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Fluid evolution 
and ore 
deposition in the 
Harz Mountains

Hydrothermal fluid flow in the Harz Mountains caused widespread formation 
of economic vein-type Pb-Zn ore and Ba-F deposits during the Mesozoic. 
This chapter presents a reconstruction of the fluid flow system responsible 

for the formation of these deposits using isotope ratios (δ2H and δ18O) and anion 
and cation contents of fluid inclusions in ore and gangue minerals. Although 
temperature-forced oxygen isotope re-equilibration has caused considerable 18O 
depletions of fluid inclusion water in the oxygen-bearing minerals quartz and calcite, 
fluid inclusion isotope signatures overall hold valuable clues to the origins and flow 
patterns of ore-forming fluids in the Harz Mountains. Building forward on extensive 
studies in the 80’s and 90’s, our new geochemical data reveal that seawater evaporation 
brines, which most likely originated from Zechstein evaporites, descended deeply 
into Paleozoic basement rocks. These brines leached metals at depth and recharged 
along fault zones to mix with shallow-crustal H2S-bearing fluids. Episodic upwelling 
of the metal-rich brines in Jurassic times led to the formation of banded Pb-Zn ores 
in mostly the Upper Harz Mountains. In the Middle and Lower Harz Mountains, 
Zechstein-derived brines interacted with K- and F-bearing crystalline basement 
rocks and/or magmatic rocks to deposit fluorite mineralization upon ascent in 
the Upper Cretaceous. The proposed model of mineralizing fluids originating as 
(evaporated) seawater has been shown to hold for numerous basin-hosted base-
metal sulfide and fluoride deposits elsewhere in Europe.

Based on:

De Graaf, S., Lüders, V., Banks, D. A., Reijmer, J. J. G., Kaden, H. and Vonhof, H. B. 
(submitted to Mineralium Deposita) Fluid evolution and ore deposition in the Harz 
revisited: Isotope and crush-leach analysis of fluid inclusion water
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4.1 Introduction
Hydrothermal vein-type deposits in the Harz Mountains (Figure 4.1) were 

mined from the Middle Ages until the end of the 20th century and have been the 
subject of scientific research for over 100 years. Initial ideas on the origin of vein-
type mineralization in the Harz Mountains strongly diverged. Whereas Stahl (1929) 
proposed a Mesozoic age for vein-type mineralization in the Upper Harz Mountains, 
mid 20th century research generally assumed that the expulsion of magmatic fluids 
from Late Carboniferous granitic intrusions caused widespread deposition of sulfide, 
fluorite and barite-rich veins (Dahlgrün, 1950; Jacobsen and Schneider, 1950; Wilke, 
1952).

From the 1980s onwards, a large number of geochemical studies (including 
isotope ratios, minor and trace element distributions, fluid inclusion microther-
mometry, age dating, etc.) revealed compelling evidence that the economically most 
important Pb-Zn, fluorite and barite vein-type mineralization in the Harz Mountains 
was deposited during the Mesozoic from highly saline NaCl-CaCl2-rich brines (e.g., 
Möller et al. 1984; Behr and Gerler 1987; Lüders and Möller 1992; Haack and Lauter-
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Figure 4.1   Simplified geological map of the Harz Mountains modified after Lüders et al. 
(1993c), showing the distribution of the main Mesozoic ore deposits. The distribution of 
late Variscan mineralization in the Lower Harz Mountains is not shown. Sample locations: 
1: Todberg vein, 2: Bockswiese; 3: Wildemann, 4: Bad Grund, 5: Oder Valley, 6: St. Andreas-
berg, 7: Wolkenhügel, 8: Hoher Trost, 9: Bad Lauterberg, 10: Andreasbachtal/Barbis, 11: 
Knollen, 12: Aurora Vein, 13: Gernrode, 14: Harzgerode, 15: Brachmannsberg/Siptenfelde, 
16: Herzogschacht/Biwende Vein, 17: Strassberg/Glasebach, 18: Strassberg-Neudorf vein, 
19: Rottleberode
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jung 1993; Hagedorn and Lippolt 1993; Lévêque and Haack 1993a, b; Lüders et al. 
1993a, b; Zheng and Hoefs 1993; Schneider et al. 2003b). These new insights, thus, ar-
gued against a genetic link to Late Carboniferous granitic plutons. Möller and Lüders 
(1993) summarized the results of interdisciplinary research on the Pb-Zn, fluorite 
and barite deposits in the Harz Mountains and concluded that mixing of metal-rich 
saline brines with reduced sulfur-bearing fluids gave rise to the deposition of banded 
quartz-sulfide and carbonate-sulfide ores along WNW-ESE striking fracture zones. 
Fluorite mineralization marks the end of hydrothermal activity in the Middle and 
Lower Harz Mountains and is assumed to be related to the remobilization of fluorine 
from deep-seated reservoirs in Upper Cretaceous times.

Despite the achieved progress in characterizing the fluid flow system that 
underlies ore deposition in the Harz Mountains, the precise origins of fluid salinity 
and mineral-forming constituents have remained a topic of debate. In this chapter, 
δ2H, δ18O and salinity data of fluid inclusion water trapped in hydrothermal vein 
minerals are used to trace the origin of the saline brines that were responsible for 
the deposition of Mesozoic Pb-Zn, barite and fluorite mineralization and improve 
existing fluid flow models. For the acquisition of salinity data of fluid inclusion 
water, crush-leach analysis was performed on mineral bands from selected banded 
ores of the Upper Harz Mountains; these data are presented together with the so far 
unpublished crush-leach analyses data base of Kaden (2002).

4.2 Background
4.2.1 Geology of the Harz Mountains
The Harz Mountains in Northern Germany are part of the metallogenetic belt 

of the Variscan Orogen in Central Europe. The Harz Mountains consist of strongly 
foliated and faulted Ordovician to Carboniferous low-grade to non-metamorphic 
sedimentary successions of mainly siliciclastic composition (Franke, 1989; Lüders 
et al., 1993c; Schneider et al., 2003b). The thickness of the Lower Devonian to 
Lower Carboniferous sequence (shales, limestones, sandstones and greywackes) 
significantly increases towards the northwest reaching up to approximately 6 km 
in the Upper Harz Mountains (Bormann et al., 1989). Based on stratigraphic and 
structural features, the Harz Mountains are subdivided from west to east into three 
units, namely, the Upper Harz, the Middle Harz and the Lower Harz Mountains 
(Figure 4.1).

Autochthonous sedimentation accompanied by submarine extrusion of 
basic magma led to the formation of important SedEx deposits in the Paleozoic 
sequence of the Upper and Middle Harz Mountains (Middle Devonian Pb-Zn-Cu 
deposit of Rammelsberg and Fe-deposits in the Elbingeröder complex, respectively). 
Syn-orogenic magmatism is evidenced by the intrusion of the Bad Harzburger 
Gabbro in the northeast of the Upper Harz Mountains. The emplacement of post-
orogenic granitic melts in the Late Carboniferous and melaphyres and porphyries 
in Permian times was closely controlled by the tectonic framework inherited from 
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the Variscan Orogeny (e.g., Mohr, 1993; Lüders et al., 1993c). The Harz Mountains 
were eroded during the Rotliegend before thick layers of Zechstein evaporites 
precipitated in shallow marine conditions. Sedimentation of Mesozoic sandstones, 
limestones and clays continued until uplift of the Harz Mountains block began in the 
Cretaceous. The uplift lasted throughout Tertiary times and caused erosion of the 
Mesozoic cover and exposure of the Paleozoic rock sequences to the surface.

4.2.2 Vein mineralization in the Harz Mountains
The Paleozoic rocks of the Harz Mountains host a wide variety of vein-type 

mineralization that mostly occurs along WNW-ESE striking shear zones of up to 
15 km long. The shear zones originate from normal or oblique strike-slip faulting 
along reactivated Variscan fault systems in the Mesozoic (Franzke and Zerjadtke, 
1993; Stedingk and Stoppel, 1993). On a regional scale, the shear zones are mainly 
restricted to several NNE-SSW oriented lineaments of elevated tectonic activity. 
The end of the Variscan Orogeny marked the onset of minor vein mineralization in 
the Harz Mountains. The initial phases of late Variscan vein mineralization are only 
recognized in the Lower Harz Mountains and are characterized by minor fluorite, 
quartz-wolframite and quartz-stibnite assemblages (Franzke and Zerjadtke, 1993). 
Late Variscan vein mineralization was of only marginal economic interest compared 
to the three main Mesozoic mineralization events referred to as the sulfide, barite 
and fluorite mineralization stage (Lüders and Möller, 1992; Lüders et al., 1993c).

Pb-Zn (± Cu-Ag) sulfide stage deposits in the Upper Harz Mountains were 
of great economic importance with a crude total ore production of about 37 million 
tons over a mining period of about 500 years (Stedingk 2012). The sulfide miner-
alization stage, which is subdivided into an initial quartz-sulfide stage and a later 
carbonate-sulfide stage, dates back to the Lower Jurassic and is predominantly rec-
ognized in the Upper Harz Mountains (Haack and Lauterjung, 1993). Sulfide stage 
vein deposits precipitated at temperatures of 120 to 200˚C (Lüders et al., 1993a) and 
often display a banded texture with quartz-sulfide or carbonate-sulfide alternations 
(Figure 4.2).

After the deposition of quartz-sulfide and carbonate-sulfide ores, continued 
uplift of the Harz Mountains in the Cretaceous allowed for an influx of meteoric 
surface water and the deposition of barite mineralization at shallow crustal levels 
(Stoppel et al., 1983). Fluid salinity as well as precipitation temperatures of the 
shallow-crustal barite deposits (< 100˚C) display a sharp drop with respect to the 
preceding sulfide mineralization stage (Lüders et al., 1993a). Due to stronger uplift 
of the northern part of the Harz Mountains, barite stage mineralization is only 
preserved along the southern and western margins of the Harz Mountains (Lüders 
and Möller, 1992).

Fluorite veins accompanied by subordinate amounts of quartz and calcite 
characterize the third and final main Mesozoic mineralization event. The occurrence 
of fluorite veins is restricted to the Middle and Lower Harz Mountains. Fluorite 
mineralization in the Middle Harz Mountains along structures south of the Brocken 
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4.2.3 Fluid inclusion characteristics
Ore and gangue minerals from the Mesozoic vein-type deposits host 

abundant high-salinity aqueous two-phase and/or three phase (liquid + vapor + halite) 
inclusions (Lüders et al. 1993a and references therein). Only barite mineralization 
is characterized by the presence of mostly all-liquid aqueous inclusions. Fluid 
inclusion petrography and chemistry in minerals from vein deposits of the Harz 
Mountains are well-characterized (see Behr et al. 1987; Behr and Gerler 1987; Lüders 
and Möller 1992; Lüders et al. 1993a). Chevron quartz, which commonly occurs in 
hydrothermal vein mineralization of the Harz Mountains, dominantly hosts primary 
and pseudo-secondary fluid inclusions in and between growth zones (Figure 4.3). 

10 cm

54 55 56 57

58

Figure 4.2   Banded texture of a calcite-sulfide stage vein sample 
retrieved from the Bad Grund deposit (Westfeldertzmittel II, 19th level). 
Banding results from cyclic variations in composition of the mineralizing 
fluid. White, black and goldish bands represent calcite, sphalerite and 
chalcopyrite respectively. Numbers correspond to ‘HZ’ samples listed 
in Appendix A.1.

granite was only of minor economic importance. Considerable fluorite mineralization 
in the vicinity and south of the Ramberg granite in the Lower Harz Mountains was 
mined until 1990. After the main Mesozoic mineralization events, only remobilization 
of primarily carbonates occurred (Stoppel et al., 1983).
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Ice melting temperatures and homogenization temperatures may considerably vary 
between distinct growth zones of single chevron quartz crystals (Behr et al. 1987; 
Lüders et al. 1993a). Although trails with secondary fluid inclusions are also present 
in chevron quartz, their contribution to the total fluid inclusion water budget is 
negligible considering the high frequency of primary fluid inclusions.

In sphalerite from banded ores, primary fluid inclusions predominate 
occurring as isolated inclusions or along growth bands. Primary aqueous two-phase 
inclusions are also hosted in calcite and fluorite (Lüders et al. 1993a). In the case 
of calcites from banded ores, their size is typically 5 to 25 µm. However, calcite 
and fluorite exhibit perfect cleavage and relatively low Mohs hardness and, thus, 
also contain aqueous two-phase inclusions that underwent secondary changes 
due to deformation and/or recrystallization (Lüders et al. 1993a). Nevertheless, 
high homogenization temperatures and high salinities of secondary two-phase 
fluid inclusions (> 120˚C; Lüders et al. 1993a) rule out significant infiltration of 
cold secondary fluids under near-surface conditions and could indicate that the 
secondary fluid inclusions merely represent early-stage remobilization of primary 
fluid inclusions.

Low-temperature microthermometry of high-salinity fluid inclusions re-
vealed phase transitions (i.e., eutectic temperatures and coupled melting of ice and 
hydrohalite) that are comparable to experimental data of Davis et al. (1990) and 
Spencer et al. (1990), pointing to a brine composition of about 28-30 NaCl-CaCl2 
equiv. wt% and a variable cation content of 3-15 NaCl equiv. wt% and 15-27 CaCl2 
equiv. wt% (Lüders et al. 1993a). Still, the source(s) of the NaCl-CaCl2 brines have 
remained unclear.

Figure 4.3   Primary 
fluid inclusions deco-
rating growth zones in 
quartz from a banded 
ore, Bad Grund.
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4.3 Methods
In total 50 vein samples were selected from multiple outcrops and mines 

throughout the Harz Mountains (Appendix A.1; code HZ) for isotope analysis of 
fluid inclusion water. The suite of samples comprises both banded ores from the 
Upper Harz Mountains and regular vein-type deposits. Sampled mineral types cover 
the three main Mesozoic mineralization stages and include calcite, quartz, fluorite, 
barite and the metal sulfides sphalerite, galena and chalcopyrite. Calcite samples 
were also analyzed for carbon and oxygen isotope ratios. Part of the samples used for 
isotope analyses is the same as those used for crush-leach analysis (Appendix A.1).

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). In 
total 63 samples of quartz, calcite, fluorite, galena and siderite belonging either 
the sulfide or fluorite mineralization stage from various locations throughout the 
Harz Mountains were crushed to a 1-2 mm grain size. Quartz and fluorite samples 
were cleaned by boiling in aqua regia, followed by boiling several times in 18.2 ΜΩ 
water. Samples of other mineral types were only boiled several times in 18.2 ΜΩ 
water. Subsequently, the cleaned samples were dried. 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. The cations Na, K and Li were 
measured using flame emission spectroscopy. The analytical precision is on average 
5% RSD as determined from series of replicate analyses.

4.4 Results 
4.4.1 Crush-leach analysis
In order to decipher the source(s) of salinity, anion and cation concentrations 

of fluid inclusions hosted in ore and gangue minerals from various parts of the Harz 
Mountains and different mineralization stages were analyzed (Appendix A.2). In 
Na/Br vs Cl/Br diagrams of each mineralization stage, the data are positioned closely 
along the seawater evaporation trend (Figure 4.4), which indicates that ore-forming 
fluids were mainly marine in origin. The systematic position of the data slightly to 
the left of the seawater evaporation line could point to Na losses through water-rock 
exchange reactions. For instance, Na may be extracted from fluids through exchange 
with Ca in plagioclase (Lee Davisson and Criss, 1996) or through albitization of 
K-feldspar (Banks et al., 2002; Möller et al., 2017). Banded ore galena and fluorite 
mineralization show clear K enrichments in Na/K vs Cl/Br diagrams (Figure 4.5A-
C), which could imply an important role of Na-K exchange for the fluids that formed 
these minerals.
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As for banded ores from the Upper Harz Mountains, Cl/Br molar ratios 
cover a large range along the seawater evaporation line (Figure 4.4A). Fluid inclu-
sions in galena and sphalerite from banded ores have Cl/Br molar ratios similar 
or slightly lower to seawater, whereas calcite samples from adjacent bands have 
considerably lower fluid inclusion Cl/Br molar ratios. It is conspicuous that fluid 
inclusions hosted in quartz from quartz-sulfide banded ores yield more variable but 
always lower salinity than fluid inclusions in calcites from carbonate-sulfide ores. 
Variations in salinity of fluid inclusion water in quartz are most likely related to 
varying salinities between individual growth zones in chevron quartz, as commonly 

Upper Harz Mts.
Banded ores

A

B

C

Middle Harz Mts.
Sul�de stage deposits

Lower Harz Mts.
Fluorite stage deposits

Seawater

Figure 4.4   Na/Br vs Cl/Br 
diagrams demonstrate that the 
fluid system in the Harz Moun-
tains is dominated by evapora-
tive marine fluids. Data of band-
ed ores from the Upper Harz 
Mountains (A) show that mul-
tiple fluid sources are present 
in the system; fluid inclusions 
in quartz and calcite display 
more evaporative signatures 
than associated sulfides. Minor 
deviations from the evapora-
tive trend may be related to 
WRI. Abbreviations: StA – St. 
Andreasberg; OV – Oder Valley.
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Upper Harz Mts.
Banded ores

A

B

C

Middle Harz Mts.
Sul�de stage deposits

Seawater
Lower Harz Mts.

Fluorite stage deposits

Figure 4.5   Na/K vs Cl/Br 
diagrams demonstrate a clear 
influence of Na-K alteration 
processes (e.g., WRI with 
K-bearing minerals). Na/K 
molar ratios of minerals in 
the Upper Harz (A) point 
to the presence of multiple 
fluids in the system. Fluorite, 
calcite and quartz from the 
Lower Harz (C) have over-
lapping Na/K molar ratios, 
indicating a close co-genetic 
relationship. Abbreviations: 
StA – St. Andreasberg; OV – 
Oder Valley.

observed in banded ores of the Upper Harz Mountains (Behr et al. 1987; Lüders et 
al. 1993a) and other mining districts (Figure 4.6). Also in Na/K vs Cl/Br diagrams 
(Figure 4.5A), sulfides and gangue minerals from banded ores plot in distinct 
domains possibly due to interaction of fluids with different reservoir rocks. There 
are no clear patterns in salinity ratios for sulfide and fluorite stage mineralization 
in the Middle and Lower Harz Mountains (Figure 4.4B-C; Figure 4.5B-C). Fluid 
inclusion salinity ratios of fluorite stage mineralization from the Lower Harz plot 
further away from the seawater endmember along the seawater evaporation trend 
compared to banded ores.
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4.4.2 Fluid inclusion isotope data
Water yields (0.1 to 0.8 ml) were sufficient to obtain reliable data for 46 

samples (Appendix A.3) and represent on average 0.05 wt% of the mineral samples. 
A complete overview of fluid inclusion isotope data is presented in Figure 4.7. 
Fluorites record the highest isotope values ranging from 2.5 to 6.5‰ for δ18Ow and 
-30.9 to 4.7‰ for δ2Hw with a positive correlation between the two variables. A 
similar positive correlation is present in vein-type calcite and quartz deposits in the 
Middle and Lower Harz, albeit shifted towards lower isotope values (-7.8 to -0.4‰ 
for δ18Ow and -53.8 to -14.6‰ for δ2Hw). Although assumed to be related to the 
same fluid, quartz samples are enriched in δ18Ow by approximately 2‰ with respect 
to calcite samples. Barites stand out with respect to the other analyzed minerals for 
their relatively depleted values as low as -8.8‰ for δ18Ow and -71.9‰ for δ2Hw. 

Fluid inclusion isotope signatures of metal sulfides from the Bad Grund 
Pb-Zn banded ores in the Upper Harz range from 0.4 to 2.9‰ for δ18Ow and from 
-24.1 to -7.1‰ for δ2Hw (Figure 4.7). These values are quite similar to fluorites 
from occurrences in the Middle Harz Mountains and F-deposits in the Lower Harz 
Mountains. Fluid inclusion water hosted in calcite and quartz from banded ores plot 
in isotopically distinct fields and towards lower δ18Ow and δ2Hw values compared to 
the sulfide minerals.

Figure 4.6   Schematic final melting temperature (Tm) vs homogenization temperature 
(Th) variations in growth zones of chevron quartz from Hasserode (Lüders 1988).
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Figure 4.7   Fluid inclusion isotope data of early-stage banded ores from 
the Upper Harz (above) and Mesozoic vein-type deposits across the Harz 
Mountains (below). Whereas fluid inclusion isotope signatures of fluorites and 
metal sulfides probably directly represent paleo-mineralizing fluids, those of 
the oxygen-bearing phases may have experienced a post-depositional deple-
tion in 18O due to temperature-forced isotope re-equilibration. Considerable 
variations in δ2Hw exist among the various mineral types and evidence the 
existence of distinct fluid reservoirs and fluid mixing. The global meteoric 
water line (GMWL), which expresses the relation between δ2Hw and δ18Ow 
in natural terrestrial waters as a global average (Craig, 1961), is shown for 
reference.



Chapter 482

4.4.3 Carbon and oxygen isotope ratios of vein calcite
Carbon and oxygen isotope ratios of calcite from banded ores and other 

vein-type occurrences throughout the Harz Mountains are positively correlated and 
range from −17.1 to −10.8‰ for δ18Oc and −10.6 to −6.8‰ for δ13Cc (Figure 4.8; 
Appendix A.3). These data are similar to extensive isotope analyses of calcites from 
the Harz Mountains by Zheng and Hoefs (1993a), who suggested that water-rock 
interactions or temperature-dependent fractionation effects may underlie the clear 
co-variation between carbon and oxygen isotopes. The systematic isotope depletion 
of fluorite stage calcites with respect to the older sulfide stage calcites could be related 
to a change in water-rock interaction intensities, fluid temperatures and/or DIC 
sources. The carbon and oxygen isotope data of calcite samples do not provide signs 
of recrystallization, since recrystallized calcites in the Harz Mountains typically plot 
in an isotopically distinct field (Lüders and Möller 1992; Zheng and Hoefs 1993).
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Figure 4.8   Carbon and oxygen isotope signatures of calcite vein deposits 
from the main Mesozoic mineralization stages in the Harz Mountains. 
The clear co-variation between δ18Oc and δ13Cc may be related to water-
rock interactions, varying fluid temperatures or the presence of different 
carbon reservoirs. Fluorite stage calcites (blue) display an overall depletion 
with respect to sulfide stage calcites (black). Isotope measurements of 
hydrothermal calcites from the Bad Grund deposit in the Upper Harz from 
Zheng and Hoefs (1993) are given for reference.
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4.5 Discussion
4.5.1	 Banded	ore	deposition	during	the	sulfide	stage
4.5.1.1 Fluid mixing
The Mesozoic sulfide mineralization stage was of great economic importance 

and typically manifests itself as banded quartz-sulfide and calcite-sulfide ores in the 
Upper Harz Mountains. The formation of banded ores in the Upper Harz Mountains 
is commonly explained by mixing of ascending brines with H2S-bearing fluids (e.g., 
Möller et al., 1979, 1984; Lüders and Möller, 1992). Calcite that precipitated during 
the sulfide stage contains considerable amounts of metals such as Pb, Zn, Mn, Fe 
and REE (Möller et al., 1984, 1991; Lüders, 1988; Luck and Lüders, 1989) and is, 
for that reason, believed to have precipitated from a metal-rich brine that ascended 
from a deep-seated source. The deposition of sulfides is assumed to result from the 
mixing of the ascending metal-rich brine with shallower-crustal H2S-bearing fluids 
derived from Paleozoic shales (Nielsen, 1968; Lüders and Möller, 1992). A tectonic 
pumping mechanism could be capable of draining different reservoirs alternately 
causing cyclic changes in fluid composition (Sibson et al., 1975). Fluid mixing is 
often cited as a key process for depositing vast ore bodies in hydrothermal systems 
(Wilkinson, 2001; Boiron et al., 2010; Bons et al., 2014).

A fluid mixing model is compatible with the results of this study. Differences 
in Cl/Br, Na/Br and Na/K molar ratios between the distinct mineral types (Figures 
4.4A and 4.5A) indicate that fluids from at least two different reservoirs were involved 
in the formation of banded ores. Whereas oxygen isotope ratios of fluid inclusions 
are susceptible to post-entrapment alterations (see §4.5.1.3), values for δ2Hw are 
more conservative and generally assumed to be left unaffected by alteration in the 
temperature domain that we are working in (Horita and Matsuo 1986; Ohba and 
Matsuo 1988; Mavrogenes and Bodnar 1994; Simon 2001; Baatartsogt et al., 2007a; 
Bakker 2009). The δ2Hw variations in banded ore minerals must, therefore, be related 
to either fluid mixing or a single fluid that gets progressively altered through WRI. 
Despite the diversity of imaginable WRI styles, δ2Hw modifications of circulating 
fluids are generally thought to be limited due to the sheer amount of water with 
respect to hydrogen-bearing reactants (e.g., O’Neil and Kharaka 1976; Yeh and 
Epstein 1978). Although WRI may considerably alter δ18Ow values of fluids in the 
subsurface, it does not present a plausible mechanism for achieving the recorded 
δ2Hw variations that span over a range of 40‰. Therefore, we consider mixing of 
multiple isotopically distinct fluids to be required here (Figure 4.9).

4.5.1.2 Deep-seated brines
Lead isotope ratios of Lévêque and Haack (1993a) showed that lead in galena 

from Mesozoic sulfide stage deposits was derived from a homogeneous crustal 
source. Uniform Sr isotope compositions of calcites (0.713 – 0.714) from the most 
important Pb-Zn deposits in the Upper Harz Mountains point to a homogenous 
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source for Sr as well (Lévêque and Haack, 1993b). Assuming that Pb and Sr are 
derived from the same reservoir, alteration of granites and/or crystalline basement 
rocks were excluded as possible sources of Sr and Pb in banded ores. Instead, 
Ordovician to Lower Carboniferous sedimentary sequences are currently believed 
to be the most probable source for the metal-rich brine (Friese and Haack, 1993; 
Lévêque and Haack, 1993a, b). Schneider et al. (2003a), studying Sr isotope ratios in 
siderite precipitates from the Lower Harz Mountains, also concluded that Paleozoic 
sequences are the most likely source for Sr.

Halite dissolution can be excluded as source of salinity of fluids in the Harz 
Mountains as it typically produces brines with Cl/Br molar ratios of 5000 to 20000 
(Fontes and Matray, 1993), which are significantly higher than those recorded for 
Harz system (± 200 to 650). The principle source of salinity for the deep-seated 
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Figure 4.9   δ18Ow vs δ2Hw diagram for sulfide stage banded ore and gangue min-
erals (Bad Grund, Upper Harz Mountains). Fluid inclusion δ18Ow values of calcite and 
quartz are not original anymore due to temperature-related exchange processes. The 
equations of O’Neil et al. (1969) and Clayton et al. (1972) were used for calculating es-
timated δ18Ow values for the calcite-forming and quartz-forming brines by combining 
average δ18Oc and δ18Oqtz values and temperature estimates of 175˚C and 155˚C for 
respectively calcite and quartz. Measured δ2Hw values in calcite and quartz are likely 
original. The diagram reveals a fluid mixing system with sulfide minerals and quartz/cal-
cite precipitating from distinct fluids. Furthermore, it shows that a different deep-seat-
ed fluid reservoir was tapped during the calcite-sulfide and quartz-sulfide stage. The 
shallow-crustal fluid endmember responsible for sulfide deposition is similar to pres-
ent-day Upper Carboniferous formation waters in the North German Basin.
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brine is rather related to seawater evaporation (Figure 4.4A). The δ2Hw of banded 
ore calcite and quartz (−47 to −17‰) is depleted with respect to seawater. This fits 
well with a dense seawater evaporation brine since the isotope evolution of seawater 
evaporation follows a hooked-shape trajectory reaching up to considerable deple-
tions after an initial enrichment (Holser, 1979; Knauth and Beeunas, 1986). 

The origin of the supposed evaporation brines seems to be enigmatic since 
evaporites do not occur in the Paleozoic sedimentary succession. An intriguing 
possibility, though, is that the seawater evaporation brines originated from the 
Zechstein evaporites that covered the Harz Mountains during the Mesozoic. Walter 
et al. (2016) also suggest that a close relation exists between the deposition of 
Zechstein evaporites and the development of highly saline basement brines in other 
ore districts in Central Europe. Zechstein evaporation brines may have descended 
into deep-seated Paleozoic sediments, which given the high density of such fluids is 
likely, and acted as solvents leaching metals or possibly even ancient, massive sulfide 
deposits. The driving force behind the downflow of fluids may be fracture opening 
or the consumption at depth of water through hydration reactions with minerals 
(Stober and Bucher, 2004). The deeply infiltrated brines ascended along faults during 
periodic pulses of tectonic activity to cause the deposition of banded ores through 
mixing with shallow-crustal H2S-bearing fluids (Figure 4.10).

Cl/Br molar ratios of fluid inclusions hosted in calcite are lower compared to 
quartz (Figure 4.4A), which provides an indication that the brines that were active 
during the calcite-sulfide stage experienced more intense seawater evaporation 
than the brines responsible for the preceding quartz-sulfide mineralization stage. 
Progressively deeper reservoirs of denser fluids may have been tapped in response 
to tectonic activity and rupture propagation. Higher homogenization temperatures 
of fluid inclusions hosted in vein calcites from the Upper Harz Mountains (Lüders 
et al., 1993a) supports the idea that calcite-forming brines originated from a deeper 
reservoir than quartz-forming brines. The absence of CO2 clathrate melting in 
quartz-hosted inclusions (Lüders et al., 1993a) is indicative of a lack of CO2 in the 
quartz-forming fluid and also suggests that different deep-seated reservoirs were 
tapped during the quartz-sulfide and calcite-sulfide mineralization stage. Different 
reservoirs for quartz and calcite-forming brines are also supported by different δ2Hw 
values of fluid inclusion water in quartz and calcite (Figure 4.9).

4.5.1.3 Oxygen isotope composition of the metal-rich brine
Oxygen isotope fractionation between water and oxygen-bearing minerals 

strongly depends upon temperature as demonstrated for both carbonate minerals 
(O’Neil et al., 1969; Kim and O’Neil, 1997) and silicates (Kawabe, 1978; Kita et al., 
1985). The sampled vein-type deposits in the Harz Mountains were deposited from 
hydrothermal fluids at temperatures reaching up to 200˚C (Lüders et al., 1993a) and 
are presently at shallow-crustal levels (i.e., less than several hundred meters below 
the surface). As for the oxygen-bearing minerals calcite (CaCO3) and quartz (SiO2), 
the associated temperature drop could have resulted in decreasing δ18Ow ratios due 
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to oxygen isotope re-equilibration between fluid inclusion water and host mineral 
(Schwarcz et al., 1976; Matsuhisa et al., 1978). Oxygen isotope exchange rates are 
typically too low to cause significant post-entrapment δ18Ow alterations in young 
(<  15 Ma) hydrothermal quartz deposits (Vityk et al., 1993; Naden et al., 2003), 
but more ancient deposits like those in the Harz Mountains generally display an 
unmistakable influence of in-situ oxygen isotope exchange (Ohba et al., 1995; Taylor, 
1997). 

Oxygen isotope fractionation factors calculated from paired δ18Oc and δ18Ow 
measurements of banded ore calcites yield temperatures ranging from 58 to 79˚C 
according to the equation of O’Neil et al. (1969). These apparent temperatures are 
considerably lower than true precipitation temperatures (± 150-200˚C; Lüders et al., 
1993a) suggesting that a degree of oxygen isotope exchange must have occurred and 
that the δ18Ow data of banded ore calcite are not original. Banded ore quartz samples 
from the Upper Harz Mountains, which have δ18Oqtz values between 18.6 and 23.3‰ 
vs. VSMOW (Voigt 1984; Zheng, 1991), yield temperatures between 66 and 109°C 
following the equation of Clayton et al. (1972). Again, these calculated temperatures 
are considerably lower than their true precipitation temperature of on average 155°C 
as inferred from fluid inclusion microthermometry (Lüders et al., 1993a), pointing 
to significant oxygen isotope exchange between quartz and fluid inclusion water.

Oxygen isotope ratios of fluid inclusion water in calcite and quartz from 
banded ores are not representative for the original fluids. Nonetheless, we may use 
δ18Oc and δ18Oqtz values along with proposed precipitation temperatures from Lüders 
et al. (1993a) in an attempt to quantify original δ18Ow values and degrees of oxygen 
isotope exchange in these minerals (Figure 4.9). Taking a calcite precipitation 
temperature of 175˚C and δ18Oc values of 16.8 to 19.1‰, an initial oxygen isotopic 
composition of the calcite-forming fluid of between 6.2 and 8.4‰ vs. VSMOW 
can be calculated according to the equation of O’Neil et al. (1969). This is on 
average 10‰ higher than the measured δ18Ow values of fluid inclusions in calcite. 
Similarly, we can estimate that the original δ18Ow ratio of the quartz-forming fluid 
was approximately 4.8‰ when assuming a δ18Oqtz value of 20‰ and a temperature 
of 155˚C according to the equation of Clayton et al. (1972). This would correspond 
to a post-depositional depletion of fluid inclusion water in quartz from banded ores 
of about 9.5‰. 

We emphasize that the assumption of thermodynamic equilibrium during 
vein deposition may be rash, since disequilibrium conditions are common in 
inorganic mineralization systems in nature (e.g., Watkins et al., 2014), as also observed 
in calcite veins from the Albanide fold-and-thrust belt (Chapter 3). Furthermore, 
high concentrations of dissolved non-carbonate ions can shift the oxygen isotope 
equilibrium and lead to errors in oxygen isotope paleo-thermometers, which are 
typically calibrated for pure carbonate solutions. The errors in δ18Ow are generally 
limited but could possibly reach up to 2‰ for quartz and calcite that precipitate 
from concentrated CaCl2-dominated solutions (Truesdell, 1974; Hu and Clayton, 
2003). Thus, the calculated δ18Ow values for the quartz-forming and calcite-forming 
brines only provide an indication.
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Whereas the δ18Ow record of calcite and quartz should be approached with 
caution, fluorite (CaF2), sphalerite (ZnS), chalcopyrite (CuFeS2) and galena (PbS) 
are devoid of oxygen and are, therefore, not affected by oxygen isotope exchange 
processes.

4.5.1.4	Shallow	crustal	fluid	(H2S source)
Sufficient admixture of sulfur-bearing fluids to the ascending brines induced 

the precipitation of sulfide metals (Figure 4.10). Cl/Br and Na/Br ratios suggest 
that this admixed fluid is marine in origin and experienced minor evaporation 
(Figure  4.4A). The upper limit of fluid inclusion isotopes recorded in metal 
sulfides (-5‰ for δ2Hw and 2‰ for δ18Ow) would correspond to the admixed fluid 
endmember and support a marine fluid that experienced minor 18O enrichment due 
to sub-aerial evaporation or WRI.

Shale-rich stratigraphic units below the impermeable Zechstein evaporites 
are assumed to provide the main source of H2S necessary for sulfide mineral 
deposition in the Harz Mountains (Nielsen, 1968; Lüders and Ebneth, 1993). Na/K 
vs Cl/Br diagrams of banded ore galena and sphalerite samples evidence brines that 
experienced a significant degree of K enrichment (Figure 4.5A), which is in line with 
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Figure 4.10   Schematic model of fluid flow patterns in the Harz Mountains during 
the sulfide mineralization stage in the Jurassic. Marine evaporitic brines descended to 
deep crustal levels to leach metals from Paleozoic sediments. Hydrothermal upwelling 
of these brines and mixing with shallow-crustal fluids from a probably Carboniferous 
reservoir caused deposition of quartz-sulfide and calcite-sulfide Pb-Zn ores. The 
shallow-crustal fluids acquired dissolved sulfur through interaction with shale intervals. 
Fluorite vein mineralization only started to form in the Cretaceous when fracture 
propagation reached the fluorine-bearing crystalline basement.
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a model that involves interaction with shales (i.e., exchange reactions with K-bearing 
clay minerals). Whereas the Permian and Mesozoic rock cover has been eroded in 
the present-day Harz Mountains, it is preserved in large parts of the North German 
Basin. Interestingly, formation waters from an Upper Carboniferous reservoir in the 
North German Basin (Lüders et al., 2010) display isotope values similar to those 
inferred for the shallow-crustal fluid involved in banded ore deposition (Figure 4.9), 
supporting a provenance from such Paleozoic units.

The admixed sulfur-bearing fluid is less evaporative and thus probably 
less dense than the metal-rich brines, which supports a shallower origin. Fluid 
systems involving highly saline deep-seated brines that ascend to mix with low-
temperature shallow-crustal fluids is often identified to underlie the deposition of 
Pb-Zn ores (Boiron et al., 2010). Mixing of fluids from different crustal levels is 
hydromechanically feasible only when fluids mix during their ascent to shallower 
crustal levels (i.e., no simultaneous upwelling and downwelling of fluids) as set 
forth in the model of Bons et al. (2014). In this model, the amount of admixture of 
shallow-crustal fluids may vary depending on the upwelling rate of deep-seated fluid 
batches; it can, thus, be reconciled with the observed vein banding. For many ore 
deposits, the driving force for expulsing deep-seated ore-forming fluids is related to 
periods of crustal extension. For example, the opening of the North Atlantic during 
the Jurassic to Early Cretaceous installed extensional tectonic regimes that facilitated 
the deposition of ores throughout Europe (Muchez et al., 2005; Boiron et al., 2010) 
and basement-hosted Ag ores in the Anti-Atlas mountains of Morocco (Essarraj et 
al., 2005). On a European scale, continental rifting of the Rhine Graben instigated 
ore deposition during the Tertiary (Staude et al., 2009).

4.5.2 Barite mineralization stage
Barite veins were deposited at shallow crustal levels during the Cretaceous. 

The few studied barite samples display significantly lower δ2Hw values compared 
to the other analyzed minerals (Figure 4.7). The position of barite samples on the 
GMWL could point to an influx of meteoric water (± -75‰ for δ2Hw and -10.5‰ 
for δ18Ow) into the system. Infiltrating water may have leached sulfate from the 
Zechstein evaporites to facilitate barite mineralization. The supply of SO4

2--bearing 
meteoric waters during the barite mineralization stage was previously inferred from 
a general drop in fluid inclusion salinities (Lüders et al., 1993a).

Although fluid inclusion isotope data are consistent with traditional ideas 
on fluid flow during the barite stage, we are cautious with this interpretation since 
fluid inclusions in barite are relatively prone to remobilization and leakage (Ulrich 
and Bodnar, 1988). Secondary monophase aqueous fluid inclusions predominate in 
barite, and although this could result from low entrapment temperatures, it could 
also be related to recrystallization or late infiltration of meteoric fluids at near-
surface conditions. Hence, the exact reason for the recorded meteoric character of 
fluid inclusion water in barites cannot convincingly be constrained.
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4.5.3 Fluorite mineralization stage
Fluorite-(calcite ± quartz) mineralization represents the last stage of 

Mesozoic vein-type deposition in the Harz Mountains and is mostly encountered 
in the vicinity of Upper Carboniferous granites and Permian volcanic rocks in the 
Middle and Lower Harz Mountains (Figure 4.1). The origin of fluorine is assumed 
to be metavolcanic Lower Permian rocks (Schneider et al., 2003b) and/or dispersed 
fluorite enrichments in the crystalline basement (Lüders and Möller, 1992). Whereas 
geochemical data of banded ores from the Upper Harz Mountains unambiguously 
point to a mixing system with fluids derived from different Paleozoic reservoirs, the 
origin of fluorite-forming fluids has remained largely unresolved.

Fluid inclusions in fluorite samples, which probably did not experience 
considerable post-depositional isotope alterations, evidence an isotope range for 
fluorite-forming fluids ranging from 2.5 to 6.5‰ for δ18Ow and -30.9 to 4.7‰ for 
δ2Hw. This wide isotope range could indicate interaction of brines with different 
rocks and/or that multiple distinct fluid reservoirs were drained during the fluorite 
stage. Interestingly, bulk fluid inclusion water in hydrothermal fluorite from vein-
type ore deposits from the Schwarzwald center on a δ2Hw range from -29 to -1‰ 
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Figure 4.11   δ18Ow vs δ2Hw cross plot of fluorite-calcite assemblages. Original 
δ18Ow values of calcite samples are calculated using the equation of O’Neil et 
al. (1969) for a precipitation temperature of 175˚C. Original fluid inclusion 
isotope signatures of fluorites and associated calcites overlap, which points to a 
close co-genetic relationship and similar fluid sources. Fluid inclusions in calcites 
experienced an oxygen isotope depletion of on average 9.2‰ after entrapment 
forced by decreasing ambient temperatures during uplift.
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(Baatartsogt et al., 2007a), which closely matches the δ2Hw range that we observe for 
the Harz fluorites. Mixing of basement-derived brines with shallow-crustal fluids is 
also thought to underlie the deposition of post-Variscan fluorite-bearing veins in 
the Schwarzwald (Schwinn et al., 2006). The similarity in δ2Hw could indicate that 
similar fluid systems underlie fluorite mineralization in both the Harz Mountains 
and the Schwarzwald. 

 When we calculate δ18Ow values of calcites associated with fluorite 
mineralization assuming a realistic precipitation temperature of 175˚C, they plot 
exactly on the fluid inclusion isotope range of the fluorite samples (Figure 4.11). 
This suggests that fluorites and calcites precipitated from fluids derived from similar 
sources, which is also supported by overlapping Na/K molar ratios for these two 
mineral types in the Lower Harz Mountains (Figure 4.5C). Radiogenic Sr isotope 
ratios in fluorites (Schneider et al., 2003a) and K enrichments in fluorite-hosted fluid 
inclusions would be compatible with a model that invokes refluxing Zechstein brines 
that interacted with deep-seated crystalline rocks and re-ascended along deeply 
penetrating compressional structures that were activated during Late Cretaceous 
tectonics (Franzke and Zerjadtke, 1993). Cl/Br molar ratios of vein-forming fluids 
during the fluorite stage (Figure 4.4C) are significantly lower compared to the 
sulfide stage banded ores and even suggest seawater evaporation past the end of 
halite saturation (Fontes and Matray, 1993). The progressive tapping of stronger 
evaporated fluids through time would correspond with the expected stratification 
in fluid reservoirs based on density, with the densest fluids occupying the deepest 
crustal levels (Bons et al., 2014). 

In the foregoing, we inferred that the most important Pb-Zn and fluorite 
vein-type deposits in the Harz precipitated from deep-seated seawater evaporation 
brines that mixed with variable amounts of shallow-crustal fluids. The model of 
mineralizing fluids originating as seawater and/or evaporated seawater has been 
shown to hold for numerous other basin-hosted Pb-Zn and fluorite ore deposits. 
(Gleeson et al., 2001; Heijlen et al., 2003; Grandia et al., 2003; Muchez et al., 
2005; Stoffell et al., 2008; Leach et al., 2010) and in genetic models for Proterozoic 
U deposits (Derome et al., 2007; Boiron et al., 2010; Richard et al., 2011, 2013). Ore-
forming seawater evaporation brines are systematically characterized by depletions 
in 2H similar in magnitude as we observe (e.g., Baatartsogt et al., 2007a; Wilkinson, 
2010; Richard et al., 2013) and low Cl/Br ratios (e.g., Bucher and Stober, 2010; 
Fusswinkel et al., 2013).

4.6 Conclusions
Isotope (δ2Hw and δ18Ow) and salinity data of bulk fluid inclusion water in 

ore and gangue minerals provide new constraints on flow patterns and origins of 
ore-forming fluids in the Harz Mountains. Considerable variations in fluid inclusion 
isotope ratios and salinities suggest that various fluid reservoirs were drained to 
deposit a wide variety of vein-type mineralization in the Harz Mountains. Zechstein 
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brines are recognized to be of great importance throughout the main mineralization 
stages during the Mesozoic. These dense, evaporated marine waters descended along 
fault structures to leach metals and other ore-forming constituents from deep-
seated Paleozoic sediments and basement rocks. Episodic events of tectonic activity 
forced the metal-rich brines upwards to facilitate the deposition of vast ore bodies at 
shallower-crustal levels.

During the Jurassic, the deep-seated brines experienced admixture of 
H2S-bearing fluids from Paleozoic shale units, which resulted in the deposition 
of banded quartz-sulfide and calcite-sulfide ores in the Upper Harz Mountains. 
Continued fracture propagation in depth allowed for leaching fluorine-bearing base-
ment rocks during the Cretaceous and the development of fluorite mineralization in 
the Middle and Lower Harz Mountains. Upwelling of seawater evaporation brines 
plays an important role in the genetic models of many other basin-hosted base metal 
sulfide and fluoride ore deposits in the world. Fluid inclusion isotope data of barite 
deposits exhibit a purely meteoric character. This could point either to infiltration of 
meteoric fluids into the system during the barite stage, or to later alteration of fluid 
inclusion isotope ratios due to exposure to surface waters.

Coupling fluid inclusion isotope signatures to paleo-fluids is complicated 
for oxygen-bearing minerals (e.g. calcite and quartz) due to oxygen isotope exchange 
processes between the host mineral and the included water. The temperature drop 
of approximately 100-150˚C that these minerals in the Harz Mountains experienced 
since deposition has driven a post-entrapment δ18Ow decrease of up to 10‰.




