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Abstract

Carbonate archives record a brief snapshot of the ambient Earth’s surface conditions at their 
deposition. However, the geologically reasonable extraction and interpretation of geochemical 
proxy data from ancient, diagenetically altered rock archives is fraught with problems. Three 
issues stand out: the dichotomy between petrographic and geochemical alteration; the lack of 
quantitative age constraints for specific diagenetic phases resulting in a poorly constrained 
admixture of local, basin-wide and over-regional (far-field) features; and an often insufficient 
understanding of the temperatures and compositions of diagenetic fluids. Here, the archive of 
Devonian marine limestones exposed to multiple far-field diagenetic events is used as an 
example to explore the above-listed issues. Methods applied include petrography, micro XRF, 
fluid inclusion data, clumped isotopes, δ13C and δ18O isotopes, 87Sr/86Sr ratios and quartz trace 
element data. Devonian limestones studied here were overprinted by two cross-cutting regional 
fault zones (T ≈ 230 °C) by multiple events between the Variscan Orogeny and the late 
Paleogene. The following processes are recorded: (i) protolith deposition and partial 
dolomitisation during rapid burial in the Middle/Late Devonian (T ≈ 180 °C); (ii) deep burial 
to ca 6.5 km and tectonic/hydrothermal overprint during the Variscan Orogeny in the 
Carboniferous (T ≈ 90-230 °C); (iii) rapid uplift to 1-2 km burial depth at the end of the Variscan 
Orogeny and hypogene karstification (T ≈ 50 to 100 °C) initiated by regional geology in the 
Permian/Triassic; (iv) tectonic/hydrothermal overprint during the opening of the Proto-Atlantic 
Ocean between the Early Jurassic and the Early Cretaceous (T ≈ 50 to 130 °C); (v) 
tectonic/hydrothermal overprint including renewed hypogene karstification and hydrothermal 
calcite cement precipitation (T ≈ 50 to 180 °C) during Alpine Orogeny between the Late 
Cretaceous and late Paleogene. Despite this complex series of diagenetic events, the protolith 
limestones largely preserved their respective Middle/Late Devonian dissolved inorganic carbon 
(DIC) and 87Sr/86Sr signatures. This study documents that geochemical proxy data, placed into 
their petrographic, paleotemperature, and local to over-regional context, significantly increases 
the ability to extract quantitative information from ancient carbonate rock archives. Research 
shown here has wider relevance for carbonate archive research in general. 
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1 1. Introduction

2 Marine and terrestrial carbonate archives record, at the time of their deposition, a brief snapshot 
3 of the ambient Earth’s surface conditions (Folk, 1965; Veizer et al., 1999; Brand et al., 2011; 
4 Fantle et al., 2020 and reference therein). When these materials precipitate, they record a 
5 complex interplay of equilibrium and non-equilibrium processes (review in Swart, 2015). 
6 Carbonate minerals may form via amorphous precursor phases (Mavromatis et al., 2017), or the 
7 precursor mineral may undergo subsequent ripening in the sense of Ostwald’s step rule 
8 (Nordeng and Sibley, 1994). Parameters such as fluid geochemistry, temperature, salinity, 
9 alkalinity and pH, mineralogy-dependent isotope fractionation, sulphate and vital/kinetic effects 

10 all interact in an often stochastic (but, under favourable conditions, deterministic) manner. The 
11 challenge of the carbonate archive researcher concerned with climate dynamics is to separate 
12 geochemical proxy data reflecting the environment at deposition from the plethora of non-
13 equilibrium processes and the effects of later diagenetic or metamorphic alteration (Bathurst, 
14 1972; Allan and Matthews, 1982; Higgins et al., 2018).

15 Carbonates, which have seen multiple phases of diagenetic or metamorphic overprint over 
16 geological time scales, represent the research frontier in this regard. Where possible, these 
17 archives are avoided, but for some regions of the world and particularly with regard to the deep 
18 time record, these archives might be the only ones at hand (Melezhik et al., 2005; Klein, 2005; 
19 Spence et al., 2016; Immenhauser, 2022). That said, geologically old archives are not 
20 necessarily overprinted, and geologically young ones are not always well preserved. Numerous 
21 workers have dealt with these issues, and new analytical techniques have resulted in a 
22 significantly improved understanding of geochemical proxy data in carbonate archives (Böhm 
23 et al., 2006; Fantle and Bullen, 2009; Geske et al., 2015; Schurr et al., 2021). Despite these 
24 advances, the geologically reasonable extraction and interpretation of environmental proxy data 
25 from geologically complex archives remain, where possible, a task fraught with problems. 
26 Three problems stand out: (i) the dichotomy between petrographic (recrystallisation and 
27 neomorphism) and geochemical resetting of a given archive and its proxy data, (ii) the scarcity 
28 of quantitative age constraints for specific diagenetic events resulting in an insufficient 
29 understanding of what are local, basin-wide and over-regional (far-field) effects, and (iii) and 
30 insufficient data of temperatures and compositions of diagenetic fluids. These issues are 
31 detailed below. 

32 A growing number of often provocative studies (Czerniakowski et al., 1984; Ferry et al., 
33 2002; Perrin and Smith, 2007; Bernard et al., 2017; Pederson et al.; 2019; Mueller et al., 2022a) 
34 has questioned the general assumption that petrographic alteration is per se indicative of 
35 geochemical alteration of geochemical proxy data (or vice versa), which must be increasingly 
36 seen as an oversimplification. The perhaps counter-intuitive implication is that some 
37 petrographically altered carbonates might still record fairly well-preserved marine proxy data, 
38 whereas others that seem petrographically or mineralogically (near) pristine were 
39 geochemically reset. At the earliest diagenetic end of the spectrum, aragonite-aragonite 
40 recrystallisation of corals (Perrin and Smith, 2007) and subtle yet significant diagenetic effects 
41 may have taken place in apparently pristine foraminifera or bivalve archives (Bernard et al., 
42 2017; Lange et al., 2018), to name some examples. At the fully recrystallised, deep burial to the 
43 metamorphic end of the spectrum, high-grade marbles may still record what seems to be marine 
44 proxy data (Melezhik et al., 2005; Immenhauser, 2022). This is remarkable, as in many natural 
45 systems, advective or diffusive transport creates fluid-buffered systems, and a commonly held 
46 view is that metamorphism wipes out any useful environmental signal (discussion in 
47 Immenhauser, 2022).
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48 The concept of basin-wide (or beyond) diagenetic events recorded in the paragenetic 
49 succession of carbonate archives and its geochemical archive has been discussed and is often 
50 referred to as ̀ far-field effects’. Examples include fluid migration oceanward into forearc basins 
51 and fluids from the compressional margin sediment wedge travelling into the continental 
52 interior (Oliver, 1986 ‘squeegee flow’). Generally, compressional fluid flow paths may be 
53 platform-wide (Blättler et al., 2019) or basin-wide (Yao and Demicco, 1995; Mueller et al., 
54 2020), extending for hundreds of kilometres. The difficulty is to separate these events from 
55 what might be local diagenetic features. Recent work employs Uranium-Lead (U-Pb) age dating 
56 (Mangenot et al., 2018; Ganade et al., 2022) of specific diagenetic phases, an approach that 
57 allows, under favourable conditions, far-field assignment and correlation of diagenetic events 
58 to basin-wide (and beyond) patterns (discussion in Mueller et al., 2020). 

59 Fluid inclusion data of limestones and early-marine diagenetic dolostones track the 
60 circulation patterns and thermal history of ambient fluids at the time when the carbonate 
61 precipitated (primary fluid inclusion assemblages) or migrated through the porosity and 
62 fractures after precipitation (secondary fluid inclusion assembles; Goldstein and Reynolds, 
63 1994; Walter et al., 2015). Fluids are trapped whenever the crystal growth progresses, or cracks 
64 are healing. The crystal traps the fluid during growth and, therefore, archives the original 
65 conditions of fluid entrapment, i.e., the fluid composition and pressure-temperature conditions 
66 at the time of entrapment (Boiron et al., 2010; Walter et al., 2020a; Epp et al., 2019). When 
67 fluid inclusion data are combined with carbonate-clumped isotope geochemistry (Mangenot et 
68 al., 2017; Mueller et al., 2022b), a detailed paleotemperature evolution of a given carbonate 
69 archive may result that is of major significance when aiming to separate marine from later, 
70 diagenetic proxy data. 

71 This paper makes use of the case example of a Devonian carbonate archive to test and explore 
72 the potential of the geochemical and petrographic tools applied here (Gillhaus et al., 2003; 
73 Balcewicz et al., 2021; Lippert et al., 2022) characterised by a particularly complex diagenetic 
74 history (Pederson et al., 2021). The aims of this paper are three-fold: (i) Compile an isotope 
75 geochemical, petrographic, diagenetic and structural framework for a carbonate archive that has 
76 seen multiple episodes of burial/hydrothermal and tectonic fault zone overprint. (ii) Apply fluid 
77 paleo-temperatures and fluid chemistry using carbon (δ13C), oxygen (δ18O) and strontium 
78 (87Sr/86Sr) isotope data with combined clumped isotopes/fluid inclusion microthermometry and 
79 place these data into a stratigraphic/temporal context employing U-Pb carbonate dating. (iii) 
80 Use these data as a litmus test for diagenetically complex archives with the question in mind to 
81 which degree environmental proxy data can be extracted. This contribution is of broad relevance 
82 and aims to provide a framework against which existing and subsequent work can be placed to 
83 extract quantitative science concerned with geochemical systems, mechanisms and processes. 

84

85

86 1. Regional Geotectonic Setting

87 The Steltenberg Quarry, the study site of this paper, is located at the northern margin of the 
88 Remscheid-Altena Anticline, forming part of the Rhenish Massif of North Rhine-Westphalia 
89 (NRW), Germany (Fig. 1). From the Early to Middle Devonian, the depositional environment 
90 was dominantly shallow marine to deltaic siliciclastic, while in the late Middle Devonian reef 
91 development at the shelf edge and the open shelf prevailed. These carbonates form a massive 
92 limestone unit, now referred to as ̀ Massenkalk’ (Fig. 1). At present, a lithostratigraphic revision 
93 for these massive limestones is in progress (e.g., Löw et al., 2022; Stichling et al., 2022).
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94 The Devonian carbonate factories were active until the early Late Devonian. Afterwards, the 
95 sediment deposition was, once more, dominated by siliciclastics (Krebs 1974). The Variscan 
96 Orogeny during the Carboniferous led to extensive folding and faulting in the area (Oncken 
97 1988, Fig. 1), during which hydrothermal (“warm” fluids; T > 10 to 15 °C) mineralisation of 
98 the Rhenish Massif resulted in intensive dolomitisation of the massive limestone units 
99 (Kirnbauer et al. 1998, Richter 2000, Gillhaus et al. 2003). Two main fault types occur in the 

100 neighbouring region of the Steltenberg Quarry, which may have caused secondary alteration of 
101 the Devonian units. Near-perpendicular (to the quarry orientation) fractures create networks in 
102 the Devonian carbonates along the northern margin of the Remscheid-Altena Anticline. The 
103 earliest fracture orientation is WSW-ENE-striking (Oncken 1988). The study area’s second 
104 main type of fault is an NNW-SSE-striking system of Post-Variscan age normal faults (Gillhaus 
105 et al. 2003). These normal faults represent reactivated extensional structures that formed 
106 perpendicularly to the strike of the fold belt at the end of the Paleozoic due to crustal uplift and 
107 stretching until the Givetian, prior to the Variscan Orogeny. During that time, a clockwise 
108 rotation of the compressive stress field caused an NNW SSE extension. While the direction of 
109 this extensional regime changed slightly, this stress field is still active (Oncken 1988). More 
110 recently, a third fracture orientation (WSW-ENE) cross-cutting older fractures and veins was 
111 reported (Balcewicz et al., 2021; Lippert et al., 2022).

112 The Devonian carbonates of the northern part of the Rhenish Massif near the study area were 
113 buried to a maximum depth of about 6.5 km during the later stages of the Variscan Orogeny 
114 roughly 300 Myr ago. Since the Permian (Zechstein), the Paleozoic pre- and syn-Variscan 
115 sediments of the region have been uplifted and thus cooled, while overburden thicknesses of 4-
116 5.5 km have been eroded in the study area (Littke et al. 2000; Nöth et al., 2001, Götte, 2004). 
117 Karstification of the Devonian Massenkalk units is a common feature, and numerous cave 
118 systems are known from the area (Niggemann et al., 2018 and references therein; Immenhauser 
119 et al., 2023). For many of these, a tectonically induced hydrothermal (Mesozoic-Cenozoic) 
120 and/or meteoric-phreatic (Oligocene-Recent) formation was documented (Drozdzewski et al., 
121 2017; Niggemann et al., 2018; Richter et al., 2020).

122

123

124 3. Methodology

125 3.1 Sampling strategy

126 The Devonian Massenkalk (Figs 1-3) was the chosen target for this study because it offers a 
127 wide range of carbonate rock types and is a highly complex geochemical archive, including 
128 well-preserved limestones to various types of (partly dedolomitised) dolostones. This region’s 
129 Devonian geological and tectonic framework is well-established (Schaeffer, 1984; Oncken, 
130 1988; Gillhaus et al., 2003; Götte, 2004 and references therein). To assess the spatial variability 
131 of diagenetic and tectonic impact on geochemical proxy data, the following approach was used: 
132 (i) 71 hand specimens with visible diagenetic features were collected throughout the quarry to 
133 assess the complete paragenetic succession and their geochemical composition for the 
134 reconstruction of paleo-fluid flow and its relation to fault zone overprint. Detailed fluid 
135 petrography was performed to assess microthermometric data of all measurable diagenetic 
136 phases. A combination of microthermometry and clumped isotope analysis was then applied to 
137 reconstruct the paleotemperature evolution of these rocks. Micro XRF maps were recorded to 
138 be applied for U-Pb age dating of suitable phases in the paragenetic succession.
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139

140 3.2 Petrography

141 A total of 127 polished thin sections were analysed using both polarised and 
142 cathodoluminescence microscopy. Polarised images were taken on a Leica DM4500P 
143 microscope (Leica Microsystems GmbH, Wetzlar, Germany). Cathodoluminescence analyses 
144 were performed using a hot cathode (HC1-LM) facility at the Ruhr-University Bochum (Neuser 
145 et al. 1996) equipped with a DC73 camera system (Olympus). Thin sections were sputter coated 
146 with a 15 nm thick gold layer to avoid charging. The electron beam had an acceleration voltage 
147 of 14 kV, a current density from 5 to 10 µA/mm², and a beam current from 0.1-0.2 mA. 
148 Dolomite and calcite cement phases were identified based on different luminescence colours 
149 representative of their diagenetic formation environment (following Bruckschen and Richter 
150 1993) and textural criteria after Friedman (1965), Sibley and Gregg (1987), Flügel (2004). By 
151 evaluating the various cement phases with each other, a paragenetic sequence, from earliest to 
152 latest precipitates, was developed. For further details on cement stratigraphy using 
153 cathodoluminescence microscopy, see Bruckschen et al. (1992), Bruckschen and Richter (1993) 
154 and Richter et al. (2003).

155

156 3.3 Micro XRF

157 Elemental distribution and macro textures in thin sections were investigated using the “area” 
158 mode of a Bruker Tornado M4 microXRF at the Mineralogical and Geochemical Micro-
159 Analytical Laboratory (MAGMA Lab, Department of Applied Geochemistry, Technische 
160 Universität Berlin, Germany). The acceleration voltage was 50 kV using a beam current of 600 
161 µA. The measuring point distance was 30 µm at a 20 µm beam diameter. The measuring time 
162 was 60 ms per analysis spot. The analyses were run with two simultaneously operating 
163 spectrometers to obtain more precise data from a stronger signal.

164

165 3.4 Fluid inclusion thermometry

166 Microthermometric analyses were conducted using a Linkam THMS600 heating and 
167 freezing stage at the Laboratory of Environmental and Raw Material Analyses (LERA) facilities 
168 at Karlsruhe Institut für Technologie (KIT). Double-polished thick sections (100 to 150 µm) 
169 were prepared. The petrographic relation of fluid-inclusion assemblages was carried out by 
170 optical and cathodoluminescence microscopy (Goldstein and Reynolds, 1994). Fluid-inclusion 
171 assemblages (FIA) were classified as (i) primary inclusions situated in growth zones (p), (ii) 
172 pseudo-secondary (ps), (iii) secondary (s), and (iv) isolated inclusions with no genetic 
173 relationship (iso; Walter et al., 2015). For each analysis, three repeated heating and freezing 
174 cycles were performed to document the final dissolution temperature of ice (Tm, ice) and 
175 hydrohalite (Tm, hh) and the homogenisation temperature (Th). Fluid-inclusions were considered 
176 only when a triplet measurement varied between 0.1 °C for Tm, ice and Tm, hh and 1 °C for Th. 
177 Each fluid inclusion was visually inspected (inclusion shape, volume fractions, pinch-off 
178 textures) and compared with the neighbouring fluid inclusions within an FIA employing 
179 reproducible measurements to strictly exclude the following post-entrapment modifications: 
180 necking down, leakage, decrepitating, re-equilibration, post-entrapment migration of FI and 
181 inclusion-wall precipitation. Fluid inclusions that do not fulfil the quality criteria due to post-
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182 entrapment effects were not measured. Additional details on the fluid-inclusion methodology 
183 can be found in the digital supplement S1.

184

185 3.5 Crush leach analysis

186 Following the method of Mueller et al. (2022b), 20 samples with one dominant fluid type 
187 (evaluated by detailed fluid inclusion petrography) were selected for bulk fluid crush-leach 
188 analyses to determine major-, minor-, and trace-element compositions. About 2 grams of 
189 carbonate with a grain size of 0.5 to 1 mm were hand-separated, and visible impurities were 
190 removed. See the digital supplement S1 for details.

191

192 3.6 Mineralogy, element and isotope geochemistry

193 The mineralogy of individual cement phases was analysed using powder X-Ray Diffraction 
194 (PXRD). A total of 70–100 mg of powder was drilled from the samples with a handheld Dremel 
195 to identify the minerals present. Sampling locations within individual phases were based on 
196 previous petrographic evaluation using normal, polarised and cathodoluminescence 
197 microscopy.

198 Element concentrations, carbon- and oxygen-isotope values (δ13C and δ18O), and 87Sr/86Sr 
199 ratios were analysed at Ruhr-University Bochum. For δ13C and δ18O analysis, 90-110 µg of 
200 carbonate sample powder was reacted with phosphoric acid (concentration 104%) at 70 °C 
201 before analysis. Isotope values were determined using a MAT 253 (Thermo Fisher Scientific) 
202 continuous flow isotope ratio mass spectrometer (CF-IRMS) coupled with a ConFloIV and a 
203 GasBenchII. Values are reported in ‰ relative to the VPDB standard. Measurement error is 
204 reported as 1σ standard deviation (SD).

205 Elemental concentrations (Ca, Mg, Sr, Fe, Mn) were measured for all carbonate phases. 
206 Samples were run by dissolving approximately 1.5 mg of sample powder in 1 ml 3M HNO3 for 
207 24 h at room temperature before diluting with 2 ml deionised water. Concentrations were 
208 determined by inductively coupled plasma optical emission spectrometry (ICP-OES, iCAP 
209 6500 DUO, Thermo Fisher Scientific). 

210 Strontium-isotope ratio analyses were performed by dissolving between 0.3 to 16.3 mg (to 
211 receive a Sr content of 400 ng per sample) of sample powder in 1 ml 6M HCl and dried on a 
212 hot plate at 90 °C before being re-dissolved in 0.4 ml 3M HNO3. Perfluoroalkoxy alkane (PFA) 
213 polymer columns filled with TrisKem Sr ion exchange resin (100-150 mesh) were used to 
214 collect the Sr fraction with 2 ml of deionised water. Subsequently, samples were dried on a hot 
215 plate at 90 °C and re-dissolved in 1 ml of a H2O2-HNO3 (1:1; 30%:65%) to remove organic 
216 remains. Samples were then evaporated on a hot plate at 60 °C and re-dissolved in 0.4 ml 6M 
217 HCl. After evaporation at 90 °C, samples were re-dissolved in 1 µl of ionisation-enhancing 
218 solution (after Birck 1986) and loaded on Re single filaments. Isotope (87Sr/86Sr) ratios were 
219 analysed by thermal ionisation mass spectrometry (TIMS) TI-BOX (formerly MAT 262; 
220 Spectromat). Details on the standards used and long-term reproducibility for all geochemical 
221 methods can be found in the digital supplement S1.

222

223 3.7 Clumped isotope analysis
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224 Single-phase powder samples were used for clumped-isotope analysis. The samples were 
225 hand-drilled based on a detailed petrographic assessment (field observations, transmitted light 
226 microscopy, cathodoluminescence; Table 1). Each measurement of the ∆47 value requires 8 mg 
227 of carbonate to produce sufficient CO2 for analysis. Samples were weighed into copper reaction 
228 boats and reacted using the common acid bath at 90 °C, using concentrated phosphoric acid 
229 (density = 1.95 g/cm³) on the University of Miami Stable Isotope Laboratory’s vacuum line. 

230 The δ13C and δ18O values of the reference gas were determined by analysing NBS-19 
231 (National Bureau of Standards) and data for the samples reported relative to Vienna Pee Dee 
232 Belemnite (V-PDB) using the conventional notation. The δ18O values for dolomite have been 
233 corrected by 0.8‰ to account for the differential fractionation of 18O during dolomite formation 
234 compared to calcite (Sharma and Clayton, 1965).

235 Calculation of temperature and fluid δ18O values: For lab-internal consistency, the 
236 calculation of temperatures was performed using the calibration of Swart et al. (2019), which is 
237 statistically identical to the later calibration for the Intercarb-CDES scale as published by 
238 Anderson et al. (2021):

239

240 Δ47 = 0.0392* 106/T2 + 0.158 .

241

242 Calculation of the δ18O values of fluids (δ18Ofl) was performed using the equation of Kim 
243 and O’Neil (1997) and Horita (2014) for calcite and dolomite, respectively. See the digital 
244 supplement S1 for analytical details.

245

246 3.8. U-Pb age dating

247 Uranium-Pb isotopic ratios were collected on a ThermoFisher Element XR sector-field 
248 single-collector ICPMS coupled to a 193-nm ArF Excimer laser with a HelEx 2-volume cell 
249 (Analyte Excite+, Teledyne PhotonMachines) at LERA, Karlsruher Institute of Technology 
250 (Germany), using the method described by Beranoaguirre et al. (2022). The ablation was carried 
251 out in a helium atmosphere, and argon and nitrogen were added before the plasma torch. The 
252 instrument was adjusted to obtain the best compromise between the sensitivity, oxide formation 
253 (UO/U <0.1%) and element fractionation (i.e., Th/U = ~1). Static ablation used a spot size of 
254 150 µm in diameter and a fluence of 2 J/cm2 at 10 Hz. For analytical details, see the digital 
255 supplement S1. 

256 The soda-lime glass SRMNIST612 (Jochum et al., 2011) was used as the primary reference 
257 material to correct for mass bias (207Pb/206Pb) and the inter-element fractionation and 
258 instrumental drift (206Pb/238U) during the analytical session. Additionally, carbonate reference 
259 material WC-1 (254 Ma, Roberts et al., 2017) was used to correct the different behaviour during 
260 the ablation of the carbonate and SRMNIST612. The correction values estimated on the 
261 common Pb-corrected WC-1 were applied to all carbonate samples, assuming similar 
262 behaviour. Secondary reference calcite materials, JT-1 (Guillong et al., 2020) and B-6 (only 
263 LA-ICPMS data, Pagel et al., 2018), were measured for quality control. 

264 Raw data were corrected offline using an in-house VBA spreadsheet program (Gerdes and 
265 Zeh, 2006, 2009). Uncertainties for each isotopic ratio are the quadratic addition of the within-
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266 run precision, counting statistic uncertainties of each isotope, and the excess of scatter and 
267 variance (Horstwood et al., 2016) calculated from the SRMNIST 612 and the WC-1 after drift 
268 correction. Data were displayed in Tera-Wasserburg plots, and ages were calculated as lower 
269 Concordia-curve intercepts using the same algorithms as Isoplot 4.15 (Ludwig, 2012).

270

271 3.9. Trace elements in quartz

272 In-situ trace element compositions of quartz were obtained by laser ablation inductively 
273 coupled plasma mass spectrometry (LA-ICPMS) using a Teledyne Analyte Excite+ ArF (193 
274 nm) excimer laser ablation system coupled to a Thermo-Scientific Element XR sector field mass 
275 spectrometer at LERA, KIT following the method of Walter et al. (2023a). For analysis, a laser 
276 spot size of 65 µm, a pulse rate of 10 Hz and an energy density of 11.0 J/cm2 were used. See 
277 the digital supplement S1 for analytical details. The laser spots follow a transect through the 
278 quartz crystals, reflecting the growth from old to young. Spatial intervals between the single 
279 ablation spots are ~50µm.

280

281 4. Results

282 4.1 Cement stratigraphy

283 Geochemical proxy data not placed into a rigorous petrographic framework are difficult to 
284 interpret. Hence, a paragenetic succession of the carbonates in the Steltenberg Quarry was 
285 established from field observations (Figs 2, 3), thin section data (n = 127), and 
286 cathodoluminescence analysis (Figs 4-6; Table 1). We complement the initial data on the 
287 complex paragenetic sequence presented in Pederson et al. (2021) with new data. The dolomite 
288 terminology applied follows Sibley and Gregg (1987). A detailed paragenetic phase description 
289 and additional cathodoluminescence images on all phases are given in the digital supplement 
290 S1.

291

292 4.2 Micro XRF data

293 Micro-XRF maps of all relevant key samples (thin sections) were generated to obtain an 
294 appropriate preparation for further analyses on a micrometre scale. In general, element 
295 distributions were examined to characterise the corresponding presence of certain elements in 
296 whole rock samples and their distribution in certain mineral phases. The abundance and 
297 distribution of different geochemical phases were quantified using their distinct chemical 
298 variations (fingerprints). This approach enabled us to identify the best samples subsequently 
299 studied through further geochemical methods. In this respect, micro scale XRF analyses defined 
300 clear differences in Mn (and partially Fe) contents of carbonates, which is used to identify (in 
301 combination with cathodoluminescence microscopy and general petrography) eight generations 
302 of carbonate phases in the analyzed samples. These groups include MK-fossils (crinoid 
303 fragments; Fig. 8A), Dolomite 1A, 1B (saddle dolomite cement), 2A (matrix dolomite), laminite 
304 (Lam) 1 (dolomite cement), LMC 4B, 7 and 8. To highlight (and mark for further analyses) the 
305 compositional differences we used Mn intensity maps (blue indicates low, red colour high 
306 concentrations of Mn; Fig. 8A, 9C,E) and Fe distribution maps (green, Fig. 8C). Crinoid 
307 fragments typically show the complete absence of Mn and Fe, which separates them from Dol 
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308 1A. Furthermore, Mn concentrations generally increase from Dol 1B < Dol 1A < LMC 4B < 
309 LMC 7 < Dol 2A, with Dol 1A showing the highest Fe contents (Fig. 8C).

310

311 4.3 Fluid inclusion data

312 A detailed fluid-inclusion petrography is required to decipher the fluid evolution of a 
313 hydrothermal system. This task was performed using transmitted light microscopy (Fig. 7; 
314 Goldstein and Reynolds, 1994; Walter et al., 2015). It was possible to gather data from primary, 
315 pseudo-secondary, and isolated inclusions (n = 215 fluid inclusions in 55 fluid inclusion 
316 assemblages, FIA) in quartz and carbonate phases. A summary of the most important fluid 
317 inclusion data is given in Table 2. The full microthermometric dataset is given in the digital 
318 supplement S1. Please note: not all diagenetic phases in this study contained measurable fluid 
319 inclusions.

320

321 4.4 Crush leach data

322 The crush leach data of the various cement phases (n=20) are shown in Table 3. Here, only 
323 the most relevant aspects are presented. There is no systematic paragenetic trend. Cl/Br ratios 
324 range from low 9 (Qz 2) to 175 (Dol 2B). The Cl/J ratios are clustering between 7 (MK 
325 limestone) and 372 (Dol 2B) with few outliers at 3,618 (LMC 6), 2,662 (Dol 3B), 691 (Dol 3B), 
326 and 619 (Dol 3A). The Rb/Cs ratios show strong variations between 3.9 and 82.6.

327

328 4.5 Carbon, oxygen and strontium isotope geochemistry

329 Carbon and oxygen isotope values and 87Sr/86Sr ratios for all drilled cement phases are given 
330 in Table 2; only the most important features are reported. Detailed tables, including (i) major 
331 and trace element concentrations, (ii) δ13C and δ18O range, and 87Sr/86Sr ratios in sample groups, 
332 are given in the digital supplement S1. The δ18O values of 180 powder samples range from -
333 13.9‰ (LMC 1) to -0.4‰ (Laminite 1), independent of mineralogy and age of formation. The 
334 δ13C values of all 180 powder samples range from -7.4‰ (Dedol 2) to +4.6‰ (Dol 3B). The 
335 strontium isotope ratios (n = 38, Table 2) range between 0.707915 ± 0.000005 (pristine 
336 brachiopod shell) and 0.714721 ± 0.000006 (Laminite 1). The phases LMC 4A and LMC 5A 
337 were not drillable due to their small size.

338

339 4.6 Clumped isotope thermometry

340 A summary of the carbonate-clumped isotope results (n=20) is presented in Table 3. Errors 
341 in temperatures are ±1σ of the replicates. The clumped isotope temperature of the MK limestone 
342 precursor is 85 ± 41 °C. The dolomite temperatures range from 90 ± 38 °C (Dol 2A) to 181 ± 
343 13 °C (Dol 1B). Dol 1A (124 ± 5 °C), Dol 2B (146 ± 21 °C), Dol 3A (130 ± 23), and Dol 3B 
344 (133 ± 34 °C) plot within this range. The Laminite 1 phases range from 80 ± 22 °C (Lam 1 Dol 
345 cc) to 106 ± 14 °C (Lam 1 clayey dolo-packstone). Compared to the dolomite phases, the Dedol 
346 2 temperature is significantly lower (27 ± 11 °C). The low Mg calcites display a very variable 
347 temperature range, with temperatures as low as 23 ± 8 °C (LMC 9) up to 227 ± 17 °C (LMC 1). 
348 The remaining calcite phases LMC 2 (48 ± 4 °C), LMC 3 (57 ± 28 °C), LMC 4B (102 ± 8 °C), 
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349 LMC 5 (81 ± 30 °C), LMC 6 (78 ± 14 °C), LMC 7 (50 ± 1 °C), and LMC 8 (73 ± 1 °C) plot 
350 within this range. The full dataset is available in the digital supplement S1.

351

352 4.7 U-Pb dating

353 Dolomite phases range in 207Pb/206Pb values from 0.100 to 0.873 and 238U/206Pb values from 
354 0.089 to 35.954. The Tera-Wasserburg diagram results in lower intercept ages of 388.8 ± 4.9/5.8 
355 Ma to 30.0 ± 2.80/2.81 Ma (Figs 8, 9, Table 2). Based on micro XRF, cathodoluminescence 
356 and transmitted light microscopy, no evidence of uranium minerals was recognised in any 
357 samples. The U-Pb dolomite ages record mineralisation and recrystallisation between the 
358 Middle/Late Devonian and the Oligocene. The ages of some phases (Dol 1A/B, Dol 2A/B, 
359 Laminite 1/LMC 2, LMC 5/LMC 7) overlap so that their age was constrained by 
360 cathodoluminescence microscopy and cross-cutting relationships or paragenetic overgrowth in 
361 the field. Cement phases LMC 1, Dol 3A/B, LMC 3, LMC 6, LMC 9 and LMC 10 were not 
362 datable due to low U (<< 104 cps) concentration and too high Pb (>> 106 cps) concentration, 
363 respectively.

364

365 4.8 Trace elemental data

366 Trace elemental concentrations in quartz show two types of patterns (Table 4). Pattern 1 is 
367 observed in Quartz 1, whereas pattern 2 is related to quartz 2 and 3. Pattern 1 shows an 
368 asymmetric enrichment of the different trace elements during crystal growth, whereas quartz 2 
369 and 3 show a rhythmic scatter, whereas all trace elements are enriched together and depleted in 
370 individual zones (see Fig. 10). 

371

372 5. Interpretation and Discussion

373 In the following, we document and discuss the chain of diagenetic events that shaped these 
374 carbonates and their proxy data from their Givetian-Frasnian (387.7-372.2 Ma) deposition to 
375 Oligocene-Recent meteoric karstification. 

376

377 5.1 Paragenetic succession

378 The complex paragenetic succession of Massenkalk limestones in the Steltenberg Quarry is 
379 composed of bulk limestones (mud-, wacke-, floatstones; Δ47 = 85 ± 41 °C; U-Pb age = 388.8 
380 ± 4.9/5.8 Ma, Table 2) and includes marine and burial cement phases (Figs 4A, B, 11; 12A, E). 
381 These include burial dolo-grainstones (Dol 1) consisting of matrix dolomite (Dol 1A; Δ47 = 124 
382 ± 5 °C; U-Pb age = 381.4 ± 21.8/22.0 Ma, Table 2, Fig. 4C, D) and a void-filling saddle dolomite 
383 cement phase (Dol 1B; Δ47 = 181 ± 13 °C; U-Pb age = 384.2 ± 4.7/5.6 Ma, Table 2, Fig. 4C, 
384 D).

385 The partially dolomitised limestones experienced several subsequent fault-induced 
386 hydrothermal (de-) dolomitisation events. The first events were triggered by folding and 
387 faulting during the Variscan Orogeny (Figs 11; 12B, F; Gillhaus et al., 2003). Side strands of 
388 the neighbouring WSW-ENE-striking regional Variscan thrust served as pathways for 
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389 hydrothermal fluids causing corrosion and later dissolution-reprecipitation. These resulted in 
390 the formation of a second dolomite phase Dol 2 consisting of matrix dolomite (Dol 2A; Δ47 = 
391 90 ± 38 °C; U-Pb age = 343.9 ± 19.9/20.0 Ma, Table 2, Fig. 4E, F) and a void-filling saddle 
392 dolomite cement phase (Dol 2B; Δ47 = 146 ± 21 °C; U-Pb age = 339.3 ± 24.9/25.4 Ma, Table 
393 2, Fig. 4G, H). Breccia clasts in Dol 2B veins suggest precipitation during fracture opening. 
394 The reactivation of earlier formed Variscan faults in the Permian (Götte, 2004) resulted in the 
395 precipitation of high-temperature LMC 1 (Δ47 = 227 ± 17 °C, Table 2, Fig. 4G, H). 
396 Dedolomitised breccia clasts in this phase and corroded, dedolomitised surfaces of Variscan 
397 dolomites (Dedol 1) indicate a first dedolomitisation interval induced by this hydrothermal 
398 calcite (Fig. S1.1 digital supplement).

399 A rotation of the compressive stress field marked the end of Variscan Orogeny and resulted 
400 in the development of the NNW-SSE-trending Post-Variscan fault zone and, hence, the later 
401 initiation of a third hydrothermal dissolution-precipitation phase around the Permian-Triassic 
402 boundary (Figs 11; 12C, G). Near this fault system, metre- to tens of metre-sized hypogenic 
403 karst cavities occur within the dolomitised intervals (Fig. 3G; Drozdzewski et al., 2017; Mueller 
404 et al., 2023). These were filled by laminated dolostones (Laminite 1; Figs 6A, B, 11; 13) 
405 consisting of bedded ABAB sequences of dolomite cement (Δ47 = 80 ± 22 °C; U-Pb age = 252.4 
406 ± 8.5/8.7 Ma, Table 2) and clayey dolo-grainstones (Δ47 = 106 ± 14 °C, Table 2). These 
407 laminites are generally associated with LMC 2 (Δ47 = 48 ± 4 °C; U-Pb age = 254.1 ± 3.9/4.4 
408 Ma, Table 2, Fig. 6C, D) in layers within the Laminite 1. LMC 2 also occurs in up to ~ 15 m-
409 sized NNW-SSE-trending veins (Fig. 2D). The dolomite Dol 3 consists of a matrix dolomite 
410 (Dol 3A; Δ47 = 130 ± 23 °C, Table 2, Fig. 5A-D) and a void-filling saddle dolomite cement 
411 phase (Dol 3B; Δ47 = 133 ± 34 °C, Table 2, Fig. 5E, F). Another dedolomitisation phase (Dedol 
412 2; Δ47 = 27 ± 11 °C, Table 2, Fig. 5G, H) may be triggered by hypogenic karstification and/or 
413 corrosive meteoric fluid. Renewed tectonic activity in the Mesozoic caused brecciation of Post-
414 Variscan fault zone-associated phases and arguably rapid cementation by calcite cement (LMC 
415 3; Δ47 = 57 ± 21 °C, Table 2, Fig. 6E, F). This LMC 3 is occasionally overgrown by Dol 3, 
416 indicating multiphase fluid pulses precipitating Dol 3 during the Mesozoic (Fig. 11). In places, 
417 quartz (Qz 1/2; Th=104 ± 11 °C, Table 2, Fig. 5G, H) and sulphide cementation occurred during 
418 the Late Triassic to Early Cretaceous (Schaeffer, 1984; Götte, 2004 and references therein). 
419 Along grain boundaries a microcrystalline phase LMC 4A (U-Pb age = 125.6 ± 8.2/8.4 Ma, 
420 Table 2; Fig. 4H, 6F) altered older phases indicating a renewed fluid pulse in the Early 
421 Cretaceous. In places LMC 4A is overgrown by calcite cement (LMC 4B; Δ47 = 102 ± 8 °C; U-
422 Pb age = 95.02 ± 2.59/2.70 Ma, Table 2), which indicates another Post-Variscan fault zone -
423 associated hydrothermal activity phase in the Late Cretaceous.

424 An Alpine vein set cross-cuts both fault zones (Figs 2A; 11; 12D, H)). These consist of Late 
425 Cretaceous-Early Paleogene hydrothermal calcite cement LMC 5 (Δ47 = 81 ± 30 °C; U-Pb age 
426 = 60.81 ± 6.02/6.04 Ma; 63.85 ± 5.62/5.64 My, Table 2, Fig. 5B), LMC 6 (Δ47 = 78 ± 14 °C, 
427 Table 2, Fig. 6G, H), and LMC 7 (Δ47 = 50 ± 1 °C; U-Pb age = 60.5 ± 9.57/9.58 Ma, Table 2). 
428 In places, this cement surrounds breccia clasts, indicating that renewed tectonism around the 
429 Cretaceous-Paleogene boundary mobilised the hydrothermal fluids and induced precipitation. 
430 Corrosive fluid circulation before the calcite cement precipitation caused renewed hypogene 
431 karstification in vugs on top of older dolomite phases. This resulted in a third dedolomitisation 
432 phase (Dedol 3). In places, breccia clasts are surrounded by the youngest hydrothermal calcite 
433 phase (LMC 8; Δ47 = 73 ± 1 °C; U-Pb age = 30.0 ± 2.80/2.81 Ma, Table 2, Fig. 6A, B), indicating 
434 renewed late Paleogene tectonic activity within the Post-Variscan fault zone (Fig. 13). All 
435 hydrothermal dolomite and calcite phases are often (partially) covered by meteoric calcite 
436 phases (LMC 9; Δ47 = 23 ± 8 °C, Table 2). Throughout the Steltenberg Quarry, surface 
437 karstification is a prominent feature (Fig. 3H). These surfaces are covered by botryoidal 
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438 meteoric LMC 10 in places. In the following, this paragenetic succession is discussed in its 
439 temporal context.

440

441 5.2 Evolution of a complex carbonate archive

442 Protolith deposition and early to intermediate burial diagenesis

443 The Massenkalk limestone precursor carbonates were deposited at the shelf edge and open 
444 shelf in a shallow marine carbonate factory south of the Old Red continent (Krebs 1974). Well-
445 preserved features of the depositional facies include well-preserved brachiopod shells, 
446 echinoderm fragments and marine cement types (dog-tooth, radiaxial fibrous calcites; Figs 3B, 
447 4A, B, 12E, F; Götte, 2004). Carbon isotope values of the host limestone are within the range 
448 of their Middle/Late Devonian marine seawater values (ca -0.6 to 3.2‰; Fig. 14). In contrast, 
449 oxygen isotope (δ18O) data of the host limestone were shifted towards more negative values (-
450 9.9 to -5.2‰; cf. Middle/Late Devonian marine fluids are in the range of -6 to -2.7‰). Similarly, 
451 well-preserved carbon isotope values and somewhat more negative oxygen isotope values are 
452 present in brachiopod shells (Fig. 14). These values are comparable to well-preserved 
453 Middle/Late Devonian rocks elsewhere (Buggisch and Joachimski, 2006; Xiong et al., 2018; 
454 Cramer and Jarvis, 2020; Grossman and Joachimski, 2020). The strontium isotopic ratios of the 
455 host limestone and a well-preserved brachiopod shell show a marine signature (Fig. 15; 
456 McArthur et al., 2020). Other host limestone samples, however, tend towards slightly more 
457 radiogenic ratios (up to 87Sr/86SrMK limestone = 0.708879). These may be explained by a certain 
458 low degree of deep burial fluid overprint or later hydrothermal overprint of subsequent 
459 diagenetic phases.

460 The elevated clumped-isotope Δ47 temperatures (Δ47-temperature) indicate that the limestone 
461 matrix was reset, either by solid-state reordering or recrystallisation, during later burial stage 
462 (Δ47 = 85 ± 41 °C; Fig. 16). The Δ47-temperature altered by solid-state reordering, defined as 
463 blocking temperature (Passey and Henkes, 2012; Stolper and Eiler, 2015), can be estimated 
464 based on the burial history (Fig. 20) and the reordering model (Fig. 17; Lloyd et al., 2018). 
465 According to Agemar et al. (2012), the geothermal gradient in the study area is between 30 and 
466 35 °C/km. Assuming these geothermal gradients as endmember values, the reordering model 
467 from Lloyd et al. (2018) suggests a blocking temperature range from 150 to 200 °C, which is 
468 much higher than the measured Δ47-temperature and thus rejects the reordering origin. The 
469 lowered δ18O values with invariant δ13C values and elevated Δ47-temperatures point to the 
470 closed-system recrystallisation in the burial stage. This observation is strengthened by patchy 
471 bright red cathodoluminescence (Fig. 4B). Additionally, depleted δ18O values could be related 
472 to early meteoric fluid (sensu Lohmann, 1988); meteoric vadose or phreatic textures, however, 
473 are lacking. The U-Pb ages of crinoid fragments suggest a late diagenetic stage of bioclast 
474 recrystallisation has not occurred (U-Pb age = 388.8 ± 4.9/5.8 Ma; Table 2).

475

476 Deep burial diagenesis and hot hydrothermal overprint

477 The δ13C values of Dol 1A dolo-grainstone are moderately higher (Fig. 14) compared to 
478 Middle/Late Devonian marine values. This can be explained by mineralogy-dependent 
479 fractionation during dissolution-reprecipitation processes in the context of dolomitisation (ca 
480 +1‰; Sheppard and Schwarcz, 1970; Swart, 2015). Therefore, they largely reflect a rock 
481 buffered δ13C composition as known from other case examples of early diagenetic to 
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482 hydrothermal dolomitisation (see discussion in Mueller et al., 2020; 2022a). In contrast, δ18O 
483 values (-9.5 to -4.5‰) spread from Middle/Late Devonian marine values to lower ones. This 
484 dolomite phase may have been early marine diagenetic in origin and continued into the shallow 
485 burial (Udluft, 1929). This interpretation seems possible based on a few measurable isolated 
486 low-salinity fluid inclusions alone (Table 2, Fig. 18). Others, however, suggested dolomitisation 
487 along the lines of a modified mixing zone model during intermediate-to-deep burial in an early 
488 phase of Variscan Orogeny (Late Devonian; Gillhaus et al., 2003). These factors are in 
489 agreement with a partial resetting of 18O values, whereas δ13C values remained conservative 
490 in a rock-buffered environment (Mueller et al., 2020). The bimodal 18O distribution within Dol 
491 1A may be related to subsequent overprint by hot basin-derived fluids (Mueller et al., 2020 and 
492 references therein). Strontium isotope ratios (up to 0.710021) offer evidence for a basinal 
493 hydrothermal fluid component in Dol 1A, suggesting fluid interaction with continental crust 
494 (Fig. 15; Dickson, 1990; Moore and Wade, 2013). This interpretation is also supported by the 
495 patchy luminescence of Dol 1A (Fig. 4D), implying partial recrystallisation during subsequent 
496 burial. The U-Pb ages (381.4 ± 21.8/22.0 Ma; Table 2) and clumped-isotope data (Δ47 = 124 ± 
497 5 °C; Fig. 16) support a burial diagenetic ripening and/or recrystallisation during early Variscan 
498 tectonism. With regard to the deep burial of these lithologies down to ca 6,500 m that continued 
499 to the onset of rapid uplift by Variscan Orogeny-driven compressional tectonism (Büker, 1996; 
500 Littke et al., 2000; Götte, 2004), Ostwald-type petrographic/geochemical ripening seems likely. 
501 The modelled blocking temperature, with a geothermal gradient of 30 to 35 °C/km, is between 
502 100 to 150 °C and consistent with the measured Δ47-temperature of Dol 1A within 95% 
503 confidence limits (Figs 16, 17). This may indicate that the temperature preserved in Dol 1 is the 
504 maximum burial temperature the succession experienced.

505 The void-filling saddle dolomite cement phase Dol 1B is characterised by comparable 
506 δ13C and more negative δ18O values similar to some of the Dol 1A samples (Fig. 14), indicating 
507 a potentially different burial diagenetic origin. Notably, the 87Sr/86Sr ratio of 0.708870 is less 
508 radiogenic than that of Dol 1A, which may point to a different strontium source in the parent 
509 fluid (Fig. 15). Saddle dolomites typically form during burial or from ascending hydrothermal 
510 fluids at formation temperatures between 50 and 320 °C (Liu et al., 2014; Peng et al., 2018; 
511 Mueller et al., 2022a; Immenhauser, 2022). Primary fluid inclusions in Dol 1B have high 
512 salinities and temperatures above 100 °C (Table 2; Fig. 18). Elevated fluid inclusion salinities 
513 around 20 wt.-% are typical for basinal or continental basement brines (Frape et al., 1984).

514 The clumped-isotope temperature of Dol 1B points to an even higher temperature of the 
515 burial/hydrothermal formation fluids (Δ47 = 181 ± 13 °C; Fig. 16) than estimated from the 
516 normal geothermal gradients (Fig. 17). The gap of ca 70 °C between primary fluid inclusion 
517 and clumped-isotope temperatures may be explained by the bulk analytical approach typical of 
518 clumped-isotope analysis averaging over several zonations/phases (see discussion in Mueller et 
519 al., 2022b). The precipitation of Dol 1B may have occurred after the partial recrystallisation of 
520 Dol 1A, as stylolites post-date recrystallisation, and are arguably coeval with the opening of 
521 voids and fractures in which saddle dolomite (Dol 1B) nucleated (Fig. 4C, D). The occurrence 
522 of Dol 1B in vein swarms points to precipitation during early-stage Variscan tectonism and 
523 ascension of deep-seated hydrothermal fluids (U-PB: 384.2 ± 4.7/5.6 Ma; Table 2) as early as 
524 the Middle/Late Devonian.

525

526 Hydrothermal and tectonic overprint during the Variscan Orogeny

527 The Variscan Orogeny was driven by large-scale tectonic reorganisation and the collision of 
528 Gondwana and Laurussia during the Devonian and Carboniferous. It caused folding and faulting 
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529 and triggered fluid flow on a basinal scale (Drozdzewski and Wrede, 1994; Schulmann et al., 
530 2014; Pastor-Galán et al., 2015; Franke et al., 2020). Variscan fluid flow events caused 
531 widespread precious metal, base metal and uranium mineralisation along the Variscan belt 
532 (including carbonate minerals, e.g. Hitzman et al., 1998; Epp et al., 2019 and references 
533 therein), specifically also in the Rhenish Massif (Nielsen et al., 1998; Heijlen et al., 2001). 
534 Within the Massenkalk carbonates in the northern Rhenish Massif, folding and faulting were 
535 accompanied by rapid uplift and erosion in the Late Carboniferous (Littke et al., 2000).

536 In the Steltenberg Quarry, the carbon and oxygen isotope values of Variscan fault zone-
537 related dolomite phases Dol 2A, and saddle dolomite Dol 2B (Fig. 14, Table 2) are similar to 
538 those of Dol 1B (Fig. 14, Table 2). The 87Sr/86Sr ratios of Dol 2 are also comparable to Dol 1 
539 (Fig. 15, Table 2). Moreover, the fluid inclusion temperatures and salinites of Dol 2A and 2B 
540 are comparable to those of Dol 1B, suggesting a similar origin (Figs 16, 18, Table 2). Variscan 
541 hydrothermal dolomites from other basins share complementary geochemical and 
542 paleothermometrical properties (Boni et al., 2000; Gasparrini et al., 2006; Vandeginste et al., 
543 2014; Al-Aasm et al., 2019). In the case of Devonian Massenkalk carbonates, Gillhaus et al. 
544 (2003) suggested the overgrowth of Dol 1(A) matrix dolomite by younger hydrothermal 
545 dolomite cement (Dol 1B to Dol 3). If this holds true, then this process explains the comparable 
546 isotopic values, higher paleotemperatures, and higher fluid salinites (> 21.5 ± 1.8 wt-% 
547 NaCl+CaCl2; Table 2) between these phases. In contrast, the primary fluid inclusion 
548 homogenization temperature and fluid salinity in Dol 1A (40 °C, 6.6 ± 1.2 wt-% NaCl+CaCl2, 
549 Fig. 18A, Table 2) versus much higher clumped isotope temperatures (Δ47 = 124 ± 5 °C, Fig. 
550 16, Table 2) in the same phase, support subsequent overgrowth of Dol 1A. Alternatively, one 
551 type of deep-seated burial fluid precipitating different dolomite generations must be considered 
552 within a specific time interval. Dolomite phases U-Pb ages (Fig. 8, Table 2, Dol 1A: 381.4 ± 
553 21.8/22.0 Ma and Dol 1B: 384.2 ± 4.7/5.6 Ma versus Dol 2A: 343.9 ± 19.9/20.0 Ma and Dol 
554 2B: 339.3 ± 24.9/25.4 Ma), petrography and cross-cutting relationships suggest a series of 
555 different precipitation events between the Devonian and Carboniferous (Figs 2B, 4C, D, 8E-
556 H,12A, B, E, F). 

557 In SSW-NNE trending, cement-filled faults up to one metre in width, breccia clasts (µm to 
558 dm size, Figs 3D, 12B, F) are encased three-dimensionally in Dol 2B cement. This remarkable 
559 observation is best explained by (i) collapse brecciation and very rapid cement precipitation 
560 during the opening of these faults or (ii) fluid-induced brecciation related to ascending fluids 
561 from overpressured strata. Upward gushing fluids typically characterise overpressured basins 
562 that reach a threshold limit and burst open; this results in rapid pressure release, and previous 
563 work has suggested that cement precipitation might be rapid enough to encase fragments of the 
564 fracture walls that are broken off during this process (Jebrak, 1997). 

565 Locally, the pre-Variscan and Variscan dolomite phases Dol 1 and Dol 2 were 
566 dedolomitised. The Dedol 1 87Sr/86Sr ratios remained close to its Dol 2 precursor (Fig. 15). In 
567 contrast, δ13C values of Dedol 1 shift towards lower values (Fig. 14). In contrast, Dedol 1 is 
568 moderately 18O-enriched compared to the precursor phase (Fig. 14). Following a phase of 
569 quiescence in the wake of the Variscan dolomitisation, Variscan fractures were reactivated and 
570 opened, causing brecciation (Fig. 2C) and precipitation of hydrothermal LMC 1. The δ13C and 
571 δ18O values of LMC 1 (Fig. 14) differ from that of Dedol 1. In concert with the lower δ18O 
572 values, Δ47-temperatures and fluid inclusion homogenisation data suggest the presence of hot 
573 parent fluids (Fig. 16, Table 2, Δ47-temperatures = 227 ± 17 °C; Fig. 16; Th = 209 ± 9 °C) with 
574 lower salinities compared to that precipitating dolomite phases (Table 2). 

575 Although U-Pb dating of this phase was not feasible due to extremely high Pb-content 
576 >10^7 cps, it seems clear that phase LMC 1 is geochemically not related to later paragenetic 
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577 phases (Figs 14, 15). A Permian reactivation of Variscan fractures and veins seems clear (Fig. 
578 11; Tables 1, 2). The mechanism for dedolomitisation may be related to corrosive hydrothermal 
579 fluids migrating along the Variscan fault system prior to LMC 1 precipitation or to meteoric 
580 fluids migrating in the uplifted rocks along faults at a later stage (Lohmann, 1988; Swart, 2015).

581

582 Permian-Triassic tectonism, hydrothermal karstification and associated mineralisation

583 At the end of Variscan Orogeny, a clockwise rotation of the compressive stress field has 
584 caused an NNW-SSE extension in central Europe. This resulted in the reactivation of 
585 extensional structures that formed perpendicularly to the strike of the fold belt at the end of the 
586 Paleozoic due to crustal uplift and stretching until the Givetian (Oncken, 1988). In the 
587 Steltenberg Quarry, this tectonic phase is represented by the NNW-SSE trending regional Post-
588 Variscan normal fault zone (Fig. 2).

589 The fault core and its side strands were used as conduits for corrosive hydrothermal fluids, 
590 resulting in hydrothermal (hypogene) karstification of the precursor limestone and earlier 
591 diagenetic phases. Hypogene karstification of carbonate rocks is known from many examples 
592 worldwide and differs from meteoric karsting (Klimchouk et al., 2017 and references therein). 
593 In the Rhenish massif, hypogenic karsting is known from different locations and was interpreted 
594 as a consequence of hydrothermal/meteoric fluid mixing resulting in corrosive fluid 
595 composition (Götte, 2004; Drozdzewski et al., 2017 and references therein; Niggemann et al., 
596 2018). Previously, hypogenic karst in the Rhenish Massif was assigned to hydrothermal activity 
597 between the Late Triassic and the Early Cretaceous (Götte, 2004; Drozdzewski et al., 2017). 
598 Laminated dolomite cement intercalated with clayey dolo-grainstones in filled karst cavities 
599 and associated calcite cement from Steltenberg Quarry has a U-Pb age of 252.4 ± 8.5/8.7 Ma 
600 (Laminite 1) and 254.1 ± 3.9/4.4 Ma (LMC 2), respectively (Figs 9, 13, Table 2). Remarkably, 
601 saddle dolomite cement from Devonian carbonates in the Sichuan Basin in southern China was 
602 recently U-Pb dated and assigned to the same phase of hydrothermal activity (Chen et al., 2004; 
603 Zou et al., 2023). Although much of the Variscan overburden was eroded during the Permian, 
604 surface-related karstification (Niggemann et al., 2018) seems less likely due to the hydrothermal 
605 nature of all Post-Variscan fault zone-associated phases and the high clumped isotope and fluid 
606 inclusion temperatures assigned to Laminite 1 (Figs 16, 18). 

607 The low-salinity fluid inclusions compared to Variscan dolomites merit attention. According 
608 to Götte (2004), the Devonian limestones were buried at depths of ≥ 1,000 m in the Late 
609 Permian/ Early Triassic and covered by sedimentary rock. The δ13C and δ18O values of Laminite 
610 1 dolomite cement (Fig. 14) and associated LMC 2 cement (Fig. 14) differ significantly from 
611 that of the Variscan phases. According to Allan and Matthews (1982), meteoric fluids typically 
612 have lower δ13C values due to soil-zone CO2. Mixing meteoric and hydrothermal fluids — at 
613 least during precipitation of LMC 2 — seems possible. If true, then mixing might explain the 
614 significantly lower clumped-isotope temperature of this phase compared to hot hydrothermal 
615 fluid inclusions (Δ47 = 48 ± 4 °C versus Th = 214 ± 5 °C; Figs 16, 18). An alternative source for 
616 lower δ13C values might be thermochemical sulphate reduction (Immenhauser, 2022 and 
617 references therein). Although Zechstein evaporite-related fluids might have influenced these 
618 carbonates, no sulphate-bearing fluid inclusions were found (Fig. 18). The presence of clay 
619 minerals in dolo-grainstones of Laminite 1 (Fig. 13) may indicate some form of a connection 
620 to stratigraphically overlying siliciclastic units during fluid convection through hydrothermal 
621 karst cavities. The 87Sr/86Sr ratios of Laminite 1 are highly variable (Fig. 15, Table 2, 0.709028 
622 to 0.714721), a notion best explained by the influence of clay minerals on these laminated 
623 dolostones. Remarkably, LMC 2 does not exclusively occur as hypogene karst filling cement 
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624 phase but also precipitated in veins up to 15 m thickness (Fig. 2D). Notably, this phase forms 
625 zoned radial calcite crystals up to meter-length. Therefore, they mark a first opening phase of 
626 the Post-Variscan fault system. 

627

628 Late Triassic to Early Cretaceous dolomitisation, dedolomitisation, silicification and meteoric 
629 karstification

630 The replacement dolomite phase Dol 3 shares similarities with the Permian-Triassic dolomite 
631 cement phase in Laminite 1. Similarities include a clear genetic relation to the same fault zone, 
632 the macroscopic colour and similar cathodoluminescence properties (Figs 5D, F; 6B). The 
633 87Sr/86Sr ratios of some Dol 3B and clay-lean Laminite 1 samples overlap (Fig. 15). 
634 Morphologically, the equant (Laminite 1 dol cement) versus saddle dolomite (Dol 3) crystal 
635 morphology points to a different formation mechanism. Moreover, the carbon and oxygen 
636 isotope data of both dolomite phases differ significantly (Fig. 14, Table 2). Although there is a 
637 bimodal distribution in the isotopic composition of Dol 3B, partly similar to that of Laminite 1, 
638 it seems likely that some Dol 3 cement were altered by later hydrothermal and meteoric 
639 overprint in the Post-Variscan fault zone.

640 Geochemical differences are also evident in paleothermometric data (Figs 16, 18). As the 
641 Δ47-temperatures of Dol 3A and 3B are significantly higher than the ambient formation 
642 temperature and comparable to that of Dol 2, this implies a similar deep-seated burial fluid-
643 related origin of Dol 3B to Devonian Dol 1B and Variscan Dol 2 phases, most evident in the 
644 high-salinity primary fluid inclusions of Dol 3 contrasted by the low-salinity inclusions in 
645 Laminite 1 (Figs 17, 18 Table 2). Due to this phase’s low U- and high Pb-content, dating Dol 3 
646 phases was unsuccessful. Given the different geochemical and paleothermometrical properties, 
647 this dolomite generation seems more likely related to hydrothermal activity in the Late-Triassic 
648 to Early Jurassic interval (see also Götte, 2004 and references therein). This pattern agrees well 
649 with an Early Jurassic fluid event on both sides of the Atlantic Ocean (e.g., Rddad et al., 2022 
650 and references therein).

651 Comparing hydrothermal Dol 3 in Steltenberg Quarry to Late Triassic dolomites elsewhere 
652 (Geske et al., 2012; Gabellone et al., 2014; Preto et al., 2015; Hips et al., 2016; Mueller et al., 
653 2020, Zou et al., 2023), it seems remarkable that most of these phases share a similar rock-
654 buffered carbon isotopic composition, even after multiple tectonic, hydrothermal, and meteoric 
655 overprint (Fig. 14). It is at present unclear if this is an intrinsic pattern related to these fabrics 
656 or a more random coincidence related to a different set of mechanisms. 

657 The precipitation of the calcite cement LMC 3 marks a pause between the dolomitising fluid 
658 pulses within Dol 3 precipitation events (Fig. 11). This phase holds some petrographic features 
659 comparable to Dol 2B, although these features are unique (Table 1). It often forms radial, dm-
660 sized crystals encasing dolostone Dol 3 breccia clasts, which imply rapid crystallisation (Figs 
661 2F, 4E, F, Jebrak, 1997). The δ18O values of LMC 3 are more negative compared to Dol 3, 
662 whereas the carbon isotope values are comparably variable (Table 2; Fig. 14). The temperatures 
663 of the fluids based on clumped isotope and fluid inclusion data are significantly lower than 
664 those of Dol 3 (Table 2, Figs 16, 18). Evidence for a complex interplay between fluid 
665 composition and LMC 3 precipitation comes from the more radiogenic 87Sr/86Sr ratios in 
666 comparison to Dol 3 (Table 2, Fig. 15) and a bimodal fluid inclusion salinity and density 
667 distribution within LMC 3 domains (Table 2, Fig. 18). 
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668 The Nadeficit Caexcess discrimination diagram (Davisson and Criss, 1996; Bons et al., 2014; 
669 Kreissl et al., 2018; Kolchugin et al., 2020) can be used to decipher the genetic evolution of the 
670 fluid. Based on the data presented in Fig. 19, it seems likely that meteoric fluids interacted with 
671 Permian evaporites (in particular halite), leading to a halite dissolution brine. Such a brine has 
672 a high density and tends to migrate downwards, interacting with the crystalline basement 
673 underneath the Devonian basin. Fluid data forming a trend away from the halite dissolution 
674 brine indicate a combined process of sulphate dissolution, dolomitisation and water-rock 
675 interactions in crystalline rocks (clay mineral formation and albitisation). Since a bimodal fluid 
676 composition is trapped that shows variable degrees of evolution, it indicates that non-
677 equilibrium processes overruled thermodynamic controls on the precipitation of diagenetic 
678 phases (Walter et al., 2018; Mueller et al., 2022b). The data imply short-lived fluid pulses of 
679 basement fluid into a shallower burial regime, resulting in rapid precipitation of calcite cement. 
680 Similar to petrographic features, such processes are known from over-pressured basins (e.g., 
681 Osborne and Swarbrick, 1997; Tingay et al., 2007; Frazer et al., 2014; Peacock et al., 2018) 
682 where tectonic events may cause fluid to ascent into a shallower burial regime while the fluid 
683 decompresses, which causes LMC 3 to precipitate around uprising clasts of older lithologies 
684 during an escape burst (De Riese et al., 2020). Dol 3 veins in LMC 3 imply that multiple pulses 
685 of dolomitising fluids occurred (Fig. 11).

686 Decimetre-sized vugs and the presence of cell dolomite within Dol 3 dolostones suggest 
687 karstification after the end of Dol 3 precipitation. This phase is marked by the pervasive 
688 dedolomitisation of dolostones (Figs 3E, F; 5G, H; 12C, G). The phase Dedol 2 has a δ13Cmean 
689 value of -5.1‰ and a clumped-isotope temperature of 27 ± 11 °C (Figs 14, 16), pointing to 
690 meteoric fluids as drivers for dedolomitisation. Nevertheless, there is evidence of a 
691 hydrothermal component in some primary fluid inclusions (Fig. 18). This is also exemplified in 
692 the U-Pb age of fluid inclusion lean microcrystalline LMC 4A (125.6 ± 8.2/8.4 Ma, Table 2). 
693 Karst chutes with spores and pollen (Drozdzewski et al., 1998) and dinosaur/mammal bones 
694 (Lanser and Heimhofer, 2015; Martin et al., 2021) point at a Lower Cretaceous minimum age 
695 for karstification. All these arguments indicate a complex interaction between hydrothermal and 
696 surface-related meteoric karstification at different time/depth intervals. Indicators for renewed 
697 hydrothermal activity are found within dolostones near the Post-Variscan fault zone within 
698 Steltenberg Quarry (Fig. 5H, 12C, G). Vugs and matrix porosity in Dol 3 dolostones were 
699 subsequently occluded by quartz cement between The Jurassic and the Cretaceous (Götte, 2004; 
700 Götte and Richter, 2003). These cement phases are occasionally overgrown by sulphide 
701 minerals, including chalcopyrite or pyrite (digital supplement S1; Götte, 2004).

702

703 Late Cretaceous-Paleogene Alpine Orogeny far-field effects and Oligocene-Recent meteoric 
704 karstification and cementation

705 Renewed tectonic activity (Breccia 4, Fig. 11) and mineralisation within the Post-Variscan 
706 fault zone, as well as the occurrence of an Alpine vein set (Fig. 2 and digital supplement S1; 
707 120/65), heralds a new phase in the tectonic regime. Veins are now occluded by calcite cement 
708 (LMC 4B to LMC 8), assigned to a time interval between the Late Cretaceous (LMC 4B: 95.02 
709 ± 2.59/2.70 Ma; Fig. 9, Table 2) and the Oligocene (LMC 8: 30.0 ± 2.80/2.81 Ma; Fig. 9, Table 
710 2). These data agree with compressional tectonics and associated uplift caused by the 
711 reorientation of the European Cenozoic Rift System prior to and during the Alpine Orogeny. 
712 These events resulted in large-scale mineralisation in many European regions (Maillard and 
713 Mauffret, 1999; Kley, 2013; Walter et al., 2018a, b; Mueller et al., 2020). While the δ13C and 
714 δ18O values of calcite phases are highly variable (Table 2, Fig. 14), the 87Sr/86Sr ratios of LMC 
715 4B, LMC 5 and LMC 8 are highly radiogenic compared to LMC 6 and 7 (Table 2, Fig. 15). 
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716 This geochemical variability, combined with overall warm to cool hydrothermal clumped 
717 isotope temperatures versus warm and hot hydrothermal fluid inclusion temperatures points to 
718 a range of fluid sources within the Late Cretaceous to the Oligocene interval.

719 The Δ47-temperatures from LMC 4B to LMC 9 show a decreasing trend, which is also 
720 observed in the δ18Ofluid values calculated by Δ47-temperatures and δ18O values of calcites. Such 
721 trends indicate the multi-aquifer fluid mixing processes are recorded in the calcite types of 
722 cement, which is similar to Schwarzwald and Spessart mining districts (Fußwinkel et al., 2014; 
723 Walter et al., 2018a, 2019; 2020b).

724 The Cenozoic period in SW Germany was dominated by the breakup of Europe along the 
725 Central European Rift System, and numerous aquifers were juxtaposed and short-circuited. This 
726 leads to the observed variability in the fluid chemistry of hydrothermal precipitates with 0-28 
727 wt.% salinity and 50 to 350 °C even within a single vein (Walter et al., 2018a, b). The source 
728 of the fluids trapped in the Steltenberg Quarry faults is likely meteoric or marine, but various 
729 processes later altered these waters. Interaction with halite is indicated by a Nadeficit/Caexcess 
730 diagram, whereas the Rb/Cs ratios provide strong evidence for interaction with clay minerals. 
731 The Cl/Br ratios are significantly below seawater (Cl/Br =288), indicating a fluid evolution via 
732 bittern brine generation.

733 Given that a bittern brine and a halite dissolution brine both contain salinities >20wt.% 
734 NaCl+CaCl2, but the fluid salinities show strong variabilities towards lower contents; it is most 
735 likely a third low salinity meteoric/connate fluid that dilutes the two mixed high salinity brines. 
736 The observations indicate a multi-component mixing between a modified bittern brine, a halite 
737 dissolution brine and a low salinity meteoric/connate fluid. Once more, the same fluid 
738 endmembers were identified in the Schwarzwald and Odenwald mining districts in Germany 
739 and seem over-regional (Burisch et al., 2017; Walter et al., 2018a, b, 2020b). 

740 Quartz trace element patterns for Qz 2 and 3 strongly support the fluid mixing process. These 
741 reflect changes in the mixing ratios during the fluid mixing process as the trace elements behave 
742 in concert and rhythmic. Moreover, the fluid data indicate a mixing line (Fig. 19). A relationship 
743 to the Cenozoic magmatism in southern and western Germany is unlikely as it has been 
744 previously shown that the Cenozoic magmatism is following the same tectonic forces compared 
745 to the Cenozoic hydrothermal system. No genetic relationship between the magmatites and the 
746 hydrothermal fluids can be deciphered (Braunger et al., 2018; Walter et al., 2018b, c; Burisch 
747 et al., 2018; Binder et al., 2023 and references therein).

748 Evidence for yet another karstification interval comes from Dedol 3 (Table 1, Fig. 11). 
749 Karstification occurred prior to hydrothermal LMC 5 to LMC 7 precipitation in veins cross-
750 cutting dolostones (LMC 5A: 60.81 ± 6.02/6.04 Ma; LMC 5B: 63.85 ± 5.62/5.64 Ma; LMC 7: 
751 60.5 ± 9.57/9.58 Ma; Fig. 9, Table 2). The karstification timing prior to LMC 5 to LMC 7 
752 precipitation is supported by sediments filling a single karst chute containing Late Cretaceous 
753 microfossils (Drozdzewski et al., 2017). These findings may indicate both a hypogene 
754 component as well as a meteoric during karstification or, alternatively, two individual 
755 karstification intervals prior to LMC precipitation. LMC 8 between Breccia 5 clasts (Figs 11, 
756 13) within the Post-Variscan fault zone indicates over-pressured fluid or renewed tectonism 
757 coeval to hydrothermal LMC 8 precipitation. Generally, regional hydrothermal activity became 
758 less significant after the Eocene. According to Hammerschmidt et al. (1995), overlying 
759 Cretaceous sediments were largely eroded in the region within the Late Paleogene, a feature 
760 that gave access to near-surface meteoric karstification and cementation of the Devonian units 
761 (Fig. 3G). 
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762 Carbonate dissolution under the influence of meteoric fluids led to Oligocene to (most 
763 dominantly) Quaternary karstification in this portion of the Rhenish Massif (Drozdzewski et 
764 al., 2017; Niggemann et al., 2018 and references therein). Meteoric cement phases LMC 9 and 
765 10 are characterised by δ13C values as low as -6‰ and a clumped isotope temperature of 23 ± 
766 8 °C (LMC 9). Refer to Fig. 20 for a chronological overview of all depositional, diagenetic and 
767 tectonic stages, including the reconstructed burial history of the Massenkalk limestones.

768

769 5.3 Significance of this work for proxy research and proposed way forward

770 The analytical tools applied here, such as phase-specific isotope geochemistry, fluid paleo-
771 temperature reconstruction, or age dating, have been applied in numerous previous studies. The 
772 rigorous combination of these tools, however, placed into a very detailed and dated paragenetic 
773 context, has been rarely used and defines the significance of this study for geochemical proxy 
774 research (Table 5). This study documents that even extremely complex carbonate archives can 
775 be understood in terms of their proxy data. The difficulty in extracting environmental archive 
776 data from carbonate rocks may increase with progressively older strata (Mueller et al., 2020 and 
777 references therein), but that is not always so. Proxy data in some Precambrian carbonate 
778 archives seem well preserved, and such in Neogene rocks may be fully overprinted. In this 
779 sense, this study’s relevance is not limited to geologically old rocks. 

780 Acknowledging that (fortunately!) not all carbonate archives are as complex as the case 
781 example described here, it is argued that geochemical proxy data must be placed in a solid 
782 petrographic/paragenetic context to decipher their meaning. Even the most sophisticated 
783 geochemical instrumentation in the laboratory, often combined with modelling, cannot 
784 compensate for a lack of geological/petrographic context of proxy data analysed. This 
785 understanding is relevant as petrographically altered rocks might record fairly well-preserved 
786 (closed system) geochemical proxy data, while even aragonitic archives, often considered 
787 pristine, might have experienced some degree of (open system) geochemical resetting (Fichtner 
788 et al., 2018; Pederson et al., 2020 and references therein). Compiling a detailed paleo-
789 temperature record of diagenetic fluids is not trivial but a further prerequisite of an in-depth 
790 understanding of proxy data. Combining fluid inclusion data and carbonate-clumped isotope 
791 temperatures is the most promising way forward (Millan et al., 2016; Came et al., 2017; Honlet 
792 et al., 2017; Mueller et al., 2022b).

793 The temporal and regional framework of the chain of diagenetic events that shape complex 
794 geological archives and their proxy data is often poorly constrained, even when the depositional 
795 age of the unit is well established. Compiling a radiometric chronology of diagenetic events in 
796 ancient carbonate archives is a prerequisite for complex carbonate archives. Platform- or basin-
797 wide events, contact metamorphism (Kaufman et al., 1991; Melezhik et al., 2003; Holness and 
798 Fallick, 2004; Laskar et al., 2016), or orogenic and other far-field tectonic phases may be 
799 recorded in the cross-cutting relationships of cemented veins and their geochemical data (Burley 
800 et al., 1989; Campbell et al., 2002; Guo et al., 2016; Dong et al., 2017). A given regional or 
801 even local tectonic framework may respond to tectonic processes >1000 km away, such as the 
802 opening of the Proto-Atlantic from the Early Jurassic to the Early Cretaceous (Walter et al., 
803 2018; Mueller et al., 2020; Burisch et al., 2022), and these events may, in turn, be recorded in 
804 proxy data. Radiometric U-Pb series dating in carbonates is not restricted to specific carbonate 
805 mineralogy as long as the naturally occurring U:Pb is variable enough within a given sample 
806 (Rasbury and Cole, 2009). These data can be used to build a quantitative age model of 
807 diagenetic events. 
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808

809 6. Conclusions

810 This study documents and discusses the significance of marine-depositional and local to far-
811 field diagenetic events preserved in a highly complex, U-Pb-dated Devonian-Cenozoic 
812 carbonate archive. Carbon, oxygen and radiogenic strontium data are extracted from a 
813 succession of sedimentary and diagenetic phases and placed in a paleo-temperature context.

814 The geological history of these limestones began in the Middle/Late Devonian with protolith 
815 deposition and partial dolomitisation during rapid burial (Dol 1 = 384.2 ± 4.7/5.6 Ma) at fluid 
816 temperatures up to 180 °C. Following subsequent burial to ca 6.5 km depth. Variscan Orogeny 
817 caused fault zone brecciation and hydrothermal dolomitisation (Dol 2 = 343.9 ± 19.9/20.0 Ma) 
818 from highly saline burial fluid (18-25 wt.% NaCl+CaCl2) at temperatures between ca 90 and 
819 150 °C.

820 Rapid uplift to ca 1-2 km burial depth and reorganisation of the stress regime in the late 
821 phase of Variscan Orogeny resulted in additional fault zone overprint and a series of 
822 hydrothermal fluid pulses triggered by multiple tectonic far-field effects between the latest 
823 Paleozoic and Cenozoic. These fluids’ chemical composition varied from being corrosive to 
824 highly oversaturated for carbonates, silicates and sulphates. While pre-existing dolomites were 
825 partly brecciated and dissolved (Dedol 1) by corrosive fluids, cement precipitation within this 
826 interval is first recorded in LMC 1 formation at 200 to 240 °C. Corrosive fluids created 
827 hypogene karst voids up to tens of metres in size filled by dolomite (Lam 1) and calcite (LMC 
828 2) cement at fluid temperatures between ca 50 and 220 °C in the latest Permian/earliest Triassic 
829 (Lam 1 = 252.4 ± 8.5/8.7 Ma; LMC 2 = 254.1 ± 3.9/4.4 Ma). 

830 Tectonic quiescence prevailed until the Late Triassic/Early Jurassic when hydrothermal 
831 activity was likely reactivated by large-scale tectonism related to the opening of the Proto-
832 Atlantic Ocean until the Early Cretaceous. This series of tectonic/hydrothermal precipitation 
833 and/or brecciation events was initiated with an additional pulse of corrosive fluids followed by 
834 a series of dolomite (Dol 3), dedolomite (Dedol 2), calcite (LMC 3), quartz cement (Qz 1, 2), 
835 and sulphides. Dolomite Dol 3 precipitated between ca 90 and 130 °C, whereas calcite LMC 3 
836 formed at ca 50 to 90 °C and quartz Qz 2 at ca 100 °C.

837 The uppermost layers of the limestone host rock were partially dissolved by surface water-
838 related meteoric karstification from the Early Cretaceous onwards. In contrast, deeper buried 
839 units were affected by hydrothermal fluid pulses between the Early Cretaceous and the late 
840 Paleogene. These pulses lead to renewed hypogene karstification and later precipitated 
841 hydrothermal calcites LMC 4A (125.6 ± 8.2/8.4 Ma) to LMC 8 (30.0 ± 2.80/2.81 Ma). The 
842 calcite cements formed from different fluids between ca 50 °C (LMC 7) and ca 180 °C (LMC 
843 8). Late Cretaceous-Paleogene fluid pulses were most likely related to Alpine Orogeny.

844 Meteoric karstification and cement precipitation are recorded during the Oligocene to 
845 Recent, and calcite phases LMC 9 and LMC 10 formed, characterised by δ13C values as low as 
846 -6‰. 

847 The work shown here has broader significance for understanding the complexity of geochemical 
848 proxy systems, mechanisms and processes in their petrographic and temporal context. Most 
849 importantly, and in spite of the complex tectono-diagenetic evolution of these rocks, protolith 
850 limestones preserved their respective Middle/Late Devonian dissolved inorganic carbon (DIC) 
851 and to a large extent their 87Sr/86Sr signatures. Despite partially rock buffered δ13C, all other 
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852 phases reflect the composition of their diagenetic parent fluids. The data and interpretations 
853 presented in this study cannot be uncritically applied to geologically complex archives as such; 
854 each archive is perhaps a case of its own. That said, the message brought forward here is 
855 encouraging. If properly applied, the tools in our hands can potentially reconstruct 
856 environmental proxy data even from old and very complex carbonate archives.
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1339 8. Figures and tables

1340 8.1 Figure captions

1341 Fig. 1. (A) Geological map of the northern Rhenish Massif. The studied outcrop in the Devonian 
1342 Massenkalk is indicated by a red star (modified from Götte 2004; Pederson et al., 2021). (B) 
1343 Cross-sectional schematic redrafted from Krebs (1974) through the carbonate range on the 
1344 northern flank of the Rhenish Massif (after Beckmann 1948; Rosenfeld 1961; Kamp 1968; 
1345 Krebs 1974). The yellow frame marks the location of the Steltenberg Quarry, which is 
1346 schematically displayed in (C). (C) Depositional and mineralogical facies model of the 
1347 Devonian carbonate depositions of the Steltenberg Quarry in Hagen, including top and footwall 
1348 layers of siliciclastic sediments (Krebs 1974; Koch et al. 2018). The carbonates, displayed as a 
1349 tiled pattern, are represented by the Schwelm facies and the fore-reef subtype of the Dorp facies 
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1350 and are equally affected by the fracture-related, hydrothermal dolomitisation leading to the 
1351 quarry-wide mineralogical facies distribution as indicated by the colouration of the tiles and 
1352 shown in the cake diagram. Modified from Pederson et al., 2021.

1353

1354 Fig. 2. (A) Drone image displaying the WSW-ENE (340/45) striking secondary faults of a 
1355 Variscan thrust fault zone and the NNW-SSE (245/85) striking Post-Variscan normal fault zone 
1356 in the northeastern part of the quarry. A third vein set (120/65) cuts through veins associated 
1357 with the Post-Variscan fault zone. Note that the mineralisation of all three tectonic structures 
1358 cross-cut each other, resulting in very complex mineral paragenesis. (B) Schematic model of 
1359 dolostone occurrence in Steltenberg Quarry. Modified from Gillhaus et al. (2003). (C) Variscan 
1360 mineralisation containing metre-sized dolostone clasts floating in blocky calcite cement. (D) 
1361 Some prominent calcite mineralisation (up to ~ 15 m thick) of the Post-Variscan main fault in 
1362 the northwestern quarry wall. It contains metre-thick radial calcite veins, including m-sized 
1363 dolostone fragments in the cement. (E) Calcite vein set cutting through dolomite cement veins 
1364 from the Post-Variscan fault zone. This vein set represents a geologically younger tectonic 
1365 event. (F) One of the most prominent breccias with oxidised clasts, dolomite and calcite cement 
1366 from the southern quarry wall in the main strand of the Post-Variscan fault zone.

1367

1368 Fig. 3. Field images of the main facies types in the Steltenberg Quarry. (A, B) Devonian 
1369 Massenkalk limestone. (C, D) Partly dolomitised limestones and Variscan dolostones, including 
1370 dolomite cement veins. (E, F) The main strand of the Post-Variscan fault zone (southern quarry 
1371 wall) includes very porous Post-Variscan dolomite-, dedolomite- and calcite cement in a 
1372 heavily oxidised and dedolomitised breccia. Modified from Pederson et al., 2021. (G) Dolomitic 
1373 laminite in breccia from the main strand of the Post-Variscan fault zone. Note the intercalation 
1374 of clayey brown carbonate sediments and dolomitic cement layers. (H) Oligocene-Recent karst 
1375 cavities up to several tens of metres are common in the Steltenberg Quarry.

1376

1377 Fig. 4. Transmitted light and corresponding cathodoluminescence images of the Massenkalk 
1378 limestone and Variscan fault zone-related carbonates in the Steltenberg Quarry. (A, B) Bright 
1379 red luminescent Massenkalk limestone, including marine cements and a few dolomite rhombs 
1380 grown in the matrix. (C, D) Red to pale orange luminescent Devonian dolomite Dol 1A 
1381 (subhedral matrix dolomite) and Dol 1B (anhedral saddle dolomite). Note the stylolite that 
1382 developed as a result of pressure solution during burial. (E, F) Stromatopore with marine 
1383 cements from MK limestone partly replaced by euhedral to anhedral, dark red to patchy pale 
1384 orange luminescent Dol 2A. (G, H) Anhedral bright red to patchy pale orange luminescent Dol 
1385 2B saddle dolomite overgrown by blocky calcite generations LMC 1 and LMC 4A. Note that 
1386 LMC 4A is genetically related to the Post-Variscan fault zone, which locally overprints older 
1387 paragenetic phases.

1388

1389 Fig. 5. Transmitted light (G: crossed polarisers) and corresponding cathodoluminescence 
1390 images of the Post-Variscan fault zone related carbonates in the Steltenberg Quarry. (A, B) 
1391 Euhedral to anhedral Dol 3A overgrows Dol 1 and Dol 2, clearly visible by its patchy dark red 
1392 luminescence. (C, D) Anhedral patchy dark orange luminescent Dol 3A matrix dolomite with 
1393 dedrital quartz grains. (E, F) Anhedral patchy pale orange-luminescent Dol 3B saddle dolomite 
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1394 is overgrown by the blue to green-luminescent quartz phases Qz 1 and Qz 2. (G, H) 
1395 Dedolomitised Dol 3 (=Dedol 2) from the Post-Variscan fault zone core is generally patchy red 
1396 to patchy orange luminescent. In the fault zone core, the quartz phases Qz 1 and Qz 2 appear 
1397 red-luminescent rather than their typical blue or green luminescence. (G) depicts a cross-
1398 polarised image to display the grain size difference between Qz 1 and Qz 2. The pore-filling 
1399 phase LMC 6 is patchy dark red luminescent.

1400

1401 Fig. 6. Transmitted light and corresponding cathodoluminescence images of the Post-Variscan 
1402 fault zone and paragenetically younger related carbonates in the Steltenberg Quarry. (A, B) 
1403 Patchy red to bright orange luminescent dolomite cements form Laminite 1. The darker layers 
1404 (A) contain up to 30 vol. % of clay minerals, whereas cavities in the clear layers are often filled 
1405 with meteoric dark blue to yellow luminescent LMC 9. Note that the dolomite cements are cut 
1406 by a zoned red luminescent LMC 8 vein. (C, D) Zoned, bright red to bright orange luminescent 
1407 LMC 2A is concordantly overgrown by non-luminescent LMC 2B. Macroscopically and in 
1408 transmitted light, there is no difference between both sub-phases. Dendritic Fe-oxides 
1409 developed along the grain boundary between both phases. (E, F) Primary dark red luminescent 
1410 radial LMC 3 crystals show stepwise skeletal crystal growth. Along the crystal boundary, LMC 
1411 4A overprinted the structure. (G, H) The phases LMC 6A-D occur in vein swarms, which cross-
1412 cut all paragenetically older phases in places. LMC 6A and 6C are patchy pale red to bright 
1413 orange luminescent and rich in inclusions, whereas LMC 6B is non-luminescent to yellow. 
1414 These sub-phases are overgrown by red to orange luminescent LMC 6D.

1415

1416 Fig. 7. Schematic petrography of fluid inclusion assemblages at Steltenberg Quarry. (A, B) 
1417 Phase assemblage genetically related to the Variscan hydrothermal activity. Note that LMC 6 
1418 is genetically related to the Post-Variscan fault zone, which overprinted the Variscan 
1419 mineralisation in places. (C) Phase assemblage genetically related to the Post-Variscan fault 
1420 zone hydrothermal activity. (D) In places, fluids from the Post-Variscan fault zone overprinted 
1421 the genetically older dolomite phases. This leads to partial recrystallisation of older cement 
1422 generations; hence, these often form the core of overgrown dolomite crystals. (E, F) Exemplary 
1423 transmitted light images with a 50 x magnification of fluid inclusions in (E) Dol 2B and (F) 
1424 LMC 6. Due to the birefringence in carbonates, the image quality is limited. The red arrows 
1425 denote measurable fluid inclusions.

1426 Fig. 8. Summary of U-Pb dating results for the key phases of this study. Additional data can be 
1427 found in the digital supplement S1. (A, B) Micro XRF Mn intensity map (blue indicates low, 
1428 red colour high concentration) and analysed area for MK fossils (crinoid fragments) placed 
1429 against its Tera-Wasserburg diagram. (C, D) Micro XRF Fe content map (blue indicates low, 
1430 red colour high concentration ) and analysed area for Dol 1A placed against its Tera-
1431 Wasserburg diagram. (E, F) Micro XRF Mn intensity map (blue indicates low, red colour high 
1432 concentration) and analysed area for Dol 1B saddle dolomite cement placed against its Tera-
1433 Wasserburg diagram. (G, H) Micro XRF Mn intensity map (blue indicates low, red colour high 
1434 concentration) and analysed area for Dol 2A matrix dolomite placed against its Tera-
1435 Wasserburg diagram.

1436

1437 Fig. 9. Summary of U-Pb dating results for the key phases of this study. Additional data can be 
1438 found in the digital supplement S1. (A, B) Cathodoluminescence image and analysed area for 
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1439 Laminite 1 dolomite cement placed against its Tera-Wasserburg diagram. (C, D) Micro XRF 
1440 Mn intensity map (blue indicates low, red colour high concentration) and analysed area for 
1441 LMC 4B placed against its Tera-Wasserburg diagram. (E, F) Micro XRF Mn intensity map 
1442 (blue indicates low, red colour high concentration) and analysed area for LMC 7 placed against 
1443 its Tera-Wasserburg diagram. (G, H) Cathodoluminescence image and analysed area for LMC 
1444 8 placed against its Tera-Wasserburg diagram.

1445

1446 Fig. 10. In-situ trace element compositions of quartz phases 1, 2 and 3 derived from Steltenberg 
1447 Quarry thin sections by laser ablation.

1448

1449 Fig. 11. Paragenetic sequence of all volumetrically significant diagenetic phases in the 
1450 Steltenberg Quarry with typical cathodoluminescence colours related to their diagenetic and 
1451 tectonic environment of precipitation or formation from deposition in the Devonian to subrecent 
1452 karstification based on U-Pb dating in this study. The authors published a basic version of this 
1453 paragenesis in Pederson et al. (2021), where some important diagenetic phases, including all 
1454 phases U-Pb age were unknown. The tectonic activity phases and formation environments were 
1455 compiled after Schaeffer (1984); Götte (2004); Drozdzewski and Wrede (1994), and Sengör 
1456 and Natal’in (2001). Modified from Pederson et al. (2021).

1457

1458 Fig. 12. Main rock facies types in the Steltenberg Quarry and their depositional, diagenetic, and 
1459 Tectonic features. Samples were cut, hand polished, scanned, redrawn, and complemented by 
1460 a corresponding transmitted light thin section scan. (A, E) Massenkalk floatstone host rock with 
1461 typical fossil content of sponges, corals, brachiopods and crinoids. Attached to this limestone 
1462 is the burial dolo-grainstone Dol 1, typically accompanied by stylolites. (B, F) Partly 
1463 dolomitised Massenkalk limestone with the Variscan dolomite phases Dol 2A (brownish eu- to 
1464 anhedral matrix dolomite) and a Dol 2B saddle dolomite vein, which cut the limestone in the 
1465 image horizontally. The Dol 2B veins often contain braccia clasts and few cataclasite of 
1466 centimetre- to micrometre size, which arguably represents fragments from the hostrock that 
1467 loosened from the fracture walls during tectonic activity and got trapped by the rapidly 
1468 precipitating saddle dolomite. (C, G) Nearly dedolomitised Dol 3 from the Permian-Mesozoic 
1469 Post-Variscan fault zone, including some of the most typical calcite and quartz phases related 
1470 to hydrothermal and meteoric activity in this fault zone. Note the pervasive dedolomitisation 
1471 and oxidation of the formerly Fe-rich Dol 3. (D, H) Permian-Mesozoic Dolomite breccia from 
1472 the Post-Variscan fault zone overgrown by Cretaceous-Cenozoic types of cement LMC 5 to 
1473 LMC 9.

1474

1475 Fig. 13. Well-preserved sedimentary and cement layers in Laminite 1. (A) Re-drafted 
1476 sedimentary and intercalated cement layers on the left correspond to features observed in the 
1477 field on the right. The brown sedimented layers consist of a clayey dolopackstone whereas the 
1478 cement layers consist of bladed dolomite cements. The dolomite phases were partly corroded, 
1479 brecciated and filled by hydrothermal and meteoric calcite cements. (B) Thin section image of 
1480 bladed Laminite 1 dolomite cement and clayey dolopackstones were cut by hydrothermal 
1481 calcite cement veins. All three phases and their geochemical data (carbon, oxygen, strontium 
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1482 isotopes, fluid inclusion homogenisation temperatures, and clumped isotopes) are shown on the 
1483 right.

1484

1485 Fig. 14. Cross-plot of phase-specific δ18O and δ13C values for all analysed samples of dolomite 
1486 and calcite phases at Steltenberg Quarry. The stable isotopic composition of Devonian 
1487 (Givetian-Frasnian) marine calcites is indicated in the yellow and stippled purple boxes (from 
1488 Veizer and Prokoph, 2015; Cramer and Jarvis, 2020; Grossman and Joachimski, 2020). Two 
1489 dominant trends are present: burial diagenesis led to lower oxygen values (down to -14‰), and 
1490 meteoric diagenesis to lower carbon values (down to -7.5‰). Modified from Pederson et al., 
1491 2021.

1492

1493 Fig. 15. Oxygen-isotope composition versus strontium-isotope ratios of dolomite and calcite 
1494 phases compared to Givetian/Frasnian unaltered marine calcites from McArthur et al. (2020) 
1495 and the range of a former study by Gillhaus et al. (2003). Except for one MK limestone bulk 
1496 sample and a pristine brachiopod shell, there are no sample plots in the Givetian-Frasnian range 
1497 for unaltered marine calcites. All remaining 36 samples are more radiogenic. The variation 
1498 within most single phases is large, indicating a complex diagenetic overprint history. Most 
1499 dolomite and calcite phases plot between 0.7090 and 0.7100, whereas some calcitic samples 
1500 and one clayey dolostone, are more radiogenic up to values around 0.7150. The most radiogenic 
1501 phases bear a possible clay content or were subject to hydrothermal and meteoric overprint from 
1502 the Late Cretaceous onwards.

1503

1504 Fig. 16. Clumped isotope data of this study. (A) The cross plot between Δ47-temperatures and 
1505 δ18Ofluid values of carbonates for all analysed paragenetic phases. The dashed and solid isolines 
1506 are calculated by the fractionation equations of oxygen isotopes for calcite (Kim and O’Neil, 
1507 1997) and dolomite (Horita, 2014). Blocking temperature ranges of calcite and dolomite after 
1508 Staudigel and Swart, 2016; Bonifacie et al., 2017; Lloyd et al., 2018; and Chen et al., 2019 
1509 indicated dark green (dolomite) and dark blue (calcite) lines between 100 and 300 °C, 
1510 respectively. (B) Relative paragenetic age plotted against the clumped isotope temperature of 
1511 all paragenetic samples from this study. The temperatures indicate several hydrothermal and 
1512 meteoric activity phases. Note that LMC 1 exceeds the blocking temperature of calcite by nearly 
1513 100 °C, whereas all remaining calcite samples do not plot above a precipitation temperature of 
1514 100 °C. Amongst dolomite samples, only Dol 2B plots in the lower range of possible influence 
1515 of blocking temperature.

1516

1517 Fig. 17. The comparison between the modelled and measured Δ47-temperatures. (A) and (C) 
1518 The modelling Δ47-temperatures from the solid-state reordering model of Lloyd et al. (2018). 
1519 The dash lines represent the modelling errors. The input geothermal gradient for the study area 
1520 in (A) is 30 °C/km whereas in (C) it is 35 °C/km (Agemar et al., 2012). (B) and (D) The changes 
1521 in measured Δ47-temperatures depend on the paragenetic sequence and U-Pb dating ages.

1522

1523 Fig. 18. Fluid inclusion and crush leach data compiled from single phases in the context of this 
1524 study. (A) Salinity versus Th uncorrected for all analysed fluid inclusions in this study. (B) Mole 
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1525 Na versus mole Ca content of the fluid. Variations in Ca contents of the fluids based on 
1526 microthermometry of individual inclusions. (C) Th corrected versus fluid inclusion density for 
1527 all analysed fluid inclusions in this study. (D) Rb versus Cs content. (E) Na/K versus Cl/J.

1528

1529 Fig. 19. Nadeficit/Caexcess plot for all analysed fluid inclusions after Davisson and Criss (1996). 
1530 Halite dissolution into seawater or freshwater produces negative values along a slope of 1:4. 
1531 When followed by 2 Na for 1 Ca exchange, excess-deficit values increase along a unit slope. 
1532 Reactions involving 1 Na for 1 Ca exchange produce slopes of 2:1 in this construction. 
1533 Reactions involving Ca only produce vertical shifts, while seawater evaporation initially 
1534 follows a vertical descent but afterwards produces large deficits along with a horizontal trend. 
1535 Mixing on the excess-deficit plot forms a straight line between two involved endmember fluids. 
1536 Note, due to the absence of published fluid chemistry data from underlying strata, data from 
1537 other studies were used to characterise this study’s Nadeficite/Caexcess data. Note: The latter plots 
1538 between three endmember fluids: Seawater, a halite dissolution brine, and a 
1539 crystalline/metamorphic fluid. Several endmember fluid compositions from published literature 
1540 were included from MacCaffrey et al. (1987); Pauwels et al. (1993); Stober and Bucher (2004); 
1541 Yardley, 2005; Lüders et al. (2010) and Göb et al. (2013).

1542

1543 Fig. 20 Chronological evolution of the rocks in Steltenberg Quarry. (A) Interpreted burial 
1544 history, tectonic events, and the associated diagenetic processes affecting Massenkalk 
1545 carbonates from deposition in the Middle/Late Devonian to Recent. Large-scale tectonic 
1546 processes include the Variscan Orogeny, the development of the Hessian Depression and 
1547 Alpine Orogeny. The maximum burial depth and tectonic events were compiled after 
1548 Drozdzewski and Wrede (1994), Götte (2004), Sengör and Natal’in (2001) and complemented 
1549 by own data. The formation depth of phases Dol 3 to LMC 3 and LMC 4 to LMC 7 is given in 
1550 rectangles above these two groups. (B) Summary of the key events that lead to precipitation 
1551 and overprint of the carbonate phases discussed in this study. (I) Deposition and early diagenetic 
1552 cementation in a shallow marine fore-reefal environment in the Middle/Late Devonian. (II) 
1553 Deep burial down to 6-7 km, precipitation of Dol 1 and development of stylolites. (III) Folding 
1554 and faulting during Variscan Orogeny and later overprint by the Variscan thrust fault zone, 
1555 resulting in the precipitation of Dol 2 and later brecciation and precipitation of LMC 1 in the 
1556 Permian. (IV) Tectonic and hydrothermal overprint by the Post-Variscan fault zone from the 
1557 Permian to the Early Triassic, resulting in precipitation of Dol 3, hypogenic karstification 
1558 (Laminite 1), brecciation and multiphase quartz and LMC cementation also leading to partial 
1559 dedolomitisation. (V) Renewed hydrothermal and tectonic overprint by the Post-Variscan fault 
1560 zone from the Triassic to Early Paleogene, resulting in multiphase LMC and quartz (gangue) 
1561 cementation, partial dedolomitisation, brecciation and rapid cementation with LMC 3. Alpine 
1562 Orogeny far-field effects triggered the Cretaceous-Paleogene fluids from which hydrothermal 
1563 cement LMC 5 to LMC 8 precipitated. (VI) This phase was followed by intense Meteoric 
1564 karstification and cementation with meteoric LMC 9 and 10, partly overprinting many older 
1565 carbonate phases.

1566

1567 8.2 Table captions

1568 Table 1. Summary of the petrographic characteristics in the paragenetic sequence (starting at 
1569 the bottom with precursor MK limestone and ending with LMC 10 at the top) of the Steltenberg 
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1570 Quarry, including characteristic features, crystal size, volumetric significance and 
1571 luminescence colours. Additional petrographical data for all phases is provided in the digital 
1572 supplement S1.

1573

1574 Table 2. Summary of the geochemical and paleothermometrical characteristics in the 
1575 paragenetic sequence (starting at the bottom with precursor MK limestone and ending with 
1576 LMC 10 at the top) of the Steltenberg Quarry including their carbon-isotope, oxygen-isotope 
1577 and strontium-isotope composition, clumped isotope temperature, primary fluid inclusion 
1578 homogenisation temperatures, fluid salinities, fluid densities, and the U-Pb age (if applicable). 
1579 Additional geochemical data, the full clumped-isotope and fluid-inclusion datasets for all 
1580 analysed samples are provided in the digital supplement S1.

1581

1582 Table 3. Summary of crush leach data of carbonate and quartz phases from Steltenberg Quarry.

1583

1584 Table 4. Summary of trace elemental data of quartz phases Qz 1 to Qz 3 from Steltenberg 
1585 Quarry.

1586

1587 Table 5. Exemplary compilation of some well-cited diagenetic studies in predominantly highly 
1588 overprinted Archean to Mesozoic rocks from the last three decades and their applied methods 
1589 plotted against the methods from this study.

1590

1591 8.3 Figures

1592
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1662 Table 3:

1663

1664

1665 Table 4:

F Cl Br NO3 SO4 I
85Rb 133Cs

Sample Paragenetic phase (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (µg/l) (µg/l) Cl/Br Cl/J Rb/Cs Na/K
HKW8-6-Ch1 LMC 8 0.003 0.429 0.005 0.255 0.055 0.025 0.83 0.09 86 17 9.21 3.81
HKW8-5-Ch3 LMC 8 0.006 0.203 0.008 0.196 0.041 0.007 0.16 0.01 25 29 13.10 1.57
HKW8-5-Ch2 LMC 7 0.005 2.450 0.015 0.045 0.133 0.011 0.14 0.02 163 223 8.21 9.13
HKW8-5-Ch1 LMC 6 0.008 14.474 0.155 0.048 0.670 0.004 0.64 0.09 93 3618 7.15 9.83
HKW8-4-Ch1 LMC 5 0.012 0.783 0.010 0.065 0.168 0.016 0.16 0.02 78 49 6.89 2.94
HKW8-3-Ch1 LMC 4 0 16.331 0.170 0.047 0.198 0.000 1.03 0.30 96 0 3.47 10.85
HKW5-MKHD-E-7-Ch1 Dol 3A 0.062 31.561 0.482 0.068 0.615 0.051 1.36 0.11 65 619 12.25 5.82
HKW5-MK-S-2-Ch1 MK limestone 0.453 0.949 0.014 0.164 11.341 0.142 6.78 0.59 68 7 11.54 0.21
HKW5-61-Ch2 Dol 1 0.133 15.130 0.191 0.075 4.229 0.074 5.83 0.72 79 204 8.15 1.32
HKW5-61-Ch1 Dol 2B white 0.045 6.322 0.053 0.054 0.666 0.017 1.02 0.10 119 372 10.69 3.39
HKW5-63-Ch2 Dol 2B beige 0.043 5.965 0.034 0.252 0.354 0.025 1.95 0.02 175 239 82.64 2.46
HKW8-7-Ch1 Qz 2 0.03 0.70 0.08 0.19 101.82 0.00 0.27 0.05 9 233 5.66 4.98
HKW5-66-Ch1 Qz 1 0.03 2.26 0.02 0.29 95.91 0.03 0.82 0.10 108 91 8.23 3.14
HKW5-63-Ch1 Dol 2A 0.085 16.978 0.248 0.185 0.506 0.067 0.65 0.03 68 253 25.65 7.82
HKW8-2-Ch1 Dedol 2 0.033 4.795 0.072 0.262 0.517 0.020 0.19 0.05 67 240 3.92 4.82
HKW8-1-Ch2 LMC 2 0.000 0.347 0.010 0.085 0.032 0.006 0.21 0.04 35 58 5.56 0.95
HKW8-1-Ch1 Dol 3B 0.024 39.929 0.741 0.186 0.649 0.015 1.58 0.41 54 2662 3.81 6.14
HKW5-HD-S-3.1-Ch1 Dol 3B 0.035 36.600 0.845 0.144 1.315 0.053 2.19 0.28 43 691 7.95 4.47
HKW5-MKHD-W-6-Ch2 LMC 3 0.012 7.827 0.079 0.139 0.265 0.031 0.60 0.03 99 252 17.28 5.22
HKW5-MKHD-W-6-Ch1 LMC 1 0.027 6.289 0.058 0.313 0.128 0.017 0.83 0.09 108 370 9.21 3.81
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1667

Element
Min. Max. Mean Min. Max. Mean Min. Max. Mean

Li7 0.10 361.15 95.38 0.10 54.18 4.98 0.10 763.62 47.31
Be9 0.00 0.73 0.18 0.00 0.13 0.04 0.00 204.42 12.70
B11 6.15 19.97 10.53 5.75 19.97 9.74 1.10 65595.95 2403.39
Na23 0.83 442.71 86.66 7.79 167.65 52.12 4.31 668978.06 25092.23
Al27 0.11 3788.65 604.39 0.21 265.48 26.75 1.15 14254.39 822.56
K39 1.36 325.95 23.98 0.83 42.92 9.10 0.29 24572.77 975.38
Ca44 37.83 57791.37 3254.66 30.37 51348.55 1167.23 36.69 1572938880.00 59700667.02
Ti48 0.01 28.16 1.57 0.00 23.51 0.60 0.01 795916.81 29841.64
Ti49 0.06 0.90 0.25 0.09 6.84 0.71 0.05 1233.81 71.62
Mn55 0.37 522.79 37.39 1.71 21.20 7.67 0.56 16125715.00 829262.30
Fe56 1.16 1343.92 100.33 0.63 3042.50 201.61 0.66 9998329.00 410437.97
Fe57 1.58 1586.77 148.57 1.29 4021.50 251.22 1.48 11860367.00 545038.44
Co59 0.03 0.53 0.11 0.02 0.09 0.05 0.03 416.00 31.17
Ni60 0.11 2.59 0.55 0.13 4.65 0.54 0.14 4738.00 227.40
Cu63 0.01 104.59 6.16 0.01 2.05 0.31 0.01 1764.03 85.69
Zn66 0.15 5.95 1.65 0.17 64.89 3.98 0.17 1236.78 98.66
Ga69 1.66 7.39 2.57 1.36 3.81 1.70 1.31 2078.61 69.34
Ge72 0.41 5.39 2.28 0.13 1.71 0.32 0.19 626.20 34.74
Rb85 0.00 1.17 0.08 0.01 0.05 0.01 0.00 39.24 2.65
Nb93 0.00 0.00 0.00 0.00 0.03 0.00 0.00 4.44 0.24
Mo95 0.00 0.22 0.03 0.01 0.09 0.02 0.01 5804.80 310.88
In115 0.00 0.01 0.00 0.00 0.01 0.00 0.00 11.84 0.91
Sn118 0.13 0.27 0.20 0.13 0.34 0.21 0.18 525.20 22.26
Sb121 0.50 20.21 6.08 0.02 12.39 1.53 0.08 945.71 17.72
W182 0.00 0.01 0.00 0.00 0.04 0.01 0.00 3.10 0.28
Au197 0.00 0.01 0.01 0.01 0.27 0.04 0.00 5.81 1.54
Pb208 0.00 0.22 0.05 0.01 2.83 0.43 0.01 110589.55 1681.81
Bi209 0.00 0.01 0.00 0.00 0.04 0.01 0.00 3.05 0.24
Te130 0.03 0.04 0.03 0.05 0.08 0.06 0.04 125.37 13.28

HKW8-QG1 (Qz 3; ppm)HKW8-7-b (Qz 2; ppm)HKW-64-5 (Qz 1; ppm)
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1668 Table 5:

1669

1670

1671

Study Age U-Pb carb. dating Microscopy CL Cement strat. XRF ∆47 Fluid incl. Crush-Leach δ13C / δ18O 87Sr/86Sr Trace elem.
This study Devonian-Subrecent X X X X X X X X X X X
Mangenot et al., 2018 Jurassic-Paleogene X X X X n/a X X n/a X n/a n/a
Hansman et al., 2018 Palaeozoic-Quaternary X n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
Guo et al., 2016 Cambrian-Ordovician n/a X X X n/a n/a X n/a X X n/a
Cui et al., 2016 Neoproterozoic n/a X X X n/a n/a n/a n/a X X n/a
Bristow et al., 2011 Neoproterozoic n/a X n/a n/a n/a X n/a n/a X X X
Pecoits et al., 2009 Neoarchean n/a X n/a X n/a n/a n/a n/a n/a n/a X
Melezhik et al., 2009 Neoproterozoic n/a X n/a n/a X n/a n/a n/a X X X
Jiang et al., 2006 Neoproterozoic n/a X n/a n/a n/a n/a n/a n/a X n/a n/a
Campbell et al., 2002 Jurassic-Cretaceous n/a X X X n/a n/a n/a n/a X n/a X
Azmy et al., 2001 Neoproterozoic n/a X X X n/a n/a X n/a X X X
Kamber and Webb, 2001 Neoarchean n/a n/a n/a n/a n/a n/a n/a n/a n/a X X
Kennedy, 1996 Neoproterozoic n/a X n/a n/a n/a n/a n/a n/a X X n/a
Kaufman et al., 1991 Neoproterozoic n/a X X n/a n/a n/a n/a n/a X n/a n/a
Burley et al., 1989 Jurassic n/a X X X n/a n/a X n/a n/a n/a n/a
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