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ARTICLE INFO ABSTRACT

Keywords: Hydrothermal Zn-Pb-Fe sulfide and F-Ba mineralization occur as open space fillings, veins, and fracture coatings in various parts of
North German Basin the North German Basin in Paleozoic sedimentary rocks and volcanic units at depths of up to four kilometers. We present a
7Zn-Fe-Pb sulfides petrographic and geochemical (fluid inclusion, mineral and formation water geochemistry) inventory of the mineralized zones and
Fluorite review the basin architecture, evolution, and stratigraphy in order to decipher the timing, extent, fluid pathways, and fluid-rock
Hydrothermal interactions associated with the ore formation. A particular focus lies on the sediment-hosted Zn-Fe-Pb sulfides in the western part
MVT of the North German Basin, the Lower Saxony Basin. Samples from hydrothermal veins from the Pre-Permian basement are also
Permian being investigated and compared to the North German Basin-style mineralization to uncover possible genetic links between them.

The sediment-hosted sulfide mineralization in the Lower Saxony Basin in the Permian Stassfurt Carbonate unit (Ca2) shares many
characteristics that are typical for carbonate-hosted base metal sulfide deposits such as MVT deposits. Petrographic observations,
fluid inclusion and isotope data provide evidence that Zn-Fe-Pb sulfides were deposited by highly saline metal-rich basinal brines
at temperatures of ~160 °C. Carbon and oxygen isotope data point toward fluid mixing augmented by structurally-controlled fluid
migration during the late Cretaceous basin inversion as the primary ore precipitation mechanism with no magmatic component. In
the Altmark-Brandenburg Basin, steeply-dipping F-Ba (calcite, anhydrite, quartz) veinlets in Permo-Carboniferous sandstones and
volcanic units are evidence for enhanced post-Variscan structurally-controlled fluid flow. Sulfides are, apart from rare occurrences
of chalcopyrite, absent. This is interpreted to reflect the paleogeographic position of the Altmark-Brandenburg Basin (deeper
paleogeographic basin position without carbonate aquifers), the lack of reductants, and the predominance of nitrogen-rich fluids as
documented by fluid inclusions. Measurements on formation waters from the NGB show geochemical similarities to fluid inclusions
in ore and gangue minerals and could represent a potential future exploration tool for hydrothermal ore deposits. This has the
potential to aid future research and exploration of deeply covered sediment-hosted deposits and to meet future mineral resources

demands.

1. Introduction Brandenburg Basin (ABB) is still under debate and has been the subject of several
recent research efforts, e.g., Will et al. (2016) and Wiistefeld et al. (2017), who

Deeply-covered hydrothermal mineralization in Permian units within the focused their investigation on unravelling the thermal history and fluid evolution
North German Basin (NGB, Fig. 1) have first been discovered in exploration and within the basin. Most recently, Sosnicka and Liiders (2018a) and Knorsch (2017)
production drill cores more than 50 years ago. Since the 1960s researchers have provided findings that class the sulfide mineralization in the LSB as the deep-
recognized the occurrence of these mineralized zones in Permian strata of the seated expression of a potential Mississippi Valley-Type (MVT) deposit. Mempel
NGB at depths of up to four kilometers and historic mining for sphalerite and (1962) was the first to note the different expressions of hydrothermal miner-
galena is documented in parts of the Lower Saxony Basin (LSB; i.e., Silberberg and alization in the western and eastern part of the NGB, the LSB and the ABB, re-
Hiiggel) where rare outcrops of the corresponding host rock lithology exist spectively. Dolomitic Zechstein (upper Permian) carbonates of the Stassfurt car-
(Mempel, 1962; Mempel et al., 1965). However, little is known about the fluid bonate unit (Ca2) in the LSB host sulfides such as sphalerite, galena and pyrite,
and metal sources and the processes that led to the formation of the sediment- whereas sulfide mineralization is absent in Permian strata and volcanic host rocks
hosted hydrothermal Zn-Fe-Pb sulfide, fluorite-barite, and vein-type quartz-cal- of the ABB (Mempel, 1962; Mempel et al., 1965)—merely some occurrences of
cite-(specular) hematite mineralization in Permian host rocks across the NGB. The pyrite have been reported but are not thought to be related to hydrothermal ac-
origin and character of the hydrothermal activity in the LSB and Altmark- tivity. In the latter, vein-type quartz-calcite-(specular) hematite and fluorite-

barite mineralization are evidence for widespread hydrothermal activity.
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Fig. 1. Top left: Overview map showing the extent of the South Permian Basin and its sub-basins. Main map: Location and extent of the Lower Saxony Basin and the
Altmark-Brandenburg Basin and relevant structural features. The dashed line represents the approximate extent of the central North German Basin and the hatched
area represents the shallow basin margins, i.e., carbonate platform. (after Betz et al., 1987; Kley and Voigt, 2008; Littke et al., 2008a; Scheck et al., 2002; Senglaub

et al., 2006; Ziegler, 1990, 1987).

According to Mempel (1962) and Mempel et al. (1965) galena, sphalerite, pyrite,
chalcopyrite, barite, celestine, and fluorite occur along fault planes and in open
space fillings in Zechstein sedimentary rocks and volcanic units. The extent,
petrography and geochemical variability of these mineralized zones are still
widely unknown. However, more recent research efforts by Sosnicka and Liiders
(2018a) and Knorsch (2017) have provided a more in-depth investigation of the
petrography, isotopic composition and fluid inclusion chemistry of the ore mi-
nerals, specifically sphalerite. Both studies concluded that mixing of basinal
brines precipitated the Zn-Fe-Pb mineralization at temperatures of up to ca.
200°C and that the mineralization in the Ca2 carbonates of the LSB may be
classed as a cluster of deep-seated thermochemical sulfate reduction (TSR)-con-
trolled MVT deposits.

In this context we present petrographic (optical and scanning electron mi-
croscopy including cathodoluminescence) and geochemical data (electron probe
microanalysis, laser ablation ICP-MS, ICP-OES, fluid inclusions, stable isotopes —
813¢, 880, 8°"Fe) and review the formation and structural evolution of the NGB
to further elucidate the formation conditions and mineral and elemental inventory
of the deep-seated sediment-hosted Zn-Fe-Pb and fluorite-barite mineralization in
the LSB and ABB. We discuss (a) the petrography and mineral chemistry of host
rocks and mineralized zones, (b) the fluid, sulfur and metal sources, and (c) the
hydrothermal fluid systems (fluid inclusion and isotope chemistry as well as
formation waters) including pre-existing structures and other structural controls.
Furthermore, we put the Zn-Fe-Pb and fluorite-barite mineralization in context
with known mineralized zones in the Harz Mountains and the Flechtingen
Calvorde Block (FCB)—both representing outcrops of the Variscan or pre-Permian
basement in northern Germany—as well as the polymetallic Kupferschiefer de-
posits, to reveal possible genetic links or similarities in their formation.

The NGB’s structural evolution and the development of fluid systems through
time as well as detailed petrographic and geochemical data can help to constrain
the occurrence and distribution of mineral resources within the NGB and its sub-

basins and also give new insights into mineral system scale models of deep-seated
deposits. Moreover, the potential of the observed ore minerals to host strategic
elements such as Ge, Ga, In (sphalerite), and REE (fluorite) makes them a valuable
research and possible exploration target.

2. Geologic overview

The northern European continent comprises several large superimposed ba-
sins that form the Central European Basin System (e.g., Littke et al., 2008a).
During the late Carboniferous to early Permian three sub-basins developed—the
Northern Permian Basin (NPB), the Southern Permian Basin (SPB) (Fig. 1), and
the Polish Trough (Littke et al., 2008a; Maystrenko et al., 2008; Ziegler, 1977,
1990). The SPB is itself composed of various sub-basins and depressions divided
by swells and highs that have experienced different modes of deformation and
faulting associated with various (mostly post-Permian) subsidence and uplift
events (e.g., Betz et al., 1987; Littke et al., 2008a; Ziegler, 1990). The SPB extends
over 1600 km from the east coast of England to Poland and is filled with sedi-
ments that can reach a thickness in excess of five kilometers (Bachmann and
Grosse, 1989; Brink, 2005; Plein, 1993; Ziegler, 1990). The dominant strike di-
rection of the basin features is WNW-ESE, parallel to the Tornquist-Teisseyre-
Zone (TTZ) in the North. The Elbe Line, an inferred contact zone between Baltica
and Avalonia, and the Elbe Fault Zone (EFZ) are demarcating the southern margin
of the basin (Maystrenko et al., 2008; Wilson et al., 2003; Ziegler, 1990). The
difference in strike to the SW-NE-striking late Carboniferous Variscan Foreland
Basin (Westphalian Foreland Basin) reflects a fundamental change in the overall
stress regime (Scheck et al., 2002; Scheck-Wenderoth and Lamarche, 2005).
Structurally similar sub-basins of the SPB include, amongst numerous others, the
LSB, the Subhercynian Basin (SHB), and the North East German Basin (NEGB)
including the ABB in Northern Germany (Figs. 1-3) (Benox et al., 1997; Brink,
2005; Brink et al., 1992; Stackebrandt, 1986), and the Mid-Polish Trough to the
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Fig. 2. Sample localities within or near the LSB and exposed geology and

east (Dadlez, 2006; Dadlez et al., 1995; Lamarche and Scheck-Wenderoth, 2005).
Intensive drilling (more than 1000 wells) in the middle of the last century helped
to gain a more comprehensive picture of the basin structure and the stratigraphy
of deeply covered Permian units within the NGB (Brink, 2005; Gerling et al.,
1999; Littke et al., 2008a; Lokhorst et al., 1998; Maystrenko et al., 2008; Plein,
1995). Information on basin infill and structural differentiation of the NGB into
sub-basins mainly during the Mesozoic is compiled in Baldschuhn et al. (2001,
1991), Kockel (2002, 1994), Littke et al. (2008a), and Pharaoh et al. (2010),
among others. The structure of the pre-Permian basement, especially in the NEGB,
is also well understood thanks to large-scale deep seismic sections such as the
European Geotraverse and the DEKORP-line (Blundell et al., 1992b, 1992a;
Krawczyk and Stiller, 1999).

2.1. North German Basin

The NGB is located in the central part of the SPB (Fig. 1), extending over
500 km length and 200 km width (Bachmann and Grosse, 1989; Ziegler, 1990). It
is framed by the Anglo-Dutch Basin to the West and the Polish Basin to the East.
The NGB can be further subdivided into the LSB and the NEGB which are sepa-
rated by a succession of subtle ridges from the Altmark High to the East Holstein
Platform (Gast et al., 1998). The southern basin margin is characterized by nu-
merous steeply dipping fault lines of the NW-SE striking EFZ (Franke et al., 1996;
Littke et al., 2008a; Scheck et al., 2002). Major structural elements of the NGB are
illustrated in Figs. 1-3.

The NGB has been interpreted to be the result of crustal thinning during a late
Carboniferous to early Permian rift process with extensive magmatic and volcanic
activity that affected the Variscan basement and generated NE-SW and NW-SE
trending fault zones (Bachmann and Grosse, 1989; Brink et al., 1992; Gast, 1988;
Littke et al., 2008a; Maystrenko et al., 2008; Stottmeister and Poblozki, 1999;
Wilson et al., 2003; Ziegler, 1990). From a geodynamic-metallogenetic point of
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structural features. The dashed line represents the outline of the LSB.

view the late Variscan and subsequent Upper Carboniferous to Permian period
also produced a wealth of mineral deposits that were directly or indirectly related
to the emplacement of various types of intrusions and volcanics (Dill, 1996; Dill
et al., 2008a, 2008b). Most fault systems of the NGB reflect a major WNW-ESE
trend whereas the second N-S trending fault system can be distinguished at the
Horn Graben, Gliickstadt Graben or Gifhorn Trough (e.g., Lamarche and Scheck-
Wenderoth, 2005; Scheck et al., 2002). Ascending mafic magmas caused partial
melting of the lower crust which is evident in extensive ignimbrite sequences
within the NGB but especially in its eastern part, the NEGB (Breitkreuz and
Kennedy, 1999). Basin formation, i.e. subsidence, was further induced by post-
Variscan wrench tectonics leading to pull-apart structures that were successively
filled with thick clastic and evaporitic sediments (Behr and Gerler, 1987; Betz
et al., 1987; Maystrenko et al., 2008; van Wees et al., 2000; Ziegler, 1990).
Progressive subsidence and further differentiation of the basin continued well into
the Jurassic (Littke et al., 2008b; van Wees et al., 2000; Ziegler, 1990). Upper
Cretaceous re-activation of Variscan NW-SE striking fault systems led to basin
inversion (Littke et al., 2008a; Ziegler, 1987), triggering halokinesis (salt tec-
tonics) (Glennie, 1995), and locally, also resulted in structurally controlled mi-
neralization (Moller and Liiders, 1993). Modern 3D numerical simulations based
on high-resolution seismic lines have given new insights into the timing of basin
evolution in different areas of the NGB and helped to understand basin dynamics
from subsidence to inversion (Gemmer et al., 2003, 2002; Hansen et al., 2007;
Hecht et al., 2003; Lamarche and Scheck-Wenderoth, 2005; Miiller et al., 2016;
Scheck and Bayer, 1999).

The Harz Mountains (Fig. 1), though not being part of the NGB sensu stricto,
share the same fate as the basin infill of the Mesozoic sub-basins as they were
uplifted during the Upper Cretaceous-early Cenozoic basin inversion (e.g.,
Franzke et al., 2004; Kley et al., 2008). However, their position along the southern
margin of the EFZ, between the two major sub-basins, the LSB in the northwest
and the ABB in the northeast (Figs. 2 and 3), as well as their similar tectonic
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Fig. 3. Sample localities, major structural units, and fault zones of the western Altmark-Brandenburg Basin. Red lines represent faults in the Permian basement as
inferred from Schumacher and May (1993), Borsdorf (1976) and Benox et al. (1997), black lines mark Mesozoic faults (Benox et al., 1997). Red dots indicate wells
containing fluorite mineralization. WAB = West Altmark Block, FZ = Fault Zone.

history make the Harz Mountains a tectonic key element regarding the geo-
mechanical properties of the Variscan basement during the Upper Cretaceous
basin inversion (Gabriel et al., 1997; Tanner and Krawczyk, 2017). Especially the
occurrence of major fault-related hydrothermal mineralization in the Harz
Mountains and their association with the complex tectonic history may support
the understanding of fluid migration in adjacent sedimentary basins.

2.1.1. Lower Saxony Basin

The E-W trending LSB is located in the NW-part of Germany, north of the
Rhenish Massif (Betz et al., 1987; Ziegler, 1977) (Figs. 1 and 2). The LSB devel-
oped during a tectonically active period in late Jurassic to mid-Cretaceous times
along NW-SE trending faults systems, superimposing the late Carboniferous
Variscan Foreland Basin and parts of the Variscan Fold Belt (Betz et al., 1987;
Boigk, 1981; Doornenbal and Stevenson, 2010). The northern boundary of the
LSB is marked by the Pompeckj Block, the southern basin margin is bordered by
the Miinsterland Platform and the N-S trending Gifhorn Trough marks the Eastern
limit of the LSB (Betz et al., 1987; Brink et al., 1992; Glennie, 1990; Ziegler, 1990,
1987). Friesland Platform and Texel-Ijsselmeer-High mark the western border of
the LSB (Pharaoh et al., 2010). The Osning Mountains, Osning Thrust Zone (also
referred to as Osning Fault Zone), situated at the southern margin of the LSB,
represent the most intensely inverted part of the LSB (Baldschuhn and Kockel,
1999; Betz et al., 1987) (Fig. 4A). During the Upper Cretaceous basin inversion,

the LSB was in part overthrusted on the southern Miinsterland block along the
Osning Thrust Zone (Baldschuhn and Kockel, 1999; Josten et al., 1984; Liiders
et al., 2012). Faults of Permian age (Ziegler, 1990) limit the Osning Thrust Zone to
the south.

Three prominent horst structures, namely Schafberg, Hiiggel, and Piesberg,
are of significance for mineral exploration in the LSB as they coincide with his-
torical mining areas, where Zn-Pb and metasomatic iron ores were mined. The
Perm mine and the Schafberg (Harms, 1984), however, represent Pb-Zn miner-
alization hosted in Zechstein Cal carbonate and not in the stratigraphically
younger Ca2 dolostone.

2.1.2. Altmark-Brandenburg Basin (ABB)

The ABB represents the south-western part of the NEGB (Figs. 1 and 3). The
structural evolution of the ABB and NEGB are essentially the same. The general
structural organization of the ABB is detailed in Benox et al. (1997). The pre-
Permian basement of the ABB is subdivided into several tectonic units that are
delineated by major NNE-SSW and NW-SE striking lineaments. The Flechtingen
Fault Zone and the NNE-SSW trending Gifhorn Trough—a major depression that
formed due to the early Permian extensional tectonics— mark the southern and
western border of the ABB, respectively (Gast et al., 1998; Hiibscher et al., 2010)
(Fig. 4B). The predominant lineament in the western parts of the ABB, the Dies-
dorf Fault Zone, divides the Gifhorn Trough from the adjacent Altmark Swell. The
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West Altmark Block, the smallest structural unit in the ABB, occupies the east-
ernmost part of the Gifhorn Trough. The Altmark Swell area north of the Gar-
delegen Escarpment is referred to as Central Altmark Block (Figs. 1 and 3).

In contrast to the LSB and the pre-Permian basement of the NGB, the NEGB,
including the ABB, is commonly considered devoid of any known economic mi-
neral and/or metalliferous mineralization. However, abundant hydrothermal
vein-type fluorite-barite and quartz-hematite mineralization hosted by lower
Permian volcanic rocks and Permian sandstones were first documented in drill
cores during gas exploration in the Altmark area by Stedingk et al. (1995). These
structurally-controlled veins found at up to 4km depth generally vary be-
tween < 0.1 to < 1m in thickness and are associated with NW-SE and NE-SW
striking and steeply dipping faults and lineaments.

2.1.3. Stratigraphic overview
The Rotliegend represents the lowermost Paleozoic stratigraphic unit of the
NGB infill and comprises up to 3000 m thick volcanic units (Altmark Subgroup)
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and a suite of red bed clastic sedimentary rocks that were deposited under semi-
arid conditions on a continental flood plain (playa) (Fig. 5) (Bachmann and
Hoffmann, 1995; Gaupp et al., 2000). The Rotliegend is overlain by sedimentary
rocks of the Zechstein. At its base, acting as a marker horizon, is a thin (commonly
less than 0.3 m thick) marine black shale layer with high organic contents—the
Kupferschiefer (sensu stricto) (e.g., Alderton et al., 2016; Borg et al., 2012; Dill,
1996; Speczik, 1995). In some parts of the Permian basin, i.e., the Mansfeld and
Lausitz area in Germany or southwest Poland, the Kupferschiefer has been mined
primarily for its high polymetallic content (Cu, Zn, Ag and Pb) since medieval
times. It can also contain elevated concentrations of certain critical metals such as
Mo, Pt, Pd, Te, Au and U (Bechtel et al., 2001; Kucha et al., 1993; Piestrzynski,
1990; Piestrzynski and Wodzicki, 2000).

As illustrated in Fig. 5, the NGB transgressional transitions from the clastic
sediment-dominated lower Permian to the upper Permian are characterized by
cyclic clastic sediments such as silt and claystones during early transgression and
carbonates, sulfates, and halite units at later stages when the basin was fully
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silt and shale

Coal seams

Coal seams

Sandstones,
greywackes, siltstones,
shales

Fig. 5. Permian and Pennsylvanian (upper Carboniferous) stratigraphic units (generalized, arbitrary scale) of the North German Basin (compiled from and edited
after Bachmann and Grosse, 1989; Bachmann and Hoffmann, 1995; Borg et al., 2012; Gothel, 2012; Liitzner and Kowalczyk, 2013; Plein, 1995; Schroder et al., 1995;
Wrede, 2005). Paleogeographic divisions (basin platform, shelf and center) apply to the Zechstein (upper Permian) units. Rotliegend (lower Permian) and upper
Carboniferous strata represent the dominant basin-wide units, i.e., are more generalized.
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flooded (Bachmann and Hoffmann, 1997; Legler et al., 2005; Stollhofen et al.,
2008). Four major evaporitic cycles have been described, although up to eight
evaporitic cycles have been documented in the more than 1.5 km-thick Zechstein
basin infill (Littke et al., 2008a; Scholle et al., 1995). Zechstein evaporite cycles
can exceed 2000 m in thickness in the basin center (Liiders et al., 2010). These
evaporitic sediments and their contribution to fluid, sulfur, and salinity budgets
play an important role for the formation and evolution of basinal brines within the
NGB.

Paleogeographically, most of the LSB is located at the transition between the
lagoon and slope of the SPB (Figs. 1 and 5) which is reflected in the observed
sedimentary structures and textures. The basin infill comprises thick (up to
2400 m) sequences of Permian to late Cretaceous sediments which are overlain
unconformably by Cenozoic sediments (Betz et al., 1987; Boigk, 1968; Glennie,
1995). Permian strata in the region are predominantly represented by Zechstein
sediments that often discordantly overlay upper Carboniferous rocks such as
shales and sandstones. However, lower Permian sediments are also present in
several wells (Doornenbal and Stevenson, 2010; Kockel, 2003).

The ABB has been affected by an extended subsidence during the late Permian
to Triassic and was successively filled with sedimentary and volcanic material of
up to 5.5km thickness (Pudlo et al., 2011; Scheck-Wenderoth and Lamarche,
2005; Stottmeister and Poblozki, 1999; van Wees et al., 2000) (Fig. 4B). Wide-
spread volcanism at the early stages of basin formation is documented in the
Altmark sub-group (lower Rotliegend) by thick volcanics and volcanoclastics that
changed their chemistry from early andesitic compositions to late rhyolitic stages
(Bachmann and Hoffmann, 1997, 1995; Littke et al., 2008a; Marx et al., 1995;
Plein, 1995; Scheck-Wenderoth and Lamarche, 2005). Lower Permian sediments
in the ABB are dominated by clastic sediments with laminated claystones to coarse
grained sandstones, which are characteristic for a continental flood-plain en-
vironment under semi-arid conditions (Pudlo et al., 2011).

3. Results
3.1. Petrography of host rocks and mineralized zones

3.1.1. Lower Saxony Basin

The upper Permian Stassfurt Carbonate (Ca2) is the predominant host rock for
the sediment-hosted Zn-Fe-Pb sulfide mineralization in the LSB (Fig. 6A, B, C, D,
E). Sphalerite, pyrite and galena are the major hydrothermal sulfides that occur in
varying modal abundances in samples from the investigated wells in the LSB (e.g.,
Fig. 6F). Cyclical growth bands and sectoral zoning in sphalerite and pyrite can be
observed in many samples (Fig. 6A, D, G, H). Bedding is often readily apparent in
the Ca2 carbonates, especially where bituminous or clastic material and bedding-
parallel deposition of sulfides retraces grading textures, which also reflects pre-
existing permeability contrasts (Fig. 6B). Some samples feature ooidal and pe-
loidal packstone, indicating that they were likely deposited on the offshore banks
of the SPB under lagoonal conditions (see Fig. 1). Anhydritic dolomites with
minor organic components also occur. Slumping textures are present especially in
fine-grained dolostones with siliciclastic components (Fig. 6B). Stylolites, most
likely comprising clay and organic material, are a common feature and are pre-
dominantly oriented parallel to bedding. In some cases, hydrothermal pyrite is
closely associated with these stylolites, suggesting a genetic link (Fig. 6B).

A mixture of open space fillings, massive mineralization (i.e., pervasively
mineralized zones dominated by sulfide minerals), veins (cm-scale) and veinlets
(mm-pm-scale) can be found in the drill core samples from the LSB. Fracturing
and small scale brecciation can be observed in many samples in the form of filled
fractures crosscutting the host rocks and earlier mineralization stages or sharp-
edged host rock fragments floating in a matrix of hydrothermal mineralization,
i.e. calcite, anhydrite, quartz and sulfides. These fractured zones can be attributed
to hydrothermal brecciation rather than the dissolution and re-crystallization of
so-called pseudobreccias.

Carboniferous units were also sampled in a few wells (i.e., LSBHZ1, LSBPZ1,
and LSBPZ6) and comprise clastic sedimentary (shales and sandstones) or vol-
canic rocks such as the amygdaloidal, porphyritic rock (melaphyre) in Fig. 6L.
These units are free of sulfide mineralization but do display signs of alteration and
are often crosscut by veinlets filled with carbonates (including siderite) or quartz.

3.1.1.1. Pyrite. Authigenic sedimentary to diagenetic pyrite is a common
feature in the Ca2 (Fig. 6A) and other neighboring lithologies. These
predominantly small, sub- to euhedral pyrites (~1-10um) are not linked to
fractures, stylolites, open space fillings, or veins and occur as isolated
disseminated grains throughout the carbonate. Hydrothermal pyrite appears to
have formed in three distinct textural varieties in the LSB: (1) aggregations of
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uniformly sized pyrite microcrystals (< 10-50 pm) which form spherical to
irregular annealed clusters along stylolites or in cavities within the dolostone
(Fig. 6B, C and D). These hydrothermal pyrites are also present in narrow bands
within veins and veinlets (Fig. 6C). (2) ‘dusting’—thin accumulate layers of single
crystal pyrites settling on top of other mineral phases such as sphalerite or galena
(Fig. 6F). Euhedral, small-scale pyrites form centimeter-scale bands throughout
the sulfide assemblage and are sometimes enveloping sphalerite grains. They
often show cyclical growth bands (Fig. 6G) or occur as distinctly euhedral growth
rims around earlier pyrites. They are bound to fractures, veins or open space
fillings. (3) anhedral pyrites with grain sizes of up to a few centimeters are
associated with secondary hydrothermal carbonates or occur within the sulfide
assemblage. These grains commonly display micro-fractures. This type of pyrite
formed co-genetically with other sulfides as displayed by sharp grain boundaries
with sphalerite, indicating equilibrium conditions. No major dissolution processes
or alteration halos were detected for both sedimentary or hydrothermal pyrites.

3.1.1.2. Sphalerite. Sphalerite is the predominant sulfide in the mineralized
zones in the LSB (Fig. 6H). A detailed investigation of the petrography and
mineral chemistry of sphalerite from the LSB has been undertaken by Knorsch
(2017). Vein-type mineralization (mm-dm scale) and massive aggregates of up to
cm-scale sphalerites with distinct color variations (colorless to dark brown) and
sectoral zoning can be found in the Ca2 dolostone. Cyclical growth bands are a
common feature in sphalerite, indicating compositional variations in the
corresponding mineralizing fluid (Fig. 6H). Colloidal (i.e., concentric and
colloform) growth, which is a common feature in sphalerites from many MVT
deposits, could not be observed. Larger grains often display inclusions of gangue
minerals such as quartz, carbonate and anhydrite. Inclusions of other sulfides such
as pyrite and galena can also be observed, indicating that the corresponding
sphalerite was a later or contemporaneous phase. Galena appears to be a late
phase in many samples and often occurs as open space fillings enveloping
previous mineral phases such as sphalerite (Fig. 6F). However, inclusions of
galena within sphalerite can also be observed in some samples and suggest a
contemporaneous crystallization with sphalerite (Fig. 6I). Other sulfides such as
chalcopyrite, sulfosalts (tennantite-tetrahedrite series) and covellite are minor
constituents in only a few samples. Covellite replaces chalcopyrite as a secondary
sulfide, whereby several degrees of progressive replacement can be observed in
the polished sections (Fig. 6J). Tennantite-tetrahedrite series minerals are only
present in well LSBQZ, near the southern boundary of the LSB.

3.1.1.3. Fluorite-barite. Hydrothermal fluorite commonly occurs as small
interstitial grains, on planes of motion, and in veinlet fillings (Fig. 6E, K).
Intricate growth textures could be observed under the SEM suggesting complex
dissolution-recrystallization processes (Fig. 6K). Barite is only an accessory phase
(< 1% modal abundance) but is present in some veinlet fillings or as individual
relatively large grains (< 250 um) in a few samples.

3.1.2. Altmark-Brandenburg Basin and Flechtingen Calvorde Block

Rotliegend sandstones (red beds), finer-grained siliciclastic sediments (i.e.,
mudstones) and thick volcanics of varying chemistry (andesite to rhyolite stages)
are the predominant host rock types in the ABB (Fig. 7A, G). Carbonate cement is
common in the clastic sediments. Hydrothermal calcite and anhydrite are the
dominant gangue minerals within mm-cm scale veins or thin pm-scale veinlets
and also occur as massively mineralized zones, i.e. open space fillings that are
dominated by these minerals. Sulfides are much less abundant than in the LSB.
Sphalerite and galena are entirely absent; an observation which concurs with
Mempel’s (1962) early work. Chalcopyrite does occur as up to cm-size aggregates
in calcite veins but is merely a rare accessory phase.

3.1.2.1. Fluorite-barite. Fluorite is an abundant mineral phase and occurs as
small (< 50 pm) solitary grains, small-scale veins, vuggy open space-fillings, and
as coatings on fracture planes. Fluorite veins can reach several mm to cm in
thickness. Greenish and pinkish fluorite varieties could be observed; however,
clear varieties dominate. Hydrothermal fluorite is in some cases accompanied by
later barite veins that also crosscut the gangue calcite (Fig. 7A-F). Barite is often
fine grained (< 25 um) and dispersedly distributed throughout mineralized zones.
Barite veins and larger crystals also occur but are less abundant (Fig. 7A-E).

3.1.3. Cathodoluminescence (CL)

CL can reveal structural and textural features on a thin section and mineral
scale. Minor differences in REY and trace element composition in hydrothermal
fluorite resulting from sectoral zoning or multiple growth events can also be
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Fig. 6. Photomicrographs and SEM images of petrographic features in samples from the LSB. A: Sedimentary euhedral pyrite grain in Main Dolomite. (reflected light, pp)
B: Stylolites (sub)-parallel to bedding in a Ca2 dolomite. Organic material retraces the bedding textures and sedimentary structures (slumping). Pyrite is often associated
with the stylolites but also occurs as isolated grain aggregates within the carbonate. Anhydrite occurs in mm-size aggregates commonly associated with the sulfide
mineralization. (transmitted light, pp) C: Calcite-pyrite vein in Main Dolomite. Large, cm-size calcite is accompanied by a narrow band of pyrite. Solution textures are
visible at the interface between hydrothermal calcite and the carbonate host rock. (transmitted light, cp) D: Pyrite band in Main Dolomite (Ca2) consisting of small
(< 200 um) individual grains. (transmitted light, pp) E: Dolomite (brown shades) and fluorite. (transmitted light, pp) F: Typical sulfide assemblage of sphalerite, galena
and pyrite. A late calcite vein is crosscutting the sulfides. (reflected light, pp) G: Backscattered SEM image of hydrothermal pyrite hosted in carbonated illustrating the
growth bands which are not visible in plain light. H: Banded and zoned sphalerite (brown shades, dark zones) associated with hydrothermal calcite and anhydrite. A band
of fine-grained pyrite marks the boundary to the carbonate host rock. transmitted light, pp). I: Sphalerite with abundant carbonate inclusions and euhedral pyrite and
galena. (reflected light, pp) J: Rare occurrence of covellite as a secondary alteration product of chalcopyrite surrounded by sphalerite (reflected light, pp) K: SEM-
Cathodoluminescence image of fluorite displaying the otherwise invisible complex mosaic of growth textures (lighter and darker greys). L: Rotliegend volcanic (melaphyr)
with abundant vesicle that are filled with calcite and green celadonite. Thin calcite veins crosscut the host rock. (transmitted light, pp).

visualized with CL by applying different electron densities. This may be especially fractures from two wells in the ABB (NEGBB1.16 and NEGBF1.1). Fig. 8A;_3 de-

helpful in interpreting REY patterns in fluorite, as shown by Nadoll et al. (2018). monstrates the different luminescence properties of detrital and hydrothermal
Fig. 8 shows two detailed examples of common observed textural and structural quartz, and thereby reveals brittle deformation within the wall rock prior to mi-
features of hydrothermal fluorite-quartz mineralization in sandstone-hosted neralization. Fig. 16B;_3 shows partial replacement of hydrothermal wall-lining
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otgani
micritic

Fig. 7. Photomicrographs and macroscopic photos of samples from the ABB. A: Corresponding hand sample to B and C showing the massive colorless fluorite
mineralization with the barite-anhydrite vein in the center. The host rock is a Rotliegend sandstone (bottom left corner). B: Barite vein with abundant elongated mm-
size anhydrite crystals in fluorite (dark outer areas). (transmitted light, cp) C: SEM image of the same barite vein shown in B. Barite is more easily distinguishable due
to its bright white BSE appearance. Anhydrite crystal within the barite vein show a dark grey whereas the surrounding fluorite has a slightly lighter grey appearance.
(BSE-SEM image) D: Crosscutting quartz-calcite veins in micritic organic-rich carbonate rich siliciclastic sediment (dark brown patches which is also crosscut by fine
barite-veinlets. (transmitted light, cp) E: BSE image of D displaying the elusive distribution of barite in the quartz, carbonate, feldspar matrix (clastic
sedimentary)—Barite (bright white in the BSE image) is finely dispersed in small cavities and in fine veinlets crosscutting host rock matrix. A calcite cement (darkest
grey) seems to be the last mineral phase to have crystalized in this sample. F: Quartz (grey)-fluorite (dark) vein. Note the syntaxial, partly feathery growth of the vein
quartz (comb quartz) along the edges of the vein toward the center. The bottom third shows elongated anhydrite with typical high interference colors and parallel
twinning. The vein is framed by deformation bands that display grain size reduction (transmitted light, cp) G: Specular hematite-calcite vein in rhyolitic Rotliegend
volcanic of the FCB. H: Specular hematite (light grey needles) surrounding a fluorite grain (dark grey) in hydrothermal anhydrite (medium grey). (reflected light, pp)
I: Chalcopyrite (light yellow) and hematite (light grey) in carbonate. Chalcopyrite is not an abundant mineral phase and usually occurs as disseminated, mostly un-
altered grains of up to 1 mm diameter in hydrothermal carbonate from the FCB. (reflected light, pp).

quartz by fluorite. Further description in the figure caption. particularly Pb, As, Ni, and Co show a wide variability among the different types
of pyrite, with upper quartile (95%) values reaching several 1000 ppm in some
samples. Compositional variations exist between different generations of pyrite

3.2. Mineral chemistry and within growth bands (Fig. 9A, B, Fig. 10).

3.2.1. Pyrite

The complete LA-ICP-MS data can be found in the Electronic Appendix (8.1).
The overall content of minor and trace elements in all types of pyrite (sedimentary
and hydrothermal) is low. Only Pb, Mn and As have median concentrations above
10 ppm. The remainder of measured elements have median concentrations below
10 ppm (Co, Ni, Cu, Se) or below 1 ppm (Ge, Mo, Cd, Sb, Te, Au and Bi). However,

3.2.1.1. 8°Fe. Preliminary results for the iron isotopic composition of
diagenetic and hydrothermal pyrite from the LSB range between § *Fe —0.34
and +1.11%. There is a large overlap among samples and no clear trend that
discriminates these two types of pyrite or core and rim areas within individual
pyrite grains (Fig. 11).
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Fig. 8. A;) Photomicrograph of a hydrothermal fracture mineralization in Rotliegend sandstone from the ABB (compare Fig. 15F) showing detrital quartz grains of
the host rock and fracture-filling hydrothermal comb quartz (crossed polarizers). A, and Aj): same view as shown in A; in CL mode. Cathodoluminescence exhibits
healed microfractures in detrital quartz grains in the host rock that prove some shearing during fracture formation. Comb quartz is characterized by transient blue CL
(intense green dots: abrasive powder). B;) Photomicrograph showing fracture-filling fluorite in eolian sandstone (Rotliegend) (crossed polarized light). B,) and B3):
same view as B; in CL mode. Here, CL reveals growth zoning features in fluorite that help to distinguish between different growth events that explain varying trace
element concentrations. Moreover, hydrothermal quartz can thereby be distinguished from detrital host rock grains.

3.2.2. Sphalerite

A detailed investigation of the sphalerite geochemistry in samples from the
sediment-hosted Zn-Fe-Pb mineralization in the LSB has recently been conducted
by Knorsch (2017). While the overall minor and trace element content of the
investigated sphalerites from the Ca2-hosted Zn-Fe-Pb mineralization are low, i.e.,
median values for Ga, In and Tl are 0.99 ppm, 0.064 ppm, and 0.65 ppm, re-
spectively (Knorsch, 2017), there are several compositional trends that seem to
reflect changes in the physicochemical attributes of the corresponding miner-
alizing fluid over time. Fig. 12 shows As, Tl, Cd, Pb and Fe concentrations in a
sphalerite from Well LSBHZ1 which illustrates these trends that are linked with
the observed sphalerite colors (i.e., dark — high Fe, Cd, Pb and low As and TI).

3.2.3. Carbonates

Vein carbonates from several drill cores within the LSB were investigated (see
Electronic Appendix, Table EA 3, Table EA 4 for details).

The REY concentrations of hydrothermal carbonates hosted in Devonian,
Carboniferous and upper Permian units in the NGB can be found in the Electronic
Appendix (Table EA 4). Hydrothermal carbonates hosted in Devonian
limestones have low overall REY contents (XREY = 18.51 mg*kg’l), whereas
Carboniferous  carbonates have higher total REY concentrations
(ZREY = 5.13-263.72 mg*kg ') and upper Permian carbonate mineralization is
in the range of 3.19 and 93.2mg*kg ' total REY. REYgy patterns (SN: shale-
normalized, Taylor and McLennan (1985); Fig. 13a) of vein carbonates hosted in
Ca2 from the investigated drill cores in the LSB show significant variations, but an
overall trend towards LREYsy depletion and MREYsn/HREYsy enrichment can be
seen in the data. The different shale-normalized REY patterns imply the presence
of different fluid and metal sources. Similar patterns are observable for hydro-
thermal carbonates hosted in Carboniferous and Devonian strata (Fig. 13b).
However, in the Carboniferous-hosted carbonate mineralization, the fractionation
between LREY and MREY is even more prominent than in Ca2 mineralization.
Those hosted in Carboniferous strata show a depletion in LREY over MREY and
HREY and overall considerably elevated REY concentrations. Well LSBQZ1 hosts
calcite veinlets in Devonian carbonates (Massenkalk) that are associated with
traces of Zn-Pb sulfide mineralization at around 5280 m. The REY compositions of
vein carbonates hosted in these Devonian units in the LSB (Fig. 13b) differ
markedly from those found in Ca2-hosted vein carbonates. A small but distinct
negative Cegy anomaly is present in the patterns in Fig. 13b along with a positive
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Eugy anomaly. However, in contrast to mineralization hosted in Carboniferous
and upper Permian strata, the REYgy patterns are remarkably flat without sig-
nificant decoupling of any specific REY or groups of REY. Yttrium-Holmium ratios
are sub- to superchondritic in all investigated fracture-filling carbonates, ranging
from 22.7 to 36.1.

3.2.3.1. Oxygen and carbon isotopes. Oxygen and carbon isotope values have
been measured in host rock and hydrothermal carbonates (i.e., calcite and
dolomite) (see also Discussion Fig. 20). The complete dataset can be found in
the Electronic Appendix (Table EA 5). Hydrothermal calcite and dolomite from
the LSB range between —5.36 and +4.22 §'°C (%, PDB) and +18.98 and +22.7
8180 (%, SMOW), whereas hydrothermal calcite and dolomite range between
—9.01 and —2.09 8"3C (%, PDB) and 16.05 and 24.08 §'®0 (%, SMOW). Two
measurements on host rock calcite and dolomite show distinctly different values
of +6.33 and +7.1 8'3C (%, PDB) and +32.05 and 32.32 8'®0 (%, SMOW).
Hydrothermal calcite from a reference sample from the Biwender Vein (Harz
Mountains) has the lowest overall §'3C and §'®0 values with —10.8/-10.94% and
13.29/13.43%, respectively.

3.2.4. Fluorite

The shale-normalized patterns from fluorites in the NGB (Fig. 13c) indicate
significant variation in the geochemical composition of the REY among vein
fluorites from different sub-basins and among vein fluorites hosted in different
formations. Rare earth element concentrations in fluorites from the LSB are
consistently low with SREY = 2.22 and 3.85 mg*kg ~'. The REYgy patterns of the
fluorites are rather flat with an enrichment of HREY over LREY. One of the Ca2-
hosted vein fluorites shown in Fig. 13c is directly associated with the Zn-Fe-Pb
mineralization and the REYsy pattern shows a pronounced enrichment of MREY
over HREY and LREY and a REYgy pattern that differs considerably from other
vein fluorites. This fluorite is significantly enriched in total REY with
TREY = 221.31 mg*kg~'. However, most of the overall enriched REY content can
be attributed to significantly elevated Y concentration of 197 mg*kg~'. The ABB
fluorites are also enriched in total REY relative to the low REY LSB fluorites with
SREY of 35.06 and 65.82 mg*kg ™!, respectively. The REYgy patterns are flat with
minor positive and negative Eugy anomalies. The investigated fluorite minerals
from both the LSB and the ABB are enriched in Y relative to Ho in shale-nor-
malized patterns, implying Y/Ho fractionation during fluorite formation from
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Fig. 9. A: Ni-Co discriminant diagram for pyrite, with Co:Ni ratios and deposit-type fields (after Campbell and Ethier, 1984; Price, 1972). The symbols represent
samples from different wells or different depths within one drill core. B: LA-ICP-MS data for selected elements in different types of pyrite from well LSBBZ1.8. The
anhedral massive pyrite cluster exhibits comparatively low minor and trace element concentrations while the stylolite-bound euhedral pyrite displays particularly
high Co, Ni and As concentrations. The underlying LA-ICP-MS data can be found in the Electronic Appendix (Table EA 2).

hydrothermal fluids (Fig. 13c and Table EA 4).

3.3. Fluid inclusions

Petrographic observations of massive and vein-type sphalerite as well as
fluorite mineralization from Zechstein carbonate Ca2 in western and central parts
of the LSB revealed an abundance of secondary, pseudo-secondary, and lesser
primary fluid inclusions (Fig. 14A-D). Here, we investigated fluid inclusions in

Cal-hosted quartz intergrown with massive dark sphalerite ore, which was mined
historically in the Perm mine in the southern part of the LSB (Fig. 5, Fig. 14E,
Table EA 6). Homogenization temperatures of these inclusions vary between 143
and 196 °C, whereas salinities range between 24 and 28 wt% NaCl equiv. We
additionally studied fluid inclusions hosted in fracture-filling Zn mineralization in
Devonian carbonate (Massenkalk) from well LSBQZ1 south of the Osning Thrust
Zone (Fig. 14F, see also 3.2.3). Moderately saline (18.2-19.8 wt% NaCl equiv.),
sphalerite-hosted fluid inclusions from this setting homogenized at a temperature
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Fig. 10. Multi-element EPMA mapping (blue of pyrite grain exhibiting growth bands which are in part re-traced by inclusions (bottom-left BSE image). Nickel
concentrations are below quantifiable limits (< 180 ppm). Cobalt is quite evenly distributed within the grain with median concentrations of 770 ppm. Arsenic is the
element that shows the most pronounced variation ranging from below detection (350 ppm) to 640 ppm in the relatively As-rich core. The inclusions do not show any
enrichment in Ni, Co or As, which makes it unlikely that they represent Fe-thiosulfates that were identified as intermediate sulfur compounds in pyrite by Kucha and

Barnes (1995).

range of 230-245 °C (see also Discussion Fig. 17).

4. Discussion

An increasing number of studies (e.g., Glikson-Simpson and Mastalerz, 2000;
Hagemann et al., 2016) highlight the importance of discussing the factors and
processes that lead to the formation of mineral deposits in a wider context. The
mineral system concept aims to eventually lead to better predictive models for ore
deposits and hence more accurate targeting of mineralization at depth. Similar to
petroleum systems, where everything revolves around defining a source,
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migration pathways and a trap, mineralization in sedimentary units is often as-
sociated with the presence of a (organic) reductant and fluid pathways that
transport metal rich brines to the final depositional site (e.g., McConachie et al.,
2000; Taylor, 2000). A conducive tectonic framework, metal, chlorine and sulfur
sources, pathways for fluids, driving mechanisms, mixing of fluids, and physico-
chemical gradients that lead to the precipitation of ore minerals in a specific
setting are crucial aspects that are often ill-defined or entirely unknown, espe-
cially in areas with thick overburden. We discuss these aspects in the following
sections and present a summary of published data and existing genetic models for
the different types of mineralization within the LSB and ABB with their geological,
spatial, and temporal context (Table 1). The basin evolution is illustrated in
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Fig. 11. 8°°Fe values for pyrite from the LSB. Core and rim refer to the center
and peripheral area of the pyrite grains, d indicates a diagenetic origin, d in
brackets assumes a diagenetic origin but a hydrothermal formation of the grain
cannot be excluded. For methods see Electronic Appendix 7.6.2.

Fig. 15 and shows maximum temperatures reached during burial in the NEGB and
the LSB before basin inversion. Active fluid systems in the NEGB and Harz
Mountains (I, II, III, and IV) as well as base metal mineralization of the Polish
Kupferschiefer (A, B, C, and D) are included in this context.

4.1. Mineralogy and mineral chemistry

4.1.1. Pyrite

Both diagenetic and hydrothermal pyrite are abundant mineral phases in the
Ca2 carbonate in the LSB. The recorded petrographic characteristics of the early
diagenetic and subsequent hydrothermal pyrite, match descriptions by Peevler
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et al. (2003) for pyrite in MVT deposits. Huttel (1989) described two generations
of pyrite in the Ca2 dolostone, which are in good agreement our observations
from the LSB. However, he did not describe any type of massive pyrite miner-
alization, i.e. zones where pyrite is the dominant ore mineral and has pervasively
replaced the carbonate host rock or filled open spaces.

Chemical signatures of pyrite (Figs. 9 and 11) play an important role in de-
ciphering the complex evolution of mineral deposits and can be employed to
fingerprint different styles of mineralization (Abraitis et al., 2004; Bayliss, 1989;
Cabral et al., 2011; Deditius et al., 2011; Huston et al., 1995; Roberts, 1982).
Several authors have employed Co and Ni ratios to discriminate sedimentary,
volcanic, and hydrothermal pyrite from pyrite originating from massive sulfide
deposits and hydrothermal veins (Bralia et al., 1979; Campbell and Ethier, 1984;
Loftus-Hills and Solomon, 1967; Marques et al., 2006; Price, 1972; Xuexin, 1984).
The Co-Ni discriminant diagram shown in Fig. 9A illustrates that most of the
measured pyrites from the LSB plot within the sedimentary field, at Co:Ni ratios
below 1. The remainder plots in the hydrothermal field (between Co:Ni ratios of
1-5). A cluster of data points (small pyrite grains in dolostone from sample
LSBBZ1.8) from the central LSB exhibits the only comparatively elevated Co and
Ni concentrations and plots within the hydrothermal Sn-Mo-W-vein deposit field
with Co:Ni ratios at around 1. High outliers for Co, Ni, and As concentrations can
often be attributed to small (sub)-idiomorphic grains that are directly associated
with stylolites (Figs. 6B and 9B). These stylolite-bound grains are interpreted as a
late diagenetic/early hydrothermal pyrite generation that formed coeval with the
stylolites. Minor and trace element contents in the fluids precipitating the later
stage sulfides, including pyrite, therefore must have been comparatively low
(Fig. 9B, anhedral cluster). This trend is also reflected in the larger hydrothermal
pyrite grains from sample LSBBZ1.8 which exhibit significantly lower Co and Ni
concentrations (below 10 and 100 ppm, respectively) than the smaller stylolite-
bound grains with Co and Ni contents exceeding 1000 ppm. Stylolite-bound pyrite
can also be interpreted as the dissolution (and precipitation) in formerly more
porous zones that successively collapsed and underwent pressure dissolution and
stylolitization (Rieken, 1988). Cyclical growth bands are common features among
the investigated hydrothermal pyrites and can be used to track chemical changes
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Fig. 12. Arsenic, Tl, Cd, Pb and Fe contents in sphalerite from the LSB grouped by observed color (black, dark-, medium- and light-brown). Earlier generations of
sphalerite exhibit significantly higher Fe and slightly higher Cd concentrations whereas later generations can be distinguished by their relatively elevated As and T1
contents. Anh: Anhydrite, Cb: Carbonate, Py: Pyrite. See text for further discussion.
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Fig. 13. Shale-normalized REY patterns of hydrothermal vein carbonates found in the LSB hosted in Ca2 (a) and underlying Carboniferous and Devonian strata (b)
and of vein fluorites from the LSB and ABB in Ca2, Rotliegend and upper Carboniferous, respectively (c). The rare earth element concentrations shown here can also
be found in the Electronic Appendix (Table EA 3). Data are normalized to Post-Archean Australian Shale (PAAS) by Taylor and McLennan (1985).

of mineralizing hydrothermal fluids (e.g., Large et al., 2009) and therefore give
evidence of the depositional and post-depositional history of the mineralized
areas (e.g. Craig et al., 1998). As illustrated by the multi-element EPMA mapping
of a hydrothermal pyrite grain from the Zn-Pb-Fe sulfide mineralization in the LSB
in Fig. 10, Co and Ni concentrations are commonly uniformly distributed
throughout the grain while As appears to be slightly enriched in the core and
certain growth bands. In combination with our preliminary 8§ 57Fe data (Fig. 11),
which show no distinguishable trend for diagenetic and hydrothermal pyrite and
between core and rim areas within pyrite grains, there is compounding evidence
for a single hydrothermal event with a corresponding fluid that was sourced from
within the Permian sedimentary rocks and redistributed (dissolved and re-
crystallized) the diagenetic pyrite and other pre-existing Fe-sources. An external
fluid and iron source, especially of magmatic origin, can be ruled out, as this
would be reflected in the 8 *’Fe data (Horn et al., 2006; Markl et al., 2006) and
would contradict published fluid inclusion studies and temperature estimates
(e.g., Sosnicka and Liiders, 2018a).

4.1.2. Sphalerite

Sphalerite can incorporate a wide range of foreign cations (e.g., Cook et al.,
2009), including concentrations of up to several weight percent of Ga, Ge, and In
(Alfantazi and Moskalyk, 2003; Holl et al., 2007; Moskalyk, 2003). Furthermore,
it has been shown to exhibit distinct compositional variations across different
types of hydrothermal deposits, reflecting formation conditions (Cook et al., 2009;
Moller et al., 1983; Palero-Fernandez and Martin-Izard, 2005; Ye et al., 2011; Zhu
et al., 2016). Strongly zoned minerals such as sphalerites and fluorites are char-
acteristic of post-Variscan mineralization and record changing physical and che-
mical conditions of the mineralizing fluid(s) (e.g., salinity and temperature,
Chapter 3.3) caused by gravitational induced migration, seismic pumping, or
pronounced local variability of these governing factors (Behr et al., 1987;
Knorsch, 2017; Nadoll et al., 2018).

Sphalerite from the Ca2 carbonate in the LSB exhibits two pronounced com-
positional trends that correspond with varying sphalerite colors (Fig. 12). Darker
(black, dark brown) varieties display significantly higher Fe, Cd, and Pb con-
centrations whereas the lighter (light brown, beige) varieties have lower Fe, Pb, and
Cd but considerably higher As and Tl concentrations. Similar patterns have been
observed in sulfides from Polish MVT deposits which were interpreted to represent
early (high Fe and Cd, low As and T1) and late stages (low Cd and Fe, high As and TI)
of mineralization, reflecting fluids that had interacted with different aquifers over
time (Sverjensky, 1989; Viets et al., 1996). Fluid-rock interaction and spatial or
temporal changes of the fluid are likely to have been governing factors; intrinsic
crystallographic controls similar to those described by Nadoll et al. (2018) for
fluorite from the LSB may have also contributed to these distinct compositional
variations. Knorsch (2017) conducted a detailed investigation of geochemical sig-
natures in sphalerite from the hydrothermal sediment-hosted Zn-Fe-Pb mineraliza-
tion the LSB. His results show that the overall minor and trace element concentra-
tions in sphalerite, and specifically Ga and In contents are low compared to
sphalerite that formed under similar conditions in MVT deposits. He also presents
data that strongly suggest that the mineralized zones within the Ca2 dolomite are
epigenetic sediment-hosted Fe-Zn-Pb deposits that resemble MVT deposits and were
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formed at temperatures well below 200 °C, concurring with temperature estimates of
~160 °C by Sosnicka and Liiders (2018a).

4.1.3. Carbonates

Rare earth element and Y abundance, fractionation and anomalies in carbo-
nate minerals such as calcite, magnesite, siderite or dolomite are indicative of 1)
the composition of the fluids in which the minerals formed, 2) the chemical
composition of the precursor material (i.e., country rock), 3) whether the car-
bonates are primary or secondary and 4) the physico-chemical environments
which the fluid experienced (Bau and Moller, 1992; Debruyne et al., 2016; Moller
et al., 1983; 1989). Fischer et al. (2006) investigated the geochemical composi-
tions of carbonates in veins and veinlets in drill cores from the NGB. They found
that vein carbonates in the NGB can be subdivided, based on their mode of for-
mation, into three distinct groups: A) Early-stage diagenetic carbonates with
seawater-like REYgy patterns, B) late diagenetic carbonates with shale-like (flat)
REYsy patterns and C) carbonates with bell-shaped patterns which commonly
occur together with Zn-Fe-Pb sulfides and which are interpreted by Fischer et al.
(2006) to be hydrothermal in origin. According to them, the latter group formed
under elevated temperatures and under reducing conditions. It is noteworthy, that
the vein carbonates in the LSB that are associated with Zn-Fe-Pb sulfides were
found in drill cores from sites that were significantly enriched in CH4 compared to
other sites east of Osnabriick (Fischer et al., 2006). Some carbonates, such as the
fracture-filling carbonate found in LSBHZ2.1, are indeed showing the REYgy
patterns of Fischer et al.’s (2006) group C (Hydrothermal) in Ca2, which are as-
sociated with the occurring sediment-hosted Zn-Fe-Pb sulfides (Fig. 13). The
Devonian-hosted vein calcites found in drill core LSBQZ do not show REYgsy
patterns indicative of hydrothermal mineralization (as defined in Fischer et al.,
2006), but exhibit REYgy patterns closely resembling marine carbonates (Tostevin
et al., 2016) with positive Eugy anomalies (Fig. 13). Europium is either di- or
trivalent in aqueous solutions and its speciation depends mainly on temperature
and to lesser extents on pressure and pH (e.g., Bau, 1991; Lottermoser, 1992;
Wood, 1990). Bau (1991) indicated that Eu®>* can be reduced to Eu?* in acidic,
reducing hydrothermal fluids at temperatures exceeding ca. 250 °C. Europium is
therefore decoupled from its strictly trivalent REY neighbors and behaves mark-
edly different, resulting in a fluid enriched in Eu relative to the other REY and a
positive Eugy anomaly, which is also manifested in Ca-bearing minerals (Fig. 13).
The positive Eugy anomalies found in the hydrothermal calcites may therefore
indicate that the fluid, at some stage during its evolution and prior to mineral
precipitation, was reducing and may have reached temperatures in the range of or
higher than 250 °C. The REYgy patterns of the investigated vein carbonates are
similar to those found in the marine carbonate host rocks and hence suggest local
and very limited mobilization of REY from the marine carbonate host rocks to
vein calcites. Hence, it is reasonable to assume that parts of the mineralization
found in the LSB are related to significant hydrothermal activity and especially
the area around Osnabriick might have been affected by an external heat source
such as the postulated Bramsche Massif (Will et al., 2016). This scenario is further
supported by positive Eugy anomalies in hydrothermal vein calcites from the
southern LSB as indicated above. Moreover, the REY signatures of carbonate
gangue minerals are suitable proxies for the deeply-covered Zn-Fe-Pb sulfide
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Fig. 14. Microphotographs of fluid inclusions: A, B — two-phase (L + V) aqueous primary isolated fluid inclusions hosted in yellow to orange sphalerites (sp) from the
western part of the LSB, C — two-phase (L + V) aqueous fluid inclusion with typical dark appearance hosted in colorless sphalerite (sp) from vein style mineralization
in the central part of the LSB, D - three-phase aqueous brine inclusion (L + V + H) hosted in fluorite (f]) vein from the central part of the LSB, E — isolated fluid
inclusions (marked by red arrows) in quartz (qtz) crystals intergrown with dark sphalerite (sp) from Perm mine, southern part of the LSB, F — sphalerite (sp)-hosted
fluid inclusion from fracture-filling mineralization hosted by Devonian carbonate.

mineralization in the LSB as shown from characteristic bell-shaped REYgy patterns 4.1.4. Fluorite

in sulfide-associated carbonate gangue (Fischer et al., 2006). Vein carbonates, Fluorite of diagenetic and hydrothermal origin occurs in all investigated areas
therefore, record the REY signature of the fluids and are valuable tools for deci- but is commonly limited to small disseminated grains or sub-economic veinlets
phering and constraining potential metal sources and fluid pathways. and open space fillings. Méller et al. (1980) showed that diagenetic fluorite for-

mation is linked to the formation of dolomite from calcareous sediments due to
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Overview table summarizing data on mineralization and associated fluids from different structural units in the South Permian Basin in Northern Germany, namely
Flechtingen-Calvorde Block (FCB), Harz Mountains, North-Eastern German Basin (NEGB) and Lower Saxony Basin (LSB). Compiled from Sosnicka and Liiders
(2018a), Wiistefeld et al. (2017), Will et al. (2016), Adriasola-Muiioz et al. (2007), Nollet et al. (2005), Schmidt Mumm and Wolfgramm (2004, 2003a, 2002), Liiders
(1996), Liiders and Moller (1992), Liiders et al. (2009, 2005, 1993), Reutel et al. (1995), Stedingk et al. (1995).

5 A Salinity
Mineralization Host rocks Decumentequiditypeslandithely [Wt.%NaCl T [°C] Probable sources —py o of fluid flow
origin q of metals and F
equiv.]
™ Si-Ca H>0-NaCl, hydrothermal-magmatic <5 =200 late stages of Variscan
&8 . Lower Permian origin (?) . magmatic activity
E‘: ~a rhyolitic and -
£ § . andesitic volcanic >170 Fe: Carbon{ferous
b E g Ba-F, F-Ba, ré)cl;s/ul;per H20-NaCl~(?) Né?-zg }ig-;gg ir;;iéz;ilzstllegend Early Triassic to late
[ ! arboniferous 50- ~ E > . .
o g Ca, Fe H>0-NaCl 125 148-172 F-Ca: granite Cretaceous
i 154-167 ___intrusion (?)
g W, Sb H>0-NaCl, metamorphic fluids <5 110-190
g W,ob
E é’ F-(Ca) H>20-NaCl-CaCl: brines, granite 2936 220-290 Late Variscan
= _g deformed alteration fluids 270-300 o
= unknown
3 z Paleozoic rocks: H>0-NaCl-CaCl: basement brines of <250 Lo .
=3 - -
= Pb-Zn(Ag) Ordovician- metamorphic origin 22-35 120-150 Late Triassic to Jurassic
E Ba-Fe Permian Jurassic
= Ba-F. F-Ba unknown unknown unknown remobilization of F Late Cretaceous, basin
’ mineralization inversion
. Carboniferous H20-NaCI#KCl (+ Mg, K, Ca, SO4>) carly basin subsidence,
£ = - : A 9.8-16.5 . . early extensional rifting,
52 = sandstones enriched in Li, Na, K, Cs 200 leaching of Upper [
2 =3 . J£CH4-CO xtw <10 bonif vanishing stages of
2R 55 F. F-Ba Ca. (Si, Ca)/ 4-CO2 gas mixtures Carboniferous Variscan orogeny
=g S SE g * Upper 20 -NaCl-CaCla basinal bri sediments,
£eZ g8 Rotliegend& -t l-hal 2 basina brines <35 <300 Rotliegend . .
5 = S . rich in Na, Ca, Mg, Ba, Pb, Zn, Mn i basin subsidence and
) = Zechstein (F, F- . 25-33 120-180 volcanics . .
z 0 Ba) /+N2-CHs gas mixtures; <10 130-150 inversion
late fluids enriched in Fe
© Devonian
g Zn carbonates H>0-NaCl 18.2-19.8 230-245 Variscan (?)
e (Massenkalk)
133 . .
> Middle to Upper Jurassic,
E/a; = Ie . H20-NaCl /+CHs-CO2 gas mixtures 13.8-15.7 220-260 basin subsidence
3 £ arboniferous 3-5 200-270 / Lower Cretaceous (?)
L E si sandstones/ Upper -
z £ Jurassic H20-NaCl-CaCl basinal brines 17.7-21.6 170-200 Late Cretaceous, basin
2 = sandstones /+CH4-CO2-N> gas mixtures 17-25 164-202 inversion
z = Rz g 20 180-240
2 s Zechstein . :
4 2 carbonate Cal H20-NaCl-CaCl; basinal brines 24-28 143-196
S 2 Zn-(Pb), F Late Cret: basi
3 é FnC(a ), Fe, Zechstein H20-NaCl-CaCl: basinal brines 2132 158-214 unknown u;lfft retaceous, basin
- g ? carbonate Ca2 /£CO2-H2S-CH4-N> gas mixtures 125-208
B /late CH4-H2S-CO2-Na> gas mixtures
g Middle . . 55-122 dehydration of Late Jurassic, burial and
Z Ca Buntsandstein Hz0-CaClz-NaCl basinal brines ~17.2:248 ~150 Zechstein gypsum basin subsidence

Mg** removal from pore fluids and consequent release of F~ due to breakup of
MgF* complexes. Seawater and marine pore waters are usually undersaturated in
F~ and thus precipitation of fluorite is prevented in oxygenated seawater. Organic
material (Correns, 1970; Fiichtbauer, 1958), freshwater influx with elevated
fluorine concentrations attributed to pegmatitic sources (Kasakov and Sokolova,
1950), or a volcanogenic source (Churakov, 1947; Ivanov, 1967) have been in-
voked to account for the required saturation to allow the precipitation of diage-
netic fluorite. Moller et al. (1976) used Tb/La vs. Tb/Ca atomic ratios of fluorites
to distinguish between the different modes of formation (Fig. 16). Diagenetic
fluorites have comparably low MREY/LREY ratios whereas hydrothermal and
pegmatitic fluorites are significantly enriched in HREY/MREY over LREY. How-
ever, adsorption, chemical complexation, changes in temperature and salinity can
lead to highly localized variations in fluorite compositions including the REE
(Bau, 1991; Bau and Dulski, 1995; Moller et al., 1998; Nadoll et al., 2018;
Schwinn and Markl, 2005), making it difficult to attribute different REE sig-
natures to single controls. Usually, adsorption favors the HREE and LREE are more
easily held in solution by chemical complexation (Bau et al., 2003) whereas re-
mobilization (Mao et al., 2015) or crystallographic controls (Nadoll et al., 2018)
lead to an increasing Tb/La ratio by maintaining the same Tb/Ca ratio. The
fluorites found in drill cores of the LSB plot mostly within the sedimentary/di-
agenetic field (Fig. 16). This is in marked contrast to the Harz and ABB fluorites
(Fig. 16, c.f. Nadoll et al., 2018), which plot in the hydrothermal field. The total
concentration of REE in fluorites can provide a first-order indication on the po-
tential metal source. For example, the mobilization of REE from marine source
rocks will result in much lower fluid concentrations of the REE in comparison to
pegmatites, which are highly enriched in REE. The rather low concentrations in
LSB fluorites as shown here indicates mobilization from REY-low source rocks.

288

Therefore, Zechstein, Carboniferous or Devonian carbonate rocks could have been
potential sources for the REY in the basinal fluids. The fluorites from the ABB and
Harz mountains are enriched in total REY relative to LSB fluorites, which points to
a markedly different source that is enriched in REY. Potential REY-rich sources in
the ABB that were also proposed by Nadoll et al. (2018) are felsic Rotliegend
volcanics, which are highly enriched compared to Rotliegend basalts and carbo-
nate rocks. Duschl et al. (2016) described two generations (I and II) of fracture-
filling fluorites in Zechstein carbonates at the northern border of the NGB.
Fluorite I is enriched in LREYCN and relatively depleted in HREYCN, whereas
later fluorite II generation exhibits rather flat REYCN patterns with an enrichment
toward the HREY. The authors attributed fluorite I to be a precipitate of a primary
basinal fluid, whereas fluorite II shows REY features indicative of remobilized
REY from earlier fluorites due to chemical complexation of LREY during re-
mobilization (Duschl et al., 2016). However, Nadoll et al. (2018) argued that the
observed compositional variation could also be interpreted as the result of a
complex growth, controlled by physico-chemical variability and intrinsic crys-
tallographic factors. Hence, fluorite precipitated by a single hydrothermal event
but with distinctly varied compositions recorded in growth bands and sectoral
zoning (Nadoll et al., 2018).

4.2. Hydrothermal fluids — sources, pathways and ore forming processes

4.2.1. LSB and ABB — Genetic models

Figs. 15-20 and Table 1 combine our data and a comprehensive compilation
of relevant literature values and references to illustrate the current understanding
of the genesis, evolution, and structural context of the mineralized zones in Pa-
leozoic units of the NGB. Zones of sediment-hosted hydrothermal sulfide



P. Nadoll, et al.

Ore Geology Reviews 106 (2019) 273-299

Time [Ma]
300 250 200 150 100 50 0
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Paleozoic Mesozoic Cenozoic
Carb. Permian Triassic l Jurassic Cretaceous Paleogene | Neogene
— 3 | — ——— ” Tp:w‘ Fluid
. Eeeeeeeams B v | System 0
c -50
2000 N = . \eitee °
= £ 2
2 3 2 :
® £ H
- = 0 i H
& 5} 3 -100
= ) 3 2 A o)
— Jas 2 2§ . =~ B | s,
£ 4000 i % 3 ............ o
= 8 L =]
= £ 3 2" ©
a 4 & m -150 5
o Q
IS
6000 JRREEE 2
200
8000
N i -250
] Lower Saxony Basin ]
North East German Basin
300

Fig. 15. Basin evolution including burial history (solid lines) and corresponding modelled temperatures (dashed lines) for the LSB (Petmecky et al., 1999) and the
NEGB (i.e., ABB) as well as active fluid systems in the NEGB and Harz Mountains (I, II, III, and IV) (after Schmidt Mumm and Wolfgramm, 2004) as well as
mineralization events (A, B, C, and D) in the Polish Kupferschiefer (after Alderton et al., 2016, Pletsch et al., 2010). Plotted is the burial history for the Permian base
layers. Maximum burial and peak temperatures were reached in the Upper Cretaceous, before basin inversion. (Edited after Littke et al., 2008b, Petmecky et al., 1999;

Schmidt Mumm and Wolfgramm, 2004).

-4
10 LSB (Duschl et al. 2016) H ABB|g
NPO A (Kraemer et al. 2018) @ Harz |3 s
NPO B (Kraemer etal. 2018) @ LSB |2
MVT (Makin et al. 2014)
10% Sediment-hosted veins
(Makin et al. 2014)
Erzgebirge
(Trinkler et al. 2005)
— ABB | (Nadoll et al. 2018)
© {06 | ABBINadol etal. 2018)
© .
o
€ o
% 107 S
R
Q .
o 10
o
N
,
107 @‘@;&
N\
Y\Adfc’)'é}\(b
o &C
‘e remobilization
q 0710
10+ 10 102 10" 100 10’ 102

Tb/La (atomic ratio)

Fig. 16. Tb/La vs Tb/Ca atomic ratio plot (after Moller et al., 1980) of fluorites
from the LSB, ABB and Harz (see Electronic Appendix Table EA 4). Note that all
ABB fluorites plot in the hydrothermal field, whereas all LSB fluorites exhibit
very low Tb/Ca ratios and are presumably sedimentary in origin. The following
references are plotted as reference samples for basin-hosted fluorite miner-
alization: MVT and sediment-hosted veins (Makin et al., 2014), Erzgebirge
(Trinkler et al., 2005), ABB I and II (Nadoll et al., 2018) and Pennine Orefield
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mineralization, specifically sphalerite and galena, have previously been docu-
mented in the LSB Zechstein Stassfurt Carbonate (Ca2) by Hubald (1988), Mempel
(1962), and Mempel et al. (1965). Hubald (1988) emphasized that a magmatic-
hydrothermal origin is the most likely source of the mineralization and noted that
a classification as a MVT mineralization can be ruled out due to the relatively
elevated temperatures (> 200 °C). Furthermore, he argued that the overall metal
contents in Zechstein sediments are too low to warrant the formation of Zn-Fe-Pb
sulfide ores as MVT mineralization. Dorn (1957) and Fabian et al. (1957) put the
formation of base metal sulfide mineralization in direct context with a Tertiary
magmatic episode, whereas Schneider (1952) interprets them as a late Variscan
mineralization related to magmatic events at the end of the Variscan orogeny.
Both models assume ascending magmatic fluids as the primary source for the Zn-
Fe-Pb sulfide mineralization. Other authors prefer a model that links precipitation
of ore minerals to descending fluids from the overlying sulfate-rich Zechstein
evaporites (Lietz, 1951; Seeliger, 1950; Seidl, 1959) or metal-rich hydrocarbons
(Herrmann, 1961). Hydrocarbons have also been invoked as a contributing factor
for the alteration and bleaching of red bed sandstones of the lower Permian
(Pudlo et al., 2011). However, it has been questioned if brines generated from the
Zechstein evaporites and/or hydrocarbons have the potential to form extensive
mineralization (Glikson-Simpson and Mastalerz, 2000; Mempel, 1962). Most re-
cently, a model that favors a TSR-control and the precipitation of sediment-hosted
Zn-Fe-Pb mineralization due to mixing of basinal brines with contrasting salinities
and compositions at depths of up to four kilometers and temperatures up to
around 200 °C has been evoked by Soénicka and Liiders (2018a) and Knorsch
(2017). Sosnicka and Liiders (2018a) presented fluid inclusion data from vein-
type and massive sphalerite mineralization from Ca2 carbonates that indicate
high temperatures (125-208 °C, modal T}, values:~155-165 °C) and high salinities
(21-32 wt% NaCl equiv.) of sulfide-ore forming H,0-NaCl-CaCl, fluids (Fig. 17,
Table 1). Our data from Cal-hosted quartz intergrown with sphalerite ore plot
within very similar temperature-salinity range as data from the Ca2-hosted
sphalerites (Fig. 17). These results indicate that Zn-Pb ore-forming fluids in the
western, central and southern parts of the LSB could have been of similar nature
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regardless of the host rock. Data plot shown in Fig. 17 indicate that salinities of
fluid inclusions hosted in sphalerites and studied Zn ore-related quartz from the
LSB are similar to data from Post-Variscan sphalerites from the Middle Harz
Mountains, however fluid inclusions from the LSB show distinctly higher

Early

Basin evolution (LSB)

temperatures. Our results also show that sphalerites from fracture-fillings in
Massenkalk (Devonian) precipitated from fluids of lower salinities and higher
temperatures compared to the Ca2-hosted Zn ore-forming fluids from the LSB
(Fig. 17). Temperatures and salinities of the Zn-rich fluids migrating in Devonian,

Late

Sedimentary-Diagenetic

Hydrothermal

- dolomitization/de-dolomitization
- sedimentary fluorite
- early diagenetic pyrite

- open space fillings (Mmassive)
- veins
- inclusion-rich minerals

- veins, veinlets and open space fillings
- cyclical growth bands (indicating continuous growth)
- overgrowth textures

- crosscutting veinlets
- finely disseminated
and open space filings

- brecciated (fragmented)

- inclusions of previous phase minerals
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anhydrite _— — -

barite e
quartz —e— — — —

pyrite —_— A — <

sphalerite R e ———

galena T S ——

Fig. 18. Schematic paragenetic sequence for the LSB.
events rather than a prolonged continuous system th:

Note that the length of the individual hydrothermal events may have been short and linked to specific tectonic
at extended temporally over the entire basin evolution (ca. 245 ma).
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Fig. 19. Compilation of calculated and modelled ages of post-Variscan hydrothermal mineralization in the NGB and adjacent areas. The illustration also provides
generalized information on basin dynamics, fluid systems (according to Schmidt Mumm and Wolfgramm, 2004), unconformities, and major paleo-stressfields (Kley
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(22) Duschl et al. (2018).

are similar to these typical of the early Variscan fluids responsible for the for-
mation of the Pb-Zn Ramsbeck deposit in the Rhenish Massif (Fig. 17). These
observations point towards a post-Variscan origin of the investigated fluids in the
LSB.

The sulfide mineralization in the LSB shares many characteristics of MVT
deposits. For example, MVT type deposits commonly form within platform car-
bonate sequences in a stable foreland basin with no spatial or temporal relation to
igneous rocks (Bradley and Leach, 2003; Leach et al., 2010b). The existence and
migration of hydrocarbons has also been proposed as a possible contributing
factor for the formation of MVT deposits (e.g., Anderson, 2015; Anderson and
Macqueen, 1988; Sverjensky, 1986), however, the crucial temporal relationship
between the two remains poorly constrained (Ostendorf et al., 2015). Most Pha-
nerozoic MVT deposits formed during contractional events with extensional faults
and wrench tectonics (e.g., Condie, 2000; Leach et al., 2001). Similarly, the LSB
mineralization is found in porous carbonate host rocks that were deposited in a
shallow marine platform environment associated with thick evaporite successions
that provided sulfur (Sosnicka and Liiders, 2017). Several studies have shown that
the processes responsible for the formation of many MVT deposits were only
active for relatively short time periods, i.e., 1ks to several 10ks years (Leach et al.,
2010b; Repetski and Narkiewicz, 1996; Rowan and Goldhaber, 1995). Based on
our petrographic and geochemical data we see evidence for short ore formation
pulses related to tectonic events (i.e., wrench faulting and basin inversion in the

LSB) and fluid flow along faults and folds and rapid mixing of basinal brines as
well as continuous, cyclical ore formation. In the LSB, the occurring sulfide mi-
neralization display ore textures that reflect cyclical growth and undisturbed
crystallization, even though colloform textures have not been observed. Rapid
processes, i.e., fracturing and brecciation of previous ore stages, can also com-
monly be found in mineralized samples from the LSB (Fig. 18).

Fluid inclusions showing analogous high salinities to our data were reported
by Roedder (1984, and references therein), in sphalerites within vugs hosted by
Paleozoic carbonates from Ohio, New York, Iowa, Missouri and Tennessee (USA).
The authors suggested a common link between these occurrences and MVT Zn-Pb
deposits. European MVT deposits of the Silesia-Cracow Zn-Pb district (Poland)
indicate that ore-forming fluids in this ore district have never reached salinities
and temperatures as high as those typical of ore-forming fluids responsible for the
formation of Zechstein-hosted deposits in the NGB (Fig. 17). This difference stems
most probably from the distinct origin and nature of the fluids involved in mixing
processes in these settings.

The earliest fluids within the ABB are represented by H,O-NaCl + KCI fluid
inclusions trapped in quartz-chlorite veins crosscutting Carboniferous sandstones
(Liiders et al., 2005). These inclusions are enriched in Li, Na, K, and Cs and show
medium to high salinities up to 16.5wt% NaCl equiv. (Table 1) (Liiders et al.,
2005). Schmidt Mumm & Wolfgramm (2004, 2002) reported traces of similar
medium salinity fluid in early diagenetic quartz, dolomite, calcite, and locally
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halite and barite, within Carboniferous and upper Rotliegend strata. These low to
medium salinity (< 10 wt% NaCl equiv.) inclusions are compositionally NaCl-
dominated, with addition of lesser Ca, Mg, K and sometimes dissolved sulfate
(Table 1). Schmidt Mumm and Wolfgramm (2002) suggested that the earliest fluid
was associated with early extensional rifting and diminishing stages of the Var-
iscan orogeny and that it was also involved in the early replacement of sulfates
and/or their partial re-crystallization as well as compaction and cementation
processes. Early aqueous fluids were migrating along with CH4-CO, gases at
temperatures of about 200 °C (Table 1) and pressures of ~750 bars during the
early stages of basin subsidence (Liiders et al., 2005).

Later, high salinity, H,O-NaCl-CaCl, brines were observed as fluid inclusions
in younger generation of quartz fracture-fillings hosted by Carboniferous sand-
stones (Liiders et al., 2005). High-salinity fluid inclusions of similar composition
are also contained in quartz, calcite, fluorite, anhydrite and halite in cements and/
or fracture-fill mineralization hosted by Rotliegend sediments and Zechstein
evaporitic units (Schmidt Mumm and Wolfgramm, 2004, 2002). These fluids show
much more elevated concentrations of Na, Ca, Mg, Ba, Pb, Zn, Mn and lower K
content compared to the early fluids (Table 1) (Liiders et al., 2005). High-salinity
fluids (< 35 wt% NaCl equiv.) that precipitated anhydrite-calcite-siderite hydro-
thermal veins within the basal units of the ABB reach minimum temperatures of
up to 300 °C (Schmidt Mumm and Wolfgramm, 2002). Liiders et al. (2005) sug-
gested that the high-salinity fluids gained their compositions by fluid interaction
with sedimentary rocks during burial to great depths.

Aqueous, high-salinity fluid inclusions were contemporaneously trapped with
the low density N,-CH, gas mixtures in fracture-filling minerals hosted by
Permian strata at minimum temperatures of 120-180°C and low pressures of
200-400 bars (Liiders et al., 2005). These P-T conditions indicate entrapment
during the Upper Cretaceous inversion of the basin (Liiders et al., 2005). Similar
fluid inclusions of high-salinity and minimum temperatures of 130-150 °C asso-
ciated with N,-CH, gas inclusions are also hosted in vein fluorite within Rotlie-
gend sandstones (Table 1) (Liiders et al., 2009). According to Liiders et al. (2009)
Rotliegend, high-salinity, formation waters in the ABB were mobilized into the
NW-trending, deep-seated faults during uplift in the Upper Cretaceous and were
most likely responsible for the formation of hydrothermal F-Ba veins and/or they
may represent archives for long-term (> > 10-100 Ma) water-rock interaction.
The origin of saline brines in sedimentary basins is however still very much de-
bated (Kloppmann et al., 2001; Moller et al., 2017; Regenspurg et al., 2016). The
study of deep formation waters in the ABB provides evidence that formation
waters intensely interacted with K-rich minerals in Rotliegend sandstone and/or
volcanic rocks and that their composition was not influenced by the influx of any
younger meteoric fluids (Liiders et al., 2010, 2009). Our study indicates that
formation waters from Rotliegend sandstones from ABB are significantly enriched
in Pb with 83-170mg/1 and Zn with concentrations reaching up to 330 mg/1
(Table EA7). The Pb and Zn concentrations in the formation waters are compar-
able to those in fluid inclusions from fracture-filling minerals in Rotliegend
sandstones (Liiders et al., 2005), where 150-678 mg/1 Pb and 554-1811 mg/1 Zn
were found. Hence, the compositional similarity between formation waters and
the fluid inclusions from the ABB indicate that (i) the formation waters are
modern analogues to the fossil fluid systems that lead to the mineralization found
in the ABB or (ii) the formation waters have interacted with deeply buried hy-
drothermal mineralization.

4.2.2. Heat, sulfur and metal sources

The hydrothermal system in the LSB could have been triggered by a short-
lasting heat flow within the thermal aureole generated by an igneous intrusion,
i.e., the Bramsche Massif (Will et al., 2016). The maximum age of the inferred
hydrothermal system related to this hypothetical intrusion is Lower Cretaceous
(117 = 2Ma) (Will et al., 2016) (Fig. 19, Table 1). Other authors suggested that
it was active during the Upper Cretaceous basin inversion (Buntebarth and
Teichmiiller, 1979; Mundry, 1971; Rose and Godecke, 1984). Furthermore, a
study of hydrothermal fluorites suggest that it could have been active prior to
basin inversion in the northern part of the LSB (Duschl et al., 2016). Widespread
contact-metamorphic alteration—sericitic alteration, intense silicification and the
occurrence of pyrophyllite confine the temperature range to 200-270°C (Will
et al., 2016). The alteration and high thermal maturity, evident in high vitrinite
reflectance values (Teichmiiller and Teichmiiller, 1985), have been attributed to
be the thermal footprint of the Bramsche Massif (Scherp and Stadler, 1968;
Stadler and Teichmiiller, 1971). No such evidence for potential igneous activity
has been reported for the ABB. The existence of the Bramsche Massif in the LSB,
however, is still contentious and high thermal maturity and hydrothermal mi-
neralization can also be explained by deep burial followed by basin inversion and
the introduction of a hydrothermal system that developed along faults during
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basin rifting (Adriasola-Muiioz et al., 2007; Brink, 2013, 2002; Bruns et al., 2013;
Petmecky et al., 1999; Reutel and Liiders, 1998; Stadler and Teichmiiller, 1971;
Wiistefeld et al., 2017).

Sulfur isotopic data from the ABB indicate prevailing sedimentary sources of
sulfur in sulfides (pyrite and chalcopyrite) and, in contrast, magmatic (e.g.
Rotliegend volcanics) and Zechstein evaporites for sulfur in sulfates (barite and
anhydrite) (Schmidt Mumm and Wolfgramm, 2002). Based on sulfur isotope data
the reduced sulfur source for sulfide mineralization across the LSB was ascribed to
the Zechstein reservoir carbonate where hydrogen sulfide has been produced by
TSR (Sosnicka and Liiders, 2018a). Sulfur isotope data collected by Knorsch
(2017) agree with these findings. However, as an early stage sulfate-reducing
process BSR is likely to have played a role as well, especially at lower tempera-
tures where TSR is not efficient. Carbon isotope signatures of fluid inclusion gases
from hydrothermal minerals indicate that methane has been participating in the
TSR (Sosnicka and Liiders, 2018a, 2018b). This implies that composition of gases
accompanying fluid migration might have acted as an important control for the
sulfide formation in the LSB. Following this concept, the absence of sulfide mi-
neralization in the ABB could be explained by the predominance of nitrogen-rich
gases as evidenced from fluid inclusions or lack of mixing with sulfur-rich Zech-
stein fluids.

High-salinity fluids in the Rotliegend units in the ABB are characterized by
elevated Zn and Pb contents (Liiders et al., 2005). Our investigation also found
elevated metal contents in Rotliegend formation waters. This further substantiates
a first principle assumption that Permian volcanic rocks and/or Carboniferous
sandstones/shales (Fig. 5) may be potential sources of ore-forming metals within
other mineralized sub-regions of the NGB. Carboniferous tight gas sandstones and
Zechstein carbonates in the LSB are of great importance for gas and petroleum
exploration as they constitute the reservoir rocks for CH4-rich gas and oil, which
were expelled from Westphalian coals and Posidonia and/or Wealden organic-rich
shales. These units may also have acted as a metal source that was leached by
deeply penetrating basinal brines of upper Permian origin. Similarly, Schmidt
Mumm and Wolfgramm (2003a) suggested upper Carboniferous and Rotliegend
volcanic rocks as metal sources.

4.2.3. Structurally-controlled fluid pathways

Fluid systems and their evolution and close link with structurally controlled
pathways play a key role in understanding the mineralization processes within the
NGB (Table 1). Elevated heat flow and faulting during tectonically active periods
such as extensional tectonics and basin inversion are likely to have induced in-
creased fluid migration along (re)-activated fault structures. Fluid migration, fluid
mixing, and subsequent ore mineralization in sedimentary basins strongly depend
on the existence of these pathways, i.e., mostly (sub)-vertical planar structural
elements such as fractures, fault zones, stylolites, etc. that may serve as inter- or
intraformational fluid conduits. These structural features are controlled by re-
gional tectonics such as rifting, wrench faulting or reverse faulting and therefore
relate to intra-plate crustal dynamics (Littke et al., 2008a). Fig. 19 shows a
compilation of modelled and calculated radiometric mineral ages, as well as
thermochronological evidence for crustal heating and cooling from the NGB and,
to a minor extent, the adjacent Polish Trough that reflect superior trends in terms
of crustal deformation, fluid flow and ore mineralization with regard to basin
dynamics. In addition, previously established fluid systems for the study area
(Schmidt Mumm and Wolfgramm, 2004), as well as regional paleo-stress regimes
and major unconformities (Kley et al., 2008; Pharaoh et al., 2010) are presented
in Fig. 19 as well. Some of the shown ages are modelled ages and may therefore
not reflect true formation ages. However, correlations between basin dynamics,
mineralization stages, and fluid systems throughout the NGB can still be estab-
lished.

Early Permian crustal modification in the NGB is characterized by transten-
sion tectonics beginning with a phase of dextral strike-slip faulting and the for-
mation of WNW-ESE striking steep faults during early Rotliegend. It was subse-
quently replaced by a first rifting stage that resulted in N-S to NNE-SSW striking
graben and halfgraben systems (Gast and Gundlach, 2006). In terms of heat flow
and hydrothermal activity, this structural development is accompanied by hy-
drothermal fluid flow and illite formation due to host rock alteration in the FCB
and Poland (Schmidt Mumm and Wolfgramm, 2003b), as well as magmatic ac-
tivity in the FCB (Breitkreuz and Kennedy, 1999). In the LSB, this period is re-
corded in the reset of fission-tracks due to increased heat flow, as reported by
Adrisola-Mufioz (2007). During the late Rotliegend and Zechstein graben forma-
tion was continued due to extensional tectonics that affected the whole NGB and
resulted in regional subsidence. This second Permian rifting phase was preceded
by crustal relaxation resulting from thermal subsidence and coincides with dating
results for fracture-hosted hydrothermal deposits in the Upper and Middle Harz
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(Boness, 1987; Gast and Gundlach, 2006; Hagedorn, 1992).

As illustrated in Fig. 19 and Table 1 a variety of mineralization ages and
hydrothermal overprint data cluster around the late Permian and early to mid-
Triassic. Fault gauge-related illite ages from the Upper Harz and Poland provide
strong evidence for hydrothermal alteration (Bechtel et al., 1999; Boness, 1987).
Similarily, galena, adularia, and sphalerite ages confirm intense fluid flow and ore
mineralization in the Upper and Middle Harz during this time period (Bielicki and
Tischendorf, 1991; Boness, 1987; Hagedorn, 1992; Tischendorf and Franzke,
1993). Burial of the LSB was initiated at the same time, as increasing temperatures
suggest (Adrisola-Mufioz, 2007). Simultaneously, the FCB experienced an intense
thermal event with temperatures between 200 and 250 °C due to rapid burial
during the Triassic as partial reset of zircon fission tracks in upper Rotliegend
sandstone confirm (Fischer et al., 2012). The same study could verify intense fluid
flow in the FCB during Triassic and early Jurassic using K-feldspar ages. The late
Permian - early to mid-Triassic mineralization continued during late Triassic as
another cluster of mineralization ages from the Middle and Upper Harz shows
(Hagedorn, 1992; Schneider et al., 2003). The Triassic mineralization stage was
likely controlled by regional WNW-ESE directional extension, which locally re-
sulted in the formation of NNE-SSW striking graben systems throughout the NGB
(Fig. 1, Gifhorn Trough) and caused regional subsidence of the whole area in
general (Kley et al., 2008).

Triassic extension was followed by a period of increased burial and basin
differentiation forced by transtension tectonics that prevailed from early to late
Jurassic and affected the whole NGB. The tectonic framework can be generalized
as a time of NE-SW directional basin extension due to episodes of wrench faulting,
strike-slip faulting and normal faulting along NW-SE to WNW-ESE striking faults
that often reflect predominant trends of older (i.e., Variscan) fault systems in the
SPB (Pharaoh et al., 2010). This phase of severe structural basin modification and
burial correlates with a dominant cluster of mineralization ages from the LSB,
Harz, and FCB that prove intense crustal deformation and fluid flow throughout
most of the NGB. In the Harz and the FCB fluid-rock interaction is expressed by
illite formation (Boness, 1987; Brecht and Wolfgramm, 1998; Franzke et al., 2007;
Haack and Lauterjung, 1993; Hagedorn and Lippolt, 1993) while fracture-hosted
mineralization is indicated by different stages of adularia, galena, sphalerite, and
hematite formation (Boness, 1987; Hagedorn, 1992; Mertz et al., 1989;
Tischendorf and Franzke, 1993). In the LSB, thermochronological analysis along
with illite dating revealed a constant high heat flow and hydrothermal activity
(Adrisola-Mufioz, 2007; Wiistefeld et al., 2017). This trend of increased fluid
circulation and heat flow during Jurassic times is also supported by observations
from other locations in the SPB as diagenetic illite (chlorite-illite assemblage) ages
from Permian sandstones from the North Sea area indicate (Ziegler, 2006). This
period can be summarized as the main post-Variscan mineralization phase in the
NGB, its formation was possibly controlled by the development of locally deep-
reaching structurally-controlled fluid pathways under extensional and transten-
sional tectonic regimes that favoured basin-wide fluid circulation and mixing of
basinal and basement brines (Franzke and Zerjadtke, 1993).

In the early Cretaceous maximum burial and therefore peak temperatures in
the LSB were almost reached (Littke et al., 2008a) when basin extension slowly
ceased. This phase of basin evolution is also expressed by hematite and Pb-Zn
mineralization in the FCB and Poland, respectively (Duschl et al., 2018; Heijlen
et al., 2003). Hematite mineralization in the FCB furthermore coincides with a
time of strike-slip tectonics in the SPB when Mesozoic subbasins such as the LSB
and the Subhercynian Cretaceous Basin, among others, formed pull-apart basins
that experienced transtension during late Jurassic-early Cretaceous, while ad-
jacent highs such as the FCB where simultaneously uplifted due to transpression
(Scheck-Wenderoth et al., 2008). However, the lack of data on mineralization
ages from the Harz and the LSB may suggest a reduced hydrothermal activity in
the NGB until mid-Cretaceous times, as formation ages of illite and adularia imply
a new phase of tectonic activity in the LSB and the Harz (Boness et al., 1990;
Franzke et al., 2007; Hagedorn and Lippolt, 1993; Will et al., 2016; Wiistefeld
et al., 2017). This mid- to late Cretaceous mineralization phase coincides with
maximum burial and the subsequent onset of basin inversion, which was initiated
by a significant change in the tectonic regime. In the late Cretaceous the pre-
viously NE-SW extensional stress regime was reversed and a N-S to NE-SW di-
rectional contractional regime was established in the NGB, which partly re-
activated former normal or strike-slip fault systems as reverse faults and thereby
favoured new mineral implacement in previously existing mineralized fractures
(Franzke et al., 2007; Franzke and Zerjadtke, 1993). Basin inversion, i.e. the uplift
of the Mesozoic basin infill due to compression, did not start before Turonian
times (~93.9 Ma), as a comparison of inversion structures from several Mesozoic
subbasins in the SPB proves (Pharaoh et al., 2010). This mineralization stage is
characterized in terms of fluid pathway development by deep-reaching reverse
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faults (i.e., the Harz Northern Boundary Fault and the FCB Haldensleben and
Gardelegen Faults) (Figs. 1, 3 and 4B), as well as along the southern margin of the
LSB (Osning Trust Zone, Figs. 2 and 4A). In late Cretaceous basin inversion
peaked, accompanied by basin uplift and partial exhumation of the (pre)-Meso-
zoic basin infill as evidenced by fission-track data and provenance analysis
(Adrisola-Muiioz, 2007; Eynatten et al., 2008; Fischer et al., 2012). Apart from the
Ca2-hosted barite mineralization in Bad Sooden-Allendorf (Stoppel and Gundlach,
1978), no Cenozoic mineralization has been reported to date in the NGB.

4.2.4. Fluid migration and mixing

Salinity and temperature gradients and fluid mixing can be inferred to have
played a vital role for the basinal brines that eventually precipitated the Zn-Fe-Pb
sulfide and fluorite-barite mineralization in the Paleozoic units of the NGB (Behr
et al., 1987; Heijlen et al., 2003; Liiders et al., 2010; Muchez and Heijlen, 2003;
Richardson and Holland, 1979; So$nicka and Liiders, 2018a; Spangenberg et al.,
1996). Two major basin-wide compositionally distinctive aqueous fluid systems
are evident from fluid inclusion studies (Table 1): (a) early, low salinity H,O-
NaCl + KCl, and (b) high salinity H,O-NaCl-CaCl,. The low salinity fluids (a) are
observed within the older stratigraphic units across the NGB e.g., in the Permo-
Carboniferous volcanics as well as sedimentary rocks and Jurassic sandstones.
Circulation of this fluid type is associated with different events across the NGB,
e.g., development of the Rhenohercynian thrust-and-fold belt (Liiders et al.,
1993), vanishing stages of Late Variscan magmatic activity (Schmidt Mumm and
Wolfgramm, 2004, 2002), major stages of basin subsidence and uplift (Liiders
et al., 2005; Wiistefeld et al., 2017) or an inferred igneous intrusion in the early
Cretaceous (Buntebarth and Teichmiiller, 1979; Mundry, 1971; Rose and
Godecke, 1984; Stadler and Teichmiiller, 1971; Will et al., 2016). The high-sali-
nity fluids (b) are widespread as they are observed in all sub-regions of the NGB
within Carboniferous, Rotliegend, Zechstein, and Triassic strata. The high salinity
of these fluids resulted from both seawater evaporation and/or halite dissolution
(Schoner et al., 2008) whereas the elevated calcium content in the more evolved,
NaCl-CaCl,-dominated basinal brines is related to their interactions with sedi-
mentary rocks during deep burial (Gaupp et al., 2008; Schoner et al., 2008).
Multiple high-salinity fluid flow episodes are associated with e.g., migration of
CH4-CO, = N, = H,S or N,-CH,4 gases during stages of uplift (Duschl et al.,
2016; Krooss et al., 2008; Liiders et al., 2009, 2005; Sos$nicka and Liiders, 2018a;
Wiistefeld et al., 2017), hydrothermal remobilization of the sedimentary-derived
fluids (Duschl et al., 2016), or dehydration of gypsum from Zechstein evaporitic
sequence during progressive burial (Nollet et al., 2005). Basinal brines with high
salinities (up to 320,000 mg/1 total dissolved solids) have been observed to yield
very high metal contents (i.e., 70 mg/1 Pb, 245 mg/1 Zn) that are predominantly
bound in chloride complexes (Kharaka et al., 1987). The high-salinity fluid type is
strictly related to Zn-(Pb), Ba, and Sr mineralization of the LSB, the hematite
mineralization in the FCB and Post-Variscan sulfide and fluorite mineralization of
the Harz Mountains.

Fault-related hydrothermal activity within the upper Carboniferous tight gas
sandstones, exposed in the Piesberg quarry, has been recently investigated by
Wiistefeld et al. (2017). There, episodes of tectonically driven fluid migration are
recorded by two generations of fracture-filling quartz. Fluid inclusion studies
revealed that early quartz-chlorite veins precipitated from moderate salinity
(13.8-15.7wt% NaCl equiv.) fluids at temperatures well above 200°C
(T, = 220-260 °C) (Table 1) at nearly lithostatic conditions of about ~ 1000 bars,
which corresponds to a depth of about 4.5km during quartz precipitation
(Wiistefeld et al., 2017). Potassium-Argon dating of authigenic illites undertaken
by Wiistefeld et al. (2017) yields Middle to Upper Jurassic ages for the high-
temperature fluid event (Fig. 19). In contrast, fluid migration probably related to
mid-Cretaceous wrench-faulting and the subsequent onset of basin inversion
(~96.5-106.7 Ma) is characterized by fluid inclusions of higher salinities
(17.7-21.6 wt% NaCl equiv.) and lower temperatures (T, = 170-200 °C) (Table 1)
trapped in younger vein quartz, which precipitated at much lower pressures of
350-400 bars (Fig. 19) (Wiistefeld et al.,, 2017). Similar temperatures
(164-202 °C) and salinities (17-25 wt% NaCl equiv.) of fluids migrating within
upper Carboniferous sandstones (Table 1) from Piesberg area were also reported
by Adriasola-Mufoz et al. (2007) and within horst structures in the central part of
the LSB by Reutel et al. (1995). According to Wiistefeld et al. (2017) the migration
of aqueous fluids within Carboniferous sediments occurred along with the mi-
gration of hydrocarbons during two major stages of tectonic movements in the
LSB basin. The migration of CH4-CO, gases coincided with the emplacement of
early quartz veins in the extension-related fractures along the NNW-SSE striking
fault zone during burial, whereas the release of the low density CH4-CO»-N, gas
mixtures coincided with precipitation of younger quartz veins during inversion
and uplift of the LSB (Wiistefeld et al., 2017). The latter are proximal to the fault
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zone and contain sphalerite and marcasite, which is evidence for episodic circu-
lation of Zn- and Fe-bearing fluids during the inversion and uplift stages in the
southern LSB. According to Baldschuhn and Kockel (1998) this fault zone relates
to the Egge-Graben system which was likely formed in Jurassic times and was
partly reactivated during the late Cretaceous basin inversion. Based on fluid in-
clusion data, chlorite thermometry, and vitrinite reflectance data Reutel et al.
(1995) concluded that enhanced heat flow and circulation of hydrothermal fluids
within the NW-NNW/SE-SEE trending lineament in the central part of the LSB
was related to the formation of horst structures during uplift. Migration of the
hydrothermal brines, as supported by structural reconstructions, fluid inclusion,
and formation waters data can lead to widespread fluid-wall rock interaction,
alteration of sedimentary rocks and eventually the formation of Zn-Pb-Fe sulfide
and fluorite barite mineralization (this study, Liiders et al., 2012).

Fluid mixing is regarded as one of the most important processes facilitating
mineral precipitation (e.g., Robb, 2011) and is a pivotal factor for the formation of
sediment-hosted deposits and for the understanding of MVT ore formation (Leach
et al., 2010b, 2010a). Commonly, a significant portion of the history of a basinal
brine system is characterized by the precipitation of barren gangue assemblages.
Metalliferous fluids can often be linked to specific stratigraphic packages and
distinct stages of the basin evolution (Stoffell et al., 2008). The interplay of fluid
chemistry and dynamics with the surrounding rocks in the context of the paleo-
geographic setting (i.e., a carbonate-dominated (LSB) vs. a clastic-dominated
(ABB) aquifer system) and the overall structural setup are crucial factors for the
formation of sediment-hosted base metal sulfide mineralization (Knorsch, 2017;
Sverjensky, 1989). Bons et al. (2014) proposed a fluid migration and mixing
model for basinal brines in the Schwarzwald region that evolve through various
stages of maturity (i.e., salinity, metal content, depth, T) and form mineral de-
posits when mixed during rapid ascend—much like what geochemical data, pet-
rographic observations and published records suggest for the NGB. Fluid-rock
interaction can evolve a single basinal brine that yields specific base metal and
sulfur contents so that brines with a wide spectrum of geochemical characteristics
are produced and arrive as a function of time, temperature and host rock com-
position at the site of metal or barren gangue deposition (Bons et al., 2014;
Glikson-Simpson and Mastalerz, 2000; Leach et al., 2010b; Paradis et al., 2007;
Sverjensky, 1984). Mixing of fluids was proposed to have occurred basin-wide, i.e.
in the ABB (Schmidt Mumm and Wolfgramm, 2003a, 2003b), Upper and Middle
Harz Mountains and in the LSB (Knorsch, 2017; Sosnicka and Liiders, 2018a). Our
collected oxygen and carbon isotope data also support a model based on two
mixing basinal brines in the LSB, which could have been similar to those that led
to the Post-Variscan sulfide or barite mineralization in the Harz Mountains
(Fig. 20, also see 3.2.3.1). The LSB host rock carbonates display the highest §'3C
and 880 values and plot in an area that has been attributed to the Zechstein fluids
(i.e., the non-metalliferous pore waters and diagenetic waters of the host rock).
The two measurements for hydrothermal carbonates from the Harz Mountains
agree in their isotopic ratios with values that have been published by Bechtel and
Piittmann (1991), Bechtel et al. (2000), and Zheng and Hoefs (1993) for the
Lower Harz mineralization. §'3C and 880 values for Rotliegend-hosted fracture-
filling hydrothermal carbonates from the ABB show signatures (median of 16.7%
and — 8%, respectively) that are similar to isotope ratios typical for metalliferous
fluids from the Harz Mountains, supporting the argument that there may be a
genetic link between the vein type mineralization in the Harz Mountains and the
ABB. Hydrothermal carbonates from the LSB show intermediate §'°C and §'0
values at around —5 to +5% and 20%, respectively (Fig. 20).

High-salinity brines are conceived as potential metalliferous fluids in the ABB
as they show elevated metal contents, although sulfide mineralization is absent in
this part of the NGB. This implies that reduced sulfur-carrying fluid either was not
generated within the Zechstein unit in the ABB or it had not mixed with the metal-
rich brine to precipitate sulfides, similar to the LSB Zn-Fe-Pb mineralization. This
is supported by our data showing low sulfur concentrations (6-14 pg/g) in the Zn-
Pb-enriched Rotliegend formation waters. Metal and fluorine contents of potential
ore-forming fluids from the LSB, FCB and Harz Mountains are not yet known.

4.3. Kupferschiefer

The close stratigraphic association of the Ca2-hosted Zn-Fe-Pb mineralization
with the partly Cal (Zechstein limestone)-hosted (Fig. 5) Kupferschiefer warrants
a contextual discussion. In economic geology, the term Kupferschiefer includes
units in the hanging and footwall (i.e., sandstone, conglomerate, black shale,
carbonate rocks and anhydrite) that are host to the multistage sediment-hosted
stratabound copper deposit of the same name (Alderton et al., 2016; Borg et al.,
2012; Speczik, 1995; Walther and Dill, 1992). A connection with other miner-
alized districts such as the Spessart (SW Germany) has been proposed by Wagner
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et al. (2010). They argued that ore forming processes are comparable and may
involve Kupferschiefer fluids and structurally controlled migration pathways, for
many post-Variscan base metal deposits in Central Europe, especially in close
vicinity to Variscan basement blocks such as the Rhenish Massif, the Spessart or
the Harz Mountains. Other authors (e.g., Borg et al., 2012; Speczik, 1995;
Vaughan et al., 1989) pointed out that both sedimentary-diagenetic and hydro-
thermal processes play a pivotal role in the Kupferschiefer formation and may be a
blueprint for similar sediment-hosted deposits in the NGB. However, a direct link,
petrographically or geochemically, between the Kupferschiefer and the Ca2-
hosted Zn-Fe-Pb mineralization in the LSB has not been observed in our in-
vestigation.

4.4. Concluding remarks

Our investigation confirms early findings by Mempel (1962) that sediment-
hosted Zn-Fe-Pb sulfide mineralization is restricted to the LSB, representing a
paleogeographic shallow shelf or margin position in the NGB, as opposed to the
basin center represented by the ABB. In the LSB, the evaporites and carbonate
shelf sediments—the latter hosting bitumen and hydrocarbons—yielded the ne-
cessary fluid, salinity, and sulfur sources to warrant the mineralization of Zn-Pb-
Fe sulfides at temperatures of around 143-196 °C from high salinity metalliferous
fluids, as confirmed by stable isotope and fluid inclusion data, in the Ca2 car-
bonate. Furthermore, stable isotope data from hydrothermal carbonates support a
fluid mixing model for sulfide deposition in the LSB. The observed mineralization
and structural features point toward a fluid system driven by hydrothermal
(brine) convection along structurally-controlled pathways in the LSB as well as
the ABB. Carboniferous shales, Permo-Carboniferous volcanics of varying com-
position, and Zechstein carbonates can be inferred as metal or REE sources, re-
spectively. A primary magmatic fluid component can be ruled out in both areas.
The trace element composition and especially the REY makeup of the different
types of hydrothermal mineralization in the ABB and LSB point towards different
fluid compositions in the two areas that reflect the significant differences in the
fluid evolution between the ABB and the LSB, e.g., vein fluorites found in the ABB
have considerably higher REY concentrations than those found in the LSB.
Compositional similarities between lower Permian formation waters and fluid
inclusions from mineralization hosted in lower Permian strata in the ABB indicate
that these highly saline brines might be modern analogues to the fossil fluid
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Fig. 20. Isotopic ratios of 8'>C and 8'®0 of carbonates (calcite and dolomite)
from the LSB, the NEGB and the Harz mountains. Hatched area represents the
range of isotopic ratios based on data by Schmidt Mumm and Wolfgramm
(2004, 2003a) and references therein, i.e., Bechtel and Piittmann (1991),
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2004 and references therein). See Electronic Appendix Table EA 5 for under-
lying data.
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systems which lead to the mineralization in the ABB, or that the formation waters
have interacted with deep-seated hydrothermal mineralization.

The Ca2-hosted sulfide mineralization in the LSB bears many trademarks of an
MVT deposit and can be linked to the Upper Cretaceous basin inversion which
created or reactivated faults that acted as pathways for metal rich basinal brines
(c.f., Knorsch, 2017; Sosnicka and Liiders, 2018a). Steeply dipping fluorite and
hematite veins hosted in sedimentary and volcanic rocks in the ABB and the FCB
are expressions of a reactivation of fault structures and fluid systems during the
early Cretaceous. Our analytical results and petrographic observations support a
strong correlation between the structural evolution of the NGB and related frac-
ture-hosted hydrothermal mineralization in terms of fracture formation due to
faulting and associated fracture porosity, fluid migration, intra-basinal P/T con-
ditions, and ore emplacement. Our results are in good agreement with findings
from other inter- to intracontinental ore deposits within extensional tectonic re-
gimes worldwide (e.g., Robb, 2011). Moreover, our investigation of the observed
Zn-Fe-Pb and fluorite-barite mineralization illustrates the applicability of the
mineral system scale approach, known from petroleum exploration, to mineral
deposits hosted in sedimentary basins (c.f. McCuaig et al., 2018). The combina-
tion of structural, mineralogical, and geochemical investigations presented here
provide a first comprehensive inventory and characterization of the mineralized
zones in the NGB and offer valuable insights into the conditions and governing
factors that controlled the formation of the post-Variscan deep-seated hydro-
thermal mineralization in Paleozoic units of the LSB and ABB. It is striking that
radiometric mineralization ages from the LSB and the ABB are scarce or com-
pletely missing, which stresses the importance of future research on fracture-
hosted ore mineralization in both study areas with special emphasis on age dating,
structural control, and metal budgets in the corresponding fluids.
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