure took up to 10 runs for the mineral top-

and subsoil.
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The obtained clay fractions < 2 um were then separated by vacuum filtration (Welch limvac™)
using 0.8 pum cellulose nitrate membrane filters with a diameter of 10 cm (neoLab®). In order
to separate the coarse clay (0.2- < 2 um) from the medium clay (0.02-0.2 pm) fraction, all
samples were cooled-centrifuged with a ROTANTA 460RS, using a 5624 rotor. The separation
was conducted according to Tributh and Lagaly (1986) and the following frame conditions were
applied: 100 ml plastic centrifuge tubes with a diameter of 4 cm, ro = 10.3 cm, r = 12.3 cm and
the sediment was mixed with 80 ml Millipore water. As a first step, the fine clay fraction (d =
0.02 pum) was separated by 4400 rotations per minute (RPM min™) for t = 6 h 22 min.
Subsequently, the first 2 cm were sampled by pipetting and the tubes were refilled with
Millipore water to 80 ml. In total, three runs were implemented, but it turned out that the fine
clay fraction (< 0.02 um) was too fine to get reliably completely separated or used for further
investigations. Since the fine clay fraction was partly removed and not further considered, it is
only referred to the medium clay fraction as the finest fraction. In order to separate the medium
clay fraction (d = 0.2 um) from the coarse clay fraction, the samples were centrifuged at 2000
RPM mint for t = 21 min. In total 57 runs were required to separate the fine and medium from

the coarse clay fraction.

Note that during the whole procedure we did not use H>O. to eliminate organic particles or any
dispersing agents (such as HCI) as pre-treatment in order to minimize potential contamination
with halogens. Therefore, the determined halogen concentrations of the samples represent the
sum of organic and inorganic halogen components. By using Millipore water during all grain
size separation steps, water-soluble (and loosely bound/exchangeable) halogens were removed.
In the bulk soil, water-extractable halogen proportions ranged from 0.4 % (F) to 9 % (CI") as
reported in Epp et al. (2020). Total halogen concentrations (Fiot, Cliot, Brtot, ltot; i.€., Organic +
inorganic halogens) of all three soil horizons (Ah, Bwl, Bw2C) based on CIC measurements

represent both structurally bound halogens and halogens sorbed to particle surfaces.
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Possible organic contamination during sample treatment can be excluded, since total organic
carbon (Corg) content of soil fractions was 40 % lower than total Corg Of bulk soil. The different
particle size fractions contained various Corg amounts. The bulk Corg concentration in soil
horizon Bw1 (after taking the relative amount compared to bulk soil into consideration)
contained in the coarse silt fraction 6 g kg, in the medium and fine silt fraction 10 g kg2, in

the coarse clay fraction 1 g kg™ and in the medium clay fraction < 1 g kg™.
Desorption experiments

To remove strongly sorbed halogens on soil particles, the already grain size separated samples
were mixed with a solution of 350 mg KzHPO4 (= 99%, Roth) in 10 mL Millipore water for
which the pH was adjusted to 3-4 by adding 140 uL HNOz (65 %, suprapure, Merck). It is
generally known that phosphate is highly exchangeable with other anions (Manning and
Goldberg 1996). Kaolinite and illite generally have a specific surface area of 10 - 100 m? g2,
whereas clay minerals and pedogenic oxides in extreme cases reach values up to 1000 m? g
(Parfitt 1989; Santamarina et al. 2002 and references therein). These values are most likely only
representative for the smaller grain size fractions and thus represent maximum specific surface
areas. To assure excess of phosphate, we assumed a total specific surface area of 1000 m? g*
and used an initial phosphate content of 2.5 pmol m™ (Torrent et al. 1990). Each analyzed
sample varied with respect to total mass used and the total surface area of our samples reached
up to 150 m?. For this maximum surface 0.4 mmol would have sufficed, thus we have used a 2
mmol phosphate to provide more than adequate surface coverage. The samples were left in the
solution for three days and were occasionally shaken. The silt fractions were then separated
from the KoHPO4 solution by vacuum filtration, briefly washed with Millipore water and
subsequently dried at room temperature. The clay fractions were centrifuged and supernatant
solutions pipetted. The same procedure was repeated with Millipore water and solid samples

were dried at room temperature. After phosphate treatment of samples from Ah, Bw1 and Bw2C
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horizons from below canopy (C) only contained structurally bound halogens (Finc, Clinc, Brinc,
linc), since sorbed halogens (Fsorb, Clsorb, Brsorb, Isorb) Were desorbed. Halogen analyses in liquid

samples represent the dissolved inorganic F (Finorg) and CI (Clinorg) cOncentration.
Halogen analyses

After size fractionation, all samples were manually mortared and homogenized before analysis
of total halogen concentrations by combustion ion chromatography (CIC). The same applies to
subsamples that have been additionally treated with K:HPO4 to remove the surface sorbed
halogens and to solely assess the fraction of structurally bound halogens. For the CIC analyses,
an autosampler for solid samples (MMS 5000; Analytik Jena) connected to a combustion oven
and to a 930 Compact IC Flex chromatograph (Metrohm, Germany) with chemical suppression
and a peristaltic pump for regeneration (100 mmol L™ H,SO.) was used. Separation of analytes
was achieved with a Metrosep A Supp 5 —250/4.0 column (Metrohm) using an eluent consisting
of 8 mmol L Na,COs (suprapure, Merck ®). The limits of detection were: 0.8 mg kg™ for F,
0.2 mg kg for Cl and 0.02 mg kg™ for Br and | (calculated according to DIN 32645). Based
on the analysis of standard solutions (single element solutions of F, CI, Br and I; Roth; 1000
mg L) and various reference materials (SO3, GSN), the long-term reproducibility (1c) was
within a 20 % margin for F and 10 % for CI, Br and I. Sorbed halogen concentrations were
calculated by subtraction of structurally bound halogen concentrations from total halogen
concentrations. Note that structurally bound concentrations comprise bound in the crystal lattice
as well as specifically sorbed. A detailed description of the analytical method can be found in

Epp et al. (2019).

Liquid samples of the residual KoHPOj4 extraction solution were analyzed for Finorg and Clinorg
using an autosampler for liquid samples (858 Professional Sample Processor, Metrohm). Limits

of detection were for F 0.2 mg L™ and for CI 0.5 mg L (calculated according to DIN 32645),
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while Brinorg and linorg cOncentrations were below the detection limit as the samples have been

diluted by a factor of 1000 to avoid column overload by phosphate.

Complementary analyses

We used dried (40 °C) and sieved (<2 mm) bulk sample material for the analyses of pedogenic
oxides. The analyses of poorly crystalline pedogenic oxides (Feox and Alox) and the sum of
poorly crystalline and crystalline pedogenic oxides (Feq and Alg) have already been reported in
Epp et al. (2020). Hence, further methodical aspects can be found in this previous study. Coarse
clay and medium clay fractions of soil horizons Ah, Bw1 and Bw2C were analyzed by means
of X-ray diffraction (XRD). The XRD analyses were conducted on texture samples on a glass
slide with preferred orientation using a Bruker D8 Advance at the University of Tlbingen. Total
carbon (Ciwt) concentrations were analyzed from homogenized samples with an Elemental
Analyzer (Vario EL Ill, Elementar Analysensystem GmbH). Due to very minor amounts of
CaCOz3 (< 1 %) in the acidic mineral soil (pH < 4.5), Ct is considered to be adequate to total

organic C (Corg).

Data analyses

IBM® SPSS® Statistics Version 25 was used for all statistical evaluation. Spearman rank
correlations were conducted to detect possible correlations between halogen concentrations and
various soil parameters. Generally, for p < 0.05, differences and correlations were considered
as statistically significant. The Shapiro-Wilk test was applied to test for normal distribution and
the Levene test was assessed for checking the homogeneity of variances. If homogeneity of
variance was not given, the Welch test was used and the Games-Howell as post-hoc test.
Halogen concentrations of Fsorb, Clsorb, Brsorn and lsory between different particle sizes were
compared using the one-way ANOVA to determine possible relations of halogen concentrations

and grain size.
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Results

On average 40 wt% of bulk soil consisted of coarse silt (20-63 um; 15 wt%) and fine to medium
silt (2-20 um; 25 wt%) particles. The clay fractions represented by far the smallest weight
portion of the investigated bulk soil, with 3 wt% of 0.2- < 2 um and <1 wt% of 0.02- 0.2 um
particles, only. Based on XRD analyses, coarse and medium clay samples were composed of
vermiculite, illite, kaolinite and gibbsite, i.e., did not contain any swellable clay minerals. The
organic carbon content in the different particle sizes ranged between 2.5 and 10 % (Tab. 1) and
was on average 15 % lower in samples after phosphate treatment (Fig. 2a). In the following,
total halogen concentrations and the proportions of sorbed halogens will be shown separately

for each halogen in the four different particle size fractions.
Fluorine sorption in various particle sizes

In the coarse silt fraction (20-63 pm), Finc concentrations were slightly higher than Fiot
concentrations in soil horizons Ah and Bw2C. In soil horizon Bw1 Finc concentration was only
half as high as Fot, thus 50 % of F was structurally bound (Fig. 3) in this horizon, whereas in
Ah and Bw2C F was entirely structurally bound. Dissolved Finorg concentrations in the
supernatant phosphate solution were decreasing with soil depth from 3to 1.8 mg L™ (Fig. Al).
Similar was observed in the medium and fine silt fraction (2-20 um), since Finc concentration
was also higher than Fit concentration, all of F was structurally bound in the Ah horizon. Soil
horizon Bw1 showed that 90 % of Fit was Finc, whereas in soil horizon Bw2C 100 % of F was
structurally bound and nothing of F was sorbed (Fig. 3). Dissolved Finorg decreased with depth
from 3.5 to 1.4 mg L! (Fig. Al). The amount of incorporated F in the coarse clay fraction (0-
2-<2 pm) was in the same order of magnitude as for the silt fractions. In soil horizon Ah 93 %
of Fwt and in soil horizons Bw1 and Bw2C all of Fit was structurally bound (Fig. 3). Dissolved
Finorg in the supernatant phosphate solution decreased with depth from 2.7 to 1.7 mg L™ (Fig.

Al). Concentrations of Finc were constant with depth in the medium clay fraction (0.02-0.2 um),
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ranging between 650 and 680 mg kg™. Comparable to the other size fractions, 96 to 100 % of
F was structurally bound, and thus, only up to 4 % sorbed (Fig. 3). The supernatant phosphate
solution showed decreasing dissolved Finorg from 3.0 to 1.8 mg L with depth (Fig. Al). In
general, Fot concentrations (ranging in total between 500 and 800 mg kg™) and the proportions
of Fincand Fsorb, respectively, were relatively constant throughout the four investigated particle
sizes and showed that most F was structurally bound. Comparing the few proportions of Fsor
between the particle sizes, mean values of 17 % Fsor, Showed that by far most of F was sorbed
to particles in the coarse silt fraction. A slight decrease from 9 to 4 % Fsom related to the size
was observed from the medium and fine silt to the medium clay fraction. However, Fsorb
concentrations did not differ significantly between the particle sizes (p > 0.05). Furthermore,
Ftot cOncentrations were negatively correlated with particle size (r = -0.536, p = 0.002). Molar
ratios showed by far higher Ft concentrations in each particle size fraction compared to Clygt,
Briotand liot. In the coarse silt fraction the ratios were as follows: F/Cl = 8, F/Br = 70, F/l =390,
in the medium and fine silt fraction: F/Cl = 10, F/Br = 50, F/I = 200, in the coarse clay fraction:
F/CI = 10, F/Br = 45, F/l = 250 and in the medium clay fraction: F/Cl =1, F/Br = 15 and F/I =
100. Vertical Fwt concentration depth profiles of all four particle sizes were strongly
overlapping with concentrations ranging between 500 and 1200 mg kg™. Within the mineral

soil Fit concentrations were relatively constant (Fig. 4).
Chlorine sorption in various particle sizes

In the coarse silt fraction Clinc concentrations tended to decrease with increasing depth from
150 to 90 mg kg (Tab. 1) and showed on average a Cl proportion of 20 % (Fig. 3) which was
sorbed relative to total Cl concentration. Dissolved Clinorg in the supernatant phosphate solution
increased from 1.5 to 2.7 mg L™ (Fig. A1) with increasing soil depth. Similar observations were
made in the medium to fine silt fraction, where a trend of decreasing Clinc concentrations from

120 to 90 mg kg* was observed (Tab. 1). Throughout the three soil horizons also on average
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20 % was Clsor relative to Cliot concentrations. No vertical variations occurred in dissolved
Clinorg in the supernatant phosphate solution with average concentrations of 1.5 mg L (Fig.
Al). Concentrations of Clinc also tended to decrease slightly in the coarse clay fraction with
depth from 130 to 110 mg kg™ (Tab. 1). In soil horizons Ah and Bw2C 25 to 30 % of Clt
concentrations were Clsom, but it was only 5 % Clson in Bwl (Fig. 3). Concentrations of
dissolved Clinorg in the supernatant phosphate solution varied between 0.4 and 0.9 mg L with
no clear vertical trend (Fig. Al). In contrast, in the medium clay fraction Clit concentrations
were by far higher compared to the other particle sizes and ranged between 600 and 1800 mg
kg (Tab. 1). Furthermore, 80 to 90% of Clit in the medium and fine clay fraction was sorbed
(Fig. 3), which is on average 65 % more than in the coarser grain size fractions. A large
difference was visible in dissolved Clinorg cOncentrations in the supernatant phosphate solution
between mineral topsoil (0.7 mg L™) and subsoil (4.5 mg L?, Fig. Al). Comparing Clsom
concentrations of all particle sizes, concentrations were significantly higher in the medium clay
fraction (p = 0.007- 0.008). In addition, Clit concentrations were negatively correlated with
particle size (r =-0.405, p = 0.021). Vertical Clt concentration profiles tended to show a slight
decrease in all four particle sizes with increasing soil depth (Fig. 4). In the coarse silt, medium
and fine silt and coarse clay fractions Clit concentrations ranged between 100 and 180 mg kg
1 In strong contrast were Cliot concentrations in the medium clay fraction which reached values

up to 2500 mg kg™ (Fig. 4).
Bromine sorption in various particle sizes

Structurally bound Br concentrations tended to show a slight decrease with depth from 40 to 25
mg kg in the coarse silt fraction. On average, only 10% of Bri,t concentrations were sorbed. In
the medium and fine silt fraction Brwt concentrations were increasing from mineral topsoil (40
mg kg™?) to mineral subsoil (70 mg kg™). In soil horizon Ah 97 % of BrietWas structurally bound

and hence, only 3 % sorbed, whereas in the mineral subsoil 30 % of Britwas sorbed (Fig. 3).

14



347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

Relatively similar observations were made in the coarse clay fraction. Total Br concentrations
also tended to increase with depth from 40 to 80 mg kg™ (Tab. 1) and on average a Br proportion
of 20 % which was sorbed relative to Brt concentrations was observed. Compared to the coarse
silt fraction, there was an increase in the Br proportion which was sorbed. Total Br
concentrations were by far higher in the medium clay fraction with concentrations between 150
and 170 mg kg (Tab. 1). In the Bw1 horizon 60 % of Briw: was sorbed and in Bw2C even 70
%. In the smallest particle size fraction by far the highest amount of Br was sorbed compared
to the three other particle sizes (Fig. 3). Comparing Brsorb concentrations of all particle sizes,
concentrations were significantly higher in the medium clay fraction (p < 0.001). Furthermore,
Brot concentrations were negatively correlated with particle size (r =-0.863, p <0.001). Vertical
Brwot concentration profiles tended to show an increase with depth in all four particle sizes (Fig.
4). The concentrations seemed to increase with decreasing particle size, since the vertical
profiles were not overlapping but shifted to higher concentrations with decreasing particle size.
Total Br concentrations ranged in the coarse silt, medium and fine silt fraction and in the coarse
clay fraction between 20 and 80 mg kg™ and in the medium clay fraction from 140 to 220 mg

kg™,
lodine sorption in various particle sizes

In the coarse silt fraction linc concentrations tended to decrease from 7 to 2 mg kg™ with
increasing depth (Tab. 1). Only a | portion of 5 % which was sorbed relative to It
concentrations was observed in the Ah horizon, whereas it was between 60 and 70 % in soil
horizons Bwl and Bw2C (Fig. 3). In the medium silt fractions lirc concentrations were
unsystematically fluctuating between 5 and 9 mg kg™ and our analyses showed that on average
60 % of It was sorbed. Similar observations were made in the coarse clay fractions where linc
concentrations ranged between 8 and 13 mg kgt and on average 50 % of It Was sorbed.

Structurally bound | concentrations ranged between 12 and 18 mg kg™ in the medium clay
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fraction and thus tend to be slightly higher compared to the other three particle sizes. On average
70 % of It was sorbed in the smallest particle size. In general, the proportion of | which was
adsorbed ranged between 50 and 70 % in the four investigated particle sized with the highest
proportion adsorbed in the smallest particle size fraction. Comparing lsors concentrations of all
particle sizes, concentrations were significantly higher in the medium clay fraction (p < 0.001).
Furthermore, lit concentrations were negatively correlated with particle size (r = -0.820, p <
0.001). Vertical Iyt concentration profiles tended to show an increase with depth in all four
particle sizes (Fig. 4). The concentrations seemed to increase with decreasing particle size, since
the vertical profiles were not overlapping but shifted to higher concentrations with decreasing
particle size. Total | concentrations ranged in the coarse silt, the medium and fine silt fraction
and in the coarse clay fraction from 6 to 26 mg kg and in the medium clay fraction from 25 to

60 mg kg™
Comparison of F, ClI, Br and I sorption behavior

There were notable differences comparing the halogen concentrations and the amount of sorbed
and structurally bound proportions between F, Cl, Br and I, independent of the particle size.
Total F concentrations were by far higher than Cliot, Brot and ltot, which was already expressed
as molar ratios in chapter 3.1. Between ClI, Br and | the concentration differences were not that
large, as the molar ratio of CI/Br was on average 8 and of Cl/I it was on average 50, which are
in fact both almost six times lower compared to the molar F ratios. Furthermore, especially the
sorption behavior of F was different compared to Cl, Br and I. On average over all particle sizes
and soil horizons 93 % of Fit was structurally bound, whereas our results showed that on

average large proportions of Cl (32 %), Br (25 %) and | (55 %) were sorbed.
Discussion

Various halogen (F, Cl, Br, 1) sorption behavior
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We observed that most of F~ (on average 93 %) was structurally bound and only a minor amount
weakly sorbed to surfaces. In general, F has a much smaller radius compared to Cl, Br and |
(Latscha et al. 2011) and thus we assume that F is less prone to be unspecifically sorbed to
surfaces and rather structurally incorporated into the crystal lattice of for example clay minerals
or specifically sorbed. The study of Weerasooriya and Wickramarathna (1999) reported for
kaolinite that changes in ionic strength only had a minor effect on the adsorption of F-, which
indicated an inner-sphere complexation. Furthermore, an anion substitution mechanism
between OH™ and F was revealed by an increasing pH with F~ concentration in the kaolinite
system (Weerasooriya and Wickramarathna 1999). An increasing pH from 3.7 to 4.4 with
increasing soil depth was also found for our location (Fig. 2b). This anion substitution
mechanism has been generally observed for F in clay minerals and is strongly pH-dependent
(Romo and Roy 1957; Bower and Hatcher 1967; Fuge 1988; Du et al. 2011). It was found that
in acidic solutions at pH 3-4 exchange of OH" by F~ was twice as high as in neutral or alkaline
solutions (Chubar et al. 2005). Lower pH results in less OH" ion availability which could
possibly compete with F for specifically sorption (Chubar et al. 2005). The determined soil pH
of 3-4 in Epp et al. (2020) for the present location (Fig. 2b) offers therefore perfect conditions
for an extensive anion exchange. Total fluorine concentrations in all soil size fractions (except
for Cl in the medium clay fraction) were by far higher than Br, | and also ClI (Tab. 1). This
becomes even clearer by taking the halogen ratios in the different particle fractions into account.
These illustrate that F was 10 times higher than CI in the coarse silt, medium and fine silt and
coarse clay fraction and showed a molar ratio of 1 in the medium clay fraction. The molar
concentration ratios of F were even higher for Br with on average 45 times and | with on average
230 times. Our XRD analyses revealed that coarse and medium clay fractions mainly consisted
of vermiculite, illite, kaolinite and gibbsite. This indicates that clay minerals play an important

role in the composition of our investigated samples and can explain high Fit concentrations,
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which were likely achieved by anion substitution in the crystal lattice and specific sorption of

these clay minerals.

Our analyses showed that with on average 32 % of Cl, 25 % of Br and 55 % of | large portions
were sorbed. Compared to F, Cl, Br and | have much larger ionic radii (Latscha et al. 2011) and
hence, we suppose that they are in contrast more prone to be unspecifically sorbed on surfaces
than to be structurally bound. Further differences were described for Cl, Br and | with regard to
the formation of complexation types. In contrast to F, CI" Br and I were shown to be strongly
affected by changes in ionic strength in kaolinite and thus, indicated outer-sphere complexation
(Weerasooriya and Wickramarathna 1999). Outer-sphere complexation is characterized by a
weak sorption to mineral surfaces by electrostatic interactions (e.g., Sposito 1989; Scheffer et
al. 1998; Strawn and Sparks 1999). Furthermore, the presence of CI', Br and I did not lead to
a pH change in the kaolinite system (Weerasooriya and Wickramarathna 1999). Hence, anion
substitution is not likely to be a valid mechanism for CI-, Br and I, but is important for F~ and
could explain the contrasting sorption behavior observed in this study. In the pH range of
common soils, pedogenic oxides mostly have positively charged surfaces (Scheffer et al. 1998
and references therein) and thus serve as sorbing agents for halogens. This was confirmed for
example by positive correlations between total Br and total | concentrations and pedogenic
oxides as already described in Epp et al. (2020). In general, adsorption of halogens increases
with decreasing pH (Weerasooriya and Wickramarathna 1999). Soil pH of the investigated
sample location ranged between 3 and 4 (Epp et al. 2020) and thus provided ideal conditions
for halogen sorption to pedogenic oxides (Fig. 2b). Chubar et al. (2005) reported for CI" to
compete also with OH" to be incorporated and to be sorbed best at pH 3-4. If this exchange may
be true for Cl despite a large ionic radius, it makes it likely to be also valid for Br-and I". The
incorporation into the crystal lattice of clay minerals would explain why the main proportion of

Cl and Br and half of I is not sorbed. For | we have shown that the portions which were sorbed
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and incorporated were equal, whereas Cl and Br were still preferentially incorporated. A larger
sorption extent for I than for Cl and Br might be due to the large ionic radius of I, since the
radius of I is 1.6 times that of F (Latscha et al. 2011). A further argument would be an abundant
supply of CI" and Br~ which occupy possible sites in the lattice before they could be occupied
by rather unsuitable I anions. Our results highlight that most of F (on average 93 %) was
structurally bound into crystal lattices of minerals — likely of clay minerals, whereas on average
over all soil horizons 32 % of CI, 25 % of Br and 55 % of | were sorbed to surfaces of pedogenic

oxides.
Halogen (F, Cl, Br, I) sorption on different particles sizes

We found remarkable differences in the sorption behavior between F and the other halogens
(Cl, Br and I) with respect to the soil size fractions, as they show a contrary trend (Fig. 3). On
average 17 %, corresponding to Fsom concentrations of 60 mg kg™, of Fit was sorbed to 20-63
pm particles. In the other three particle size fractions, Fsony decreased so that all of Fit was
structurally bound (Tab. 1). Nevertheless, the amount of Fsor, did not vary significantly between
the particle sizes. In contrast, Chot, Briwt and kot concentrations increased with decreasing
particle size and were by far highest in the smallest soil fraction (0.02-0.2 um) with about 70
% of Brsorb and lsorb and up to 90 % Clsorb in the mineral subsoil (Fig. 3). This is in line with
significantly higher Clsorb, Brsob and lsorb concentrations in the fraction with the smallest
particles. In general, sorption behavior should increase with decreasing grain size (Sposito
1984; Scheffer et al. 1998), since the specific surface size of particles is strongly dependent on
the particle size (Sposito 1984). Thus, our results for Cl, Br and I are in line with the generally
expected halogen sorption behavior. The small particle size fraction is commonly considered
as the ,,clay mineral fraction” implying mostly structurally bound halogens; our results show

that sorption to clay and/or pedogenic oxides play a role as well.

Vertical distribution of halogens in different soil size fractions
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The vertical depth patterns for F, CI, Br and | in soil size fractions < 63 um (this study), were
very similar to those of bulk soil sample profiles described in Epp et al. (2020), which included
particle sizes up to 2 mm (Fig. 4). Bulk soil data was always in the lower concentration range
compared to halogen concentrations analyzed in the present study (Fig. 4). This can be
explained by absence or negligible amounts of clay minerals (Hosking et al. 1957) or pedogenic

oxides in soil size fractions > 63 pum, resulting in lower total halogen concentrations.

Vertical Fio profiles of all investigated soil size fractions tended to show no vertical patterns
with depth within the top- and subsoil (Fig. 4). Overall, all vertical Fw: profiles were strongly
overlapping, thus no clear concentration differences between the individual soil fractions (Fig.
4). High F concentrations in soil are due to weathering of F-rich minerals in the host rock
(Totsche et al. 2000; Zhang et al. 2010 and references therein). The host rock of the study site
contains F-bearing minerals such as biotite, and if F is released by weathering it can be
subsequently incorporated into secondary clay minerals or adsorbed onto pedogenic oxides.
Commonly, the intensity of weathering in a vertical soil profile decreases with increasing depth
(Linser and Scharrer 1966) and thus, it is expected that F, pedogenic oxide or clay mineral
concentrations should show distinctive depth patterns. However, concentrations of pedogenic
oxides and clay minerals did not vary within the top- and subsoil (Fig. 2 ¢ & d) and point to the
absence of an intensity of weathering depth profile. Very low Feox/Feq ratios between 0.06 and
0.1 of the soil column (Epp et al. 2020) indicated that scarcely any iron from silicate weathering
is supplied. Formerly present biotite from the host rock may already be dissolved. Hence, no
vertical concentration differences of Ft within the mineral soil may be attributed to steady state
or equilibrium conditions between F-release by weathering, subsequent adsorption or
structurally incorporation and surface input and subsequent accumulation in upper soil

horizons. Besides, lacking differences between the soil horizons during soil development could
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have been caused by a low solubility and slow reaction kinetics of clay minerals (Meyer and

Howard 1983).

Within the top- and subsoil Clit was also relatively constant. Since the organic particles were
not explicitly removed during sample preparation, it is very likely that the investigated samples
still contained organic compounds which either incorporated or adsorbed halogens. The vertical
depth patterns of Cl point to an accumulation of Cl in the Ah horizon and probably nutrient
uplift in the subsoil, hence, the same processes like in the bulk soil were visible (see details in
Epp et al. 2020). Chlorination in the organic layer is the underlying fixation process which
results in an accumulation of Cl in the organic layer and in the Ah horizon (Hjelm et al. 1995
and references therein; Oberg and Grgn 1998; Redon et al. 2011). Lacking depth variations may
indicate steady state or equilibrium conditions between surface input, sorption processes and
nutrient uplift. Large Cl stocks in soil (e.g., Redon et al. 2011) could probably also have led to

lacking differences in the horizons during soil development.

With regard to sorption processes, in the case of Br higher adsorption to soil particles in subsoil
horizons (deeper than 50 cm) was described by Li et al. (1995) and was attributed to exchange
reactions between Br and negatively charged organic compounds. The same study reported
adsorption of Br to be rather negligible in the topsoil (upper 50 cm). These results are in contrast
to our findings since, sorption of Br in the topsoil was not negligible, and we found on average
11 % of Br to be sorbed to pedogenic oxides or organic compounds. Such contrasting findings
can be explained by different soil types and concomitant soil properties. In the study of Li et al.
(1995) a Spodosol was investigated which is typically characterized by a low pH, moist and
acidic conditions which results in redistribution of organic matter and Fe- and Al oxides from
mineral topsoil into the mineral subsoil (Yli-Halla et al. 2006; Chesworth et al. 2008). In
contrast, our investigated Cambisol showed organic soil horizons (Oi and Oe) on top and in the

different particle size fractions a Corg content of up to 10 % in the mineral top- and subsoil (Ah,
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Bwl and Bw2C) clearly indicate the presence and the potential importance of organic
compounds. The discrepancy with our data can be explained by different soil properties. The
presence of the Bw1 soil horizon in our investigated Cambisol contains pedogenic oxides where

Brinorg SOrption is vital, also in depths > 50 cm.

Although the medium clay fraction only contributes 1 wt% to bulk soil, Fit concentrations in
this fraction were the same as in the other investigated fractions. In addition, around 50 wt% of
Briot and liot and even 70 wt% of Clwot were analyzed in the medium clay fraction. Similar or
even much higher concentrations in samples that contribute only marginally to the total sample
weight in relation to their weight further indicate the importance of halogen incorporation and
adsorption processes in soils. In sum, our results showed that lacking halogen variations with
depth might be due to equilibrium conditions between weathering, sorption processes and
surface input. Besides, large halogen pools might inhibit concentration differences during soil

development.

Implications

The obtained data along with our previously published study allowed us to portray the sorption
behavior of F, CI, Brand I in a vertical soil profile from a temperate forest in four different soil
size fractions. Our study showed that almost all F was structurally incorporated into the crystal
lattice of, or specifically sorbed to e.g., clay minerals, independent of particle size. This can be
attributed to substitution mechanisms between OH™ and F~. Opposing behavior was found for
the other halogens where in the subsoil 90 % of Cl and up to 70 % of Br and | was unspecifically
sorbed to soil particles such as pedogenic oxides. For CI, Br and I it was shown that the amount
of halogen sorption was strongly dependent on particle size. By far highest Cliot, Briot and ot

concentrations were detected in the smallest fraction (medium clay 0.02-0.2 um).

Further understanding of sorption behavior on clay minerals may have implications for

retention of organic and inorganic pollutants. Landfill sludges can contain for example ClI-
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bearing organic and inorganic pollutants. Material used in such landfills contain large amounts
of clay minerals which enhance the sorption of organic compounds. Furthermore, the
radionuclides **Cl and %I have a long half-life and their disposal and its effects are of current
importance. Thus, understanding the sorption behavior of halogens on for instance clay
minerals is crucial for retention processes of pollutants in landfills or potentially for radioactive
waste disposal. Steady state or equilibrium conditions between weathering, sorption processes
and surface input probably caused lacking distinctive vertical concentration differences of Fiot,
Cltot, Brot and liot in the mineral soil during soil development. Other biogeochemical processes
might be negligible compared to the large halogen stocks in the soil which may inhibit visible
concentration differences. The fact that the bulk soil only consisted of 1 wt% medium clay and
still this fraction contained most of Cl, Br and | emphasized the importance of halogen sorption
to clay minerals and/ or pedogenic oxides. In conclusion, our results revealed the importance
of sorption processes for Cl, Br and | and incorporation processes for F which control the

vertical halogen distribution in a Cambisol of a temperate forest.
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Figures

Figure 1. (a) Simplified overview of all soil sample locations from the Feldberg, southwest
Germany, including depiction of the typical forest at the investigated site. C = with canopy, OC
= without canopy, (b) Schematic vertical soil profile of the investigated Cambisol and the

corresponding soil horizons.

Figure 2. (a) Amount of Corg in % of different particle sizes and soil depth, (b) pH data for each
soil depth, pH = CaCly, (c) amount of coarse, medium and fine clay fractions in % (in relation
to bulk soil composition) for each soil depth, (d) content of pedogenic oxides in mg kg™ for
each soil depth. Alox, Feox = poorly crystalline Al and Fe oxides, Alq and Feq = sum of poorly

crystalline and crystalline Al and Fe oxides. (b) — (d) data from Epp et al. (2020).

Figure 3. (a)-(d) four different soil size fractions (20-63 um, 2-20 pum, 0.2-<2 um and 0.02-2
pum) versus adsorbed (%) halogen amount in mineral topsoil (Ah) and subsoil (Bw1 and Bw2C).
Grey bars illustrate the entire range of halogens in percentage. Black dot marks mean values

over all horizons in each particle size.

Figure 4. (a)-(d) Vertical depth patterns of total halogen concentrations (incorporated and
adsorbed + inorganic and organic; mg kg™) in four different soil size fractions. Dark blue =
bulk soil data from Epp et al. (2020), n = 18, light blue = halogen concentration in soil size
fraction 20-63 um, n = 6; pink = halogen concentration in soil size fraction 2-20 um, n = 6;
grey = halogen concentration in soil size fraction 0.2-<2 um, n = 6 and green = halogen
concentration in soil size fraction 0.02-0.2 um, n = 6. For the horizon thicknesses on the y axis
average values were taken over all profiles for each soil horizon. The error bars show the

standard deviation.
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730 Appendix

731 Figure Al. (a) and (b) Dissolved inorganic F and CI concentrations in the supernatant
732 phosphate solution in each soil size fraction and each soil horizon after the desorption treatment
733 of the soil samples in mg L. Residual solution of all soil size fractions of each soil horizon

734  were analyzed by ion chromatography.

735  Figure A2. (a)-(d) Adsorbed halogen concentrations of all soil size fractions versus Alox, Feox
736 (poorly crystalline Al and Fe oxides) and vs Alg and Feq (sum of poorly crystalline and

737  crystalline Al and Fe oxides).
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Tab. 1 Halogen concentrations in mineral topsoil and subsoil of different soil size fractions. Horizons were classified according to IUSS Working Group-WRB (2015). Total = halogen concentration adsorbed

+ incorporated (= inorganic + organic), inc. = halogen concentration incorporated, ads. = halogen concentration adsorbed, “-“ = no further sample material available.
Br Cl F |
C(‘"g % Mass
Horizon Spil total inc. % ads. % total inc. % ads. % total inc. % ads. % total  Inc. 0 ads. % kgg-l) fraction
(eachn  size (mg (mg . (Mg .o (mg (mg ... (mg o |mg (mg . . (mg . |mg (mg . (Mg .
=1) fraction | kg*)  kg¥) " kg?) ' kgl kg?) kg™) T kg kg?) " kg “ | kgh)  kg?) T kg '
Ah 20-63 42 36 85 6 15 225 149 66 76 34 516 567 110 0 0 7 7 94 0.4 6 97
Bwil 20-63 36 30 85 5 15 118 102 86 16 14 579 288 50 291 50 9 4 38 6 62 42 15
Bw2C 20-63 25 26 104 0 0 115 89 78 25 22 578 630 109 0 0 7 2 30 5 70 26
Ah 2-20 38 37 97 1 3 143 124 86 20 14 611 680 111 0 0 14 5 37 9 63 82
Bwil 2-20 67 48 72 19 28 106 84 80 21 20 680 616 91 64 9 18 9 49 9 51 38 26
Bw2C 2-20 63 49 77 15 23 117 89 77 27 23 678 680 100 0 0 22 8 35 14 65 -
Ah 0.2-<2 44 37 85 7 15 175 132 76 42 24 694 648 93 46 7 17 8 48 9 52 -
Bwil 0.2-<2 84 64 76 29 24 123 114 93 9 7 635 816 129 0 0 24 13 53 12 47 43 3
Bw2C 0.2-<2 79 60 76 19 24 159 112 71 47 29 755 753 100 2 0 26 12 46 14 54 62
Ah 0.02-0.2 156 - - - - 1845 - - - - 487 - - - - 24 - - - - -
Bwil 0.02-0.2 170 68 40 103 60 607 114 19 493 81 707 679 96 27 4 52 18 35 3 65 58 0.9
Bw2C 0.02-0.2 153 45 29 108 71 1299 142 11 1158 89 629 653 104 0 0 41 12 29 29 71 -
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Figure 3
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