
Vol.:(0123456789)1 3

Mineralium Deposita (2023) 58:1143–1170 
https://doi.org/10.1007/s00126-023-01173-z

ARTICLE

Metal budget and origin of aqueous brines depositing deep‑seated 
Zn‑Pb mineralization linked to hydrocarbon reservoirs, North German 
Basin

Marta Sośnicka1  · Volker Lüders1 · Florian Duschl2 · Dennis Kraemer3,4 · Oscar Laurent5,6 · Samuel Niedermann1 · 
David A. Banks7,8 · Franziska Wilke1 · Cora Wohlgemuth‑Ueberwasser1 · Michael Wiedenbeck1

Received: 21 August 2022 / Accepted: 17 March 2023 / Published online: 12 April 2023 
© The Author(s) 2023

Abstract
The origin, evolution, and interplay of brine and hydrocarbon fluid systems play a crucial role in the formation of deep 
sediment-hosted base metal ore deposits. Here we investigate ratios of halogens, noble gases, stable C and S isotopes, and 
metal budgets of aqueous brines, which deposited deep-seated and near-surface hydrothermal Zn-Pb mineralization hosted 
by Zechstein carbonates in the Lower Saxony Basin (North German Basin), by studies of fluid inclusions in sphalerite and 
quartz. Major and trace element geochemistry and noble gas isotopic signatures of brine inclusions revealed that the ore-
forming fluids were highly reactive and experienced prolonged interactions with host rocks in the constricted, over-pressured 
metal source regions and consequently evolved from near-neutral, oxidized brines towards more reduced, acidic high-salinity 
brines. Quartz-hosted halite-saturated fluid inclusions with Th <200°C contain Zn and Pb concentrations up to ca. 9400 μg  g-1 
and 5200 μg  g-1, respectively, and indicate the efficiency of metal scavenging processes. The interactions with Westphalian 
coals and  Corg-rich shales influenced the redox state as well as the trace and critical element budget of the sphalerite-hosted 
fluid inclusions, with enrichment in Ge, Pd, Sb, Tl, Bi, and Ag. The salinities of metalliferous fluids originated primarily from 
seawater evaporation, however in addition a significant halite-dissolution component is present in the southern part of the 
Lower Saxony Basin. High concentrations of radiogenic noble gases and potassium in the sphalerite-hosted fluid inclusions 
are ascribed to strong interactions with the Paleozoic siliciclastic sedimentary pile and crystalline basement rocks. Reflux of 
the strongly modified, sulfur-poor, Zn-Pb-bearing acidic brines, proceeded via re-activated structurally controlled pathways 
into sour gas or gas-saturated brine pools in the Zechstein Ca2 carbonate unit. Here, mixing of the ascending metal-rich 
brines with  H2S derived from thermochemical sulfate reduction (TSR), resulted in the deposition of deep-seated Zn-Pb ores 
in the Lower Saxony Basin. The overall timing of the Zn-Pb ore formation can be constrained to the Upper Cretaceous basin 
inversion.
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Introduction

Sedimentary basins host a variety of economic base metal 
deposits worldwide (e.g., stratabound deposits, vein-type 
deposits, and others) and will be important exploration 
targets for deep undiscovered mineral resources in the near 
future. The high exploration potential of deep basins with 
thick sedimentary cover is demonstrated by discoveries of 
blind ore deposits in, e.g., Germany, Poland or Australia 
(Arndt et al. 2017; Nadoll et al. 2019). For example, in the 
Southern Permian Basin (SPB) in Central Europe, a blind 
giant world-class Polish Kupferschiefer Cu-Ag ore deposit 
was accidentally discovered in 1957 during petroleum 
exploration in the Fore-Sudetic Monocline (Borg et al. 
2012). Sediment-hosted base metal deposits are important 
resources for metals such as Cu, Zn, Pb, Ag, and com-
monly contain by-products of critical metals: Ga, Ge, In, 
Co, Pd, Pt, Sb, Au, REE (Leach et al. 2005; Cook et al. 
2009; Foltyn et al. 2022), which are of strategic impor-
tance (Graedel et al. 2014; Bookhagen et al. 2020). The 
ever-increasing demand for these metals, due to a transi-
tion to a carbon-free economy, drives intensified research 
efforts to increase successful ore deposit exploration in 
sedimentary basins worldwide (Hoggard et al. 2020).

Ore-forming processes in sedimentary basins are linked 
to extensive fluid circulation, which plays a crucial role in 
re-distribution of base and trace metals within the deep 
strata. Determining the origin, composition, and migra-
tion pathways of fluids in the sediment-hosted ore systems 
provides better understanding of ore-forming processes 
from the potential source regions to the sites of ore deposi-
tion. Quantitative metal concentrations in fluids pertaining 
to a specific mineral system can be determined by Laser 
Ablation-Inductively Coupled Plasma-Mass Spectrometry 
(LA-ICP-MS) analyses of metal abundances in representa-
tive sets of individual fluid inclusions hosted in ore and 
gangue minerals (Günther et al. 1998; Heinrich et al. 2003; 
Richard et al. 2011; Pettke et al. 2012; Burisch et al. 2016; 
Lecumberri-Sanchez et al. 2018). LA-ICP-MS studies of 
fluid inclusions in sphalerites from sediment-hosted depos-
its focus on major elements, e.g., Na, K, Cl, Mg, Li, Ca, 
Mn, Cu, Zn, Pb, Ba, and Sr (Stoffell et al. 2008; Wilkinson 
et al. 2009; Yardley and Bodnar 2014; Field et al. 2020). 
Owing to the contamination, caused by the host ore min-
eral and low elemental abundances, the concentrations of 
critical trace metals in sphalerite-hosted fluid inclusions 
have not been studied so far.

In the Lower Saxony Basin (LSB) in NW Germany, 
several deep-seated Zn-Pb deposits hosted by Zechstein 
(Ca2) carbonates or metasomatic siderite-(barite) min-
eralization were accidentally drilled during gas explora-
tion (Duschl et al. 2016; Nadoll et al. 2019; Sośnicka and 

Lüders 2019; Knorsch et al. 2020). It has been proposed 
that the deposition of Zn-Pb ores resulted from mixing 
of ascending metalliferous brines with hydrogen sulfide, 
derived by low-temperature thermochemical sulfate reduc-
tion (TSR) in Zechstein (Ca2) carbonate gas reservoirs 
(Sośnicka and Lüders 2019, 2020). Similar Zn-Pb min-
eralization as well as metasomatic Zn-Fe ores were his-
torically mined near-surface in Zechstein carbonate host 
rocks at the southern flank of the LSB (Nadoll et al. 2019). 
Although the source of  H2S is unambiguous (Sośnicka and 
Lüders 2020), the source(s) of metals and their concentra-
tions in ore-forming brines are unknown. To address these 
knowledge gaps, we determined (i) the concentrations of 
halogens as well as base and critical metals in individual 
fluid inclusions, hosted in quartz and sphalerite as well as 
(ii) element abundances and in situ sulfur isotopic com-
positions of hydrothermal pyrite. Noble gas analyses of 
sphalerite-hosted fluid inclusions were performed to trace 
potential fluid source reservoirs, whereas stable carbon 
isotope analyses of sphalerite-hosted fluid inclusion gases 
were carried out to constrain the physicochemical condi-
tions of Zn-Pb ore precipitation.

Geological setting

The Lower Saxony Basin (LSB) is the most important gas 
and oil province in Germany and is one of the several sub-
basins of the Southern Permian Basin (SPB) in Central 
Europe (Fig. 1). The SPB extends in roughly W-E direction 
from offshore England, the southern North Sea, the Neth-
erlands, northern Germany to the eastern border of Poland 
(Betz et al. 1987; Kockel 2003; Maystrenko et al. 2008). The 
basement of the SPB consists of rigid blocks of crystalline 
rocks of Cadomian to Paleozoic age (Betz et al. 1987). The 
basin fill comprises Paleozoic to Cenozoic sedimentary rock 
sequence of thickness reaching up to 12 km in the basin 
center (Ziegler 1977; Schwab 1985). The evolution of the 
SPB started in the Late Carboniferous with sedimentation in 
the foreland basin of the Variscan Orogen and was accom-
panied by extensional bimodal volcanism (Ziegler 1977; 
Brink et al. 1992; Benek et al. 1996; Van Wees et al. 2000). 
The sedimentary conditions changed from marine-paralic 
to locally terrestrial and led to the formation of thick coal 
measures which are the major source rocks for gas accumu-
lations in the SPB. The change of the climatic conditions 
from humid to aridic accompanied by basin subsidence in 
the Lower Permian, led to increased sedimentation rates 
and deposition of the siliciclastic Rotliegend red beds with 
intercalated lacustrine evaporites, especially in the southern 
North Sea, the Netherlands and northern Germany (Ziegler 
1977; Van Wees et al. 2000). In the LSB however, Lower 
Permian strata was often not preserved (Breitkreuz et al. 
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2008) which led to wide-spread unconformable stacking of 
Zechstein evaporites directly on top of Upper Carboniferous 
blocks. In the Upper Permian, the marine Zechstein trans-
gression led to thick accumulations of shales, carbonates, 
sulfates and salt, representing up to seven evaporitic cycles, 
reaching thickness of up to 2 km in the basin center (Peryt 
et al. 2010). In the Triassic, the SPB experienced stages of 
rifting and NNE-SSW striking extension tectonics coupled 
with differential subsidence of individual tectonic blocks, 
which led to the onset of halokinetic movements affecting 
Rotliegend and Zechstein salts (Brink et al. 1992).

During the Middle to Late Jurassic and Late Cretaceous 
to Paleocene, basin subsidence was interrupted by stages 
of major uplift (Schwab 1985; Ziegler 1990). During this 
time, the LSB was formed along large faults of Late Jurassic 
to Early Cretaceous age during a period of rifting and 
wrench tectonics (Betz et al. 1987). In the Late Cretaceous 

the LSB was uplifted in response to basin inversion. The 
major Weser-Ems and Osning deep-reaching fault systems 
(Figs. 1–2), flanking the LSB, were re-activated by NW-SE-
striking convergent wrenching, which also involved the 
basement (Betz et al. 1987). The LSB was partly thrusted 
over the Münsterland platform along the Osning thrust zone 
in the south and over the stable Pompeckj Block along the 
Weser-Ems thrust zone in the north (Schwab 1985; Ziegler 
1990). The asymmetric inversion of the LSB resulted in 
higher uplift rates in the south of the Wiehengebirge flexure-
zone (Figs. 1–2), where Upper Carboniferous (Westphalian 
A-D) as well as Zechstein, Triassic and Jurassic strata were 
exposed at the surface and developed as the Schafberg 
(Ibbenbüren), Piesberg and Hüggel positive flower structures 
(Drozdzewski and Dölling 2018) (Figs. 1–2). In the northern 
LSB, north of the flexure-zone, uplift was less intense and 
therefore, the Carboniferous and Zechstein units in this area 

Fig. 1  Simplified geological map of the inverted Lower Saxony Basin 
and adjacent areas. The LSB is separated by deep-reaching thrust 
faults from the Münsterland Basin in the south and the Pompeckj 
Swell in the north. The basin fill experienced significant uplift dur-
ing basin inversion in the Late Cretaceous to Early Cenozoic with 
maximum tectonic uplift along the Osning fault zone in the southern 
part of the basin, locally leading to exhumation of pre-Cretaceous and 

Paleozoic units, and the formation of distinct mountain ranges such 
as the Schafberg, Wiehengebirge and Teutoburger Wald. For reasons 
of clarity, Cenozoic units are neglected in this map. Geology modi-
fied after Drozdzewski and Dölling (2018) and Geological Map of 
Germany 1:1.000.000 (2018); structural features are based on Bald-
schuhn et al. (2001). Gas fields in Paleozoic and Buntsandstein units 
after LBEG (2014)
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are deeply buried beneath the Mesozoic cover, which has 
been preserved due to lower erosion rates (Senglaub et al. 
2005). The subsequent Laramide phase of the LSB inversion 
took place in the mid-Paleocene (Betz et al. 1987). The 
complexity of the tectonic zone centered on the Weser-Ems 
major fault system is highlighted by numerous flower and 
pop-up structures, floating tectonic blocks, steep reverse 
faults, as well as the presence of Zechstein, Triassic, and 
Jurassic salt layers acting as detachment planes during 
tectonic movements (Kockel 2003; Schoenherr et al. 2021; 
Schoenherr and Lüders 2022).

Ores and mineralization in the LSB

Super-deep Zn-Pb mineralization in the central part of 
the northern LSB hosted by Staßfurt Ca2 gas reservoir 
carbonate was intersected in several areas during drilling at 
depths between ~2.7 and 3.6 km. Up to several meter-thick 
mineralization zones, observed in the drill cores, are hosted 
by the Ca2 unit or occur at the contact between the Ca2 
dolomite and Upper Carboniferous siliciclastic rocks. The ore 
zones and fracture-fill mineralization are well characterized 
and consist of sphalerite, galena, pyrite, fluorite and barite 
(Duschl et al. 2016; Nadoll et al. 2018, 2019; Sośnicka and 
Lüders 2019; Knorsch et al. 2020). The mineralization in this 
area coincides with the presence of hydrocarbon and locally 
prominent  CO2-rich gas reservoirs (e.g., Lüders et al., 2021; 
Sośnicka and Lüders, 2021).

Near-surface Zn-Pb and Fe ore deposits occur at the 
hanging wall of the Osning thrust zone and were mined from 
the Middle Ages until the  19th Century. They are located 

in the surroundings of some uplifted Carboniferous blocks, 
which form horst structures in the Piesberg and Schafberg 
(Ibbenbüren) areas. Stratabound Zn-Pb ores hosted by 
the Ca1 Zechstein unit were exploited in the Perm Mine 
(Fig. 1) from 1861 to 1921. Mineralization is dominated 
by sphalerite, intergrown with quartz and minor galena. 
Minor Ag-bearing galena was mined at the Silberberg 
quarry (Fig. 1) between the twelfth and thirteenth century. 
Metasomatic brown Zn-Fe ores from the mining areas at the 
Hüggel and Schafberg contain 36–37% ZnO and 10–24% 
FeO. The overall production was 4–5 Mt of Fe ore with 
remaining reserves of 1–3 Mt, and ca. 0.1Mt of Zn+Pb ore 
(Hagemann 1930; Graupner 1971; Harms 1984; Röhrs 1992).

Sampling and analytical methodology

Sampling strategy

The study area extends from west of the river Weser to 
north-east of the river Ems (Fig. 1). In the southern, central 
and western part of the LSB, sampling comprised gangue 
minerals hosted by Upper Carboniferous strata as well as 
gangue and Zn-Pb ores hosted by Zechstein carbonates. This 
sampling strategy allows tracing migration pathways of ore-
forming fluids, which were ascending from depth through 
the Upper Carboniferous strata into the overlying Zechstein 
carbonate. Samples were collected from drill cores between 
depths of 2.8–4.6 km (Upper Carboniferous unit) and 
2.9–3.6 km (Zechstein Ca2 unit). These drill cores originate 
from deep wells, which were sunk in the central and western 
part of the LSB and close to the Pompeckj Block (PB)/LSB 

Fig. 2  Geological SW-NE cross-section through the central part 
of the Lower Saxony Basin (A-B, see Fig.  1) showing some of the 
most prominent structural features. Many tectonic structures like the 
Schafberg fault block formed due to uplift along transpressive strike-

slip faults, which resulted in exposure of previously deep-seated units 
of Permian and Carboniferous age (modified after Drozdzewski and 
Dölling, 2018)
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border zone during hydrocarbon exploration. The sample 
material comprises fracture-fillings with barren quartz, car-
bonate and locally minor barite hosted by Upper Carbon-
iferous siliciclastic rocks as well as Zn-Pb mineralization, 
fluorite, calcite and hydrothermal pyrite from Zechstein Ca2 
carbonate. The deep-seated massive and vein Zn-Pb mineral-
ization studied by Sośnicka and Lüders (2019) were used for 
the determination of trace and critical metal concentrations 
in individual sphalerite-hosted fluid inclusions as well as 
for bulk stable carbon isotope and noble gas analyses. In the 
southernmost LSB, sampling was carried out from outcrops 
south of Bramsche: Piesberg, Alstedde/Schafberg, Ibben-
büren and mine dumps of the former Perm mine (Fig. 1).

Microthermometry

Microthermometric measurements of fluid inclusions hosted 
in quartz were performed at GFZ Potsdam, Germany, using 
a FLUID INC. adapted USGS heating-freezing system 
mounted on a BX50 Olympus microscope. The USGS 
stage was calibrated with synthetic Synflinc fluid inclusion 
standards. The precision is ±0.1°C for Tm(ice) and ±1.7°C 
for Th>350°C. Salinities of aqueous fluid inclusions were 
calculated from corresponding Tm(ice) and Tm(hydrohalite) 
values using the  HOKIEFLINCS_H2O-NaCl spreadsheet 
(Sterner et al. 1988; Bodnar 1993; Steele-MacInnis et al. 
2012).

EPMA

Element concentrations in sphalerite and pyrite were meas-
ured at GFZ Potsdam, Germany, using a field-emission 
JEOL Hyperprobe JXA 8500F. The conditions for the elec-
tron probe-microanalysis conducted in the wavelength-dis-
persive mode are 20 keV, 20 nA at a beam size of ca. 0.5 μm. 
Quantitative analyses were determined by calibrating with 
natural pentlandite (Fe, Ni, S), sphalerite (Zn), galena (Pb), 
rhodonite (Mn) and pure metals for Cd, Cu, Ga, Ge, and Te. 
Counting times on the peak varied between 10s, 20s, and 
40s with corresponding backgrounds collected in half of the 
peak acquisition time. Data reduction was done using a ZAF 
correction, both taking into account the interactions between 
incident electrons and the target (Z), between the generated 
photons and the matrix (A) as well as the fluorescence (F). 
Under these conditions, detection limits are 0.05 wt% for Zn, 
0.03 wt% for Fe, Pb and Ge, and ≤0.02 wt% for all other ele-
ments. The relative analytical error depends on the absolute 
abundances of each element and is estimated to be <1% at 
the ≥10 wt% level, ≤10% down to the 1 wt% level and ≤20% 
down to the 0.2 wt% level. Back-scattered electron (BSE) 
and qualitative element distribution maps were also obtained 
by means of the microprobe. The latter was done for pyrite 
using 20 keV, 20 nA with 1 μm probe size on 1 μm intervals 

and a short 300 ms dwell time. The Pb (Mα) X-ray line using 
a PETH crystal was applied to scan the pyrite.

LA‑ICP‑MS analyses of fluid inclusions

Analyses of individual fluid inclusions in quartz were per-
formed by laser ablation-inductively coupled plasma-quad-
rupole mass spectrometry (LA-ICP-Q-MS) at ETH Zürich, 
Switzerland. Analysis utilized an excimer (ArF; 193-nm 
wavelength) Compex Pro 102F laser ablation system (Coher-
ent, Germany) coupled to a Nexion2000 (PerkinElmer, USA/
Canada) fast-scanning quadrupole ICP-MS as described 
in Laurent et al. (2021). An in-house built glass ablation 
cell with a volume of ca. 6  cm3 was used. To minimize gas 
blanks, the ablation cell was polished using 1-μm alpha-
alumina suspension (Struers, Denmark) and further cleaned 
with Aqua Regia prior to the analysis. In addition fluorinated 
ethylene propylene (FEP) tubing (Rotilabo®, Carl Roth 
GmbH, Germany) was used for gas and aerosol transport 
(see Schlöglova et al., 2017) to minimize the blank signal.

A laser pulse rate of 10 Hz was selected for all analy-
ses and a spot diameter of 40 μm for reference materials. 
The spot diameter used for fluid inclusions ranged from 10 
to 100 μm depending on the individual inclusion size and 
was adjusted so as to completely ablate the inclusion using 
a manually opening iris aperture. We used a laser output 
energy of ca. 60 mJ for reference materials and ca. 150 mJ 
for quartz-hosted fluid inclusions (energy density of ca. 
20 J  cm-2). The carrier gas consisted of 0.9 L  min-1 of 5.0 
grade He, which was combined with 1.05–1.10 L  min-1 of 
6.0 grade Ar make-up gas downstream of the ablation cell. 
No signal homogenization device was used to ensure as fast 
washout as possible and representative recording of the fluid 
inclusion signals.

The ICP-MS was operated in standard mode (no collision 
cell gas used) and optimized for maximum sensitivity on 
the whole mass range, a U/Th ratio of ca. 1 and a low oxide 
formation ratio (≤0.5 %  ThO+/Th+) on laser mode. The fol-
lowing element menu: 7Li, 11B, 23Na, 24Mg, 27Al, 29Si, 31P, 
34S, 35Cl, 39K, 43Ca, 55Mn, 57Fe, 59Co, 62Ni, 63Cu, 66Zn, 69Ga, 
71Ga, 73Ge, 75As, 77Se, 79Br, 85Rb, 88Sr, 89Y, 95Mo, 101Ru, 
103Rh, 105Pd, 107Ag, 111Cd, 118Sn, 121Sb, 125Te, 133Cs, 137Ba, 
195Pt, 197Au, 202Hg, 205Tl, 208Pb, and 209Bi, was used. Dwell 
times were set to 1 ms for all elements except Au (10 ms) 
and quadrupole settling times to 0.2 ms, resulting in a total 
sweep time of 62 ms (see Laurent et al. 2021 for details 
about the merits when using short settling and sweep times).

The LA-ICP-MS signals were processed with the Mat-
lab-based program SILLS (Guillong et al. 2008) with lim-
its of detection calculated following Pettke et al. (2012). 
The fluid inclusion data have been revised for falsely posi-
tive numerical values, i.e., only signals that have clearly 
visible fluid inclusion peak rising statistically above host 
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background were considered for calculations. All analy-
ses were calibrated against the external standard NIST 
SRM 610 (Jochum et al. 2011), except the S, Cl and Br 
contents that were calibrated using Sca-17 scapolite (Seo 
et al. 2011). The stoichiometric Si content of quartz was 
used as internal standard for matrix correction. Absolute 
concentrations of trace elements in fluid inclusions were 
obtained by referencing element ratios against the salinity 
(wt% NaCl equiv.) determined by microthermometry on 
the respective individual inclusion as internal standard, or 
the average value for a given fluid inclusion assemblage 
(FIA).

Fluid inclusions hosted in sphalerite were analyzed 
at GFZ Potsdam, Germany using a Geolas Compex Pro 
193 nm excimer laser coupled to a Thermo iCAP Triple 
Quad ICP-MS. Each analysis consisted of 30s background 
measurement, varying analytical time (laser on) depending on 
depth and size of the inclusions and 15s wash-out. Analytical 
conditions included a laser energy density of 14 J  cm-2, 
repetition rate of 5 Hz and constant spot diameters of 24, 32, 
44, 60, 90, and 120 μm. The ICP-MS was operated in normal 
on-mass mode and the gas cell was not used. The following 
element list was used: 7Li, 11B, 19F, 23Na, 24Mg, 29Si, 31P, 
32S, 34S, 35Cl, 39K, 42Ca, 44Ca 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 
66Zn, 67Zn, 69Ga, 71Ga, 70Ge, 73Ge, 75As, 77Se, 85Rb, 95Mo, 
101Ru, 103Rh, 105Pd, 111Cd, 115In, 118Sn, 121Sb, 125Te, 133Cs, 
137Ba, 195Pt, 197Au, 202Hg, 205Tl, 208Pb, and 209Bi. Dwell times 
were set to 10 ms for all elements except Se, Pt, Au (20 ms). 
NIST 610 was used as external standard. Concentrations of all 
trace metals in fluid inclusions were checked manually before 
the data processing in SILLS software. Zn concentrations 
measured in sphalerites using WDS-EPMA were used for 
internal matrix correction, whereas salinities of sphalerite-
hosted fluid inclusions (wt% NaCl equiv.) determined by 
microthermometry were used as internal standard.

Crush‑leach analysis of fluid inclusions

Bulk crush-leach analysis of fluid inclusions was carried 
out at the University of Leeds following the methodology 
described in detail by Banks et al. (2000). Samples were 
crushed to a 1–2mm grain size and cleaned by boiling 
several times in 18.2 ΜΩ water. Subsequently, the cleaned 
samples were dried and approximately 0.5 to 1 g of purified 
sample material was manually crushed with an agate mortar 
and pestle. The resulting mineral powder was leached with 
18.2 ΜΩ water and filtered through a 0.2-μm nylon mesh 
prior to analysis. Ion chromatography was used for analysis 
of the anions Cl, Br, and  SO4 in the leachate solutions and 
flame emission spectroscopy for the determination of Na 
and K. Precision of the analyses, from replicate analysis, is 
better than 5% RSD.

Noble gas analysis

Noble gas analysis was conducted at GFZ Potsdam, where 
samples of 0.2–1.5 g were loaded individually into an 
ultra-high vacuum crusher, which was evacuated for at 
least 24 h at room temperature. After a blank measurement 
to ensure there was no leak, gases were extracted from 
fluid inclusions by crushing the mineral grains between 
two metal jaws. The released gases were removed in two 
Ti sponge and two SAES (ZrAl) getters before the heavy 
noble gases Ar, Kr, and Xe were adsorbed onto a stainless-
steel frit at 50 K and the light noble gases He and Ne 
onto charcoal at 11 K. After sequential release, He, Ne, 
Ar, and Kr+Xe were admitted separately into a VG5400 
mass spectrometer for the determination of noble gas con-
centrations and isotopic compositions (except for Kr iso-
topic compositions and 124Xe, 126Xe). With one exception 
(sample A4-84), the total analytical blanks (in units of 
 cm3 STP) measured prior to each sample gas extraction 
were (2–4) ×  10-12 for 4He, (1–5) ×  10–12 for 20Ne, (4–25) 
×  10-10 for 40Ar, (8–28) ×  10–14 for 84Kr, and (3–21) × 
 10-14 for 132Xe, with atmospheric isotopic compositions. 
For A4-84 the blanks were higher by an order of magni-
tude, but still negligible compared to the sample gases, 
except for Xe (blank contribution ~5%). The mass spec-
trometer sensitivity and the isotopic mass discrimination 
were determined using the GFZ lab standard, an artificial 
mixture of the five noble gases with a 3He/4He ratio of 
(15.58±0.17)  RA (where  RA is the atmospheric 3He/4He 
of 1.39×10–6) and atmospheric isotopic compositions for 
Ne, Ar, Kr and Xe. Details about analytical procedures and 
data reduction methods can be found in Niedermann et al. 
(1997). All data have been corrected for analytical blanks, 
isobaric interferences (40Ar++,  CO2

++,  H35Cl+,  H37Cl+), 
and mass discrimination effects.

Formation water analysis

Formation water samples from free water knockout 
separators (FWKO samples; production waters that may 
have been affected by condensate dilution) were collected 
by EMPG from twelve different Zechstein production 
wells in the LSB. The samples were stored in clean glass 
bottles and immediately transported to the Geochemistry 
Lab of Constructor University Bremen where residual oil 
was removed from the formation water with the help of a 
separatory funnel. The water samples were filtered with a 
Sartorius filter tower using 0.2 μm filter cellulose acetate 
membrane filters and afterwards acidified with suprapure 
HCl to a pH of 2 for stabilization. The formation water 
samples were measured with a Spectro Ciros Vision SOP 
ICP-OES.
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Stable carbon and sulfur isotopes

Individual mineral separates of sphalerite, quartz, fluorite, 
and barite-calcite, consisting of 1–4 mm grains hosting fluid 
inclusions, were prepared for bulk isotope analysis of fluid 
inclusion gases at GFZ Potsdam, Germany. The stable car-
bon isotopic compositions of  CO2 and  CH4 gases in fluid 
inclusions were acquired using a sample crusher connected 
via a gas chromatography column to an elemental analyzer 
isotope ratio mass spectrometry system. This analytical setup 
allows online simultaneous measurements of stable isotope 
ratios of  N2,  CH4, and  CO2 in natural gas mixtures released 
by crushing of fluid inclusions. The analytical procedure and 
its reproducibility are described in detail by Lüders et al. 
(2012), Plessen and Lüders (2012), and Sośnicka and Lüders 
(2020).

A Cameca 1280-HR SIMS instrument at the GFZ Pots-
dam was used to conduct in situ δ34S determinations on <20 
μm domains in pyrite crystals, employing a slightly modified 
analytical design where particularly high spatial resolution 
was required. Instrument calibration was based on the Bal-
mat pyrite RM, which has an assigned value of δ34SCDT = 
15.1 (Crowe and Vaughan 1996). The absolute value for 
the zero-point on the δ34SCDT was set at 34S/32S = 0.044163 
based on the recommendation by Ding et al. (2001), yielding 
an absolute 34S/32S = 0.044830 for the Balmat pyrite refer-
ence sample. The repeatability of determinations was better 
than ±0.1‰ (1σ) for our analytical set-up. Based on these 
observations, our data are reliable to better than ±0.2‰ (1σ) 
in terms of differences between individual determinations. 
Our absolute data accuracy is limited only by the roughly 
1‰ variability which has been reported for the Balmat RM 
standard (Whitehouse 2013). The SIMS analytical method 
is reported in detail in Online Resource 1.

Results

Fluid inclusion petrography and microthermometry

In general, fluid inclusions in gangue minerals hosted by 
Upper Carboniferous strata and Zechstein carbonate in the 
LSB represent two compositional types. These are type I 
aqueous 2-phase inclusions (liquid + vapor) and type II 
gas-rich inclusions that contain gas mixtures of variable 
compositions. Type I inclusions may occasionally con-
tain a halite daughter crystal or accidentally trapped sol-
ids (sulfates, carbonates), but only representative 2-phase 
(L+V) inclusions were considered in this study. Quartz 
and carbonate fracture-fillings in Upper Carboniferous 
rocks commonly host  CH4-CO2±N2 type II inclusions. In 
contrast, type II inclusions in calcite, fluorite or anhydrite 

mineralization in Zechstein Ca2 carbonate predominantly 
contain  CH4-CO2-H2S±N2 gas mixtures (Sośnicka and 
Lüders 2020, 2019; Lüders et al. 2021). Previously studied 
type I fluid inclusions, hosted in early quartz I and younger 
quartz II from the Piesberg quarry (Upper Carboniferous 
strata) differ from each other not only in terms of salinity and 
temperature, but also in gas composition. It has been shown 
that type II  CH4-CO2 gaseous inclusions in early quartz I are 
 CH4-rich, whilst gas inclusions (type II) in younger quartz II 
have  CO2-CH4±N2 compositions (Lüders et al. 2012; Wüste-
feld et al. 2017).

Petrographic observations of fluid inclusions and micro-
thermometric data from the southern as well as central LSB 
are presented in Figs. 3 and 4, and in Online Resource 2.

Southern LSB

Quartz intergrown with sphalerite from the Perm Mine 
(Fig. 3e–f) as well as quartz fracture fillings from uplifted 
Upper Carboniferous blocks (Fig. 3a–d), adjacent to the 
overlying mineralized Zechstein Ca1 unit from differ-
ent localities in the southern part of the LSB (Piesberg, 
Alstedde/Schafberg, Ibbenbüren, Perm Mine areas) were 
studied for fluid inclusions.

Primary type I and type II inclusions often occur 
together within an individual quartz crystal and are 
arranged along well-defined growth zones (Fig. 3a–b), 
suggesting co-genetic entrapment within an immiscible 
system. Closely spaced crack-seal growth zones are also 
decorated by primary type I inclusions (Fig. 3c–d). Pseudo-
secondary inclusions follow short trails, which terminate 
within individual crystals and do not reach their bounda-
ries. This indicates that these inclusions were entrapped 
while the crystal was still growing. The microthermo-
metric data of type I aqueous fluid inclusions in fracture-
filling quartz from Upper Carboniferous strata plot into 
two distinct groups, hereafter named: A and B (Fig. 4). 
The overall ranges of homogenization (LV→L) tempera-
tures (Th) and salinities for group A fluid inclusions are: 
181–288°C (median: 245°C) and 12.4–20.4 wt% NaCl 
equiv. (median: 16.6 wt% NaCl equiv.), respectively. In 
contrast, group B inclusions show lower Th of 140–208°C 
(median: 189°C) and higher salinities of 22.6–27.5 wt% 
NaCl equiv. (median: 25.1 wt% NaCl equiv.) (Fig.  4, 
Online Resource 2). It is worth noting that one of the 
highest Th ranges (259–264°C) were yielded by group A 
primary inclusions in crack-seal growth zones in quartz 
fracture-fillings hosted by Upper Carboniferous sandstone 
(Fig. 3c–d, Online Resource 2). A few measured pseudo-
secondary FIA’s show similar microthermometric data as 
primary fluid inclusions (e.g., in sample KA-18-3, Online 
Resource 2) suggesting that they were entrapped from the 
same fluid.
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In the Piesberg area, FIA’s were studied in two generations 
of quartz fracture-fillings in the uplifted Upper Carboniferous 
blocks. Group A aqueous inclusions (type I), which are associ-
ated with type II gas inclusions in the early quartz I generation, 
show the highest Th of up to 288°C and the lowest salinities of 
12.4–19.6 wt% NaCl equiv. (PH-2, Pis1, KA-6, KA-11, KA-17, 
KA-18 in Fig. 4). In contrast, group B aqueous inclusions, which 

show lower Th of 183–205°C and higher salinities of 22.6–27.5 
wt% NaCl equiv., are hosted in younger quartz II (PH-1, Pis3-2 
in Fig. 4). In the Ibbenbüren area and in the Upper Carbonifer-
ous black coal mine, group A aqueous inclusions show median 
Th = 234°C and salinity of 15.7 wt% NaCl equiv. (BU-Pr in 
Fig. 4), as well as median Th = 209°C and salinity of 18.9 wt% 
NaCl equiv. (IBB in Fig. 4), respectively.

Fig. 3  Microphotographs of 
primary quartz-hosted fluid 
inclusions from the southern 
(a–f) and central (g–h) parts 
of the Lower Saxony Basin. 
a–b growth zones in euhedral 
fracture-filling quartz (qtz) dec-
orated by co-existing primary 
aqueous 2-phase (L+V) inclu-
sions and gas (G) inclusions, 
Piesberg area (sample PH-1). 
c fluid inclusion-rich crack-
seal growth zones (red arrows) 
oriented perpendicularly to the 
quartz crystal face, Piesberg 
area (sample KA-6).  
d primary aqueous 2-phase 
(L+V) inclusions entrapped 
along parallel spaced crack-seal 
growth zones, Piesberg  
area (sample Pis1-4).  
e sphalerite (sp) ore intergrown 
with elongated quartz crystals, 
Perm Mine (sample Perm-4). 
f primary 2-phase (L+V) 
quartz-hosted aqueous fluid 
inclusions in growth zones, in 
elongated quartz intergrown 
with sphalerite ore from the 
Perm Mine; the field of view 
is also shown as stippled white 
line-contoured box in e.  
g–h fracture-filling quartz 
crystals showing dark cores 
rich in gaseous inclusions and 
bright rims containing aqueous 
2-phase (L+V) brine inclusions 
(black arrow in h), central part 
of the LSB (sample D1-7)
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All primary type I FIA’s hosted in quartz fracture-fill-
ings and quartz from sphalerite ore in Zechstein Ca1, show 
microthermometric characteristics akin to group B (Fig. 4). 
Quartz crystals from Alstedde/Schafberg (AL1-3, B7) con-
tain primary group B aqueous inclusions showing high salin-
ities of 23.2–26.1 wt% NaCl equiv. and Th of 140–200°C 
(median: 171°C; Fig. 4). Primary group B fluid inclusions 
hosted in elongated quartz, intergrown with Ca1 hosted Zn 
ore from the Perm Mine (Fig. 3f), show a salinity range 
between 23.6 and 26.1 wt% NaCl equiv. (median: 25 wt% 
NaCl equiv.) and Th values of 145–196°C (median: 177°C, 
Fig. 4), which is similar to the range of salinity and Th values 
of group B inclusions in the younger, Upper Carboniferous-
hosted, fracture-filling quartz II from Piesberg (PH-1, Pis3-2 
in Fig. 4).

Central LSB

In the central part of the LSB, the fracture-fill quartz sam-
ples were collected from four deep wells sunk into Upper 
Carboniferous siliciclastic rocks overlain by mineralized 
Zechstein Ca2 carbonate. The quartz crystals often show 
prominent growth zones decorated with primary fluid inclu-
sions. The crystal cores are clustered with dark type II gase-
ous inclusions (Fig. 3g–h) in contrast to the outer growth 

zones, which are decorated with type I 2-phase aqueous 
(L+V) inclusions (Fig. 3g–h). Group A FIA’s show high 
Th of 188–256°C (median: 228°C) and low salinities of 
12.6–19.8 wt% NaCl equiv. (median: 16.1 wt% NaCl equiv.). 
These ranges and median values are similar to those of group 
A inclusions from the southern LSB (Fig. 4). There is no sig-
nificant difference between the median Th and salinity values 
of primary (225°C, 16.7 wt% NaCl equiv.) and pseudo-sec-
ondary (229°C, 15.3 wt% NaCl equiv.) group A inclusions. 
Primary group B fluid inclusions show Th values between 
148 and 205°C (median 162°C), and salinities of 19.4–26.5 
wt% NaCl equiv. (median: 25.6 wt% NaCl equiv.). The low-
est Th values (145–162°C, median: 153°C) and extremely 
high salinities (31.4–39.1 wt% NaCl equiv., median: 34.4 
wt% NaCl equiv.) were measured in primary fluid inclusions, 
named as group C.

Two generations of aqueous fluids of strikingly con-
trasting salinities and temperatures were observed in outer 
growth zones of sample 7 from well D1 (Fig. 4). The lower 
salinity (12.6–18.6, median: 15.2 wt% NaCl equiv.) fluid 
inclusions in this sample (D1-7_A1, D1-7_5 in Fig. 4) show 
high Th of 188–256°C (median: 229°C), which are typical 
of group A inclusions, whereas significantly lower Th val-
ues are typical of the high-salinity group C aqueous brines 
(D1-7_3-6, D1-7_1 in Fig. 4). Fluid inclusions having lower 

Fig. 4  Bivariate diagrams showing median values and ranges of 
homogenization temperatures and salinities of fluid inclusions hosted 
in fracture-filling quartz from Upper Carboniferous and Zechstein 
strata, as well as in quartz intergrown with Zn-Pb ore from the Perm 
Mine. a-b data clusters into three distinctive groups: A, B and C. 
Microthermometric data of high-salinity fluid inclusions, hosted in 

sphalerite from deep-seated Zechstein Ca2 mineralization from the 
central LSB (Sośnicka and Lüders 2019), are shown for compari-
son in b. The error bars represent standard deviation, whereas sym-
bols are median values. Microthermometric data from fluid inclusion 
assemblages (FIA’s) in each measured sample show high consistency
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salinities (group A) often form pseudo-secondary trails, 
whereas high-salinity inclusions (group C) occur within 
small, restricted clusters. The timing relationship between 
these two aqueous inclusion types occurring within the same 
sample is difficult to constrain.

Element abundances in fluid inclusions

Variable contents of metals, halogens, and trace elements 
were detected in selected fluid inclusion suites (Online 
Resource 3). Concentrations of the most abundant metals in 
the inclusions hosted in quartz fracture-filling minerals from 
Upper Carboniferous rocks as well as quartz and sphalerite 
mineralization from Zechstein (Ca1, Ca2) units are shown 
in Figs. 5–6, 7a, 8.

Fracture‑filling quartz from the southern LSB

Group B aqueous inclusions hosted in quartz intergrown 
with sphalerite from the Perm Mine have the highest Zn 
concentrations of 201–9491 μg  g-1 (median: 1354 μg  g-1) in 
the LSB (Fig. 5). Similar magnitudes of Zn concentrations 
of 618–3408 μg  g-1 (median: 2029 μg  g-1) are observed in 
group B FIA’s hosted in younger quartz II from Upper Car-
boniferous strata in the Piesberg area. In contrast, group A 
FIA’s in early quartz I from the Piesberg area have signifi-
cantly lower Zn concentrations between 100 and 1471 μg 
 g-1 (median: 406 μg  g-1) (Fig. 5). The lowest Zn contents of 
26–237 μg  g-1 (median: 52 μg  g-1) were measured in group 

A fluid inclusions in quartz from the Upper Carboniferous 
in the Ibbenbüren area, and in group B inclusions from 
Zechstein-hosted quartz in the Alstedde/Schafberg areas 
(21–1220 μg  g-1, median: 133 μg  g-1). Concentrations of Pb, 
Fe, Mn and Ba show overall trends similar to Zn, whereas 
Cu has lower and more homogeneous concentrations (1–157 
μg  g-1, median: 8 μg  g-1) irrespective of the location (Fig. 5). 
Quartz-hosted FIA’s also have high concentrations of Li, B 
and Sr, having the highest median concentrations among all 
detected trace elements (Fig. 8). Trace element patterns for 
fluid inclusions from Upper Carboniferous and Zechstein 
Ca1 strata are consistent (Fig. 8). However concentrations 
are higher in the Upper Carboniferous unit except for Li 
and Tl.

Fracture‑filling quartz from the central LSB

The highest Zn concentrations of 509–9201 μg  g-1 (median: 
3348 μg  g-1) were measured in group C brine FIA’s in quartz 
from well D1 (Fig. 6). Group A FIA’s from the same well 
have lower Zn contents of 584–2313 μg  g-1 (median: 1183 
μg  g-1). Zn concentrations in group B fluid inclusions from 
wells D3 and A2 are 339–861 μg  g-1 (median: 591 μg  g-1) 
and 199–2377 μg  g-1 (median: 458 μg  g-1), respectively. Local 
relative enrichment in Fe is observed in group B FIA’s from 
well D3 (702–8136 μg  g-1, median: 4551 μg  g-1) and group 
C brines from well D1 (923–7691 μg  g-1, median: 2519 μg 
 g-1) (Fig. 6). Cu contents of 1–187 μg  g-1 (median: 10 μg  g-1) 
in fluid inclusions do not show any consistent relation across 

Fig. 5  Diagram combining:  
a median salinity and homog-
enization temperature data of 
quartz-hosted fluid inclusion 
assemblages (FIA’s) with  
b median concentrations of 
metals: Zn, Pb, Cu, Ba, Fe, and 
Mn in these FIA’s. Samples 
are from Upper Carbonifer-
ous and Zechstein Ca1 strata 
in the Ibbenbüren, Piesberg 
and Alstedde/Schafberg areas, 
and the Perm Mine, situated in 
the southern part of the Lower 
Saxony Basin. Error bars show 
standard deviation. Where 
error bars are not shown they 
are equal to or smaller than the 
symbol size. Data of individual 
FIA’s are separated using white 
and grey vertical fields
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the studied wells (Fig. 6). The lowest Zn concentrations were 
recorded in group A inclusions from well D2 (100–307 μg  g-1, 
median: 203 μg  g-1). Pb, Ba and Mn generally mimic trends 
consistent with Zn, in contrast to more variable concentrations 
of Fe and Cu (Fig. 6). Median trace element concentrations in 
quartz-hosted fluid inclusions from the central part of the LSB 
have very similar patterns to analyses from the southern LSB, 
with exception that they are slightly higher for the majority of 
trace elements, e.g., Ge, Pd, Cd or Sb (Fig. 8).

Sphalerite ores from the western and central LSB

Elemental analyses show that sphalerite-hosted fluid inclu-
sions contain detectable concentrations of critical and trace 
metals such as Li, Ge, Sr, Pd, In, Sb, Bi and B, Mn, As, Rb, 
Ag, Cs, Ba, Tl, and Pb. Concentrations of these metals are 
presented in the Figs. 7–8, and Table 1 in Online Resource 
1. Sphalerites from the central part of the LSB show more 
diversity in element abundances in fluid inclusions com-
pared to sphalerites from the western part of the LSB where 
elements such as As, Ga, Pd, Ag or Bi were not detected. Pb 
concentrations in sphalerite-hosted inclusions are relatively 
low and vary between 18 and 814 μg  g-1 (median: 109 μg 
 g-1). Germanium locally shows elevated concentrations of 
up to 1194 μg  g-1; however, the median concentration is 59 
μg  g-1 (Fig. 7). Fluid inclusions have elevated contents of 
Li (86–846 μg  g-1, median: 297 μg  g-1), B (21–1883 μg  g-1, 
median: 257 μg  g-1), Sr (1078–8342 μg  g-1, median: 2789 

μg  g-1), Ba (64–1199 μg  g-1, median: 501 μg  g-1) and Tl 
(0.1–4953 μg  g-1, median: 2 μg  g-1) (Fig. 7). Concentrations 
of Ga (4–5 μg  g-1), As (4–45 μg  g-1), Rb (9–77 μg  g-1), Pd 
(0.05–0.9 μg  g-1), Ag (3–41 μg  g-1), In (1–15 μg  g-1), Sb 
(1–92 μg  g-1), Cs (3–49 μg  g-1), and Bi (0.1–0.4 μg  g-1) are 
comparatively lower (Fig. 7).

Formation waters

Formation waters from Zechstein Ca2 carbonate reservoirs 
at the northern flank of the central part of the LSB show ele-
vated sulfur concentrations (108–7465 μg  g-1, median: 780 
μg  g-1). In contrast, metal concentrations, e.g., Cu (0.08–0.13 
μg  g-1), Zn (1.3–1.5 μg  g-1), Fe (0.21 μg  g-1), Mn (0.2–85.7 
μg  g-1) are very low (Online Resource 4). Formation waters 
are also enriched in B, Li, Br, Ca, K, Mg, Sr (medians: 166 
μg  g-1, 82 μg  g-1, 779 μg  g-1, 24961 μg  g-1, 1839 μg  g-1, and 
151 μg  g-1, 19 μg  g-1, respectively).

Stable carbon and sulfur isotopes

The stable carbon isotope analyses of fluid inclusion gases 
in sphalerites and fracture-filling minerals are presented in 
Table 1, and Figure 1 in Online Resource 1. The δ13CCH4 
and δ13CCO2 ratios of fluid inclusion gases hosted in sphal-
erites from the central and southern LSB range between 
−26.0 and -6.4‰, and between -9.0 and -1.4‰, respec-
tively. Fluid inclusion gas in quartz that is intergrown with 

Fig. 6  Diagram combining:  
a median salinity and homog-
enization temperature data of 
quartz-hosted fluid inclusion 
assemblages (FIA’s) with  
b median concentrations of 
metals: Zn, Pb, Cu, Ba, Fe and 
Mn in these FIA’s. Samples are 
from Upper Carboniferous and 
Zechstein Ca2 strata, intersected 
in deep wells: A2, A4, A5, 
A6, A10, B1, D1, D2, D3, in 
the central part of the northern 
flank of the Lower Saxony 
Basin. Error bars show standard 
deviation. Where error bars are 
not shown they are equal to or 
smaller than the symbol size. 
Data of individual FIA’s are 
separated using white and grey 
vertical fields
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Fig. 7  Element abundances 
in sphalerite-hosted fluid 
inclusions and sphalerite hosts 
from deep wells in the Lower 
Saxony Basin.  
a Vertical box plots with error 
bars showing ranges and median 
concentrations of critical (in 
bold, dark grey) and trace 
metals in sphalerite-hosted fluid 
inclusions, wells A3, A4, A5, 
A6, A10, B1.  
b Vertical box plots with error 
bars showing ranges and median 
concentrations of elements in 
sphalerite crystals from wells 
A4, A5 and B1. Open circles 
indicate outliers (data from 
Knorsch et al. 2020).  
c–d Time-resolved laser 
ablation spectra for fluid 
inclusions hosted in sphalerites 
from well B1 and A4. The 
signals from fluid inclusions 
are marked by steep Na peaks. 
Zn concentrations in these 
fluid inclusions could not be 
measured due to overlapping 
signal from the host sphalerite. 
Fluid inclusions contain excess 
Ge, Tl and Pb compared to host 
sphalerite, which also contains 
these elements as structural 
substitutions

Fig. 8  Spider diagram showing 
median concentrations of trace 
elements in fracture-filling 
quartz-hosted fluid inclusions 
from Upper Carboniferous 
and Zechstein strata as well as 
sphalerite-hosted brine inclu-
sions from Zechstein carbonate 
Ca2
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sphalerite from the Perm Mine, yielded a δ13CCH4 value of 
−24.7‰, which is similar to inclusion gases from sphaler-
ite (−26.0‰). The δ13CCH4 values acquired from inclusion 
gases hosted in other fracture-filling minerals, i.e., fluorite, 
barite and calcite, in Ca2 and Upper Carboniferous strata 
in the western LSB, are very consistent and cover a range 
between −26.3 and −24.6‰.

Zechstein Ca2-hosted, zoned hydrothermal fracture-filling 
pyrites from the deep well PB-13, that was sunk close to the 
northern flank of the LSB (Fig. 1), were analyzed for in situ 
stable sulfur isotopic compositions. The δ34S values range 
between −13.4 and −9.6‰, median: −12.2‰ (Fig. 9, Fig. 1 
in Online Resource 1, Online Resource 4).

Noble gas isotopes

Noble gas isotope data of fluid inclusions from individual 
crushes of sphalerite separates are shown in Table 2. The 
analyzed inclusions are aqueous-dominated fluids of both 
primary, and pseudo-secondary and secondary origin, which 
may also contain trace amounts of  CH4,  CO2 and  H2S gases 
(Sośnicka and Lüders 2019). The highest 3He/4He ratios of 
0.08–0.1  RA are from dark sphalerites from the Perm Mine and 
the Ibbenbüren coal mining area in the southern LSB (Fig. 10a). 
In contrast, the zoned yellow-orange sphalerites from the deep 
well B1, sunk close to the western flank of the LSB, yielded 
the lowest 3He/4He ratios of 0.02–0.03  RA (Fig. 10). The largest 
range of 3He/4He ratios (0.03–0.08  RA) is shown by sphalerites 
from deep wells (A1, A3, A4) in the central LSB. The highest 
40Ar/36Ar ratios are from brine inclusions hosted in meter-scale 
sphalerite ore zones from the deep well A1 (Fig. 10c). The 
isotopic ratios of the heavier noble gases (Ne, Xe) are very 
close to atmospheric values, within the error limits (Table 2, 
Online Resource 4). The results from the central part of the 
LSB show that relative abundances of Ne and Ar are similar to 
air, whereas Kr and Xe abundances are higher by fractionation 

factors of ca. 1.5 and ca. 2–10, respectively (Fig. 2 in Online 
Resource 1). Data from the southern part of the LSB indicate 
the relative abundances of Ne, Ar and Kr are relatively close to 
the air abundances, while Xe abundances are higher by factor 
of ca. 2–5 (Fig. 2 in Online Resource 1).

Discussion

Major, trace, and critical elements in metalliferous 
fluids

Fluid inclusions hosted in fracture-filling minerals from each 
studied well and locality record unique metal concentration 
signatures (Figs. 5, 6, 8). In the central part of the LSB 
type I fluid inclusions, in individual samples from different 
wells show highly variable salinity and homogenization 
temperatures (Fig. 4), and based on these data three major 
fluid inclusion groups were distinguished: 1) group A 
moderate salinity halite-undersaturated (<26 wt% NaCl 
equiv.) and high-temperature, 2) group B high-salinity (~26 
wt% NaCl equiv.) and low-temperature, and 3) group C very 
high-salinity (>> 26 wt% NaCl equiv.) and low-temperature 
(Fig. 4). In the southern LSB, only two groups (A, B) were 
observed (Fig. 4).

The fluid inclusion data from the Piesberg quarry, 
reported by Wüstefeld et al. (2017) are in very good agree-
ment with our results from other sample sites in the Pies-
berg area. Minor sphalerite mineralization from the Piesberg 
quarry is associated with quartz II, which precipitated from 
high-salinity brines (17.7–21.6 wt% NaCl equiv.) with Th 
values of 167–202°C during the Late Cretaceous inversion 
(Wüstefeld et al. 2017). Group B aqueous brines from other 
sites in the Piesberg area have similar Th values (183–208°C) 
and slightly higher salinity values (22.6–27.5 wt% NaCl 
equiv.) and contain the highest metal concentrations 

Table 1  Stable carbon 
isotope data of inclusion 
gases  (CO2,  CH4) hosted in 
sphalerite, quartz, fluorite 
and calcite-barite fracture-
fillings in Zechstein and Upper 
Carboniferous strata from the 
central, western and southern 
parts of the Lower Saxony 
Basin

No. Area Sample No. Stratigraphy Mineral δ13CPDB 
 (CH4), ‰

δ13CPDB 
 (CO2), ‰

1 central LSB A3 Zechstein Ca2 sphalerite –3.1
2 central LSB A4 Zechstein Ca2 sphalerite –9.0
3 central LSB A1-39 Zechstein Ca2 sphalerite –6.4 –1.4
4 central LSB A1-40 Zechstein Ca2 sphalerite –7.3 –1.7
5 southern LSB,

Perm mine
IBB-1S Zechstein Ca1 sphalerite –26.0 –1.6

6 southern LSB,
Perm mine

IBB-1Q Zechstein Ca1 quartz –24.7

7 western LSB B1-20_1 Zechstein Ca2 fluorite –26.3
8 western LSB B1-20_2 Upper Carboniferous calcite-barite –24.6
9 western LSB B1-21 Upper Carboniferous barite-calcite –25.6
10 western LSB B1-19 Upper Carboniferous barite-calcite –26.1
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(Figs. 4–6). Thus, it is likely that their migration was also 
related to the Late Cretaceous inversion. Group B FIA’s 
hosted in quartz, and sphalerite-hosted FIA’s in the central 
LSB, clearly show similar/overlapping temperature and 
salinity data ranges (Fig. 4) suggesting that group B fluids 
are representative of ore fluids basin-wide. Groups B and 
C brine FIA’s have the highest Zn and Pb concentrations 
in quartz from the Piesberg and the Perm Mine areas in the 
southern part of the LSB and in well D1 in the central part 
of the LSB, respectively (Figs. 5–6). The Zn concentrations 
in quartz-hosted type B fluid inclusions from sphalerite ore 
(Perm Mine) are comparable to those in group C inclusions 
hosted in fracture-filling quartz in well D1 (Figs. 5–6). These 
observations confirm that fluids B and C have a high metal 
endowment and would be the most suitable to become the 
ore-forming fluids. High salinities of these fluids (Fig. 4) 
indicate significant transport of Zn and Pb in the form of 
chloride complexes by either oxidized, acidic to near-neu-
tral, or reduced acidic brines (Cooke et al. 2000).

The differing metal concentration trends, as shown by FIA’s 
hosted in quartz fracture-fillings from the Upper Carboniferous 
(Figs. 5–6) can be ascribed to the different evolution during 
the structural re-organization and compartmentalization of the 
basin. The separate tectonic blocks would experience variable 
fluid residence times in the metal source regions and explain 
the lack of correlation between salinity and Zn concentrations 
in fluid inclusions on a basin scale (Figs. 5–6). However, dif-
ferences in metal concentrations are clearly observable on a 
local scale, for example in samples from the Piesberg area or 
well D1 (Figs. 5–6), which suggests that the brines were prob-
ably stored in different isolated source rock compartments. 
Barium concentrations are elevated in fluids migrating through 
the Upper Carboniferous and drop by at least one order of 
magnitude in Zechstein units in the LSB (Figs. 5–6). Overall, 
relatively high Ba concentrations in fluids migrating through 
Upper Carboniferous strata suggest a more reducing fluid. The 
simultaneous transport of  H2S with Zn-Pb in such fluids can 
be excluded as the presence of considerable quantities of  H2S 

Fig. 9  Compositional zoning and in situ sulfur isotope data from 
hydrothermal pyrites (well PB-20). a-b BSE images of compositional 
zoning in pyrite II (Py II) as well as growth zones in the latest pyrite 
generation (Py III). c growth zone in Py III with inclusions of Pb-
bearing solids (Pb). d BSE image with marked ion probe analytical 

points (white spots and squares), the inset illustrates a trend in δ34S 
(‰ CDT) values along the spot line traversing two pyrite generations 
(Py II and III), e element map of Pb concentrations (cps) showing 
lack of systematic zoning from core to rim in Py II and III. Pyrite 
generation systematics is adapted from Sośnicka and Lüders (2020)
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would have prevented the transport of high amounts of Zn and 
Pb resulting in sulfide precipitation. This is consistent with 
the absence of detectable  H2S in the vapor bubbles of metal-
rich fluid inclusions and associated gas inclusions, hosted in 
quartz fracture-fillings from the Upper Carboniferous as well 
as Zechstein Ca1 strata, as constrained by Laser Raman spec-
troscopy. The decrease of Ba content in fluid inclusions in ore 
and gangue minerals, hosted by Zechstein Ca2 reservoir rocks 
(Figs. 5–6), is likely due to mixing with Zechstein-derived flu-
ids or barite precipitation in fractures at the top of the Upper 
Carboniferous.

Fluid inclusion data from quartz fracture-fillings hosted 
by Upper Carboniferous strata in the LSB show very high 
Zn and Pb concentrations, reaching up to thousands of μg 
 g-1, and which are comparable with fluid inclusion data 
from fracture-filling minerals in Rotliegend and Carbon-
iferous strata of the North-East German Basin (Zn: up to 
8470 μg  g-1, Pb: up to 2257 μg  g-1, Lüders et al., 2005) 
(Fig. 11). These fluids are significantly more enriched in 
metals relative to modern basinal brines (McCaffrey et al. 
1987), suggesting that efficient metal enrichment processes 
were operating at depth. This also shows that metal contents 

Fig. 10  Noble gas isotope data from the Lower Saxony Basin and 
Harz Mountains (Lautenthal Zn-Pb  deposit).  a Diagram of 3He/4He 
versus 40Ar*/4He for fluid inclusions hosted in sphalerites from dif-
ferent parts of the LSB (southern: Ibbenbüren and Perm Mine, cen-
tral: deep wells A1, A3 and A4, and western: deep well B1) and 
hydrothermal sphalerite from the Harz Mountains (Lautenthal Zn-Pb 
deposit). Estimates of the 40Ar*/4He and 3He/4He ratios for the man-
tle and crust are shown as star symbols. Crustal excess 40Ar* is given 
by the equation: 40Ar* = 40Artotal × [1-(40Ar/36Ar)air/(40Ar/36Ar)sample] 
(Ballentine et  al. 2002). Data from quartz and fluorite from the 

North Pennine MVT orefield, UK (Stuart and Turner 1992; Bal-
lentine and Burnard 2002) is included for comparison.  b sampling 
depth vs. 40Ar*/4He ratios  diagram, inverse correlation is observed. 
c 40Ar/36Ar vs. 84Kr/36Ar diagram, data points located closest  to the 
air value show the highest contamination with modern atmosphere, 
whereas data points with the highest 40Ar/36Ar ratios are ascribed to 
the longest crustal residence. d 36Ar abundances vs. 132Xe, 84Kr and 
20Ne, correlation between 132Xe and 36Ar is not as strong as for 84Kr 
or 20Ne. Where error bars are not shown in a and b they are equal to 
or smaller than the symbol size
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of fluids from the LSB are much higher compared to flu-
ids reported from giant MVT Zn-Pb districts in Northern 
America (Fig. 11).

Sphalerite-hosted fluid inclusions from deep-seated min-
eralization in the central part of the LSB contain elevated 
concentrations of the trace elements: Li, B, Mn, Rb, Sr, Cs, 
Ba, Tl, Ag, As and Pb (Figs. 7a, 7d, 8). In addition, the 
enrichment of certain critical metals such as Ge to concen-
trations of thousands of μg  g-1 and lesser amounts for In, Pd, 
Sb and Bi are observed (Figs. 7a, 7c-d, 8). Mobile elements 
such as Tl and Sb tend to be concentrated in the fluid and 
their enrichment is indicative of intensive fluid-rock inter-
actions (Jochum and Verma 1996). Although Sb is rarely 
observed in the sphalerite matrix (Cook et al. 2009), our data 
imply that the studied sphalerites precipitated from a fluid 
containing 1–92 μg  g-1 Sb (Table 1 in Online Resource 1). 
Thallium is a common substitution in the sphalerite struc-
ture, and this is consistent with its presence in the sphaler-
ite-hosted fluid inclusions (Fig. 7a). Palladium is the most 
mobile element within the PGE group, however, aqueous 
speciation and mobility of this metal in low-temperature 
hydrothermal systems remains controversial, according to 
recent experimental studies (Tagirov et al. 2013; Mei et al. 
2015). It has been shown that  PdCl32- and  PdCl42- complexes 
are not stable under low-temperature hydrothermal condi-
tions (<350°C) and are transported by sulfur-poor, acidic, 
oxidized fluids, whereas neutral-alkaline, reduced fluids 
carry Pd as Pd(HS)4

2- (Tagirov et al. 2013; Bazarkina et al. 
2014; Mei et al. 2015). This is partly in agreement with our 
results from high-salinity fluid inclusions in fracture-filling 
quartz, as they do not contain detectable sulfur, however, 

they represent a lower temperature fluid (<250°C). The Pd 
concentrations in these inclusions are at least one order of 
magnitude higher compared to sphalerite-hosted fluid inclu-
sions (Fig. 8), which suggests that this metal was sourced 
from the siliciclastic strata underlying the Zechstein evapo-
ritic sequence. Anomalous concentrations of noble metals 
such as Pd and Pt were, for example, found in the ore-bear-
ing shale of the Polish Kupferschiefer-type Cu-Ag deposits, 
and could be released by alteration of organic matter by cata-
lytic auto-oxidation and desulfurization processes (Kucha 
1982; Kucha and Przybyłowicz 1999; Piestrzyński et al. 
2002). Therefore, the sphalerite-forming fluid must have 
interacted (at least partly) with organic-rich rocks (coals or 
shales) to acquire such a diverse metal budget. Germanium 
is depleted in evaporitic sequences, thus Zechstein carbon-
ates are an unlikely source of this metal. However, coal 
seams are enriched in Ge, with concentrations reaching up 
to a few thousands of ppm, due to adsorption on organo-
complexes such as humic acids (Höll et al. 2007). The simi-
lar median Ge concentrations in fluid inclusions hosted in 
sphalerites from Zechstein Ca2 and quartz fracture-fillings 
from the Upper Carboniferous in the central LSB, imply 
that Ge was also scavenged by the ore-forming fluids from 
Westphalian coals and Silurian/Namurian/Westphalian coaly 
shales (Fig. 8). Median trace element concentrations in fluid 
inclusions hosted in fracture-filling quartz from the Upper 
Carboniferous in the central and southern LSB show very 
similar patterns (Fig. 8). Interestingly, the median concentra-
tions of the sphalerite-hosted fluid inclusions are lower for 
most elements, i.e., Li, B, Ga, Ge, As, Rb, Sr, In, Sb, Cs and 
Tl, than in the quartz-hosted fluid inclusions (Fig. 8). The 

Fig. 11  Zn and Pb concentra-
tions in fluid inclusions hosted 
in fracture-filling quartz from 
Upper Carboniferous and 
Zechstein strata in the Lower 
Saxony Basin. Fluid inclusion 
data from fracture-filling calcite 
hosted by Rotliegend sandstones 
and quartz hosted by Namurian 
(Carboniferous) sandstones in 
the North-East German Basin-
NEGB (Lüders et al. 2005) as 
well as data from quartz-hosted 
fluid inclusions of world-class 
Zn-Pb MVT ore districts in the 
U.S.A. (Stoffell et al. 2008) are 
shown for comparison. Compo-
sitions of modern basinal brines 
are after Carpenter et al. (1974)



1160 Mineralium Deposita (2023) 58:1143–1170

1 3

geochemical signature from sphalerite-hosted fluid inclu-
sions is distinct only in case of three elements, i.e., Pd, Ag 
and Bi (Fig. 8), which may be related to mixing (Sośnicka 
and Lüders 2019) or simultaneous precipitation of other 
sulfides, e.g., galena, and resulting element partitioning 
between the ore mineral phases.

Fluid inclusions hosted in sphalerite have a slightly dif-
ferent trace metal budget compared to the host mineral 
(Fig. 7a–b). For example, Cu, Fe, Cd, and Sn were not 
detected in fluid inclusions, but are present in the sphal-
erite crystals (Knorsch et al. 2020). This suggests that as 
they partitioned into the sphalerite structure, the ore fluid 
was depleted in these elements and/or their concentrations 
in fluid inclusions were too low to overcome that from the 
sphalerite crystals. The latter is highly probable for ele-
ments such as Fe and Cd, which are abundant in sphalerite 
(Fig. 7b). Although Sn was not detected in sphalerite-hosted 
fluid inclusions, it is present in sphalerite (Fig. 7b) as well 
as in quartz-hosted fluid inclusions from Zechstein Ca1 
and Upper Carboniferous strata (Fig. 8). Sn has rarely been 
reported in sphalerites (Cook et al. 2009) and significant 
quantities of this metal can be transported solely in reduced 
fluids (Cooke et al. 2000). The sphalerite-hosted fluid inclu-
sions show overall high concentrations of Ge, Tl and Mn (up 
to 1194 μg  g-1, 4953 μg  g-1, 986 μg  g-1 respectively, Figs. 7a, 
c–d, 8) compared to their host sphalerites, which contain up 
to 285 ppm Ge, 91 ppm Tl, and 826 ppm Mn (Knorsch et al. 
2020). Ag was incorporated into the sphalerite structure with 
concentrations up to 1054 ppm (Knorsch et al. 2020), but are 
lower in the fluid inclusions (3–41 μg  g-1) representing the 
sphalerite-forming fluid (Figs. 7a–b, 8).

Fluid source regions and reservoirs

The analyses of noble gas isotope compositions in sphaler-
ite-hosted fluid inclusions from Zn-Pb ore deposits in the 
LSB allow the discrimination of potential fluid reservoirs 
(Fig. 10a). The data plotted in the 3He/4He vs. 40Ar*/4He dia-
gram (Fig. 10a), where 40Ar* is the air-corrected (radiogenic) 
fraction of 40Ar, point towards a significant contribution of 
crustal reservoirs as sources of noble gases in the analyzed 
fluid inclusions. The contribution of atmospheric 4He is neg-
ligible due to low abundances in the atmosphere (Ballen-
tine et al. 2002) and large (4He/20Ne)sample abundance ratios, 
ranging between 490 and 4900 (av. 1880), which are 3–4 
orders of magnitude above the air-saturated water (ASW) 
value of ca. 0.27. Furthermore, the calculation of the crustal 
contribution 4Hecrust, following Ballentine et al. (2002) and 
assuming 3He/4Hecrust of ~1 ×  10-8 and 3He/4Hemantle of 854 
×  10-8 (subcontinental lithospheric mantle), reveals that 4He 
trapped in fluid inclusions (38–1283 ×  10-8  cm3 STP/g of 
rock), has been produced in the crust without any signifi-
cant contribution of an additional mantle component. The 

measured 3He/4He range of 0.02–0.1  RA (Fig. 10a, Table 2) 
in the brine inclusions is too low (≤0.1  RA) to unequivocally 
indicate 3He contribution from mantle degassing in a con-
tinental setting. The LA-ICP-MS analyses have shown that 
brine inclusions hosted in sphalerites contain considerable 
quantities of Li (86–846 μg  g-1, median: 297 μg  g-1, Figs. 7a, 
8). Therefore, it is more likely that thermal neutron activa-
tion of 6Li was responsible for the production of additional 
3He (Mamyrin and Tolstikhin 1984) and gave rise to the 
slightly elevated 3He/4He ratios of 0.02–0.1  RA. Alterna-
tively, counterbalancing this is the decay of 40K, that is also 
present in the brine inclusions (827–25369 μg  g-1, median: 
5710 μg  g-1), and which likely contributed to production 
of additional crustal 40Ar* in fluid inclusions. It has been 
previously shown in noble gas studies of sulfide minerals, 
including sphalerites, that post-entrapment production of 
3He and 4He is minor relative to the values measured (Bal-
lentine et al. 2002). If minor post-entrapment production is 
assumed in this study, then 3He must have been produced 
in the original Li-rich source rock or a minor mantle con-
tribution has to be considered. The presence of cosmogenic 
He can be excluded as sampling depths exceed 2.9–3.5 km 
(Sośnicka and Lüders 2019).

Sphalerite-hosted fluid inclusions from the Perm Mine 
and the deep well A1 show the highest 3He/4He ratios 
approaching 0.1RA (Fig. 10a, Table 2), which are at the 
lower limit of data from the Bramsche area (Fig. 1) that is 
known for the presence of overmature organic matter in the 
Paleozoic strata (Lüders et al. 2021). The most radiogenic 
compositions (3He/4He = 0.02  RA), in fluid inclusions from 
deep wells in the western LSB, fall within the crustal He 
field, i.e., they agree with the crustal production ratio of 
0.01–0.05  RA (Fig. 10a). The radiogenic 4He is derived from 
radioactive decay of U and Th-rich mineral phases and can 
be released and incorporated into the fluids during crustal 
degassing (Ballentine et al. 2002). The Zn-Pb ore, in the 
western LSB, directly overlies Carboniferous strata com-
posed of hydrothermally altered muscovite-rich sandstones, 
coaly mudstones, and coals, which are excellent sources of 
K-rich phases (muscovite, biotite, feldspar) as well as acces-
sory U-bearing phases (monazite, uraninite). Hydrothermal 
alteration of the latter minerals, present in the host rocks, 
most likely resulted in a release of radiogenic 40Ar* and 4He 
into the ore-forming fluids by thermal diffusion or chemi-
cal dissolution (Stuart and Turner 1992). All 40Ar*/4He val-
ues (0.02–0.11) from sphalerite-hosted fluid inclusions are 
lower than the average crustal production ratio (40Ar*/4He 
= 0.2, Stuart et al., 1995). The spread of 40Ar*/4He ratios 
between the wells and areas in the LSB (Fig. 10a) is caused 
by fractionation of Ar from He, and can be ascribed to dif-
ferent crustal levels and thermal conditions in the source 
regions. There is an inverse correlation  (R2 = 0.96) between 
the sampling depth and 40Ar*/4He ratios (wells A1, A3, A4, 
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B1), which decrease with increasing depth (Fig. 10b). This 
is not consistent with lower closure temperatures for radio-
genic 4He compared to 40Ar, that should consequently result 
in lower 40Ar*/4He ratios at shallower crustal levels (Lip-
polt and Weigel 1988). Furthermore, there is no correlation 
between sampling depth and 4He abundances. This suggests 
that factors other than geothermal gradient, e.g., widespread 
mobilization of hot hydrothermal fluids and sourcing from 
more than one lithology, controlled diffusion of crustal 
4He and 40Ar into the fluids, in the over-pressured source 
regions in the LSB. It has been anticipated that semi- to 
non-permeable rocks, e.g., shales, mudstones, coals or salts, 
in sedimentary basins, have a good capacity to accumulate 
noble gases and thus significantly hinder their diffusion 
towards shallower crustal levels (Pinti and Marty 1998). In 
contrast, more porous rocks such as sandstones allow rela-
tively high He fluxes (Ballentine et al. 2002). As the studied 
Zn-Pb ore zones and deposits are situated in the evaporitic 
over-pressured basin (Sośnicka and Lüders 2019), the noble 
gas transport occurred by advection through structural dis-
continuities during protracted tectonic activity. The struc-
turally controlled migration of ore-forming fluids led to the 
interaction with brines stored in differently pressured rock 
compartments and flushing out helium and other noble gases 
from different rock types resulted in a diverse inventory of 
radiogenic and atmosphere-derived noble gases (Fig. 10). 
The highest 4He concentrations in fluid inclusions, hosted in 
sphalerites from deep well A1 (1283±89 ×  10-8  cm3 STP/g, 
respectively) suggest the highest fluid residence times and 
that the noble gas exchange with deeply covered crystalline 
basement rocks occurred through deep-reaching thrust zones 
which constitute the northern borders of the LSB (Fig. 1). 
The crustal 40Ar* abundances in the ore fluids from the LSB 
range between 3.0 and 13 ×  10-8  cm3 STP/g of rock, with 
one exception. The highest radiogenic 40Ar* = 144 ×  10-8 
 cm3 STP/g and the highest 40Ar/36Ar ratio of 444.9 (Fig. 10c, 
Table 2), and 40Ar*/4He ratio of 0.112, which is the clos-
est to the crustal production ratio of ~0.2, were observed 
in sphalerite-hosted brine inclusions from deep well A1 in 
the central LSB (Fig. 10a). Moreover, a slight enrichment 
in nucleogenic 21Ne* (21Ne/22Ne = 0.03056±0.00030) com-
pared to air (Table 2) is also observed in the inclusion flu-
ids. The significant enrichment in 4He, 40Ar*, and 21Ne* in 
the ore fluid, which was responsible for precipitation of the 
thickest, meter-scale ore zones in deep well A1, pinpoints 
the highest degree of fluid interaction with the underly-
ing strata and crystalline basement in the LSB. The 21Ne* 
enrichment can also be attributed to the presence of minor 
quantities of isotopically light  CH4 (Table 1), which car-
ries the noble gas signature of hydrocarbon source rocks, 
i.e., Carboniferous coals and coaly shales. Previous noble 
gas studies of hydrocarbon reservoirs have shown that 
natural  CH4-dominated gases are enriched in nucleogenic 

21Ne* (Torgersen and Kennedy 1999; Kennedy et al. 2002). 
High crustal 40Ar* abundances in fluid inclusions also point 
towards the longest crustal residence time of the ore fluids, 
which may be attributed to fluid trapping in isolated aquifer 
compartments or a release from over-pressured, tectonically 
induced floater blocks at the flanks of the LSB.

The close-to-atmospheric isotopic ratios of the heavy 
noble gases Ne and Xe, from sphalerite-hosted brine inclu-
sions, indicate equilibration with paleo-atmosphere or dis-
solution in air-saturated water (ASW) (Table 2, Online 
Resource 4). The 84Kr/36Ar element ratios (0.019–0.032), 
in a range between air and ASW values (Fig. 10c), also 
show that these noble gases are of atmospheric origin 
and were derived from air-saturated seawater, forma-
tion or meteoric water. The fractionation of heavy noble 
gases (Ne, Kr, Xe) was assessed relative to 36Ar and air 
(Fig. 2 in Online Resource 1). The dissolution equilib-
rium curves (Fig. 2 in Online Resource 1) were plotted 
for air-saturated water at temperatures of 0°C and 50°C 
at salinity of 25 wt% NaCl equiv. as well as for 100°C, 
250°C, and 330°C at zero salinity due to lack of experi-
mental data for high-salinity fluids at high temperatures 
(≥100°C). Fractionation factors of Kr cluster tightly near 
the isotopic equilibrium curve for 250°C for all wells and 
areas except well A4, for which they match the dissolu-
tion equilibrium curve for 100°C more closely (Fig. 2 in 
Online Resource 1). Microthermometry data from fluid 
inclusions hosted in sphalerites of massive as well as vein-
type ores, in the western and central LSB, show tempera-
tures of 125–171°C (well B) and 153–207°C (wells: A3, 
A4), respectively (Sośnicka and Lüders 2019). A similar 
temperature range of 145–196°C was reported from Zn-
rich inclusions hosted in quartz intergrown with sphaler-
ite ore from the Perm Mine in the southern LSB (Fig. 5). 
Temperatures of sphalerite precipitation were influenced 
by fluid mixing (Sośnicka and Lüders 2019) and are con-
sistent with the equilibrium dissolution of atmospheric 
noble gases (Kr) into the ascending metal-rich fluid end-
member at ca. 250°C prior to mixing. Such temperatures 
were achieved by fluids penetrating the Upper Carbonifer-
ous strata as shown by microthermometry (Figs. 4, 5). A 
lower dissolution temperature of 100°C, matching the Kr 
abundance in sphalerite-hosted fluid inclusions from well 
A4 (Fig. 2 in Online Resource 1), suggests that isotopic 
equilibrium was not reached, perhaps due to the pres-
ence of isotopically light carbon dioxide in the inclusions 
(Table 1). The Ne and Xe abundances do not show any 
obvious pattern in relation to the dissolution equilibrium 
curves (Fig. 2 in Online Resource 1). The high salinities 
of sphalerite-hosted fluid inclusions (21–32 wt% NaCl 
equiv., Sośnicka and Lüders, 2019) may be responsible 
for an increase of Ne/Ar ratios at higher temperatures 
≥100°C (Desanois et al. 2019) and consequently higher 
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Ne abundances relative to the plotted fractionation curves 
(Fig. 2 in Online Resource 1). The excess of xenon in 
the sphalerite-forming fluids in the central LSB (Fig. 2 in 
Online Resource 1) can be attributed to more intense inter-
action with host rocks, that were enriched in Xe by pref-
erential adsorption on mineral surfaces (Niedermann and 
Eugster 1992). Although 132Xe and 36Ar abundances show 
a positive correlation  (R2 = 0.69), it is not as significant as 
between 36Ar and other non-radiogenic noble gases, i.e., 
Ne and Kr  (R2 = 0.9) (Fig. 10d). Alternatively, Xe and Kr 
enrichments can be also associated with traces of hydro-
carbon gases (Torgersen and Kennedy 1999), which are 
present in the analyzed fluid inclusions (Table 1). A study 
of hydrocarbon gas-free fluid inclusions has shown Xe 
enrichments of up to a factor of 3 (Desanois et al. 2019), 
whereas in this study Xe enrichment is much higher, up to 
a fractionation factor of 10 (Fig. 2 in Online Resource 1). 
Sphalerite-hosted fluid inclusions from deep wells, which 
showed the highest enrichment in Xe by factor of ca. 
4–10 (Fig. 2a in Online Resource 1), also contain traces 
of isotopically light TSR-derived  CO2 (Table 1). On the 
other hand, samples with  CH4 traces in fluid inclusions 
(Table 1) show Xe excesses by a factor of ca. 4–5 (Fig. 2b 
in Online Resource 1). It has been shown that carbon can 
be an effective carrier of Kr and Xe excess and that such 
enrichments are common in in situ hydrocarbon-gener-
ating source rocks (Torgersen and Kennedy 1999), e.g., 
coals or carbonaceous shales. Therefore, Xe enrichment is 
very likely a preserved source rock signature and confirms 
that Zechstein Ca2 reservoir sour gases in the LSB played 
a role in the genesis of the deep-seated Zn-Pb ores.

Overall in the context of noble gas data, prevalent radio-
genic and atmospheric contributions imply that the Zn-Pb 
ore-forming fluids in the LSB represent heated brines, modi-
fied to variable degrees by interactions with stored forma-
tional brines as well as crustal rocks, including crystalline 
basement and a coal-bearing sedimentary sequence. The 
range of 3He/4He ratios of sphalerite-hosted brine inclusions 
in the LSB (0.02–0.1RA) is similar to that of fluid inclusions 
hosted in fracture-filling minerals (quartz, fluorite, calcite) 
from: Zechstein Ca2 reservoirs, Carboniferous blocks in 
the Bramsche area, and deep Devonian strata in the LSB 
(Lüders et al. 2021). The noble gas isotope signature from 
fluid inclusions hosted in hydrothermal sphalerite from the 
Lautenthal deposit in the Harz Mountains (SE of the LSB), 
is similar to data from Zn-Pb ores in the LSB, suggesting 
a crustal contribution and a low probability of additional 
input from mantle degassing (Fig. 10a). The 40Ar/36Ar ratios 
range of 304–445 (Table 2), acquired from sphalerite-hosted 
inclusions in the LSB and the Harz Mountains, is similar 
to the isotope ratios of ore fluids (40Ar/36Ar = 320–420) 
from the world-class Viburnum Trend and Tri-State MVT 
Zn-Pb ore districts (Kendrick et al. 2002a). Fluid inclusions 

in early sphalerite from the Viburnum Trend district yielded 
40Ar/36Ar = 308±7 (Kendrick et al. 2002a), which is close to 
the lower limit of the isotope range from this study (Table 2). 
The 40Ar/36Ar ratios of 327–519 acquired from the F-rich 
MVT ore fluids, which deposited quartz and fluorite in the 
North Pennines orefield, UK (Stuart and Turner 1992), are 
also consistent with data from the ore brines of the LSB 
(Fig. 10a). The low 3He/4He ratios (0.02–0.1RA), measured 
in sphalerite-hosted ore brines (Fig. 10a), are consistent with 
data from other MVT ore fluids in settings such as North 
Pennines orefield, UK (0.06–0.1RA, Fig. 10a, Stuart and 
Turner, 1992), or South Pennine orefield, UK (0.02–0.07RA, 
Kendrick et al., 2002b). This precludes dissolution of any 
significant amounts of mantle-derived helium into the ore 
fluids, which are therefore ascribed to a predominantly 
crustal origin. This implies that the ore brines precipitating 
sphalerite in the LSB and MVT ore fluids share a set of com-
mon characteristics with respect to noble gases and thus are 
likely a representative of such fluids. This is consistent with 
the MVT ore genetic model proposed for the deep-seated 
Zn-Pb ores in the LSB (Sośnicka and Lüders 2019).

Origin of ore‑forming fluids

Halogen ratios of fluid inclusions hosted in quartz from 
Upper Carboniferous and Zechstein Ca1 strata provide 
constraints on the origin of the ore-forming fluids and 
their salinity. Analyses of halogens (Cl, Br) show that fluid 
inclusions, with similar salinity and temperature (Fig. 4), 
may have gained salinity by different processes (Fig. 12a). 
Quartz-hosted, group B type I fluid inclusions from sam-
ples D3-73 and A2-40, with similar salinities (Figs. 4b, 6), 
plot on opposite sides of the seawater value (SW) in the Na/
Br vs. Cl/Br diagram (Fig. 12a). The Cl/Br ratios of brine 
inclusions from sample D3-73 are above the seawater value 
(SW), with one exception, and indicate that the salinity was 
derived by halite dissolution. These inclusions show dis-
tinctly higher Fe contents compared to group B inclusions 
from other deep wells in the central LSB (Fig. 6). The pre-
cipitation of the fracture-filling quartz from sample D3-73 
was likely related to a normal fault, acting as a conduit that 
allowed fluid migration close to the flank of a nearby salt 
pillow (Fig. 1), and thus acquisition of salinity by salt disso-
lution. In contrast, Cl/Br ratios below the seawater value, and 
following the seawater evaporation trajectory, are character-
istic for brine inclusions from sample A2-40 (Fig. 12a), and 
suggest salinity acquisition from seawater, evaporated past 
halite saturation. Similar halogen ratios of Upper Carbonif-
erous formation waters and group B brine inclusions imply 
that the fracture-filling quartz from well A2-40 precipitated 
from a fluid that represents evaporated pre-Zechstein mete-
oric fluids, seeping into the siliciclastic Upper Carboniferous 
strata. Quartz-hosted group A fluid inclusions (Fig. 4b) from 
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all samples collected from deep wells in the central LSB 
have halogen ratios pointing towards evaporation processes 
(Fig. 12a). Halogen data of group A fluid inclusions hosted 
by the fracture-filling quartz from well D2-34 are similar 
to those of present-day, sulfur-bearing formation waters in 
Zechstein Ca2 reservoirs (Figs. 12a, 13a, Online Resource 
4). The origin of the highest salinity group C fluid inclusions 
(Fig. 4b) is more ambiguous as the data plot on both sides 
of the SW value (Fig. 12a). The most likely scenario is that 
the salinity of the group C brines resulted from mixing of 
seawater evaporated brines and halite dissolution brines.

All group B and the majority of group A fluid inclusions 
hosted by fracture-filling quartz from the Upper Carbonifer-
ous in the southern LSB plot along or close to the seawater 

evaporation trajectory; therefore, these fluid inclusions have 
solely or predominantly a halite-saturated seawater compo-
nent (Fig. 12b). In contrast, the fluid inclusion data from 
Zechstein Ca1 shows Cl/Br ratios higher than the seawater 
value suggesting halite dissolution as a major source of salin-
ity (Fig. 12b). The origin of the group A fluid, precipitating 
quartz fracture-filling in the Upper Carboniferous Piesberg 
block, is unclear as some Cl/Br ratios are higher than the 
SW value (Fig. 12b), suggesting that halite dissolution also 
contributed to the fluid salinity. This assumption is specifi-
cally valid for the data from brine inclusions hosted in quartz 
intergrown with sphalerite ore (Fig. 3e–f) from the Perm 
Mine, as they may represent a fluid which resulted from mix-
ing of two fluid end-members: ascending metalliferous brine 

Fig. 12  Cl/Br and Na/Br molar 
ratios of individual fluid inclu-
sions hosted in quartz.  
a Data from group A, B and C, 
type I fluid inclusions, hosted 
in fracture-filling quartz, Upper 
Carboniferous, central LSB.  
b Data from group A and B, 
type I fluid inclusions, hosted 
in fracture-filling quartz, from 
uplifted Upper Carbonifer-
ous blocks and group B brine 
inclusions from Zechstein Ca1-
hosted quartz (Alstedde/Schaf-
berg) and from quartz inter-
grown with sphalerite ore from 
the Perm Mine, southern LSB. 
Fluid inclusion crush leach data 
are from Piesberg (quartz I and 
II, Upper Carboniferous) and 
Alstedde/Schafberg near Ibben-
büren (Zechstein Ca1). Com-
positions of formation waters 
from the Upper Carboniferous 
in the Lower Saxony Basin, 
from Lüders et al. (2010), are 
included for comparison. The 
halogen data clearly illustrates 
that fluids, although of similar 
salinities, gained their salinity 
by different processes. The 
seawater evaporation trajectory, 
which is marked by a dotted 
line, and points of first appear-
ance of evaporite minerals, 
are from Viets et al. (1996). 
Saturation of the first appearing 
evaporite minerals occurs at 
higher Cl/Br and Na/Br ratios 
(Viets et al. 1996). The dashed 
line represents ratios of Na:Cl = 1
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and  H2S-rich brine stored in Zechstein carbonates. The bulk 
crush leach data from the Piesberg block again indicate a 
seawater evaporation and halite dissolution origin of salinity 
for fluid inclusions in quartz I and II, respectively (Fig. 12b). 
Overall it is consistent with the LA-ICP-MS data from indi-
vidual fluid inclusions (Fig. 12b) however, the advantage of 
the latter is the possibility to trace the halogen ratios within 
different FIA’s. The bulk crush-leach data also confirms the 
major trends observed in the distribution of element ratios 
of fluid inclusions, with a clear compositional distinction 
between Zechstein-hosted and Upper Carboniferous-hosted 
fluids (Figs. 12b, 13b).

The halogen data from fluid inclusions in quartz fracture-
fillings hosted by Upper Carboniferous strata in the central 
and southern LSB presented here (Fig. 12) are in excellent 

agreement with previous studies of Upper Carboniferous 
aquifers in the NGB, which suggested that the formation 
brines stored in the Paleozoic strata, covered by thick 
Zechstein evaporitic sequence, formed by evaporation of 
original Paleozoic meteoric water and/or seawater (Lüders 
et al. 2010). Group A fluid inclusions from both, the central 
and southern LSB, prove a seawater/water evaporation as 
the principle source of salinity and are compositionally 
close to the Upper Carboniferous and Zechstein Ca2 
formation waters (Figs. 12, 13). These inclusions yielded 
the highest fluid temperatures, but salinities lower than 
halite-saturated seawater of 26 wt% NaCl equiv. (Fig. 4). 
The hydrothermal group A fluids migrating in the LSB 
most likely represent the earliest mobilized connate waters 
derived either from Upper Carboniferous or Zechstein Ca2. 

Fig. 13  Cl/Br and Na/K molar 
ratios of individual fluid inclu-
sions hosted in quartz.  
a Data from group A, B and C, 
type I fluid inclusions hosted in 
fracture-filling quartz, Upper 
Carboniferous, central LSB.  
b Data from group A and B, 
type I fluid inclusions hosted 
in fracture-filling quartz from 
uplifted Upper Carbonifer-
ous blocks and group B, brine 
inclusions from Zechstein 
Ca1-hosted quartz (Alstedde/
Schafberg) and from quartz 
intergrown with Zn-Pb ore from 
the Perm Mine, southern LSB. 
Fluid inclusion crush leach data 
are from Piesberg (quartz I and 
II, Upper Carboniferous) and 
Alstedde/Schafberg near Ibben-
büren (Zechstein Ca1). Compo-
sitions of formation waters from 
the Upper Carboniferous in 
the LSB are from Lüders et al. 
(2010)
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Due to undersaturation with respect to halite, these fluids 
had a capacity to partly interact with salts in the southern 
LSB, resulting in a wider spread in Cl/Br ratios extending 
above the SW value (Fig. 12b).

Water‑rock interactions

Analyses of element abundances in FIA’s hosted in quartz 
and sphalerites reveal a variation in the major cation con-
tents (Figs. 13, 14, Fig. 3 in Online Resource 1), which is 

indicative of fluid interactions with the basement-sedimen-
tary rock sequence, acting as alternating aquitard and aquifer 
layers. The highest salinity, group C fluid inclusions, hosted 
in fracture-filling quartz, plot to the left of the seawater curve 
in the Na/Br vs. Cl/Br diagram (Fig. 12a) due to Na loss 
by water-rock interaction (WRI). These fluids are also the 
most enriched in Ca (Fig. 14c), and may have exchanged Na 
for Ca through interaction with Ca-rich plagioclase (Lüders 
et al. 2005), and/or acquired Ca through dolomitization of 
carbonates. Fracture-filling quartz-hosted, group B fluid 

Fig. 14  Plots of Ca vs. Mg concentrations (a, c) and Sr/Cl vs. Ca/Cl 
ratios (b, d) of individual sphalerite- and quartz-hosted fluid inclu-
sions from the central, southern and western parts of the Lower Sax-

ony Basin. Data for Upper Carboniferous formation waters are taken 
from Lüders et al. (2010)
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inclusions from sample D3-73 (central LSB), group A FIA’s 
and partly group B FIA’s from the Piesberg area (southern 
LSB) are distinctly enriched in K compared to group A fluid 
inclusions from the Ibbenbüren area (Fig. 13). This sug-
gests that K was acquired through chemical interaction with 
K-bearing phases, e.g., potassium feldspar or muscovite, 
present in sandstones, shales or crystalline basement rocks 
(de Graaf et al. 2020). Furthermore, all sphalerite-hosted 
FIAs from Zechstein Ca2, with minor exceptions, have a 
significant K enrichment relative to the seawater evapora-
tion curve (Fig. 3d in Online Resource 1). This is consistent 
with enrichment in radiogenic 40Ar* in the sphalerite ore-
forming fluids (Fig. 10a). The quartz-hosted group A FIA’s 
from wells D1, D2 and A2 show Na/K ratios closest to val-
ues typical of the present-day formation waters in the central 
LSB (Fig. 13a). Both group B fluid inclusions with salini-
ties that originated by halite dissolution (sample D3-73) as 
well as group A and B inclusions with salinities attributed 
to seawater evaporation (Piesberg area) are enriched in K 
(Fig. 13). This implies that K enrichment in these fluids is 
not controlled by the fluid type or its origin, instead WRI 
played a major role in scavenging K from rocks.

Group B fluid inclusions from sample D3-73 are not 
only enriched in K but also are most intensely depleted in 
Mg compared to all other FIA’s (Figs. 13a, 14c). In con-
trast, group C inclusions are the least depleted in Mg and 
the most enriched in Ca (Fig. 14c). This implies that these 
Ca-Mg-rich brines were not affected by dolomitization, 
instead they experienced Ca gain with simultaneous Na 
loss through Na-Ca exchange reactions during albitization 
of feldspars, as they plot significantly to the left of the SW 
value (Fig. 12a). The dataset from the Perm Mine as well 
as sphalerite-hosted FIA’s always show general depletion in 
Mg, with minor exceptions (well B1), and enrichment in Ca 
relative to the seawater evaporation trajectory (Fig. 3a-b in 
Online Resource 1). Calcium enrichment of Upper Carbon-
iferous formation waters has been ascribed to dissolution 
of anorthite and calcite cementing sandstones, whereas Mg 
depletion to dolomitization and precipitation of Mg-chlo-
rites during diagenesis (Lüders et al. 2010). Depletion of 
Mg in the fluid, caused by precipitation of diagenetic Mg-
chlorite, in fracture-fillings in the Upper Carboniferous strata 
in both the central (Lüders et al. 2021) and the southern 
(Wüstefeld et al. 2017) parts of the LSB is a more local-
ized process, therefore widespread dolomitization is likely 
the major cause. With regard to the trends of Ca and Mg 
concentrations relative to seawater, the element data, pre-
sented here, are consistent with compositions of formation 
waters (Fig. 3a–b in Online Resource 1). In the southern 
LSB, all FIA’s, except group B fluid inclusions from the 
Piesberg area, show weak to significant positive correlations 
between Ca and Mg concentrations as well as between Sr/
Cl and Ca/Cl ratios (Fig. 14a–b), which are consistent with 

dissolution of carbonates, that contributed to the Ca, Mg 
and Sr budget of these fluids. Carbonates could have been 
sourced from the lowermost Zechstein sequence, dolomitic 
cements or the Devonian carbonate platform, underlying 
the Carboniferous strata (Wüstefeld et al. 2017; Lüders 
et al. 2021). In the central LSB, positive trends between 
Ca and Mg concentrations in quartz- and sphalerite-hosted 
fluid inclusions, within individual wells, are not observed 
(Fig. 14c). However, with exception of sphalerite-hosted 
inclusions from well B1, weak to significant positive cor-
relations between Sr/Cl and Ca/Cl ratios are given for other 
studied inclusions (Fig. 14c–d). Sphalerite-hosted FIA’s 
have elevated concentrations of Sr compared to Zechstein 
Ca2 and Upper Carboniferous formation waters, in contrast, 
quartz-hosted FIA’s show Sr concentrations that are similar 
to data of formation waters (Fig. 14d). These inclusions pre-
serve geochemical characteristics of mixed end-member flu-
ids (metalliferous and Zechstein Ca2-derived  H2S-rich) and 
thus their Sr signatures are determined by marine Zechstein 
carbonate and deeper sources. Significant Sr enrichment in 
sphalerite-hosted FIA’s (Figs. 7a, 8, 14d) relative to forma-
tion waters indicates that neither Upper Carboniferous nor 
Zechstein Ca2 formation waters, nor their mixing could have 
accounted for the bulk Sr budget of the sphalerite-precipitat-
ing fluid (Fig. 14d). Therefore, interactions of metalliferous 
end-member fluids with deeper Sr-rich sources, e.g., crys-
talline basement and/or Devonian platform carbonates, are 
required to produce such geochemical signatures.

Ore precipitation conditions

The stable carbon isotope analyses of sphalerite samples 
reveal variable isotopic compositions of fluid inclusion 
gases in Zn-Pb ores in different areas of the LSB (Table 1, 
Fig. 1 in Online Resource 1). The δ13C(CH4) values of −7.3 
and −6.4‰, and δ13C(CO2) values in the range between - 
9.0‰ and -1.4 (Table 1), measured in fluid inclusion gases 
from sphalerite in the central part of the LSB, suggest that 
 H2S was derived by TSR. In contrast, gas-rich inclusions 
in sphalerite and gangue minerals from the southern and 
western LSB, show δ13CCH4 values in the range between 
−26.3 and −24.6‰, which are similar to δ13CCH4 values 
of in situ expelled Upper Carboniferous, coal-derived, dry 
gas (see also Sośnicka and Lüders, 2020) (Table 1, Fig. 1 in 
Online Resource 1). Sphalerite from the western LSB con-
tains abundant secondary inclusions and there is evidence 
of multiple late gas pulses in fracture-filling fluorite, there-
fore the inclusion gases likely represent the compositions 
of late post-mineralization gas migration. In the southern 
LSB, the alteration of hydrocarbon gases was not a major 
contributor to the isotopic signatures of the fluid inclusion 
methane in sphalerite or quartz from the Perm Mine. The 
proximity of coal mines and isotopically unaltered inclusion 
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gas signatures suggest that only late pulses of hydrocarbon 
gases were detected. In this light, the Zn-Pb ores from the 
Perm Mine could have formed by mixing of metal-rich fluids 
with Zechstein Ca1-derived brines enriched in  SO4

2-, which 
was supplied by dissolution of the Werra anhydrite (A1) and 
rapidly reduced by hydrocarbons. However, the presence of 
 H2S pools in now eroded younger Zechstein Ca2 unit cannot 
not be ruled out, a priori, at the southern flank of the LSB.

Hydrothermal pyrites, hosted in carbonate fracture-fill-
ings in the Zechstein Ca2 unit, from the northern border 
of the central LSB, show distinct zoning (Fig. 9a–b) and 
contain PbS inclusions within growth zones (Fig. 9c). The 
zonation yields cyclic compositional variations in the ore 
fluid leading to variable concentrations of Pb in the pyrite 
structure (Fig. 9d–e). The youngest pyrite generation (Py III) 
has less negative δ34S values compared to the earlier pyrite II 
generation (Fig. 9d). This indicates that the ore-stage pyrite 
formation occurred at different stages of TSR. Pyrite II is 
more enriched in Pb and has more variable Pb concentra-
tions compared to later pyrite III. There is no clear correla-
tion between Pb concentrations and δ34S values measured 
in a traverse, or individual spots (Fig. 9d). This suggests that 
sulfur and metals were not carried in the same fluid, instead 
mixing of at least two different fluids must have occurred. 
An abruptly increasing scatter of fluid inclusion salinities 
and temperatures in sphalerites, and in quartz intergrown 
with Zn-Pb ore from the Perm Mine, close to the contact 
between the Upper Carboniferous and Zechstein (Fig. 5–6), 
supports fluid mixing as the ore precipitation mechanism 
within the Zechstein units.

Conclusions

Trace element geochemistry, halogen and noble gas data 
from fluid inclusions hosted in sphalerites and fracture-filling 
quartz from Zechstein as well as Upper Carboniferous strata 
in the LSB, indicate that near-neutral, oxidized ore-forming 
fluids, derived by sea/water evaporation, evolved towards more 
reduced, acidic high-salinity brines. The highly reactive saline 
fluids acquired their metal content by intense fluid-fluid and 
fluid-wall rock interactions, from deep Paleozoic sources. The 
interactions with  Corg-rich strata (coal seams, black shales) 
had a considerable impact on the trace and critical element 
budget as well as the redox state of the metalliferous fluids. 
Our study shows that trace metal and halogen signatures of 
fluid inclusions, hosted in sphalerites, are excellent tracers of 
fluid evolution and fluid-wall rock interactions in sedimentary 
basin settings. The scientific findings of this case study can 
be extrapolated to similar deep-seated, sediment-hosted base 
metal ore-forming systems worldwide. Based on our new geo-
chemical and isotopic study it can be concluded:

1) The hydrothermal ore-forming fluids in the LSB were 
primarily derived by evaporation of either Paleozoic 
meteoric waters or Zechstein seawater. During progres-
sive burial, the former fluids were modified and con-
verted to formation waters that were subsequently stored 
in restricted compartments of the Upper Carboniferous 
sedimentary pile, which developed during structural re-
organization at the flanks of the LSB.

2) Dissolution of Permian salt or mixing with halite-disso-
lution brines significantly contributed to the ore-forming 
processes in the southern LSB, whereas in the central LSB, 
fluids which predominantly originated from seawater evapo-
ration were responsible for deposition of deep-seated ores. 
This is consistent with the asymmetric basin inversion as the 
more uplifted and exposed Zechstein unit of the southern 
flank was more vulnerable to penetration of fluids dissolving 
evaporites, compared to the northern flank, where the deep-
seated Zechstein unit has been prevented from significant 
incursions of fluids from halite dissolution.

3) Enrichment of radiogenic noble gases and potassium in the 
sphalerite-forming fluids is reported for both the central 
and southern LSB and is ascribed to intense interactions 
with the Paleozoic siliciclastic sedimentary and basement 
rocks.

4) A reflux of the modified, more reducing Zn-Pb-bearing, 
high-salinity, acidic brines, ascending along structurally 
controlled pathways, into sour gas and/or sour gas-saturated 
brine pools hosted by Zechstein Ca2 carbonates, resulted 
in precipitation of meter-thick Zn-Pb ore zones through 
mixing and addition of TSR-derived  H2S in the central and 
western LSB.

5) Mixing processes as well as the origin of  H2S are 
strongly supported by the element compositions of fluid 
inclusions and Zechstein Ca2 formation waters, as well 
as in situ stable sulfur and carbon isotopic signatures of 
ore-stage pyrite and sphalerite-hosted inclusion gases, 
respectively. The incursion of K-rich, acidic brines along 
with sulfide ore deposition in the Zechstein Ca2 unit, 
contributed to dissolution of host carbonates.

6) Less evolved acidic, K-rich brines with a much more 
pronounced halite-dissolution component, precipitated Zn-Pb 
ores of the Perm Mine in the southern LSB, however, the 
origin of  H2S in this area is not entirely clear. It could have 
been generated through reduction of dissolved sulfate, from 
Werra anhydrite (A1), by coal-derived hydrocarbons.

7) The timing of the Zn-Pb ore formation in the southern 
and central LSB can be constrained to the Cretaceous 
basin inversion.
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