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Project Description

1.	Starting Point

1.1 State of the art and any preliminary work

1.1.1. Reading the detrital record of clastic (meta)sediments.

To trace the processes that shape and shaped planet earth, a key tool is the reconstruction of modern and past erosion patterns, which are archived within clastic sediments. Clastic sediments are composed of particulate matter (also termed detritus), forming through the fragmentation of solid rocks by chemical and physical weathering. Consequently, the detritus records the mineralogical and geochemical characteristics of its source lithologies and by reading the detrital record, information about past climate conditions, mounting forming processes or the movement of continents is obtained.
To decipher the detrital record, the composite geochemical signal must be deconvoluted with the help of suitable provenance proxies into single components. The most indicative of these proxies is the geologic age since it is (1) rather homogenously distributed within a given lithostratigraphic unit (2) sufficiently sensitive to distinguish between different units and (3) can be obtained from single minerals.
Dating single zircon grains by in situ U-Pb techniques such as LA-ICP-MS so far is the most widely used approach to obtain these detrital age spectra (e.g. Košler et al. 2002, Kirchner et al. 2020, Dörr et al. 2017). Typically, these are composed of a set of ages defining age peaks and time slices devoid of age signals (hiatuses) that both combine to the distinct age fingerprint of a sedimentary sequence (Fig. 1). This can be used to identify and define stratigraphic units (Fedo et al. 2003), to infer erosional pathways of river systems and the topological development of their catchment areas (Najman 2006; He et al. 2014). It also contains information about the onset and duration of sedimentation (e.g. Copeland, 2020, Couts et al. 2019, Dickinson & Gehrels, 2009). Age fingerprints also work on larger scales as they are diagnostic for continents or terranes and therefore allow to trace former sutures, plate movements and tectonic settings over geologic timescales (e.g. Kirchner et al. 2020, Cawood et al. 2012). 

1.1.2 Filling the gaps in the geologic record with mica…

The significance of an age spectrum relies on how well it resolves the age variations of all lithostratigrphic units contained in the detritus. The likelihood of a given lithostratipgraphic unit to be recorded is increasing with the abundances of age carrying minerals and units that lack datable minerals, will be overlooked. In this context, a major drawback of zircons is that they require rather high temperatures to grow (typically well above 500 °C, Hoskin and Schaltegger, 2003; Rubatto 2017, Balica et al. 2020). Hence, the numerous tectonic events that deform 
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Figure 1 Schematic drawing illustrating a hypothetical lithostratigraphy with a highly variable age spectrum (Mesoproterozoic - Upper Cretaceous) that is sampled by a river system. The siliciclastic detritus is stored in the large basin down-stream and is diagenetically transformed into a sandstone. The resulting Rb-Sr age spectra of detrital mica reveals peaks within the age spectrum that are not recorded by the U-Pb age spectra of detrital zircons. The large circles highlight secondary processes that overprint the primary lithologies and during which mica precipitates or recrystallizes. Representative natural occurrences of such newly formed mica are shown. Hydrothermal veining in the Panasqueira Sn-W ore deposit (Codeço et al 2019). Ductile deformation in a metapegmatite (Domažlice, Czech Republic, Glodny et al. 1998); Shear zone in an eclogite that is activated under greenschist facies conditions (Sesia Zone, Western Alps, Italy; Halama et al. 2018). Biotite and Andalusite forming through contact metamorphism of Ordovician sedimentary rocks due to intrusion of a Devonian granite (Skiddaw, N-England; thin section micrograph by Alex Streckeisen).

rocks in the earth´s middle crust under amphibolite facies conditions (e.g. 500°C, 6 kbar) are excluded from the detrital record. 
This is exemplified in a study of Glodny et al. (1998), who constrained the age of a pegmatite suite that formed at ~480 Ma and experienced a metamorphic overprint associated with deformation at 370 Ma. Looking at the U-Pb ages of zircons alone (Glodny et al. 1998, their Table 1), only the magmatic stage is recorded, whereas not a single U-Pb age is indicative of the deformation event. The latter however is well recorded in the mica fraction, which has been dated using the Rb-Sr system (Glodny et al. 1998, their Table 2). 
In addition to ductile deformation, there are other common low temperature processes that form or transform crustal rocks and are typically devoid of zircon. A selection of these is illustrated in Fig. 1 and includes hydrothermal vein formation in epithermal ore systems, mineral growth during contact metamorphism, or the activity of shear zones in the middle or upper crust, i.e., at amphibolite to greenschist facies conditions. Mica on the other hand forms
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Figure 2 Triassic sandstone near Thale (Harz mountains, Germany) with abundant detrital muscovite and biotite. This is one of the samples that shall be analyzed within the work program of this research proposal to obtain Rb-Sr age spectra of detrital mica within clastic (meta)sediments. 

abundantly during these processes (Fig. 1 and references therein) and it is known that similar to zircon, mica (in particular muscovitic to phengitic white mica) carries an age signal and occurs as detrital minerals in (meta)sediments (Glodny et al. 1998, 2022, McDougall and Harrison 1999 and references therein; Sun et al. 2020, Fig. 2). Dating this detrital mica with an appropriate in-situ metho would reveal previously unrecognized age peaks, which represents a staggering improvement over traditional zircon-based U-Pb techniques. 
Another disadvantage of zircon is its exceptional physicochemical resilience that occasionally obstructs the accurate interpretation of zircon-based age signals due to abundant inheritance of zircon and its age signals even in magmatic and high-grade metamorphic systems (Paterson et al. 1992).   

Consequently, any age spectrum that is derived from U-Pb zircon data alone is likely to provide only an incomplete and/or erroneous sketch of the geologic record. 

1.1.3 … using in situ Rb-Sr dating by laser ablation ICP-MS

A prerequisite for the successful reconstruction of the mica-based age record is a method that enables in-situ dating of individual grains. As opposed to classical solution-based dating approaches, this diminishes the danger of co-analyzing different populations which otherwise yield mixed ages that are impossible to interpret. The possibility to date minerals in situ already revolutionized zircon geochronology and became widely available by using a combination of laser ablation and ICP mass spectrometers with high sensitivity (Košler et al. 2002, Jackson et al. 2004). 

Mica age spectra have only been obtained in a few studies and rely exclusively on the K-Ar decay system (e.g. McDougall and Harrison 1999 and references therein; Sun et al. 2020). K-Ar dating (and its derivative Ar-Ar dating) is based on the  decay of 40K to 40Ar (e.g. Dunlap et al. 1991; Halama et al. 2018). Although this technique represents a precise dating method, it has several major drawbacks.
One is the comparatively large analytical time needed to collect the raw data for an Ar-Ar laser spot age (10-20 minutes). This reduces the number of grains that can be analyzed in one analytical session and increases the likelyhood that ‘minor’ age peaks will remain unresolved in the detrital record.
Additionally, Ar-Ar dating does not allow a co-analysis of the chemical composition of the mica grains. However, collecting trace element data parallel to the age of individual grains was the key evolution that lead to nowadays high-end zircon-based provenance studies (e.g., Hoskin and Ireland 2000; Lukács et al., 2021). 
Furthermore, it has been observed that the incompatibility of Ar in crystalline silicate structures can lead to reduced Ar retentivity during secondary (hydro)thermal events, which is supported by the lower closure temperature reported for K-Ar in muscovite (350°C – 450°C, Harrison et al. 2009, Scharf et al. 2016) vs Rb-Sr in muscovite (500°C to > 600°C; Eberlei et al. 2015 and references therein). Similarly, the potential presence of excess Ar might also lead to an overestimation of ages (Kelley 2002).
Finally, Ar-Ar dating requires neutron activation, i.e., bombardment of the samples with fast neutrons in a nuclear reactor, with all the problems related to restricted access to facilities, handling of radioactive targets, and time constraints as it usually takes several months from sample preparation to the actual analysis.
These limitations are overcome by dating detrital mica using the Rb-Sr system instead. This dating method relies on the beta decay of 87Rb to 87Sr (half-life ~ 49.6 billion years) and has become available through recent major advances in ICP mass spectrometry as an in-situ technique. The main analytical challenge, i.e. effectively resolving the isobaric 87Rb-87Sr
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Figure 3 Examples demonstrating high precision and spatial resolution of in situ Rb-Sr dating by LA-ICP-MS (a) Laser ablation pits (red arrows) in an apatite (ap) – phlogopite (phl) rock from Phalaborwa, South Africa. Spot size is 65 µm (b) Back-scattered electron image of a laser pit (50 µm diameter) in Harvard 98973 muscovite, which can be precisely dated using only a single Spot. The uncertainty is 1 SD. Kutzschbach et al. (unpublished data)

interferences, has been overcome by utilizing reaction cell gas technology (Zack et al. 2016; Hogmalm, et al. 2017). Those so-called triple quadrupole ICP-MS (or ICP-MS/MS) systems are capable of separating Rb and Sr mass channels during laser ablation, which reduces the amount of sample material needed (< 1 ng), enables Rb-Sr dating with high spatial resolution (few tens of µm spot diameters, Fig. 3) and for most applications obviates the need for time-consuming separation of Rb and Sr by classic cation-exchange chromatography. An exception are geologically young (Cenozoic) mica populations rich in non-radiogenic Sr, where precise age information depends upon extremely precise determination of Sr isotopic compositions not only for mica but also for accompanying mineral phases. 
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Figure 4 87Rb/86Sr and 87Sr/86Sr isotope ratio maps of mylonitic rock from Jämtland (Sweden) consisting mainly of biotite (bt), white mica (wm) and plagioclase (pl). Given the initial 87Sr/86Sr ratio of 0.7388 ages can be assigned to single pixels. The precision increases with clusters size (e.g. ~2 % @ 95 % confidence level using a 30 µm circular spot). Expected age as derived by TIMS is 431.7 ± 3.1 Ma and hence accuracy is estimated with ~3 %. Kutzschbach & Glodny (2022a).

There are several examples where in situ Rb-Sr geochronology has been successfully applied to precisely determine the timing of crystallization or deformation of K-rich phases like mica or K-feldspar (e.g. Hogmalm et al. 2017, Drake et al. 2017, Tilberg et al. 2020). Traditionally Rb-Sr ages are obtained by constructing multi-mineral isochrons, but it is also possible to obtain ages with accuracy and precision of 1-3 % from single mica grains. 

This is either done by classical LA-ICP-MS Spot analyses (Fig. 3 see also Rösel and Zack 2021) or by high-resolution Rb-Sr age mappings (Fig. 4). The latter is an approach for Rb-Sr dating that is unique worldwide and has been established by the principle investigator of this proposal (Kutzschbach and Glodny 2022). 
One way or the other, age data can be obtained about an order of magnitude faster compared to Ar-Ar dating, and most importantly trace element data can be collected alongside the Rb-Sr isotope composition needed for dating. Also, the access to facilities capable of in situ Rb-Sr dating is rather easy and the infrastructure needed to set-up a suitable lab is less demanding. This will make the technique more and more widespread within the geoscience community. Already, the number of publications mentioning “in situ Rb-Sr dating” more than tripled within the last seven years (web of science). Hence, Rb-Sr based age spectra of detrital mica have a high potential to soon grow into an effective and precise standard method for provenance analysis.

1.1.4. Previous studies and expertise of the applicant

The principal investigator of this proposal has several years of experience in the field of isotope geochemistry and mass spectrometry (Franz et al. 2021; Kutzschbach et al. 2017, Berryman et al. 2017). Since 2019 he is employed as a PostDoc at the Technical University Berlin where he set-up a LA-ICP-MS laboratory, which is up and running since the beginning of 2021. From then on the applicant established several complex analytical protocols for in situ analyses and 2D mappings of trace elements, sulfur isotope ratios and Rb-Sr ages (e.g. Börner et al. 2022; Kutzschbach & Glodny 2022a, 2022b, Kirchner et al. 2022) and provided data for several ongoing B.Sc-., M.Sc.- and PhD-thesis and manuscripts which are currently in preparation for publication in peer-reviewed journals. The current research proposal builds on this knowledge and will extent it towards the development of an innovative LA-ICP-MS application with high impact within the geoscience community.


2	Objectives and work program

2.1	Anticipated total duration of the project

A total duration of three years is proposed. 

2.2	Objectives

The aim of the proposal is to shed light on the potential of mica-based provenance analysis with the help of in-situ Rb-Sr dating. For this novel approach three work packages (WP) are developed. The age spectra of several natural detrital mica-bearing (meta)sediments will be obtained by LA-ICP-MS using situ Rb-Sr dating (WP 1). For the optimization of the analytical protocol, novel matrix matched referenced materials are crucial and those shall be established in WP 2. The last work package (WP 3) will explore the robustness of the Rb-Sr record of detrital mica against secondary processes like deformation or diffusion. Besides their direct benefit for the objectives of WP1, the outcome of latter two work packages will also positively impact in-situ Rb-Sr methodology in general. Samples are either already available or will be collected during two field campaigns (alps and river rhine delta).
 
WP 1: Extending the detrital record of (meta)sediments by Rb-Sr age spectrometry of mica.

Due to the higher closure temperature of the Rb-Sr as opposed to the K-Ar system, mica based Rb-Sr provenance analyses is a promising provenance tracer not only in loose and solidified sediments, but also in higher grade metamorphic rocks. To test this hypothesis and to establish a general and convenient workflow for Rb-Sr age spectrometry, sampling locations are envisaged that represent sediments currently deposited in modern river systems, their diagenetic equivalents and clastic sediments that have experienced metamorphic overprint under greenschist and lower amphibolite facies conditions. One of the sampling locations, a Triassic sandstone with detrital muscovite and biotite is shown in Fig. 2 and a complete list of sampling locations is presented in the work program.
From all the sampling sites detrital mica has been reported and in the case of metamorphic sediments, mica has been reported that is of detrital origin. Once the Rb-Sr age spectra are acquired they will be interpreted in terms of the provenance of the sedimentary source lithologies and the onset and duration of sedimentation in analogy to the way U-Pb age spectra of detrital zircons are processed. Due to the sensitivity of mica to lower temperature metamorphic processes (see section 1.1.2), e.g. hydrothermal events and ductile deformation (Fig. 1), Rb-Sr age spectrometry will significantly augment the detrital age record of (meta)sediments. This is tested by comparing the Rb-Sr age spectra of detrital mica to U-Pb ages of detrital zircons that will be acquired from the same sampling sites. 

WP 2: Establish novel matrix-matched reference materials to correct for Rb-Sr fractionation during LA-ICP-MS analyses

To obtain accurate Rb-Sr ages, the Rb-Sr and Sr-Sr isotope ratios must be corrected for mass dependent fractionation that occurs during laser ablation, transport to and ionization in the Argon Plasma (e.g. Kroslakova and Günther 2007; Bolea-Fernandez et al. 2016). Usually this is done by measuring reference materials (RM) with a well-known and homogeneous 87Rb/86Sr and 87Sr/86Sr distribution with NIST 610 glass and MicaMg-NP being the best characterized of the so far available RM (Govindaraju, 1979, 1994; Woodhead and Hergt, 2001; Hogmalm et al. 2017). The latter is finely ground pressed powder of phlogopite from a pyroxenite from southern Madagascar. Although these RM are frequently used in geochronology applications, none of them provides a proper matrix match with respect to single-crystal mica and it has been shown that this matrix effect severely limits dating accuracy (Redaa et al. 2020). In line with findings in other studies (e.g. Gorojovski and Alard, 2020 and references therein), preliminary results obtained in preparation of this research proposal indicate that matrix effects and can impose systematic errors of as much as 10 % (Fig. 5).
However, a procedure has been established by the applicant of this proposal that corrects for matrix bias using a secondary calibration step based on co-analyzing a truly matrix matched RM, i.e crystalline natural mica (SagaB) that has been shown to display a homogeneous age distribution (Fig. 5). This technique uses the relative age difference between the RM´s measured and expected ages to establish a correction factor that is applied to the mica under investigation. In this way the accuracy is improved by almost an order of magnitude i.e., down to residual error of 1-2 % (Fig. 5), irrespective of the analytical protocol and the absolute sample age (Fig. 5). This means that old mica such as biotite from the Phalaborwa Carbonatite (expected age ~2050 Ma, Nebel et al. 2011, Fig. 5) is datable with the same accuracy as rather young mica from the Fish-Canyon Tuff (expected age 28 Ma, Morgan et al. 2019). Obtaining accurate ages is crucial for reliable detrital age spectra (WP1) but is also of great interest for the whole Rb-Sr dating community.
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Figure 5 a) One of the matrix matched reference materials “SagaB” biotite that is characterized in WP 2. b)  LA-ICP-MS Spot dating of Phalaborwa phlogopite as a function of laser fluence. A correction factor has been applied based on parallel dating of SagaB, which drastically improves accuracy compared to non-corrected data (grey circles: calibration with NIST 610, grey triangles: calibration with MicaMg-NP, blue circles: both data sets with SagaB correction factor applied). Expected age of Phalaborwa biotite is 2050.2 +- 4.8 Ma (Nebel et al. 2011). Kutzschbach et al. (unpublished data).

In addition to SagaB, other references materials will be characterized in WP 2 that cover a range of different mica compositions. This is important because detrital mica populations are usually heterogenous in composition (Fig. 2) and variations in crystal chemistry is another reason for matrix effects in mass spectroscopy (Kutzschbach et al. 2017). 

WP 3: Determining the resilience of the Rb-Sr age record in detrital mica against temperature, deformation and metasomatic overprint.

The Rb-Sr isotope system is sensitive to secondary processes that disturb or even completely reset the Rb-Sr age signal in datable minerals like mica or feldspars. To interpret age signatures correctly, one needs to identify the factors governing isotope mobility in nature. Basically, three main processes are known to influence isotopic clocks. 
One is diffusional re-equilibration of minerals with their surroundings, expected to be strongly temperature-sensitive provided that the matrix of a given mineral facilitates rapid isotope transport (e.g. Armstrong et al., 1966; Jaeger et al., 1967, Eberlei et al. 2015). This process is commonly believed to work effectively down to a certain closure temperature, below which the isotopic system is frozen. Closure temperatures for Rb-Sr are thought to be somewhat lower for biotite compared to muscovite (300 °C vs. 500 to > 600 °C; Armstrong et al., 1966; Jaeger et al., 1967, Eberlei et al. 2015 and references therein). There are also examples in which the Rb-Sr isotope also persists beyond these conventional closure limits (Glodny et al. 2008). It has been observed that biotite which has been exposed to temperatures of >500 °C for several million years experiences only a partial Rb-Sr age reset and that its extent is a function of grain size (Glodny et al. 2008).
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Automatisch generierte Beschreibung]Figure 6 a) Transmitted light micrograph of a shear zone within a metapagmatite containing a deformed white mica fish from Wildenreuth (Germany). Rb-Sr age mappings performed as a pilot study for this proposal show younger Rb-Sr ages in rims and along cleavage planes associated with a deformation event at ~370 Ma. The mica core still displays the old magmatic age of ~480 Ma. Such high-resolution LA-ICP-MS Rb/Sr age maps help to decipher pathways and mechanisms governing Rb/Sr age resetting in mica during secondary overprinting b) back-scattered electron image of a white mica grain that has been metasomatically altered in a greenschist facies shear-zone (Halama et al., 2018). Core and rim show contrasting ages (67 Ma vs 33 Ma, Halama et al. 2018). Here, the exact patterns of Rb-Sr (re)distribution within the relict core regions are unclear. The sampling location is envisaged for WP 3.




The second process is related to ductile shear zones in which the accommodation of strain commonly leads to intracrystalline deformation which is accompanied by recrystallization processes (ten Grotenhuis et al. 2003). As a result, mica crystals evolve to elongated porphyroclasts known as mica-fish (Fig. 6). It has been observed, that the recrystallized parts of those mica fish experience a reset of their Rb-Sr age, by which deformation events can be dated (Glodny et al. 1998, Glodny and Ring 2022). 
The third mechanism of Rb-Sr age reset is fluid mediated dissolution reprecipitation leading to younger ages in reaction rims of metasomatized white mica grains (Fig. 6b, Halama et al. 2018). 

Distinction between these processes is notoriously difficult. However, different types of Sr isotope mobility should leave characteristic microscale isotope distribution patterns in minerals, with bell-shaped Sr diffusion patterns, preferential rejuvenation close to high-strain zones in the case of ductile deformation, and probably element zoning patterns resulting from fluid-driven reprecipitation. To recognize and to distinguish such patterns, two-dimensional images of the Rb/Sr elemental and Sr-isotope distribution are required, in analogy to what has been done using Ar-Ar in gem-quality K-feldspar (Wartho et al. 1999, Popov et al. 2020).
Visualization of such patterns has long been analytically impossible due to the absence of an in-situ method that provides sufficient Rb Sr-sensitivity, isotope selectivity and high spatial resolution. Conventional electron microprobe methods for example offer high spatial resolution but lack the required detection limits for Sr (e.g. 76 – 83 ppm using the FEG-EMPA Jeol JXA-8530F at the TU Berlin).
However, through recent advances in reaction cell LA-ICP-MS and fast aerosol transfer using modern laser ablation systems, high resolution Rb-Sr isotope mapping at the µm-scale has become accessible now (Fig. 4, Kutzschbach and Glodny 2022). 
In a pilot study that has been performed in preparation of this proposal, the age re-setting processes during deformation using the novel approach of high resolution Rb-Sr LA-ICP-MS age mappings is already demonstrated successfully (Fig. 6a). Within WP 3 we will apply this technique to more examples of natural biotite and muscovite that have experienced diffusive or reactive Sr-redistribution during metamorphic overprint. A sample description is presented in the work program.

2.3	Work program incl. proposed research methods

2.3.1. Samples and Preparation

WP1 Samples (if not loose sediments) will be crushed and mica and zircon fractions will be separated. The mica fraction will be embedded in 1-inch epoxy mounts that will be analyzed by in situ LA-ICP-MS Rb-Sr dating. Zircons will be collected for in situ U-Pb age spectrometry that shall be compared with the Rb-Sr age spectrum of mica. According to the objectives of WP 1, the following sampling localities are envisaged:

Modern sediment 
· River Rhine delta, Netherlands 
Diagenetic sediments
· Triassic Buntsandstein (Thale, Harz mountains, Germany). Samples already available
· Devonian slate (Naila, Fichtelgebirge, Germany). Samples already available
Greenschist facies metasandstone 
· Stangnock formation (Königsstuhl, Gurktaler Alps, Austria; described in Iglseder er al.     
2019)
Amphibolite facies metasediments
· Pfitsch formation (Wester Tauern Windows, Alps, Austria; described in Berryman et al. 
2017 and references therein). Peak temperatures of 550°C. The assemblage 
muscovite + quartz is still stable in these rocks. Samples already available

WP2 The bias on Rb-Sr ages as a function of the analytical protocol and the sample matrix will be investigated systematically using several mica of contrasting chemical compositions. One mica is the “SagaB” biotite which comes from an alkaline Pegmatite of the Larvik area, Norway. Other candidates include mica samples with significant amounts of non-radiogenic Sr, which are of contrasting ages (covering Archaean to Cenozoic) and contrasting composition (phengite vs muscovite). These include white mica from the Harvard mineral collection (98973), biotite from Fish Canyon Tuff, the Phalaborwa biotite, an Archaean biotite from South Africa, and muscovite from a Variscan pegmatite in Bohemia. Preliminary results show that these mica display a homogeneous Rb-Sr age and hence have a high potential to develop into widely used future reference materials for in-situ Rb-Sr dating. Such materials are currently unavailable, despite the rapid growth of interest in in-situ Rb-Sr dating.  
The mica reference materials under investigations in this project are available in such quantities that it can be shared with other in situ Rb-Sr labs within the geoscience community.

WP3 The effects of fluid-absent temperature-driven diffusion, hydrothermal dissolution/re-precipitation, and deformation on Sr-retentivity shall be tested by high-resolution LA-ICP-MS mappings of natural mica. Because these processes act on rather large time scales that are hardly traceable within laboratory experiments, natural samples are preferred. Samples from the following locations are envisaged, which are already well characterized with respect to their P-T-t and fluid evolution so that the contribution of each of the secondary processes can be studied individually:

Temperature-driven diffusion
· Muscovite and Biotite in an undeformed Ordovician Pegmatite that has been exposed to temperatures > 600°C in the Devonian (Oberpfalz, Germany). Samples already available
· Biotite in a relict granulite assemblage that experienced eclogite and amphibolite facies overprint at peak temperatures of 700°C. Described in Glodny et al. (2008)
· Biotite in undeformed granite within UHP unit of the Dora Maira Massif (Alps). Described in Tilton et al. (1997)
Hydrothermal dissolution/reprecipitation
· White mica with metasomatic overprint from a greenschist facies shear zone (Sesia zone, Italian Western Alps). Described in Halama et al. (2018)
Deformation
· Metapegmatite Autengrün & Weißenstein (Fichtelgebirge, Germany). Samples already available
· Metapegmatite Domažlice (Czech Republic). Glodny et al. (1998), Samples already available. 

Rock thin sections will be prepared from all locations and Sr maps and Rb-Sr age maps of mica will be recorded by LA-ICP-MS mapping (see Fig. 5, Fig. 6).

2.3.2. Rb-Sr dating of mica by Laser ablation ICP-MS (LA-ICP-MS) spot analysis

In situ Rb-Sr dating will be performed at FIERCE (Goethe University Frankfurt) using an Agilent 8900 ICP-MS/MS, which is coupled to a 193nm ArF Excimer Laser system (RESOlution, Applied Spectra). A second 123nm Ar2 laser is also available. Epoxy embedded mica grains or mica from rock thin sections are ablated at repetition rates between 5-30 Hz and a fluence of 2-10 J/cm2 for 90 seconds including 15 s each for gas blank and washout. Lower fluence and repetition rates lower the ablation depth per second and are adjusted according to available mica crystal thickness. To increase the measurement uncertainty especially in the low fluence/repetition rate regime, different signal smoothing devices are tested (e.g. glass mixing bulb, tygon coil or squid device). A beam diameter of at least 25 μm will be used, which also depends on the crystal size. The influence of all laser parameters on the Rb/Sr fractionation and ultimately on the accuracy of the ages obtained will be studied systematically as part of WP 2.
To separate 87Rb from 87Sr, the ICP collision cell is filled with a suitable reaction gas (N2O, O2 or SF6) that reacts with Sr but not with Rb. Sr isotopes are then measured interference-free in mass shift mode at m/z 102 (86Sr16O) and 103 (87Sr16O) for O2 and N2O reaction gases or at m/z 105 (86Sr19F) and 106 (87Sr19F) for SF6. The reaction efficiency is monitored by measuring 86Sr on mass. Rubidium is measured at m/z =85 to avoid interference from 87Sr and at m/z = 101 and 104 to proof absence of RbO and RbF, respectively. Major elements (25Mg, 27Al, 29Si, 41K, 44Ca, 49Ti, 57Fe) are recorded at dwell times of 1 ms each to monitor chemical variations, to detect unwanted inclusions and to obtain and internal standard to correct for differences in ablation yield.
For calibration and drift correction NIST 610 (Woodhead & Hergt 2001, Wise & Watters 2012) and pressed powder pellet Mica-Mg-NP (Hogmalm et al. 2017) will be used. Any instrumental Rb/Sr fractionation and systematic age offset will be corrected by matrix-matched secondary reference materials, such as SagaB (Fig. 5). The characterization of this and other RM is part of WP 2. Data reduction for Rb/Sr and isotope ratios will be done using an excel spreadsheet in combination with the IsoplotR software (Vermeesch 2018). Based on preliminary investigations ages can be determined with a precision of < 2 % (2 RSD) and an accuracy < 1.5 % with this analytical protocol (Fig. 5).
The resulting ages of all detrital mica are finally transferred into an age spectrum, based on the frequency with which a certain age population occurs. 

2.3.3. Rb-Sr dating of mica by high resolution LA-ICP-MS mappings 

Due to the precise movement of the sample chamber motorization, it is also possible to ablate mineral surfaces in line rasters, which can be stacked to obtain a two-dimensional image of element or isotope distributions. To achieve maximum spatial resolution while maintaining sensitivity, several parameters must be carefully matched to each other. These include spot size, dwell time, repetition rate, scan speed and single pulse response (SPR), which is the full width at the 10 % level of the intensity profile of a single laser shot. 
To obtain element/isotope maps in a reasonable amount of time, low SPR and high repetitions rates are essential, both of which are offered by the RESOlution laser system in Frankfurt, (up to 300 Hz, SPR <50 ms).This allows high resolution mapping of the Rb/Sr age distribution in mica and to detect pathways and mechanisms of secondary loss of radiogenic Sr as part of WP 3. In addition, this technique enables dating of even very tiny mica grains (WP1) which would otherwise be shot through in a few seconds using traditional spot dating techniques. A successful proof of concept has already been established by the applicant (Kutzschbach & Glodny 2022a, Fig. 4, Fig. 6), verifying that precise and accurate Rb-Sr ages can be obtained via such LA-ICP-MS mappings.

2.3.4. U-Pb dating of detrital zircons by LA-ICP-MS

Samples envisaged for WP1 are also analyzed with respect to their age spectra based on U-Pb dating of detrital zircons. The results are compared to the Rb-Sr age spectra displayed by the detrital mica fraction to identify so far unrecognized age peaks within the sedimentary record (see Figure 1). Axel Gerdes and Gernold Zulauf have several years of experience in zircon U-Pb dating and provenance analysis (Gerdes & Zeh 2017, Dörr et al. 2017) and are part of the research group of this proposal).

2.3.5. Rb-Sr dating by Thermal Ionization Mass Spectrometry (TIMS)

TIMS enables Rb-Sr dating with high precision and accuracy (typically < 1% for multi-mineral isochrons), but requires acid digestion of the sample and hence is not an in situ technique. However, TIMS is required to obtain the true ages of the potential references materials that will serve as matrix matched calibration standards for LA-ICP-MS spot dating and Rb-Sr age mappings (Fig. 5; WP1-3). In addition, the detrital mica fractions obtained in WP 1 will be analyzed for their bulk Rb-Sr ages. These are compared to the LA-ICP-MS based bulk age that is calculated from weighted summation to assess the accuracy of the detrital mica Rb-Sr age spectra. TIMS analyses will be performed at GFZ Potsdam under the supervision of Johannes Glodny, who is a routined and renowned expert in the field of high precision Rb-Sr dating. 

2.3.6. Field emission electron probe micro-analysis (FEG-EPMA)

Selected mica crystals and debris halos around ablation pits will be imaged and analysed for their major and trace element composition by FEG-EPMA. This will allow to trace the chemical spectrum of the detrital mica and to assign proper matrix-matched calibration standards (WP 1-2). Trace element mappings by wavelength dispersive spectrometry (WDS) will be carried out to determine chemical variations of mica that experienced secondary overprint (WP 3) and to quantify elemental fractionation around the ablation site with a high spatial resolution (< 100 nm). In addition, the aerosol particle size distribution is assessed, which is known to have a large effect on elemental fractionation and hence matrix effects during laser ablation (Guillong & Günther 2002). It should be noted that the sensitivity provided by FEG-EMPA is not sufficient to obtain Sr elemental maps due to the low Sr concentrations in mica, which is typically below the FEG-EMPA detection limit of ~100 µg/g.

Table 1. Detailed schedule of the work programme. 
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2.4 Handling of research data

Data will be published in international high impact peer-reviewed journals (e.g., Chemical Geology, Geostandards newsletter, Lithos, Journal of Analytical Atomic Spectrometry) and archived using the GFZ Data Service (https://dataservices.gfz-potsdam.de/portal/), which is a quality-assured repository for georeferenced data. Data sets are made citable including a persistent identifier (DOI). Most of the raw data will be made accessible to the community via electronic appendices to the publications. 

2.5 Relevance of sex, gender and/or diversity

Not relevant
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4	Supplementary information on the research context

4.1 Ethical and/or legal aspects of the project

4.1.1 General ethical aspects

Not relevant

4.1.2	Descriptions of proposed investigations on humans, human materials or identifiable data

Not relevant

4.1.3	Descriptions of proposed investigations involving experiments on animals

Not relevant

4.1.4. Descriptions of projects involving genetic resources (or associated traditional knowledge) from a foreign country 

Not relevant

4.1.5 Explanations regarding any possible safety-related aspects (“Dual Use Research of Concern”, foreign trade law)

4.2 Employment status

Kutzschbach, Martin, Dr, PostDoc, TU Berlin (fixed-term until 31.03.2024)

4.3 First time proposal data

Kutzschbach, Martin, Dr, is a first-time applicant

4.4 Composition of the project group

At Frankfurt: Wolfgang Müller, Professor, Axel Gerdes, FIERCE Lab Manager, Gernold Zulauf, Professor 

At GFZ Potsdam: Johannes Glodny, Head of TIMS Lab

At Bremen: Andreas Lüttge, Professor and head of VSI lab

4.5 Researchers in Germany with whom you have agreed to cooperate on this project

PD Dr. Johannes Glodny (GFZ Potsdam)

4.6 Researchers abroad with whom you have agreed to cooperate on this project
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4.7 Researchers with whom you have collaborated scientifically within the past three years

Manuel Keith (FAU Erlangen, Germany)
Frederik Börner (FAU Erlangen, Germany)
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Anselm Loges (FU Berlin, Germany)
Dina Schultze (FU Berlin Germany)
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Henrik Drake (Linnaeus University, Sweden) 
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Eleanor Berryman (Canmet MINING, Canada)
Max Wilke (University Potsdam)
Panagiotis Voudouris (Univeristy of Athens)

4.8 Project-relevant with commercial enterprises

Not relevant

4.9 Relevant participation in commercial enterprises

Not relevant

4.10 Scientific Equipment

At Frankfurt:
ICP-MS/MS Agilent 8900 (installation during 2023)
Dual wave-length excimer (157 and 193 nm) laser ablation system (installation during 2023)
JEOL JXA-8530F-Plus Hyperprobe field-emission gun electron probe microanalyzer
JEOL JSM 6490 Scanning electron microprobe (Cl and EDX detector)
ICP-MS Element2 (ThermoFisher)
ICP-MS ElementXR (ThermoFisher)
MC-ICP-MS NeptunePlus (ThermoFisher)
RESOlution Ar-F Excimer laser device, S-155 HR with dual-volume cell
Devices for rock powder and thin section preparation

At GFZ Potsdam:
Thermo Fisher Scientific Triton Thermal Ionization multi-collector Mass Spectrometer
Finnigan MAT 262 TIMS (updated with a spectromat TI-box)

4.11. Other submissions

Not relevant

4.12. Other information

Not relevant


5.0. Requested modules/funds 

5.1. Basic Module
5.1.1. Funding for Staff

One part-time student research assistant with BSc for one year at 8 hrs/week = 580.14 €/month (total € 6,9623 for one year) at Frankfurt for Martin Kutzschbach. The student will support the project during sample preparation and will also assist during analytical work and subsequent data processing. 

5.1.2 Direct Project Costs

5.1.2.1 Equipment up to € 10,000, Software and Consumables


Table 2. Direct project costs (sample preparation and analytical work) within the different work packages 
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Table 3. Direct project costs (software, equipment and consumables) 
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5.1.2.2 Travel Expenses

Table 4 Estimated travelling expenses for the proposed project. 
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5.1.2.3 Visiting Researchers

5.1.2.4 Expenses for Laboratory animals

5.1.2.5 Other Costs

5.1.2.6 Project-Related Publications Expenses

Publication of results in fee-based peer-reviewed journals (750 €/yr): €2,250 (for year 1 to 3). 

5.1.3 Instrumentation

Not relevant

5.1.3.1 Equipment exceeding € 10,000 

Not relevant

5.1.3.1 Major Instrumentation exceeding € 50,000

Not relevant

5.2 Module Temporary Position for Principal Investigator

Dr. Martin Kutzschbach as Postdoctoral researcher for three years, 100% TV-L E13

5.3 Module Replacement Funding

Not relevant

5.4 Temporary Clinician Substitute

Not relevant

5.5 Module Mercator Fellows

Not relevant

5.6 Workshop Funding

Not relevant

5.7 Public Relations Funding

Not relevant

5.8 Module Standard Allowance for Gender Equality Measures

Not relevant
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Number of polished thin sections (each 40 €) Frankfurt (MK) 20 800
For petrographic charcterization of (meta)sedimentary rocks
Mineral separation (270 € each)® Frankfurt (MK) 10 2700
Extraction of detrital mica and zircon grains from (meta)sedimentary rocks.
Number of Polsihed epoxy resing mounts with detrital mica (each 40 €) Frankfurt (MK) 10 400
For analyses of detrital mica Rb-Sr age spectra
Number of Polsihed epoxy resing mounts with detrital zircon (each 40 €) Frankfurt (AG) 10 400
For analyses of detrital zircon U-Pb age spectra

WP1
Days for FEG-EMPA (100 €/h)° Frankfurt (MK) 5 6000
For major element composition of detrital mica
Days for LA-ICP-MS (Sector Field)* Frankfurt (MK,AG) 5 4300
for U-Pb dating of detrital zircon
Days for LA-ICP-MS (QQQ)* Frankfurt (MK) 7 6020
for Rb-Sr dating of detrital mica
TIMS (30 €/ analysis) GFZ (JG) 15 450
for acquisition of bulk Rb-Sr age of mica fraction for reference
Mineral separation (270 € each)® GFZ (JG) 5 1350
For extraction of mica crystals as potential references materials
Number of Polsihed epoxy resin mounts (each 40 €) GFZ (JG) 10 400
For analyes by FEG-EMPA and LA-ICP-MS
Days for FEG-EMPA (100 €/h)b Frankfurt (MK) 2 2400

WP 2 For characterization of composition and homoegneity of mica reference material
Days for LA-ICP-MS (QQQ for Rb-Sr dating of mica)® Frankfurt (MK) 5 6000
Costs according to FIERCE Nutzerordnung
TIMS (30 €/ analysis) GFZ (JG) 15 450
for derivation of "true" ages of mica reference material
Number of polished thin sections (each 40 €) Frankfurt (MK) 20 800
For petrographic charcterization of (meta)sedimentary rocks and analyses by
FEG-EMPA and LA-ICP-MS

WP 3 Days for FEG-EMPA (100 €/h)* Frankfurt (MK) 2 2400
For major element composition and chemical changes associated with overprint
Days for LA-ICP-MS (QQQ for Rb-Sr dating)® Frankfurt (MK) 5 6000
for Rb-Sr age mapping of overprinted mica

Total (€) 40870

*according to FIERCE Nutzerordnung (attached as supplement)

baccording to DFG flat rates for special instrumentation groups (electron microscopy class Il)










Work packageTechnique Place (supervision) n total (€)

Number of polished thin sections (each 40 €) Frankfurt (MK) 20 800

For petrographic charcterization of (meta)sedimentary rocks

Mineral separation (270 € each)a Frankfurt (MK) 10 2700

Extraction of detrital mica and zircon grains from (meta)sedimentary rocks.

Number of Polsihed epoxy resing mounts with detrital mica (each 40 €) Frankfurt (MK) 10 400

For analyses of detrital mica Rb-Sr age spectra  

Number of Polsihed epoxy resing mounts with detrital zircon (each 40 €) Frankfurt (AG) 10 400

For analyses of detrital zircon U-Pb age spectra

Days for FEG-EMPA (100 €/h)b Frankfurt (MK) 5 6000

For major element composition of detrital mica

Days for LA-ICP-MS (Sector Field)a Frankfurt (MK,AG) 5 4300

for U-Pb dating of detrital zircon

Days for LA-ICP-MS (QQQ)a Frankfurt (MK) 7 6020

for Rb-Sr dating of detrital mica

TIMS (30 €/ analysis) GFZ (JG) 15 450

for acquisition of bulk Rb-Sr age of mica fraction for reference

Mineral separation (270 € each)

a

GFZ (JG) 5 1350

For extraction of mica crystals as potential references materials

Number of Polsihed epoxy resin mounts (each 40 €) GFZ (JG) 10 400

For analyes by FEG-EMPA and LA-ICP-MS

Days for FEG-EMPA (100 €/h)

b

Frankfurt (MK) 2 2400

For characterization of composition and homoegneity of mica reference material

Days for LA-ICP-MS (QQQ for Rb-Sr dating of mica)

a

Frankfurt (MK) 5 6000

Costs according to FIERCE Nutzerordnung

TIMS (30 €/ analysis) GFZ (JG) 15 450

for derivation of "true" ages of mica reference material

Number of polished thin sections (each 40 €) Frankfurt (MK) 20 800

For petrographic charcterization of (meta)sedimentary rocks and analyses by

FEG-EMPA and LA-ICP-MS

Days for FEG-EMPA (100 €/h)

a

Frankfurt (MK) 2 2400

For major element composition and chemical changes associated with overprint

Days for LA-ICP-MS (QQQ for Rb-Sr dating)

a

Frankfurt (MK) 5 6000

for Rb-Sr age mapping of overprinted mica

Total (€) 40870

a

according to FIERCE Nutzerordnung (attached as supplement)

b

according to DFG flat rates for special instrumentation groups (electron microscopy class II)

WP 3

WP1

WP 2
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Equipment up to 10.000 € Total (€)

Data Processing Software for LA-ICP-MS (lolite v4 - research version) 2000
Adobe Creative Cloud abo for image processing and preparation of figures for publication (232 € per year) 696
Certified reference materials for LA-ICP-MS calibration:

Mica-Mg 280
Mica-Fe 280
NIST 610 909
NIST 612 913
High purity N,O reaction gas for ICP-MS analysis 520
Pressure regulator N20 600

total 6198










Equipment up to 10.000 € Total (€)

Data Processing Software for LA-ICP-MS (Iolite v4 - research version) 2000

Adobe Creative Cloud abo for image processing and preparation of figures for publication (232 € per year) 696

Certified reference materials for LA-ICP-MS calibration:

Mica-Mg 280

Mica-Fe  280

NIST 610 909

NIST 612 913

High purity N

2

O reaction gas for ICP-MS analysis 520

Pressure regulator N2O 600

total  6198
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Destination/purpose of journey Duration Accommodation Car hire + petrol Flight/Train Other Total (€)
Alps (Austria, Italy, Germany)/ sampling campaign 2 weeks 1,000 1200 2200
Year 1 River rhine (Netherlands)/sampling campaign 4 days 300 800 1100
Potsdam (TIMS measurements and meeting colaborator J-Glodny) 3 days 150 200 350
National Conference 1 week 500 200 400 (fee) 1100
Potsdam (TIMS measurements and meeting colaborator J-Glodny) 3 days 150 200 350
Year2 National Conference 1 week 500 200 400 (fee) 1100
International Confererence 1 week 1000 1000 800 (fee) 2800
Year 3 National Conference 1 week 500 200 400 (fee) 1100
International Confererence 1 week 1000 1000 800 (fee) 2800
TOTAL (€) 12900










Destination/purpose of journey DurationAccommodationCar hire + petrolFlight/TrainOther Total (€)

Alps (Austria, Italy, Germany)/ sampling campaign 2 weeks 1,000 1200 2200

River rhine (Netherlands)/sampling campaign 4 days 300 800 1100

Potsdam (TIMS measurements and meeting colaborator J-Glodny) 3 days 150 200 350

National Conference 1 week 500 200 400 (fee) 1100

Potsdam (TIMS measurements and meeting colaborator J-Glodny) 3 days 150 200 350

National Conference 1 week 500 200 400 (fee) 1100

International Confererence 1 week 1000 1000 800 (fee) 2800

National Conference 1 week 500 200 400 (fee) 1100

International Confererence 1 week 1000 1000 800 (fee) 2800

TOTAL (€) 12900

Year 2

Year 3

Year 1
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