Eruptive pulsing of maar and scoria cone clusters in the Eifel intraplate volcanic field, Germany, revealed by (U-Th)/He zircon dating of crustal xenoliths 
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Supplementary Material S2: Method specifications
1. Zircon double-dating by SIMS and (U-Th)/He methods
1.1. U-Pb dating
U-Pb measurements of zircon embedded in epoxy and indium metal were carried out on a CAMECA ims 1280-HR ion microprobe at Heidelberg University, and a CAMECA ims 1300-HR3 at Curtin University, following the procedure described in Schmitt et al. (2023). Positive ion species 204Pb+, 206Pb+, 207Pb+, 208Pb+, 232Th+, 238U+, 238U16O+, and 238U16O2+ were sequentially measured in a single-collection mode using a 10–40 nA ion beam focused to a 20 μm diameter beam on the sample surface. Calibration was based on measurements of zircon references, namely AS3 (Paces and Miller, 1993) and 91500 (Wiedenbeck et al. 2004) along with the ratio of UO2/U to define the relative sensitivity factor (RSF), which was used to correct the sample measurements for the same UO2/U. Bulk uranium contents were calculated from U/94Zr2O values, relying on reference zircon 91500. 206Pb/238U ratios were corrected for common Pb using a 204Pb correction. U-Pb ages were calculated and plotted calculations in IsoplotR (Vermeesch, 2018).
For our U-Pb analysis sessions, the 206Pb/238U age averages for secondary reference zircon 91500 and Temora-2 are 1061.7±6.4 Ma (MSWD = 1.5; n = 20) and 416.9 ± 1.9 Ma (MSWD = 0.48; n = 94), in close agreement to the recommended ages of 1065 Ma (Wiedenbeck et al., 2004), and 416.8 Ma (Black et al., 2004), respectively.
1.2. U-Th disequilibrium dating 
[bookmark: _Hlk226983945]U-Th disequilibrium measurements were carried out on a CAMECA ims 1280-HR instrument at the Heidelberg Ion Probe Laboratory (Heidelberg, Germany) and a CAMECA ims 1300-HR3 at Curtin University, following the procedure in Reid et al. (1997) and Schmitt et al. (2023). Zircon 91500 was used as a relative sensitivity standard for U abundances and AS3, G3, M257, OGC, and 91500 as secular equilibrium references. The measured 230Th/238U ratio for these zircon references is 0.991 ± 0.004 (2, MSWD = 0.96, n = 49). Ages were calculated as isochrons from the zircon data and are reported without decay constant uncertainties. Initial (230Th)/(232Th) values derived from the regression intercept with the equiline are 0.99 ± 0.26 for Meerfelder Maar, 1.43 ± 0.44 for Emmelberg, 1.93 ± 0.07 for Pulvermaar, 0.87 ± 0.07 for Oberwinkler Maar and 2.14 ± 2.89 for Facher Höhe.
1.3. (U-Th)/He dating
Zircon (U-Th)/He analysis was carried out in the Western Australia ThermoChronology Hub (WATCH) Facility (John de Laeter Centre, Curtin University) and at the GÖochron Laboratories of University of Göttingen, and followed the procedure of Danišík et al. (2020). Zircon crystals were selected for (U-Th)/He based on their size, morphology and lack of impurities. Crystals were embedded into Indium metal without polishing, for U-Pb and U-Th dating before (U-Th)/He dating. After U-Th-Pb dating, the crystals were wiped with ethanol and plucked out of the Indium mount. The crystals were then photographed in three dimensions using an optical microscope, and measured for physical dimensions, which is necessary for alpha ejection (Ft) factor calculation, transferred and packed into niobium (Nb) microtubes. 
He extraction was performed by using an Alphachron II instrument. Zircon crystals were degassed in an ultra-high vacuum using a 970 nm diode laser at ~1250˚C for 15 minutes, spiked with 99.9% pure 3He gas and measured for 4He by isotope dilution. The crystals were reheated in an additional re-extraction step to ensure complete outgassing. The 4He results were blank-corrected using measurements made on empty niobium tubes. 
For solution ICP-MS analysis of 238U, 232Th and 147Sm, the niobium tubes containing zircon were spiked with 235U and 230Th, and dissolved in Parr pressure digestion vessels in two cycles using HF, HNO3 (cycle 1), and HCl acids (cycle 2) following the procedures described in Evans et al. (2005). After a partial evaporation of the liquids, final solutions of samples, blanks and standards were diluted with Milli-Q water. Isotope dilution analysis of 238U and 232Th was conducted by Agilent 7700 ICP-MS, external calibration was applied for 147Sm determination. The total analytical uncertainty (TAU) was calculated as a square root of sum of squares of uncertainty on He and weighted uncertainties on U, Th, and Sm measurements. 
The “raw” zircon (U-Th)/He dates were corrected for alpha ejection after Farley et al. (1996), assuming a homogenous internal distribution of U, Th, and Sm. Crystal surface and volume estimations were calculated from the measured crystal dimensions of optical microscope images. To account for the partial polishing of the analyzed grains, Ft factors were increased by 5%, according to Marsden et al. (2021). 
Accuracy of (U-Th)/He dating procedure was monitored by analyses of FCT reference zircon for which a weighted mean age of 29.1 ± 0.6 Ma (MSWD = 0.58; n = 29) was obtained relative to the reported age of 28.3 ± 2.6 Ma (Reiners, 2005).
The Ft-corrected (U-Th)/He dates were further corrected for disequilibrium and pre-eruptive crystal residence time (Farley et al., 2002) using the MCHeCalc software (Schmitt et al., 2010). Input parameters for the software are the Ft-corrected (U-Th)/He dates (+ uncertainties), U-Th-Pb crystallization ages (+ uncertainties), and D230 and D231 parameters, which describe zircon-melt fractionation of Th and Pa relative to U. D230 values were derived from U-Th analysis, which accounts for the possibility of melt disequilibrium. The intercept of the regression line through the data-points (i.e., isochron) with the equiline provided precise initial 230Th/232U values that were used for the D230 calculation as follows (parentheses around isotope symbols indicating activities): 

For D231 a value of 3.8 was adopted based on published Pa/U zircon-rhyolite melt partition coefficient values (Schmitt, 2006, 2011).


2. Petrographic and structural analysis of xenoliths
2.1 Scanning electron microscopy: Textural imaging and mineral identification
Scanning electron microscopy (SEM) was conducted to study the texture and pyrometamorphic overprinting of the xenoliths. Prior to SEM investigation, xenolith thin sections were polished, cleaned with distilled water and isopropanol, and coated with a thin carbon film (~2 nm thick) using a QUORUM Q150T instrument. SEM textural analysis was carried out using a ZEISS WITec RISE EVO MA15 with a tungsten filament as an electron source, equipped with an additional Oxford Instruments Energy-Dispersive Spectroscopy (EDS) detector. Microscale backscatter electron (BSE) imaging and semi-quantitative EDS analysis aided the identification of mineral phases and textures.
2.2 Zircon cathodoluminscence imaging
Zircon epoxy mounts were investigated by Cathodoluminescence (CL)-SEM. After manual polishing with polishing paper and diamond paste, the epoxy mounts were cleaned with distilled water and isopropanol, and coated with a thin gold film (~5 nm thick) using a QUORUM Q150T instrument. Investigation of internal crystal growth domains and zoning was performed using CL-SEM to obtain ideal spots for subsequent U-Th-Pb analysis.

3. Thermochronological modelling of (U-Th)/He systematics in zircon from crustal xenoliths
3.1. General considerations
The interpretation of (U-Th)/He zircon dates from crustal xenoliths as eruption ages critically hinges on the assumption that the crystals contained no 4He at the time of eruption, and that all measured 4He accumulated after cooling of the xenoliths to near-ambient temperatures. To underpin empirical data for zircon from Eifel maar deposits with theoretical constraints on how the precondition of no pre-eruptive 4He in zircon can be achieved, two scenarios were explored: 1) xenolith provenance from depths beyond a helium partial retention threshold, so that crustal zircon would be practically 4He-free at the time of entrainment in the host magma; and 2) 4He-loss via diffusion due to heating of a crustal xenolith between entrainment in the host magma and eruptive quenching. Both scenarios involve 4He diffusion in zircon as a function of its thermal history (time t, and temperature T). The t-T evolution in scenario 1) involves millions of years of crustal residence of the xenolith source rock at ambient temperature, whereas case 2) would involve heating during magma ascent followed by rapid cooling when the xenolith erupts. Both scenarios are endmember processes, and realistically some combination of both could lead to the same outcome.
Underlying both model scenarios is the observation that different xenoliths from the same vent yield indistinguishable (U-Th)/He zircon ages within analytical uncertainty. For simplification, we assume that any excess 4He beyond a 3 ka uncertainty would cause the age distribution to become skewed toward older ages, which is not observed, especially in the Daun maar group as the best-studied example. Given that the last thermal event affecting the continental crust of the Rhenish Massif was at c. 300 Ma (barring minor Paleogene and Pleistocene magmatism), the 3-ka-limit of inherited 4He would correspond to a fraction of <0.001% 4He retained (or a partial loss of >99.999%). Hence, this limit of fractional retention or loss was targeted in all models. Spherical crystal geometry was assumed in the diffusion calculations using the effective radius R calculated for the ratio of surface area to volume β as:
R = 3/β
with β calculated for a dipyramidal prismatic zircon habit according to the equations in Table 2 of Reiners (2005). For typical zircon dimensions in the investigated crustal xenoliths, this resulted in an effective radius of R = 65 µm, which was applied in all calculations. 4He diffusion in zircon was modelled using the diffusion parameters from Reiners et al. (2004): pre-exponential factor D0 = 0.46 cm2 · s-1 and activation energy Ea = 40.4 kcal · mol-1. Low degrees of radiation damage in zircon can slow down 4He diffusion (Guenthner et al., 2013), whereas high degrees of radiation damage significantly accelerate 4He diffusion (Guenthner et al., 2013; Cherniak, 2019). However, the geologically plausible xenolith origin from >10 km depth makes accumulation of radiation damage unlikely for crustal zircon in the WEVF. This is supported by the scarcity of U-Pb ages <300 Ma (unless related to Paleocene–Pleistocene intrusive rocks), suggesting that Pb-loss due to metamictization was negligible. Transferring the results from the WEVF to other continental intraplate volcanic fields, however, should consider that xenoliths may contain radiation damaged zircon, depending on their depth of entrainment and prior thermal history. This may lead to timescales for diffusive loss that differ from those presented here.
3.2. Partial retention modelling
Partial retention for helium in zircon (R = 65 µm) was modelled adopting the equation of Wolf et al. (1998) for isothermal holding time of 300 Ma. Nominally, the helium partial retention zone refers to the temperature range where apparent (U-Th)/He ages fall between 10% and 90% of the holding time. For the diffusion parameters in Reiners et al. (2004), the corresponding boundary temperatures are ~116 °C and ~163 °C. However, because inherited 4He must be <0.001%, the holding temperature must have been at least 274 °C. For a crustal geothermal gradient of 28 °C/km-1 (Dahm et al., 2020), this corresponds to a depth of >10 km for the xenolith origin, where the zircon cargo would be practically free of any pre-eruptive 4He. Notably, this isothermal model neglects magmatic intrusions, exhumation or burial, which could alter the thermal evolution.
3.3. 4He diffusion modelling in heated crustal xenoliths
For the heating scenario, we adopted equations from Blondes et al. (2007), where the heating of a spherical crustal xenolith with a radius x = 10 cm and an initial temperature defined by the geothermal gradient (28 °C · km-1; Dahm et al., 2020), in contact with mafic magma at 1200 °C was modelled. The thermal evolution within the xenolith is then monitored for different xenolith radii from the center to the margin (in steps of x/100), and the thermal evolution with time for each of these xenolith subshells is used to determine an effective diffusion coefficient for 4He in zircon by calculating the average diffusivity over all time steps (n = 100). The fractional loss of zircon (R = 65 µm) is then determined as a function of position within the xenolith and summed, weighted by the mass fraction of the subshells. Complete resetting was assumed if >99.9% of zircon crystals within a xenolith had <0.001% 4He retained. The corresponding heating duration was translated into depth using different magma ascent rates. The model was cross-checked against the percentages of degassed zircon crystals reported in Blondes et al. (2007): for their model assumptions (initial xenolith temperature Tx = 100 °C; magma temperature Tm = 1150 °C; xenolith radius x = 10 cm; heating time t = 1000 s), we calculate that 68.15% of zircon crystals will retain 4He at a fraction f < 99.99%, compared to the percentage of ~68% stated in Blondes et al. (2007). Temperature changes in the xenolith host magma during ascent were neglected.
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