
1 
 

In-situ U-Pb dating of Ries Crater lacustrine carbonates (Miocene, South-West Germany): 1 

implications for continental carbonate chronostratigraphy 2 

Damaris Montano (damaris.montano@ifpen.fr)1,2,3,4; Marta Gasparrini 3 

(marta.gasparrini@unimi.it)1,5; Axel Gerdes (gerdes@em.uni-frankfurt.de)2,3; Giovanna Della 4 

Porta (giovanna.dellaporta@unimi.it)5; Richard Albert2,3 (AlbertRoper@em.uni-frankfurt.de)2,3. 5 

(1) IFP Energies nouvelles, 1-4 avenue de Bois-Préau, 92852, Rueil-Malmaison (France). 6 

(2) Institut für Geowissenschaften, Goethe University Frankfurt, Altenhöferallee 1, 60438 7 

Frankfurt am Main (Germany). 8 

(3) Frankfurt Isotope and Element Research Center (FIERCE), Goethe University Frankfurt, 9 

Frankfurt am Main (Germany). 10 

(4) Sorbonne Université; ED 398 – GRNE, 4, place Jussieu, 75252 Paris (France). 11 

(5) Università degli Studi di Milano; Dipartimento di Scienze della Terra "Ardito Desio", via 12 

Mangiagalli 34, 20133 Milan (Italy). 13 

 14 

Abstract 15 

The Nördlinger Ries Crater lacustrine basin (South-West Germany), formed by a meteorite 16 

impact in the Miocene (Langhian; ~14.9Ma), offers a well-established geological framework to 17 

understand the strengths and limitations of U-Pb LA-ICPMS (in situ Laser Ablation-Inductively 18 

Coupled Plasma Mass Spectrometry) geochronology as chronostratigraphic tool for lacustrine 19 
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(and more broadly continental) carbonates. The post-impact deposits include siliciclastic basinal 20 

facies at the lake centre and carbonate facies at the lake margins, coevally deposited in a time 21 

window of >1.2 and <2Ma. Depositional and diagenetic carbonate phases (micrites and calcite 22 

cements) were investigated from three marginal carbonate facies (Hainsfarth bioherm, 23 

Adlersberg bioherm and Wallerstein mound). Petrography combined with C and O stable 24 

isotope analyses indicate that most depositional and early diagenetic carbonates preserved 25 

pristine geochemical compositions and thus the U-Pb system should reflect the timing of 26 

original precipitation. In total, 22 U-Pb ages were obtained on 10 different carbonate phases 27 

from five samples. The reproducibility and accuracy of the U-Pb (LA-ICPMS) method were 28 

estimated to be down to 1.5% based on repeated analyses of a secondary standard (speleothem 29 

calcite ASH-15d) and propagated to the obtained ages. Micrites from the Hainsfarth, Adlersberg 30 

and Wallerstein facies yielded ages of 13.90±0.25, 14.14±0.20 and 14.33±0.27Ma, respectively, 31 

which overlap within uncertainties, and are consistent with the weighted average age of 32 

14.30±0.20Ma obtained from all the preserved depositional and early diagenetic phases. Data 33 

indicate that sedimentation started shortly after the impact and persisted for >1.2 and <2Ma, in 34 

agreement with previous constraints from literature, therefore validating the accuracy of the 35 

applied method. Later calcite cements were dated at 13.2±1.1 (nw=2), 10.2±2.7 and 36 

9.51±0.77Ma, implying multiple post-depositional fluid events. This study demonstrates the 37 

great potential of the U-Pb method for chronostratigraphy in continental systems, where 38 

correlations between time-equivalent lateral facies are often out of reach. In Miocene deposits 39 

the method yields a time resolution within the 3rd order depositional sequences (0.5-5Ma). 40 

 41 
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 43 

1. Introduction 44 

The application of carbonate U-Pb geochronology was initially limited mainly due to the 45 

difficulty in identifying carbonate samples with high and variable U/Pb isotope ratios, together 46 

with the analytical challenge in handling low amounts of U and Pb (usually <1ppm) 47 

heterogeneously incorporated in carbonates (Rasbury and Cole, 2009). Analytical advances in in-48 

situ U-Pb geochronology via Laser Ablation-Inductively Coupled Plasma Mass Spectrometry (LA-49 

ICPMS) have greatly facilitated direct dating of carbonates (e.g. Roberts et al., 2017; 2020; 50 

Guillong et al., 2020). 51 

Recent carbonate U-Pb geochronology studies have focussed on a wide spectrum of 52 

applications within the geosciences, including the assessment of tectonic events and fracturing 53 

(e.g. Hansman et al., 2018; Nuriel et al., 2019), the thermal evolution of sedimentary basins (e.g. 54 

Mangenot et al., 2018; MacDonald et al., 2019) and fluid-rock interactions (e.g. Li et al., 2014; 55 

Godeau et al., 2018). Previous studies showed that carbonate geochronology via U-Pb (LA-56 

ICPMS) often produces ages that exceed 2-3% precision (2σ) (Roberts et al., 2020), making the 57 

technique not always suitable for stratigraphic applications. The U-Pb (LA-ICPMS) 58 

geochronology has been used to determine carbonate depositional ages by dating speleothems 59 

and palaeosoils (e.g. Scardia et al., 2019; Kurumada et al., 2020) and only a few studies have 60 

reported U-Pb ages for lacustrine carbonates (e.g. Cole et al., 2005; Frisch et al., 2019). 61 
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Furthermore, to our best knowledge, no study has attempted chronostratigraphic 62 

reconstructions for continental carbonates deposited in time windows of < 5Ma. 63 

Dating lacustrine carbonates is relevant for a variety of applications. In particular, these deposits 64 

may assist palaeoenvironmental and palaeoclimatic studies since they potentially record the 65 

lake geochemical evolution through time. Moreover, they represent potential sources and 66 

reservoirs for hydrocarbons and are targets for petroleum exploration (e.g. Bohacs et al., 2000; 67 

Rohais et al., 2019). Lacustrine marginal carbonates include coated grain and skeletal carbonate 68 

sands, as well as carbonate build-ups, which are typically located along the lake shoreline and 69 

often organized in discontinuous bodies (e.g. Della Porta, 2015 and references therein). They 70 

are characterized by high facies heterogeneity and commonly lack biostratigraphic markers, 71 

which hinders chronostratigraphic correlations among time-equivalent lateral facies (e.g. 72 

Deschamps et al., 2020). Furthermore, the site-specific geochemistry of continental fluids does 73 

not permit the use of proxies, such as δ18O, δ13C and 87Sr/86Sr, conventionally applied to 74 

indirectly date marine carbonates by correlating with global chemostratigraphic curves (Veizer 75 

et al., 1999). Consequently, at present, constraining the relative and absolute ages of lacustrine 76 

marginal carbonates and performing basin-scale correlations remain a challenge. 77 

The Miocene Nördlinger Ries Crater in South-West Germany is one of the most precisely dated 78 

meteorite impact basins on Earth. The impact timing has been constrained by the U-Pb and Ar-79 

Ar geochronometers (Schwarz et al., 2020 and references therein). The post-impact lacustrine 80 

deposits include siliciclastic basinal facies and carbonate marginal facies (Füchtbauer et al.,1977; 81 

Jankowski,1977). The onset of lacustrine sedimentation is thought to have occurred shortly 82 
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after the impact (Buchner and Schmieder, 2009; Stöffler et al., 2013) and a magnetostratigraphy 83 

dataset is available for the basinal facies (Pohl, 1977; Pohl et al., 2010). 84 

Different depositional and diagenetic carbonate phases (i.e. micrites and calcite cements) from 85 

three marginal facies of the Ries Crater basin were investigated with conventional petrography 86 

and carbon (C) and oxygen (O) stable isotope analyses prior to U-Pb geochronology. This was 87 

aimed at identifying phases not affected by later diagenetic modifications, which could have 88 

reset the carbonate U-Pb system (Li et al., 2014; Mangenot et al., 2018). 89 

This study aims to assess: (1) the reliability of the U-Pb (LA-ICPMS) method to obtain 90 

geologically consistent (i.e. accurate) and precise ages from lacustrine carbonates of known 91 

stratigraphic age (Miocene) deposited in a time window of <2 Ma; and (2) the suitability of this 92 

method for chronostratigraphy and diagenesis studies in continental sedimentary settings. 93 
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 94 

Figure 1. Geographic and geological setting of the study area. A) In the insert, the location of the 95 

Ries Crater impact lake in South-West Germany (centred at 48° 52ʹ 5.3" N, 10° 33 ʹ 32" E). The 96 

Google Earth satellite image illustrates the main structural elements of the impact zone and the 97 

location of basinal and marginal deposits. The provenance of the investigated samples (HAB2B6, 98 

ME1, WA1, WA2 and WA5) is also reported. B) Simplified North–South cross-section of the Ries 99 
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Crater (modified after Arp et al., 2013a). On the left, the location of the studied carbonate 100 

marginal facies (Hainsfarth bioherm, Adlersberg bioherm, and Wallerstein mound) is indicated 101 

by stars. On the right are reported the basinal A-B-C-D lithostratigraphic units that correspond 102 

respectively to the basal, the laminite, the marlstone and the claystone members (after 103 

Füchtbauer et al., 1977; Jankowski, 1977). 104 

 105 

2. Geological and geochronological setting  106 

The Nördlinger Ries lacustrine basin is a circular, flat depression of ~26km in diameter located in 107 

South-West Germany (Fig. 1) that formed due to a meteorite impact (Shoemaker and Chao, 108 

1961). The impact structure comprises a central crater, an inner ring, a megablock zone and a 109 

tectonic crater rim (Füchtbauer et al., 1977) (Fig. 1). 110 

In this study, it is assumed that the meteorite impact occurred at ~14.9Ma (Langhian, Miocene) 111 

in line with most ages published in the last decade: 14.92±0.02Ma (Rocholl et al., 2018), 112 

14.808±0.038 Ma (Schmieder et al. 2018a), 14.89±0.34 and 14.75±0.22Ma (Schwarz et al., 2020) 113 

(see details in Data repository A). 114 

Shortly after the impact, a fluvial system was established within the crater (Jankowski, 1981; 115 

Buchner and Schmieder, 2009; Stöffler et al., 2013). River waters, along with post-impact 116 

springs circulated in the basin forming the Ries Crater lake. By the end of the Miocene the basin 117 

was filled by up to 350m of lacustrine sediments (Bolten & Müller, 1969; Arp et al., 2017).  118 

The Ries post-impact sedimentary succession was investigated through outcrop surveys and 119 

borehole core drillings (Füchtbauer et al., 1977; Jankowski, 1977; Arp et al., 2013a, b; 2017; 120 
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2019) and comprises a basinal succession at the lake centre and marginal facies on the lake 121 

margins (Fig. 1). 122 

The basinal succession was subdivided into four lithostratigraphic units (Füchtbauer et al., 1977; 123 

Jankowski, 1977) from base to top (Fig. 1): basal member (unit A) mainly consisting of 124 

sandstones reworked from suevite (Stöffler et al., 2013); laminite member (unit B); marlstone 125 

member (unit C); and claystone member (unit D), partially eroded during Plio-Pleistocene time. 126 

Four main facies characterize the basin margins (Arp, 1995 and references therein) (Fig. 1): algal 127 

bioherms, sub-lacustrine spring mounds, carbonate sands and fluvio-deltaic conglomerates. 128 

Algal bioherms (i.e. Staudiberg, Hainsfarth and Adlersberg; Arp, 1995) are mainly built by 129 

inverted cones of Cladophorites green algae, encrusted by micrite (Riding, 1979; Arp, 1995; 130 

Della Porta, 2015). Spring mounds are associated with post-impact hydrothermal springs (e.g. 131 

Erbisberg mound; Arp et al., 2013b) or ambient temperature springs (e.g. the Wallerstein 132 

mound; Pache et al., 2001) discharging into the lake, and consist of mounds and pinnacles made 133 

of porous crystalline, micritic laminated and clotted peloidal carbonate fabrics (Arp, 1995; Pache 134 

et al., 2001). 135 

A precise time estimate for the duration of lacustrine sedimentation remains hard to define 136 

because the uppermost deposits of basinal unit D have been eroded during Plio-Pleistocene 137 

time (Füchtbauer et al., 1977). Based on rhythmic laminations and magnetostratigraphic data 138 

from basinal sediments, Füchtbauer et al. (1977) and Pohl (1977) proposed that the entire 139 

(preserved and eroded) lacustrine succession was deposited over a time window of 0.3 to 2Ma, 140 

whereas more recently, Arp et al. (2017) reported a duration of 2Ma. Additionally, based on 141 

sedimentation rates of basinal units, Jankowski (1981) suggested that the currently preserved 142 
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lacustrine deposits formed over a time interval of up to 1.2Ma. Thus, according to the existing 143 

literature constraints, the four (A-B-C-D) basinal units were deposited in a time window of >1.2 144 

and <2Ma. Further age constraints on the deposition of the basinal units derive from 145 

magnetostratigraphy data (Pohl 1977; Pohl et al., 2010), using an approach previously 146 

presented by Arp et al. (2013b). In this contribution the meteorite impact was assigned to the 147 

top of C5Bn.1r reverse chron in line with the interpretation of Rocholl et al. (2017, 2018). As a 148 

consequence, unit A is considered to be deposited during the C5Bn.1n normal chron, the 149 

transition from unit B to unit C is within the C5Adr chron and the onset of unit D deposition was 150 

assigned to the boundary between C5ACr and C5ACn chrons (see details in Data repository A).  151 

The duration inferred from magnetostratigraphic data agree with the one previously established 152 

via sedimentological and stratigraphic studies (Füchtbauer et al., 1977; Pohl, 1977).   153 

 154 

3. Material and methods 155 

 156 

3.1 Investigated samples 157 

Five microbial boundstone samples from the marginal facies of the Ries Crater were collected 158 

from three locations (Fig. 1 and Table 1). The HAB2B6 sample (Hainsfarth bioherm facies) and 159 

the ME1 sample (Adlersberg bioherm facies) come from the Hainsfarth quarry and the 160 

Mellerberg locality, respectively (see Arp, 1995). The WA1, WA2 and WA5 samples (Wallerstein 161 

mound build-up facies) were collected at the base of the Wallerstein Castle (see Pache et al., 162 

2001). Although the sample stratigraphic height along the Wallerstein mound is unknown, 163 



10 
 

based on the petrographic description of Pache et al. (2001), WA1 and WA2 can be ascribed to 164 

the basal part of the mound, and WA5 to the central part. 165 

 166 

Table 1. Location, facies description and depositional environment of the five samples 167 

investigated. Macro- and microscopic facies are based on previous studies by Riding (1979), Arp 168 

  

Sample 
name 

Sample 
location Facies Microfacies  Carbonate phases 

HAB2B6 Hainsfarth 
quarry 
48°57ʹ09.2"N; 
10°38ʹ33"E  

Hainsfarth Cladophorites 
green algae bioherm 
located at the lake margin 

Peloidal skeletal packstone and algal 
microbial boundstone with Cladophorites 
green algae tubes and ostracods, 
gastropods (e.g. Hydrobia trochulus 
Sandberger), bivalves. Bioclasts are 
encrusted by leiolitic micrite. Primary, 
mouldic and vuggy pores are partially filled 
by cements. 

MIC-H micrite;  
BL and BM 
cements 

ME1 Mellerberg  
48°55ʹ22.5"N; 
10°29ʹ32"E 

Adlersberg Cladophorites  
green algae bioherm 
located at the lake margin 

Algal microbial boundstone consisting of 
Cladophorites green algae stems encrusted 
by leiolitic and clotted peloidal micrite. 
Primary framework pores are locally filled 
by ostracods and bivalve peloidal 
packstone/grainstone. Primary, mouldic 
and vuggy pores are partially filled by 
cements. 

MIC-A micrite; 
DOL, 
B1, B2 and B3 
cements 

WA1, 
WA2 
 
 
 
 
WA5 

Wallerstein 
Castle  
48°53ʹ20.85"N; 
10°28ʹ27.4"E  

Wallerstein sub-lacustrine 
spring mound, located at 
the lake margin at the site 
of groundwater spring  
  

Lenticular undulated or planar rigid 
framework made of irregular mm-thick 
layers of leiolitic to clotted peloidal micrite. 
Primary and vuggy pores are partially filled 
by cements. 
 
Framework of globose pendant-like calcite 
cements selectively affected by 
silicification (chalcedony sphaeroids). 
Clusters of micrite with leiolitic to clotted 
peloidal fabric. Primary and vuggy pores 
are partially filled by cements. 

MIC-M micrite; 
M2 and M3 
cements 
 
 
 
MIC-M micrite; 
M1, M2 and  M3 
cements 
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(1995) and Della Porta (2015). The carbonate phases occurring in each sample are also reported 169 

(see details in Table 2). 170 

 171 

3.2 Petrographic analysis 172 

Eight polished thin sections (50-60µm thick) were prepared in order to identify the different 173 

depositional and diagenetic carbonate phases (Table 2). Conventional optical petrography was 174 

performed using a Nikon ECLIPSE LV100POL polarized light microscope under plane- and cross-175 

polarized light (PPL and XPL). Cathodoluminescence (CL) microscopy was accomplished with a 176 

cold CL 8200 Mk5 CITL instrument. The electron beam worked under vacuum (<0.1 mbar) with 177 

an acceleration voltage of 10kV and a current of 250µA. All thin sections were partially stained 178 

with a solution of 10% diluted HCl, Alizarin red-S and potassium ferricyanide (Dickson, 1966). 179 

  180 
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 181 

Table 2. Petrographic description of the phases identified in the three carbonate facies 182 

investigated. 183 

 

Facies Carbonate 
phase Petrographic description   Staining Cathodoluminescence (CL) 

response  

Post-depositional 
diagenetic 
modifications  

Hainsfarth   
bioherm 

MIC-H Leiolitic to clotted peloidal micrite (Fig. 
2A). Crystal size < 4µm. Pink Dull to bright orange  No 

BL 

Isopachous crusts of fibrous calcite 
cement, 80 µm in thickness (Fig. 2A), 
lining the clotted peloidal microbial 
framework pores. 

Pink Dark orange to red  No  

BM 
Blocky calcite consisting of limpid-
transparent crystals, 50 to 1000µm in 
size (Fig. 2A)  

Pink 

Two luminescence domains: 
BMa is non-luminescent and 
terminates with a ~10µm 
thick bright orange zone; BMb 
is non-luminescent (Fig. 2A) 

No  

Adlersberg 
bioherm 

MIC-A Leiolitic to clotted peloidal micrite (Fig. 
2B,C,D).  Crystal size < 4µm. 

Pink with 
unstained 
areas (Fig. 
2C) 

Mottled. Non-luminescent to 
dull red (Fig.3D) 

Minor dissolution 
and 
recrystallization. 
Local replacement 
by microcrystalline 
dolomite (Fig. 2C) 

B1 
Pendant calcite cement, up to 150 µm 
in size. Crystals are inclusion-rich and 
light brown in PPL (Fig. 2B) 

Pink Non-luminescent to dull 
orange No  

DOL Isopachous rim of dolomite cement, 
50 µm in thickness (Fig. 2B,C,D) 

Unstained 
(Fig. 2C) 

Non-luminescent to very dull 
red (Fig. 2D) No  

B2 
Isopachous rim of dogtooth to bladed 
calcite cement, 200µm in thickness. 
Crystals are limpid in PPL (Fig. 2B,C,D) 

Pink (Fig. 
2C) 

Zoned. Usually dull red crystal 
cores with bright orange 
overgrowths (Fig. 2D) 

No  

B3 

Blocky (ferroan) calcite cement, locally 
with drusy fabric. Crystals are limpid in 
PPL and up to 100 µm in size (Fig. 2 
B,C,D).  

Blue (Fig. 
2C)  Dull orange (Fig. 2D) No  

Wallerstein 
mound 

MIC-M 
Leiolitic to clotted peloidal micrite (Fig. 
2E,F) planar to wavy laminae forming a 
porous framework. Crystal size < 4µm. 

Pink Dull orange 

Local dissolution 
and rare 
silicification 
(chalcedony) 

M1 

Globose pendant cement with 
coalescent calcite crystals, up to 
500µm in size, with sweeping 
extinction in CPL (Fig. 2G). Alternation 
of inclusion-rich and inclusions-free 
zones in PPL. 

Pink (Fig. 
2E,G) 

Non-luminescent to dull 
orange. Locally with bright to 
dull orange zones (Fig. 2H) 

Minor silicification 
(chalcedony) (Fig. 
2G) 

M2 
Isopachous rims of fibrous calcite 
cement, 500µm in thickness (Fig. 
2E,F,G,H) 

Pink (Fig. 
2G) 

Zoned. From bright/dull 
orange to non-luminescent 

Dissolution at the 
M1 and M2 
boundary (Fig. 
2G,H) 

M3 
Blocky calcite cement. Crystals are 
limpid and up to 500 µm in size (Fig. 
2E,F,G,H) 

Pink (Fig. 
2E) Very bright orange (Fig. 2F) No  

SIL 

Chalcedony sphaeroids, ~ 250µm in 
size, with sweeping extinction (Fig. 
2G), selectively replacing M1 cores 
and portions of MIC-M. 

Unstained 
(Fig. 2E) Non-luminescent No  
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3.3 C and O stable isotope analysis 184 

Forty-one powder samples from 10 carbonate phases were carefully extracted from polished 185 

rock slabs and thin sections by means of a dental drill or a software-controlled MicroMill device. 186 

Powders were reacted with 100% phosphoric acid at 70°C using a Gasbench II connected to a 187 

ThermoFisher Delta V Plus mass spectrometer and analysed for C and O stable isotopes at 188 

Geozentrum Nordbayern (Germany). δ13C and δ18O values for carbonates are reported in ‰ 189 

relative to the Vienna Pee Dee Belemnite (V-PDB) standard. Reproducibility and accuracy were 190 

monitored by replicate analyses of laboratory standards calibrated by assigning δ13C values of 191 

+1.95‰ to NBS19 and -47.30‰ to IAEA-CO9 and δ18O values of -2.2‰ to NBS19 and -23.2‰ to 192 

NBS18. Reproducibility for δ13C and δ18O values measured on the studied carbonates was ±0.04 193 

and ±0.03 ‰ (1σ), respectively. 194 

 195 

3.4 U-Pb isotope analysis and dating 196 

Five of the eight investigated thin sections were analysed in seven U-Pb LA-ICPMS analytical 197 

sessions at the Goethe University of Frankfurt (Germany). Prior to analysis, the sections were 198 

cleaned in an ultrasonic bath with ethanol (5% mol/L). Analyses were performed in different 199 

analytical sessions between 2016 and 2019 using a Thermo Scientific Element 2 sector field ICP-200 

MS, coupled to a RESOlution (Resonetics) 193 nm ArF Excimer laser (CompexPro 102, Coherent) 201 

equipped with a S-155 two-volume ablation cell (Laurin Technic, Australia). During each session 202 

the ablation parameters were kept constants for all samples and reference materials. Samples 203 

were ablated in a helium atmosphere (300 ml) and mixed in the ablation funnel with argon (1 L) 204 

and nitrogen (6-8ml). Analyses were performed with a square ablation spot of 143 to 213µm in 205 
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width, 8 to 12Hz frequency and fluence of around 2J ּ cm-2. A manual pre-screening session 206 

allowed identifying areas with variable U/Pb and 207Pb/206Pb ratios. Raw data were corrected 207 

off-line using an in-house Microsoft Excel spreadsheet program (Gerdes and Zeh, 2009). 208 

Fractionation of 206Pb/238U, 207Pb/206Pb ratios and the drift during the analytical session were 209 

corrected based on repeated analyses of soda-lime glass NIST-SRM 614. WC-1 calcite (Roberts 210 

et al., 2017) was used to correct for matrix offsets in U-Pb ratios (5 to 9%) between NIST glass 211 

and carbonate. Reported uncertainties for each analysis are quadratic additions of the within 212 

run precision, counting statistical uncertainties and the excess of variance (2% and 0.2% for the 213 

206Pb/238U and 207Pb/206Pb, respectively). The excess of variance was calculated from the WC-1 214 

reference material. Final results were plotted on U-Pb Tera-Wasserburg Concordia plots using 215 

Isoplot3 (Ludwig, 2012) where ages represent the intersection with the Concordia curve. 216 

Regression lines were constrained with 6 to 43 ablations spots (n) for each of the investigated 217 

carbonate phases. All uncertainties are reported as 2s. The speleothem calcite ASH-15D 218 

secondary reference material (Mason et al., 2016, Nuriel et al., 2020) was analysed as an 219 

unknown during six analytical sessions between 2017 and 2019 (Table 3, Data repository C.1 220 

and G.1) to verify the reproducibility and accuracy of the applied method and to compare the 221 

datasets from different LA-sessions. The ages obtained from each session yielded a weighted 222 

average age of 2.961±0.037 Ma (MSWD = 1.4), consistent within uncertainty with the ID-TIMS 223 

age of ASH-15D (2.965 ± 0.011 Ma, 2σ; Nuriel et al., 2020). The obtained reproducibility 224 

between the different sessions is 1.6%. The excess of variance (ε`) obtained from ASH-15D data 225 

is 1.45 % (2s) and was added by quadratic addition to the uncertainties of each lower intercept 226 

age of the analysed carbonate phases (Table 3). A 0.34% excess of variance (ε`) for the 227 
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207Pb/206Pb y-intercept of the regression line was obtained from the ASH-15D data (weighted 228 

mean of 0.8737±0.0014 and MSWD = 2 without ε`, 0.8737±0.0016 and MSWD = 1 with ε` of 229 

0.34%) and added by quadratic addition to the y-intercept uncertainty of each analysis (i.e. on 230 

the 207Pb/206Pb initial ratio). 231 

 232 

4. RESULTS 233 

4.1 Petrography and C-O stable isotope geochemistry 234 

The microbial boundstone from each of the three carbonate facies investigated (Hainsfarth 235 

bioherm, Adlersberg bioherm, Wallerstein mound; Fig. 1) display specific depositional and 236 

diagenetic features (Figure 2 and Table 2). Petrographic analysis allowed distinguishing 13 237 

depositional and diagenetic phases (Table 1 and 2; Fig. 2). The depositional carbonate phases 238 

consist of leolitic to clotted peloidal micrites, labelled MIC-H, MIC-A and MIC-M from the 239 

Hainsfarth bioherm, Adlersberg bioherm and Wallerstein mound, respectively. The diagenetic 240 

carbonate phases consist of dolomite cement (DOL), chalcedony (SIL) and calcite cements 241 

displaying different habits and fabric: pendant calcites (B1 and M1), isopachous rims of fibrous 242 

(BL and M2) and dogtooth to bladed (B2) calcites, as well as blocky calcites (BM, B3 and M3). 243 

The results of the C and O stable isotope analyses for the different carbonate phases sampled 244 

are summarized in Figure 3, Table 3 and Data repository B. All micrites (MIC-H, MIC-A, MIC-M) 245 

exhibit a covariance between δ13C and δ18O (R2=0.95). δ13C and δ18O values for micrites (n=11) 246 

range between -5.5‰ and +2.5‰, and between -5.1‰ and +3.3‰, respectively. In particular, 247 

MIC-H and MIC-A micrites from the Hainsfarth and Adlersberg bioherm samples, respectively, 248 
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display positive δ13C and δ18O values, whereas MIC-M micrites from the Wallerstein mound 249 

sample have negative δ13C and δ18O values. 250 

δ13C and δ18O for the B1 pendant cement (n=1) are +0.2‰ and -1.7‰, respectively, whereas the 251 

B2 isopachous cement (n=1) has δ13C of +1.5‰ and δ18O of +0.7‰. The blocky cements from 252 

the algal bioherms (BM and B3) have a distinctive C-O isotope composition: BM (n=5) is 253 

characterized by negative and consistent δ13C and δ18O values with δ13C between -5.4‰ and -254 

5‰ and δ18O between -7.3‰ and -7.7‰, whereas B3 (n=3) has a uniform C-O isotope 255 

composition with δ13C between +1.4‰ and +1.9‰, and δ18O between -5.9‰ to -7.5‰. The 256 

δ13C and δ18O values of the three calcite cements from the Wallerstein mound samples (M1, 257 

M2, M3) are characterized by δ13C between -1.2‰ and -3.4‰, whereas δ18O values are more 258 

variable, ranging between -0.8‰ and -9.6‰. The δ18O values fall in three distinct clusters: 259 

between -0.8‰ and -4.2‰ for M1 (n=4), between -1.8‰ and -5.0‰ for M2 (n=5) and between 260 

-5.7‰ and -9.6‰ for M3 (n=10). 261 

  262 
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Figure 2. Petrographic images of the five carbonate samples investigated. A) Microbial 264 

boundstone from Hainsfarth algal bioherm composed of clotted peloidal micrite (MIC-H). 265 

Primary framework pores are filled by isopachous fibrous calcite (BL) and blocky calcite (BM) 266 

cements. BM cement reveals two growth stages (BMa and BMb) under CL. The white arrow 267 

indicates a dissolved gastropod shell (mouldic pore). HAB2B6 sample, CL view. B) Microbial 268 

boundstone from the Adlersberg algal bioherm composed of clotted peloidal micrite (MIC-A). 269 

Pores are partially filled by four successive cement phases: pendant calcite (B1), isopachous 270 

dolomite rim (DOL), dogtooth to bladed calcite (B2) and blocky calcite (B3). ME1 sample, PPL 271 

view. C) Microbial boundstone from the Adlersberg algal bioherm composed of clotted peloidal 272 

micrite (MIC-A). Primary framework pores are filled by three successive cement generations: 273 

isopachous rims of dolomite (DOL) and dogtooth to bladed calcite (B2), followed by a blocky 274 

calcite cement (B3). Staining reveals that they consist respectively of non-ferroan dolomite 275 

(DOL), non-ferroan calcite (B2) and ferroan calcite (B3). Micrite (MIC-A) is locally replaced by 276 

micro-crystalline dolomite (see unstained area to the left of the white dashed line). ME1 277 

sample, stained, PPL view. D) Microbial boundstone from the Adlersberg algal bioherm 278 

composed of clotted peloidal micrite (MIC-A). Primary framework pores are filled by three 279 

successive cement generations: isopachous rims of dolomite (DOL) and dogtooth to bladed 280 

calcite (B2), followed by a blocky calcite cement (B3). The micrite (MIC-A) is locally recrystallized 281 

as suggested by the mottled CL. ME1 sample, CL view. E) Leiolitic to clotted peloidal micrite 282 

(MIC-M) from the Wallerstein mound. Primary framework pores are filled by a sequence of 283 

three successive cements: globose pendant calcite (M1), isopachous fibrous calcite rim (M2) and 284 

blocky calcite (M3). M1 pendant calcite precipitated directly on the micrite laminae (MIC-M).. 285 
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WA1 sample, PPL view. F) Details of fibrous calcite cement (M2) precipitated on the Wallerstein 286 

mound micrite (MIC-M) and followed by blocky calcite cement (M3). WA2 sample, PPL view. G) 287 

Details of coalescent crystals of pendant calcite cement (M1), partially affected by silicification 288 

(SIL; chalcedony sphaeroids) and followed by fibrous calcite (M2) and blocky calcite (M3) 289 

cements, grown in optical continuity. Dissolution at the boundary between M1 and M2 cements 290 

is indicated by the white arrow. WA5 sample, stained, XPL view. H) Globose pendant calcite 291 

cement (M1) filling a pore and post-dated by fibrous calcite cement (M2) and blocky calcite 292 

cement (M3) with dull red and bright orange luminescence, respectively. Dissolution at the 293 

boundary between M1 and M2 cements is pointed by the white arrow. WA5 sample, CL view. 294 
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Figure 3. Cross-plot of δ13C versus δ18O values (in ‰, relative to V-PDB) of the carbonate phases 295 

analysed from the three facies investigated. MIC-H, MIC-A and MIC-M stand for micrite from 296 

Hainsfarth bioherm, Adlersberg bioherm and Wallerstein mound, respectively. B1 and M1 are 297 

pendant calcite cements. B2 and M2 are isopachous calcite cements. BM, B3 and M3 are blocky 298 

calcite cements. Note the covariance (R2=0.95) between δ13C and δ18O values that characterizes 299 

the micrites (reported as crosses). Grey areas indicate the δ13C and δ18O values previously 300 

published for the three carbonate facies investigated (Pache et al., 2001; Della Porta, 2015; 301 

Christ et al., 2018). 302 

 303 

4.2 U-Pb geochronology 304 

The concentrations and isotope ratios of U and Pb of all analysed phases are summarized in 305 

Figure 4, Table 3, and Data repository C.1. Due to their small volume, the BL and DOL phases 306 

were not sampled and thus not analysed. U and Pb concentrations are very variable, ranging 307 

from 10ppb to 53ppm, and 0.4ppb to 6.4ppm, respectively (Fig. 4A). The highest U 308 

concentrations can be found in micrites (MIC-H, MIC-A, MIC-M) and pendant cements (B1), 309 

mostly with values higher than 1 ppm (Fig. 4A). Figure 4B summarises the 238U/206Pb versus 310 

207Pb/206Pb ratios of all analysed carbonate phases: 238U/206Pb varies from 0.03 to 413 and 311 

207Pb/206Pb ranges from 0.87 to 0.10. All phases are characterised by a high to very high isotope 312 

ratio variability including domains with high µ-values (238U/204Pb) close to the Concordia curve. 313 

The Hainsfarth bioherm carbonates display the lowest variability, with 238U/206Pb ratios below 1. 314 

A clear covariance between both isotope ratios (R2=0.99; Fig. 4B) suggests that most of the 315 

analysed carbonate phases formed at about the same time. However, MIC-A micrite and M1, 316 
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M3, BM and B3 cements also include younger data points that define a different slope 317 

(R2=0.79). 318 

Tera-Wasserburg Concordia plots with lower intercept ages are displayed in Figures 5 and 6, 319 

while the complete data set and plots can be found in Data repositories D, E and F. From the 320 

five analysed samples, a total of 22 isochron ages were obtained from 10 depositional and 321 

diagenetic carbonate phases (Table 3). Depositional (micrite) and diagenetic (cement) carbonate 322 

phases yielded well-defined regression lines with ages between 14.44±0.41 and 9.51±0.77 Ma, 323 

and MSWD (Mean Squared Weighted Deviation) of 0.5 to 1.6. The pendant cement (M1) from 324 

sample WA5 and the blocky calcite cement (B3) from sample ME1 display more scattered 325 

isotope ratios, and consequently higher MSWD (2.1 and 2.3, respectively). The precision 326 

obtained for the majority of the ages ranges from 1.3 to 8.6% (internal uncertainty 2σi; Table 3) 327 

and slightly decreases (1.9 to 8.7%) when the long term excess of variance is added (Table 3). 328 

After all propagated uncertainties, 60% of the ages have uncertainties below 5% and 27% (six 329 

ages) below 3.5%. 330 

Five carbonate phases (MIC-H, MIC-A, MIC-M, BM and B1) were analysed in multiple sessions to 331 

check the reproducibility between sessions and to improve the precision of the ages (Table 3). 332 

Weighted average ages for these phases are reported with the number (nw) of analytical 333 

sessions undertaken in brackets. Micrites from samples HAB2B6, ME1, and WA2 were analysed 334 

in 3 to 4 sessions, yielding weighted average ages of 13.90±0.25Ma (nw=4), 14.14±0.20Ma 335 

(nw=3) and 13.79±0.42Ma (nw=3), respectively, confirming a within-session reproducibility of 336 

1.5-2%. The data also indicate that multiple measurements can improve the precision of the 337 
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ages by a factor of about 2 to 4, since weighted average ages have uncertainties down to 1.5% 338 

(2σ). 339 

Initial 207Pb/206Pb ratios (i.e. y-axis intercepts; Table 3) fall between 0.825±0.004 and 340 

0.869±0.023 and display a slight scatter, which can be expressed in a weighted average of 341 

0.838±0.003 (MSWD of 9.9). This value is very similar to that derived from the second stage of 342 

Stacey and Kramer (1975) model for 14Ma (0.8366). There is no discernible difference in 343 

207Pb/206Pb ratios between different samples or carbonate phases (cements versus micrites). 344 
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 345 

Figure 4. U and Pb geochemistry for the carbonate phases analysed from the three facies 346 

investigated. Each dot corresponds to an ablation analysis. MIC-H, MIC-A and MIC-M stand for 347 

micrite from the Hainsfarth bioherm, Adlersberg bioherm and Wallerstein mound, respectively. 348 

B1 and M1 are pendant calcite cements. B2 and M2 are isopachous calcite cements. BM, B3 and 349 

M3 are blocky calcite cements. A) Cross-plot of Uranium (U) versus Lead (Pb) concentrations 350 

expressed in parts per million (ppm). The carbonate U and Pb composition is included between 351 

the dashed lines (0.025 < U/Pb < 50). The yellow star represents the carbonate U and Pb mean 352 

composition after Roberts et al. (2020). B) Cross-plot of 238U/206Pb versus 207Pb/206Pb ratios and 353 

corresponding main regression line (R2=0.99). Some data points define a different slope 354 

(R2=0.79). In blue is the Concordia curve. 355 

 356 

Figure 5. 238U/206Pb versus 207Pb/206Pb Tera-Wasserburg Concordia diagrams and corresponding 357 

absolute ages for MIC-H and BM carbonates from HAB2B6 sample (Hainsfarth bioherm, in red) 358 

and for MIC-A, B1, B2 and B3 carbonates from ME1 sample (Adlersberg bioherm, in green). Red 359 

dashed lines represent the isochrons. Blue ellipses represent the ‘n’ spot analyses and 360 

corresponding isotope ratios obtained. In blue are the Concordia curves. MIC-H, BM, MIC-A and 361 

B1 carbonate phases were analysed in different analytical sessions: ages obtained for each 362 

session are reported as vertical bars and the produced weighted average ages are indicated by 363 

asterisks. All ages are reported with 2σ confidence. 364 

 365 
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 368 
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Figure 6. 238U/206Pb versus 207Pb/206Pb Tera-369 

Wasserburg Concordia diagrams and corresponding 370 

absolute ages for MIC-M, M2 and M3 carbonates 371 

from WA2 sample (Wallerstein mound). Red dashed 372 

lines represent the isochrons. Ellipses represent the 373 

‘n’ spot analyses and corresponding isotope ratios 374 

obtained. In blue are the Concordia curves. MIC-M 375 

phase was analysed in three analytical sessions: 376 

vertical blue bars represent the ages obtained, and 377 

the produced weighted average age is indicated by 378 

an asterisk. All ages are reported with 2σ confidence. 379 

 380 

 381 

 382 
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 383 

Table 3. U-Pb geochronology and C-O stable isotope data of the carbonate phases investigated. 384 

U-Pb geochronology data for the secondary standard (speleothem calcite ASH-15d) are also 385 

reported. 386 

 

Facies Sample Phase        Age** 
(Ma) 2σ’’ 2σi^ 

(%) 
207Pb/206Pb* 
± 2σ" n# MSWD 

 †  

Session 
number    

Average 
age• (Ma) 

δ13C
§ 

δ18O
§ 

n 
C-O 

Hainsfarth 

bioherm 

HAB2B6 MIC-H 13.79 0.40 2.5 0.834 0.003 28 1.40 1 13.90±0.25 0.8 0.8 2 

 " 14.05 0.58 3.7 0.837 0.004 34 0.63 4     

 " 13.88 0.50 3.2 0.842 0.003 43 1.07 6     

 " 14.19 0.87 5.8 0.841 0.005 31 1.30 5     

 BM 13.50 4.20 32 0.835 0.003 6 0.78 1 13.2±1.10 -5.2 -7.5 5 

 " 13.20 1.12 8.3 0.841 0.003 33 0.68 6     

Adlersberg 

bioherm 

ME1 MIC-A 14.22 0.28 1.3 0.829 0.005 24 0.97 2 14.14±0.20 1.9 2.6 2 
 " 13.87 0.44 2.8 0.847 0.003 27 1.10 4     

 " 14.24 0.46 2.9 0.843 0.003 31 1.04 5     

 B1 14.15 0.35 2.0 0.854 0.006 41 1.30 3 14.27±0.33 1.5 0.3 1 

 " 14.44 0.41 2.5 0.868 0.070 6 0.73 2     

 B2 14.20 1.02 7 0.840 0.007 9 1.50 2  0.7 -1.7 1 

 B3 10.20 2.80 26 0.847 0.008 17 2.30 3  1.6 -6.7 3 

Wallerstein 

mound 

WA1 MIC-M 14.33 0.27 1.3 0.827 0.003 22 1.14 3  -5.0 -4.4 3 

 M1 14.28 0.84 5.7 0.825 0.004 8 1.30 3  -2.8 -3.5 6 

 M2 14.19 0.69 4.6 0.832 0.010 14 0.46 3  -2.9 -6.2 6 

WA2 MIC-M 13.74 0.67 4.9 0.838 0.004 29 0.85 3 13.79±0.42 -4.1 -3.3 3 

 " 13.57 0.60 4.1 0.838 0.004 21 1.03 3     

 " 15.00 1.32 8.6 0.839 0.005 29 0.80 2     

 M2 14.42 0.43 2.5 0.842 0.009 14 1.40 2  -3.1 -4.1 1 

 M3 9.51 0.77 8 0.833 0.010 7 1.60 2  -1.6 -8.6 2 

WA5 M1 14.70 1.81 12 0.835 0.010 28 2.10 1  -2.2 -2.5 3 

 Ash15-D  2.870 0.110 3.8 0.877 0.004 24 0.99 3 2.961±0.054    

   2.980 0.110 3.7 0.872 0.003 26 1.13 1     

   2.964 0.084 2.8 0.874 0.003 24 0.94 7     

   2.972 0.068 2.3 0.874 0.004 26 0.90 4     

   3.006 0.074 2.5 0.873 0.004 26 0.61 5     

   2.919 0.050 2.4 0.863 0.016 20 0.33 8     

   2.988 0.071 2.4 0.876 0.012 26 0.57 6     

Note: 
** Tera-Wasserburg diagram U-Pb lower intercept ages 

"   Absolute uncertainty (including long-term excess of variance of 1.5%) 

^   Relative uncertaintyr: percent uncertainty of lower-intercept age (without excess of variance) 
•    Weighted average of nw multiple isochron ages  

*   Y-axis intercept = initial Pb/Pb ratio 

#   Number of LA-ICPMS spot analyses 

†   Mean Squared Weighted Deviates 

§   δ13C and δ18O values expressed as ‰ relative to V-PDB (Vienna Pee Dee Belemnite) standard 

nC-O  number of δ13C and δ18O analyses 

LA-session numbers and corresponding dates: 1=19/04/16; 2=20/04/16; 3=04/04/18;  

4=27/02/19; 5=28/02/19; 6=17/06/19; 7=16/10/18; 8=18/06/19. 
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 387 

5. Discussion 388 

5.1 Petrography and O-C isotope geochemistry of Ries Crater carbonates 389 

Carbonates are common minerals that precipitate in a variety of depositional and diagenetic 390 

environments. They commonly undergo diagenetic processes such as replacement or 391 

recrystallization that may induce textural and geochemical changes (e.g. Swart, 2015). If 392 

carbonates are altered by later diagenetic processes, their U-Pb isotope system may be 393 

disturbed or even fully reset. Consequently, measured carbonate U-Pb ages may represent the 394 

timing of a later diagenetic event rather than the primary carbonate precipitation (Li et al., 395 

2014; Mangenot et al., 2018). Therefore, petrography together with C-O stable isotope analyses 396 

were here used to: 1) define the relative timing and precipitation environments of the 397 

carbonate phases, and 2) identify the phases that potentially preserved pristine compositions. 398 

The depositional carbonate facies investigated (Hainsfarth bioherm, Adlersberg bioherm, 399 

Wallerstein mound) consist of micrites (MIC-H, MIC-A, MIC-M) which show no petrographic 400 

evidence of major diagenetic modifications, besides minor dissolution, dolomitisation and 401 

silicification (Fig. 2, Table 2). This is in line with the preservation of low-Mg calcite ostracodes 402 

reported from the Hainsfarth bioherm facies (Christ et al., 2018). This is further supported by 403 

the covariance between micrite δ13C and δ18O values (R2=0.95; Fig. 3), also reported by previous 404 

authors (e.g. Pache et al., 2001; Della Porta, 2015; Christ et al., 2018), which is typical of 405 

carbonates precipitated in closed lakes (Della Porta, 2015 and references therein). The partial 406 

dolomitisation affecting the Adlersberg bioherm micrite (MIC-A; Fig. 2C) is considered an early 407 
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diagenetic process driven by lacustrine and/or meteoric phreatic fluids (e.g. Riding, 1979; Arp et 408 

al., 2017). Hence, the ages obtained for MIC-A (Table 3) should confidently reflect the timing of 409 

deposition even if ablation spots fall within both dolomitised and undolomitised portions of the 410 

micrite. 411 

The early cementation history of the samples was driven by vadose and phreatic lacustrine 412 

fluids and is recorded by the presence of pendant (B1, M1) and isopachous (B2, M2) calcite 413 

cements (Fig. 2, Table 2). These cement types are interpreted to have precipitated together or 414 

right after the bioherm and spring mound micrites (MIC-H, MIC-A, MIC-M) that host them. They 415 

are characterized by δ13C-δ18O covariance reasonably consistent with that defined for the 416 

depositional carbonates (micrites), though some lower δ18O values also occur (Fig. 3). 417 

The three blocky calcite cements (BM, B3 and M3) post-date the early diagenetic phases (Fig. 2). 418 

They display a distinctive CL response and negative δ18O values and lack δ13C-δ18O covariance 419 

(Fig. 2 and 3), suggesting that they resulted from different post-depositional (i.e. precipitating 420 

during later diagenesis) cementation events (e.g. Goldstein, 1991). The CL response of BM 421 

cement (Fig. 2A), together with the negative δ13C and δ18O values (Fig. 3), suggests precipitation 422 

from relatively early meteoric phreatic fluids. The B3 and M3 cements occur as latestpore-filling 423 

phases; their CL responses (Fig. 2D, H) and negative δ18O values (Fig. 3), together with the 424 

ferroan nature of B3 (Fig. 2C), suggest precipitation from reducing fluids during burial. 425 

The petrographic and C-O isotope analyses suggest that depositional carbonates (MIC-H, MIC-A, 426 

MIC-M micrites) and early diagenetic cements (B1, B2, M1 and M2) preserved their pristine 427 

petrographic and geochemical features. Therefore, the U-Pb ages obtained from these phases 428 
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(Table 3) may be confidently used to gather insights on the original depositional timing of these 429 

three carbonate facies. The U-Pb ages produced from the BM, B3 and M3 blocky calcite cements 430 

(Table 3) should provide information on the timing of three different post-depositional 431 

cementation events. 432 

 433 

 434 

 435 

 436 

Figure 7. Chronostratigraphic chart of Miocene time (IUGS v 2020/01) with absolute ages for 437 

marginal and basinal facies of the Ries Crater lacustrine basin. Absolute ages for the 438 

depositional and diagenetic carbonate phases of the marginal facies (Hainsfarth bioherm, 439 

Adlersberg bioherm and Wallerstein mound) were obtained by U-Pb geochronology via LA-440 

ICPMS. Dashed vertical bars represent weighted average ages produced by multiple LA-sessions 441 

on the same carbonate phases, as reported in Table 3. All age uncertainties (vertical bars) are 442 

reported as 2σ. Absolute ages of geomagnetic polarity chrons are from the Astronomical Tuned 443 

Neogene Time Scale (ATNTS2012). Normal and reverse polarity is indicated in black and white, 444 

respectively. The meteorite impact is considered as occurring at ~14.9Ma (after Schwarz et al., 445 

2020 and references therein), whereas absolute ages of basinal units (A-B-C-D) are defined after 446 

Arp et al. 2013b and Rocholl et al. (2017, 2018).  447 

 448 
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5.2 Ries Crater carbonate U-Pb geochronology 451 

Multiple studies aimed to resolve the general chronostratigraphy and diagenesis of the Ries 452 

Crater lacustrine deposits and focussed on: 1) the timing of sedimentation onset and the 453 

duration of the lake life-time; 2) the margin-margin and basin-margin stratigraphic correlations; 454 

and 3) the cementation history of the marginal facies. This study reports the first U-Pb ages 455 

from both depositional and diagenetic carbonates of the Ries Crater marginal deposits. The 456 

accuracy of these ages is here discussed within the Ries Crater geological framework, well-457 

established by previous studies (see section 2 and Data repository A). 458 

1) Constraining the time elapsed between meteorite impact and sedimentation onset, as well as 459 

the entire lake life-time, has been attempted by several authors. The different datasets 460 

converge towards the onset of sedimentation occurring shortly after the impact (Buchner and 461 

Schmieder, 2009; Stöffler et al., 2013) and the entire succession being deposited in a time 462 

window of > 1.2 and <2 Ma (Füchtbauer et al., 1977; Pohl, 1977; Arp et al., 2017). The U-Pb ages 463 

here obtained for depositional and early diagenetic carbonate phases from marginal facies (Fig. 464 

5 and 6, Table 3) agree with a short time gap between impact (~14.9Ma) and sedimentation 465 

onset and with the 2 Ma maximum age estimate for the lake life-time previously proposed. 466 

Further constraints on lake life-time duration may be inferred by considering the oldest and 467 

youngest U-Pb ages obtained from depositional carbonate phases (Table 3). The 14.33±0.27 Ma 468 

oldest age obtained from the micrite of the Wallerstein mound (MIC-M), which is known to be 469 

coeval with basinal unit C (Arp et al., 2013a, 2017), indicates that the marginal facies analysed 470 

presumably existed 0.57±0.27 Ma after the impact, with a lower age limit for deposition at 471 

14.60Ma (i.e. 0.30Ma after the impact). This is in line with Arp et al. (2013b) that considered the 472 
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older basinal unit B to be deposited around 0.25Ma after the impact (see Data repository A). 473 

WA2 sample micrite (MIC-M) was not taken as the youngest sample because of disturbance of 474 

the U-Pb isotope system. Indeed, multiple dating attempts provided poorly precise ages 475 

(uncertainties up to 9%; Table 3) that are appreciably younger than the fibrous calcite cement 476 

M2 (14.42±0.43Ma) held within the same sample. Therefore, the 13.9±0.25Ma (nw=4) age of the 477 

Hainsfarth bioherm micrite (MIC-H) was taken as the youngest of the dataset. This age suggests 478 

that sedimentation has continued at least up to 1±0.25Ma after the impact, with an upper age 479 

limit for deposition at 13.65Ma (i.e. ~1.25Ma after the impact). This is in good agreement with 480 

the >1.2Ma sedimentation duration proposed for basinal units (Füchtbauer et al., 1977; Pohl, 481 

1977; Arp et al., 2017). 482 

2) In the last decades, several authors attempted to establish margin-margin and basin-margin 483 

stratigraphic correlations between the Ries Crater lake deposits, based on drilling campaigns 484 

and sedimentological, geochemical and magnetostratigraphic studies (Arp et al., 2017 and 485 

references therein). 486 

Correlations among marginal facies suggest that the Hainsfarth bioherm is younger than the 487 

Adlersberg bioherm and that the Wallerstein mound formed in a time window included 488 

between the growths of both bioherms (Arp et al., 2013a). The U-Pb ages of the three marginal 489 

facies overlap within uncertainties (Table 3, Fig. 7) and thus it is not possible to precisely assess 490 

stratigraphic correlations by taking into account the uncertainties. However, by disregarding the 491 

uncertainties, it appears that the Adlersberg bioherm ages (MIC= 14.14±0.20Ma, nw=3; B1+B2= 492 

14.27±0.25Ma, nw=3, MSWD=0.59; Table 3) are older than the Hainsfarth bioherm age 493 

(MIC=13.90±0.25Ma, nw=4; Table 3), in agreement with the correlation previously proposed by 494 
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Arp et al. (2013a). In contrast, the 14.33±0.27Ma age of micrite (MIC-M) from the Wallerstein 495 

mound, together with the weighted average age of the early diagenetic M1 and M2 cements 496 

(14.36±0.33Ma, nw=4, MSWD=0.17; Table 3) suggest that the Wallerstein mound formed before 497 

and during the Adlersberg bioherm growth (Fig. 7), which is in conflict with what proposed by 498 

Arp et al. (2013a).   499 

Available basin-margin stratigraphic correlations based on sedimentological and geochemical 500 

investigations suggest that the basinal C and D units are coeval with the Adlersberg and 501 

Hainsfarth bioherms, respectively (Arp et al., 2017). Age estimates for the deposition of basinal 502 

units (A-B-C-D) were here constrained by coupling the meteorite impact timing with the basinal 503 

unit magnetostratigraphy data using an approach previously presented by Arp et al. (2013b) 504 

(see section 2 and Data repository A). By combining these age estimates for basinal units with 505 

the U-Pb ages obtained in this study from marginal carbonates, it may be concluded that the 506 

three marginal facies formed during the deposition of basinal unit C and part of unit D (Fig. 7), 507 

supporting stratigraphic correlations from previous authors.  508 

3) Different types of post-depositional cements, precipitated from fluids of meteoric to burial 509 

origin, were recognized within the Ries Crater marginal facies (Pache et al., 2001; Christ et al. 510 

2018). Although this study mainly focuses on the timing of the marginal facies deposition, it also 511 

provides temporal constraints on the later cementations. The BM, B3 and M3 blocky calcite 512 

cements clearly display younger ages when compared to the depositional and early diagenetic 513 

phases previously discussed (Fig. 7), in line with petrography and C-O isotope geochemistry. In 514 

particular, the age of BM cement (13.20±1.10Ma, n=2; Table 3) confirms the relatively early 515 

origin from meteoric fluids. In contrast, the B3 and M3 cements reveal younger ages 516 
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respectively of 10.20±2.80Ma and 9.51±0.77Ma (Fig. 7), pointing at different burial fluid events 517 

occurring 4Ma after the deposition of the three marginal facies. 518 

To conclude, the carbonate U-Pb ages obtained via LA-ICPMS are consistent with the 519 

petrography and C-O isotope interpretation and with the previous literature constraints on the 520 

well-established geological evolution of the Ries Crater basin. These results allow to successfully 521 

validate the geological consistency (accuracy) of the U-Pb ages obtained and confirms the 522 

potential of this dating approach to reveal the origin and time of precipitation of depositional 523 

and diagenetic carbonate phasesin other geological contexts which lack the robust independent 524 

constraints of the Ries Crater. 525 

 526 

5.3 U-Pb carbonate chronostratigraphy in continental settings  527 

Carbonate U-Pb geochronology is generally considered to be unsuitable for applications in 528 

stratigraphy mainly due to the large age uncertainties that are commonly obtained (Roberts et 529 

al., 2019). However, the results here presented indicate that geological contexts with poor 530 

independent time constraints, such as most continental sedimentary systems, carbonate U-Pb 531 

dating may allow successful bracketing of the depositional age of previously undateable 532 

deposits. 533 

Future applications of carbonate U-Pb dating for chronostratigraphic purposes in continental 534 

systems will require well-established dating protocols to overcome current limitations, such as:  535 

the choice of the phases to be dated and the age accuracy and precision. 536 

5.3.1 Protocol for sample selection  537 
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Chronostratigraphic studies require targeting of depositional (e.g. micrite, bioclasts) and/or very 538 

early diagenetic (e.g. marine, lacustrine cements) carbonate phases to yield depositional ages 539 

for continental deposits. Before dating, these phases need to be distinguished from the later 540 

ones that commonly occur in the same sample. Petrography and geochemistry studies, allowing 541 

for the reconstruction of cement stratigraphy and paragenesis (e.g. Goldstein, 1991), are 542 

necessary to establish the relative timing and precipitation environment of the different phases. 543 

This study (see sections 5.1 and 5.2) underlines their importance. Indeed, three diagenetic 544 

phases were identified prior to dating and as expected, provided younger U-Pb ages (Fig. 7). 545 

Once the carbonate phases to be dated are identified, they need to be screened for potential 546 

diagenetic modifications using again carbonate petrography and geochemistry. Evaluating the 547 

diagenetic overprinting of depositional and early diagenetic carbonates is challenging due to the 548 

site geochemistry of the continental waters. However, it can be inferred, among others, from: 1) 549 

the crystal habitus and size (e.g. obliteration of botryoidal habitus in cements, micrite crystals > 550 

4µm); 2) the staining and CL response (e.g. revealing ferroan nature, mottled CL); 3) the 551 

presence of micro-fracturing, crystal reaction borders and/or bi-phase fluid inclusions; 4) the 552 

δ13C-δ18O compositions that deviate from expected values. 553 

5.3.1 Accuracy and precision  554 

The age precision is the key factor to understand the potentialities and limitations of the 555 

carbonate U-Pb geochronology for chronostratigraphic studies as the large uncertainties are a 556 

major limitation when dating old carbonates. Indeed, the same 1.5% age precision obtained in 557 

this study results in absolute uncertainties of 0.2-0.3Ma for Miocene carbonates and of ~8Ma 558 
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for Lower Cambrian carbonates. Overall, the initial U-Th-Pb isotope composition and the dating 559 

technique chosen (e.g. ID-TIMS versus LA-ICPMS), play a crucial role in determining the final age 560 

precision. Previous authors have used carbonate U-Pb dating via bulk (i.e. ID-TIMS) and in-situ 561 

(i.e. LA-ICPMS) analyses to constrain the depositional age of lacustrine deposits of known age. 562 

These studies provide useful information to understand the limitation of these dating 563 

approaches in continental carbonate settings. Isotope dilution (ID-TIMS) U-Pb geochronology 564 

was used to date the Miocene lacustrine carbonate tufa from the Barstow Fm. (California, USA), 565 

deposited within a time window of ~5 Ma (Cole et al., 2005), which is much longer than the 2 566 

Ma depositional time interval of the Ries Crater deposits. The ages obtained are consistent with 567 

Ar/Ar geochronology absolute constraints and are precise down to 0.9%, due to their 568 

exceptionally high U contents (up to 180 ppm). Similarly, precise U-Pb (ID-TIMS) ages were 569 

reported by Hill et al. (2016) from the Upper Cretaceous-Paleocene Colorado plateau lacustrine 570 

carbonates (U<30ppm). Geochronology by ID-TIMS is known to provide the most accurate 571 

assessment of the U-Pb age of carbonate samples. However, it is time consuming and labour 572 

intensive and it may have a lower success rate due to the limited spatial-resolution (Roberts et 573 

al., 2020), particularly because high and low 238U/206Pb domains are heterogeneously distributed 574 

at the sub-mm scale in carbonates (Rasbury and Cole, 2009). 575 

In situ (LA-ICPMS) U-Pb geochronology was used by Frisch et al. (2019) to date the Miocene 576 

alluvial-lacustrine carbonates (U<10 ppm) from the Aktau succession (Kazakhstan). The ages 577 

reported show a very good correlation with magnetostratigraphy and cyclostratigraphy data 578 

and are precise down to 3% (2σ). New advances on 2D elemental and isotopic ratio mapping 579 

allowed Drost et al. (2018) to produce ages with uncertainties down to 1% from early diagenetic 580 
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carbonate cements (U<40ppm) of the Carboniferous-Permian Rothenburg Fm. (Germany). The 581 

results are consistent with biostratigraphic constraints and zircon U-Pb geochronology from 582 

interbedded ash layers and encourage the application of this dating approach also in Paleozoic 583 

continental carbonate systems.  584 

The U-Pb (LA-ICPMS) technique was chosen in this study because it has many key benefits 585 

compared to the bulk techniques: the dating procedure is simpler, faster and analyses are 586 

preformed directly on thin sections with sampling (ablation) spot sizes of <0.2mm. This allows 587 

discarding diagenetically altered areas and enables dating volumetrically minor carbonate 588 

phases. Moreover, non-systematic (random) sample pre-screening can be performed prior to 589 

analysis to identify areas with high and variable 238U/206Pb. These technical advantages 590 

significantly enhance the success rate of carbonate U-Pb dating even if LA-ICPMS is considered 591 

to be analytically less precise than ID-TIMS (Roberts et al., 2020). In the present study, various 592 

carbonates phases with U concentrations below 10ppm provided accurate depositional ages 593 

with precision mostly included between 1.5 and 3% (2σ), after propagating all necessary 594 

uncertainties.  Repeated measurements on the same carbonate phases yielded consistent ages 595 

within analytical uncertainties, allowing assessment of the long-term reproducibility of the 596 

method (Table 3, Data repository G.1). Depositional and early diagenetic carbonates yielded 597 

consistent ages (Fig. 7) since the weighted average age of depositional carbonates (MIC-H, MIC-598 

A, MIC-M) of 14.09±0.18Ma (MSWD=1.5; nw=11) is within uncertainty indistinguishable from the 599 

14.30±0.20Ma (MSWD = 0.3; nw = 7) weighted average age of the early diagenetic carbonates 600 

(B1, M1, B2, M2). This suggests that both carbonate types may potentially be used as reliable 601 

geochronometers, as long as they retain their pristine geochemical compositions. The 602 
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depositional carbonates (micrites) seem to have a higher dating potential since they provided 603 

more precise ages (internal uncertainties between 1.3 to 4.7%, in 9 out of 11 samples) if 604 

compared to the early diagenetic cements. This is most likely due to the interplay of three 605 

factors characterizing the micrite samples: 1) higher U/Pb variability, 2) higher U (> 2ppm) 606 

concentrations, combined with 3) relatively lower initial Pb (Fig. 4). In contrast, the early 607 

diagenetic cements (B1, M1, B2 and M2), precipitated from lacustrine fluids, display about 30% 608 

less precise ages (internal uncertainties between 1.9 to 7%, in 6 out of 7 samples). 609 

Overall, this study indicates that U-Pb carbonate geochronology may confidently assist 610 

stratigraphic studies at the time resolution of 3rd order depositional sequences (0.5-5Ma) and 611 

encourage the use of U-Pb (LA-ICPMS) technique as a chronostratigraphic tool for carbonates 612 

from lacustrine (and more broadly continental) settings, where other commonly applied 613 

chrono-chemo-bio-stratigraphic approaches may be insufficient and chronostratigraphic 614 

correlations are usually out of reach. 615 

 616 

Conclusions 617 

Depositional carbonates (micrites), together with early diagenetic (lacustrine) and post-618 

depositional (meteoric and burial) calcite cements from marginal facies of the Ries Crater 619 

impact basin were investigated. Petrography and C-O stable isotope analyses indicate that 620 

depositional and early diagenetic carbonate phases preserved pristine geochemical composition 621 

and therefore are ideal targets to apply in-situ U-Pb geochronology (LA-ICPMS) in order to 622 
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constrain the facies depositional timing, whereas later diagenetic phases may inform on the 623 

post-depositional cementation history. 624 

All carbonates were successfully dated. U-Pb ages of micrites and early diagenetic cements 625 

(between 14.7±1.81 and 13.9±0.25Ma) are consistent with the geological and geochronological 626 

constraints offered by the well constrained Ries Crater basin, validating the accuracy of the 627 

dataset and of the applied method. In particular, the U-Pb dataset indicates a very short time 628 

elapsed between meteorite impact and sedimentation onset and matches the independent 629 

estimates of the minimum and maximum duration of lake life-time. The consistency between 630 

depositional and early diagenetic carbonate ages underlines that both carbonate types may 631 

suitably be used for U-Pb geochronology. Finally, three later calcite cements were also dated at 632 

13.20±1.1Ma, 10.20±2.80Ma and 9.51±0.77Ma, indicating that the basin was punctuated by 633 

different post-depositional cementation events. 634 

Overall, the time-resolution achieved by the U-Pb (LA-ICPMS) technique for Miocene carbonates 635 

(down to 1.5%, 2σ; about 0.2-0.3Ma) was adequate to bracket the depositional age of the 636 

marginal facies investigated and to correlate them with siliciclastic basinal units in a time 637 

window <2Ma. This study conclusively suggests that, with suitable protocol for sample selection, 638 

it is possible to obtain geologically consistent and precise ages from depositional and diagenetic 639 

continental carbonates that may confidently assist chronostratigraphic studies at the resolution 640 

of the 3rd order depositional sequences (0.5-5Ma). 641 
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Data repository 827 

Data repository A. In the last decade the Ries Crater meteorite impact was dated by several 828 

authors (e.g., Buchner et al., 2010; Rocholl et al., 2017, 2018; Schmieder et al., 2018a,b; Schwarz 829 

et al., 2020), with ages ranging between 15.00±0.03Ma (zircons U-Pb dating; Rocholl et al., 830 

2018) and 14.50±0.32Ma (Ar-Ar dating of recrystallized feldspars; Buchner et al., 2010). The 831 

0.5Ma disagreement between these ages can be related to multiple factors as discussed by 832 

Rocholl et al. (2018), Schmieder et al. (2018a, b) and Schwarz et al. (2020). In this contribution 833 

we consider the impact as occurring at around 14.9 Ma, in line with most of the absolute ages 834 

published in the last decade (Schwarz et al., 2020 and references therein).  835 

Absolute age estimates for the deposition of basinal units (A-B-C-D; Füchtbauer et al., 1977; 836 

Jankowski, 1977) was achieved by coupling the meteorite impact timing with the basinal unit 837 

magnetostratigraphy, as previously done by Arp et al. (2013). Accordingly, the impact related 838 

suevite (i.e. melt bearing crystalline breccia; Stöffler et al., 2013) records a distinctive reverse 839 

magnetization and at the top the transition to normal polarity (Pohl, 1977; Pohl et al., 2010; Fig. 840 

A.1). As a consequence, the impact is supposed to occur at the top of a reverse magnetization 841 

stage.  842 

Based on the absolute ages of geomagnetic polarity chrons by Hilgen et al. (2012) the meteorite 843 

impact was possibly allocated at the top of C5Bn.1r (15.03 to 14.87 Ma) or C5ADr (14.77 to 844 

14.61 Ma) reverse chrons (Buchner et al., 2013; Rocholl et al., 2017; Schmieder et al., 2018a,b). 845 

The ~14.9Ma impact timing would therefore correspond to the top of C5Bn.1r (14.87Ma), in 846 

agreement with the interpretation of Rocholl et al. (2017, 2018). 847 



50 
 

The Ries Crater sedimentation onset is known to have occurred shortly after the impact 848 

(Buchner and Schmieder, 2009; Stöffler et al., 2013) as demonstrated by the weathering of the 849 

impactites driven by meteoric fluids (Muttik et al., 2011) and the short-distance fluvial transport 850 

of impact related breccia (Arp et al., 2019). However, the exact time elapsed between the 851 

impact and the onset of sedimentation is at today unconstrained (Schmieder et al., 2018b). 852 

Pohl (1977) suggest that unit A sediments were deposited in a few thousand years at the most 853 

and Arp et al. (2013) indicated that basinal unit B was deposited around 0.25Ma after the 854 

impact, which also implies a very short time gap between meteorite impact and sedimentation 855 

onset.Indeed, in 0.25Ma both unit A and part of unit B (at least 150m of sediments) were 856 

already accumulated in the basin. Consequently, it can be deduced that the first basinal 857 

sediments (unit A) were deposited during the C5Bn.1n chron that follows C5Bn.1r (Fig. A1). 858 

In conclusion, the absolute age estimate for the four basinal units was constrained as follows: 859 

unit A is here considered to be deposited during C5Bn.1n; the transition from unit B to unit C is 860 

inside C5Adr chron and the onset of unit D deposition was allocated at ~14 Ma, at the limit 861 

between C5ACr and C5ACn chrons. This latter estimate is due to Pohl (1977) who highlights a 862 

transition from reverse to normal polarity at the base of unit D.  863 
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 864 

Figure A.1 865 

Chart summarizing data from the Nördlingen 1973 borehole. Basinal lithostratigraphic units 866 

according to Füchtbauer et al. (1977) and Jankowski (1977) with corresponding Inclination of 867 

Natural Remnant Magnetization (INRM) and polarity from Pohl (1977) and Pohl et al. (2010). 868 
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Normal and reverse polarity are indicated in black and white, respectively, whereas grey areas 869 

indicate insufficient INRM data and uncertain 870 

polarity. Absolute ages of geomagnetic polarity 871 

chrons are from the Astronomical Tuned Neogene 872 

Time Scale (ATNTS2012) of Hilgen et al. (2012). 873 

 874 

Data repository B 875 

Table B.1 δ13C and δ18O values for the ten 876 

carbonate phases analysed are reported in ‰ 877 

relative to the Vienna-Pee Dee Belemnite (V-PDB) 878 

standard. Most of the carbonate phases were 879 

analysed more than once in order to account for 880 

possible heterogeneities of their C-O stable isotope 881 

composition. BL isopachous fibrous cement from 882 

the Hainsfarth bioherm and DOL from the 883 

Adlersberg bioherm (described in Figure 2 and in 884 

Table 2) could not be micro-sampled and were 885 

therefore not analysed.  886 

 887 

Data repository C 888 

Facies Sample Phase 
δ13C         

(‰V-PDB) 
δ18O,             

(‰V-PDB) 

          

Hainsfarth 
bioherm 

HAB2B6 MIC-H 1.47 2.51 

0.12 -0.93 

Bm -5.30 -7.76 

-5.34 -7.48 

-5.09 -7.46 

-5.45 -7.37 

-4.98 -7.28 

Adlersberg 
bioherm 

ME1 MIC-A 1.25 1.91 

2.50 3.31 

B1 1.54 0.26 

B2 0.70 -1.73 

B3 1.41 -7.54 

1.50 -6.71 

1.95 -5.97 

Wallerstein 
mound  

WA1 MIC-W -4.92 -4.15 

  -5.53 -5.11 

  -4.43 -4.04 

M2 -2.64 -3.01 

  -2.99 -3.75 

  -2.12 -5.04 

  -3.21 -1.88 

  -3.00 -3.87 

  -2.64 -3.46 

M3 -2.42 -5.92 

  -2.59 -6.08 

  -3.42 -5.74 

  -2.71 -6.86 

  -3.30 -6.30 

  -2.83 -6.51 

WA2 MIC-W -4.21 -3.44 

  -4.88 -4.02 

  -3.09 -2.58 

M2 -3.06 -4.12 

M3 -1.58 -9.60 

  -1.57 -7.58 

WA5 MIC-W -2.93 -3.58 

M1 -2.48 -0.79 

  -1.98 -2.33 

  -2.25 -4.24 

M3 -2.96 -6.19 

  -2.24 -6.93 
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Table C.1 889 

 U-Pb carbonate geochronology LA-ICPMS raw data. The dataset is corrected offline using a 890 

macro-based in-house MS Excel© spreadsheet.  891 

 892 

Data repository D 893 

 894 

Figure D.1 238U/206Pb versus 895 

207Pb/206Pb Tera-Wasserburg 896 

Concordia diagrams and 897 

corresponding absolute ages 898 

for the Wallerstein mound 899 

samples (WA1, WA2 and 900 

WA5). Dashed lines 901 

represent the isochrons. 902 

Ellipses represent the ‘n’ 903 

spot analyses and 904 

corresponding isotope ratios 905 

obtained.  906 

 907 
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Data repository E 908 

Figure E.1 238U/206Pb versus 909 

207Pb/206Pb Tera-Wasserburg 910 

Concordia diagrams and 911 

corresponding absolute ages for 912 

the Adlersberg bioherm sample 913 

(ME1). Dashed lines represent 914 

the isochrons. Ellipses represent 915 

the ‘n’ spot analyses and 916 

corresponding isotope ratios 917 

obtained. All absolute ages are 918 

reported with 2σ confidence. 919 

 920 

Data repository F 921 

 922 

Figure F.1. 238U/206Pb versus 207Pb/206Pb Tera-Wasserburg Concordia diagrams and 923 

corresponding absolute ages for the Hainsfarth bioherm sample (HAB2B6). Dashed lines 924 

represent the isochrons. Ellipses represent the ‘n’ spot analyses and corresponding isotope 925 

ratios obtained. All absolute ages are reported with 2σ confidence. 926 

 927 

 928 
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 929 

Data repository G 930 
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 931 

Figure G.1 932 

Sorted intercept ages with 2σ uncertainty for ASH-15D (white; nw = 7, MSWD = 1.4) analysed 933 

over a period of about 3 years (2016 to 2019) used to estimate the long-term excess of variance 934 

(ε`) of 1.5%. Data to the right (blue) includes the excess of variance propagated by quadratic 935 

addition. Also presented is the superpopulation mean with ε` and reference age from ID-TIMS 936 

(Nuriel et al., 2020). 937 
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