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The noble gas isotope composition of the mantle can provide unique insights into the origin and evolution of volatile elements on Earth. Xenon isotopes combine primordial signatures with contributions from extinct and extant radionuclides, therefore offering the potential to set constraints on both the nature of Earth's planetary precursor(s) and the timing of their contributions. However, measuring the Xe isotope composition of mantle-derived samples to sufficiently high-precision has proven difficult due to (i) large occurrence of a modern-like atmospheric component in the mantle, and (ii) contribution from shallow and post-eruptive atmospheric contamination. Mantle-derived samples therefore exhibit only small deviations from the modern atmospheric composition, making the identification and deconvolution of mantle-derived Xe signals challenging. Here, we use the Giggenbach sampling method to concentrate magmatic noble gases from the Eifel volcanic area (Germany) into glass bottles in order to conduct high-precision analyses of Ne, Ar and Xe isotopes. The three samples collected from Victoriaquelle and Schwefelquelle wells (South East Eifel) show variable contributions from atmospheric contamination, with the least contaminated sample reaching 40 Ar/ 36 Ar ~8,300. Our data indicate that the mantle beneath the Eifel volcanic area, and by extension the Central European Volcanic Province, resembles the convective upper mantle reservoir with limited evidence for an OIB-like deep plume source contribution. It has a geochemical signature that is similar (e.g. in Ne isotopic composition, 40 Ar/ 36 Ar, 129 Xe/ 130 Xe and 129 Xe/ 136 Xe) to the mantle source of the so-called popping rocks (thought to best represent the upper mantle), with an additional source of 238 Uderived Xe and low 3 He/ 4 He that we attribute to the influence of an ancient subducted component (HIMU). A dichotomy exists between the main sources of fissiogenic xenon isotopes measured in popping rocks and Eifel gas, which appear to be mainly derived from 244 Pu and 238 U, respectively. According to their respective ratios of 244 Pu-to 238 U-derived Xe, the mantle sources for Eifel volcanism and popping rocks would have experienced extensive and limited degassing, respectively. In this regard, high Pu-Xe/(Pu+U)Xe may no longer be considered as being indicative of a mantle deep origin, therefore calling for the geochemical differences between plume and MORB sources to be redefined, with the possibility that volatile signatures within the solid Earth may be more heterogeneously distributed than previously thought.

Introduction

The cycling of volatile elements (i.e, H, C, N, halogens and noble gases) between Earth's surface and its silicate interior plays a crucial role in controlling the evolution of the atmosphere and oceans, as well as the rheology and dynamics of the mantle. The discovery that primordial krypton [START_REF] Holland | Meteorite Kr in Earth's mantle suggests a late accretionary source for the atmosphere[END_REF], Bravo Dome gas field in New Mexico, United States) and xenon (Caracausi et al. 2016, Eifel volcanic area, Germany;[START_REF] Péron | Onset of volatile recycling into the mantle determined by xenon anomalies[END_REF], popping rocks) components in the mantle are of chondritic origin allowed major advances in our understanding of Earth's accretion history to be made. Although no Kr or Xe data from mantle-derived sources points toward a solar contribution in the mantle, neon, and presumably helium, in the deep mantle have solar-like isotopic signatures, suggesting that these gases were trapped early during terrestrial accretion, before dissipation of the solar nebula [START_REF] Yokochi | A determination of the neon isotopic composition of the deep mantle[END_REF][START_REF] Williams | Capture of nebular gases during Earth's accretion is preserved in deep-mantle neon[END_REF]. However, the Ne isotopic signature of the upper mantle has been purported to originate from solar windimplanted Ne within chondritic materials [START_REF] Ballentine | Neon isotopes constrain convection and volatile origin in the Earth's mantle[END_REF], indicating the Earth may have accreted volatiles from multiple reservoirs. Heterogeneous accretion may also be evident for H isotopes, with both a solar [START_REF] Hallis | Evidence for primordial water in Earth's deep mantle[END_REF] and/or chondritic [START_REF] Loewen | Hydrogen isotopes in high 3He/4He submarine basalts: Primordial vs. recycled water and the veil of mantle enrichment[END_REF] origin being argued for. The presence of light -and not heavy -solar noble gases in the mantle may be related to the higher solubility of the He and Ne in silicate melts and/or to their elemental depletion in chondrites relative to heavy noble gases [START_REF] Tucker | The heavy noble gas composition of the depleted MORB mantle (DMM) and its implications for the preservation of heterogeneities in the mantle[END_REF].

Krypton, xenon and likely argon in the mantle were presumably delivered together with major volatiles such as nitrogen by asteroidal material before mantle 'closure' (i.e., within <100 Myr after the start of Solar System formation - [START_REF] Caracausi | Chondritic xenon in the Earth's mantle[END_REF]. Subsequent evolution of the mantle heavy noble gas inventory was dominated by atmosphere recycling via subduction [START_REF] Holland | Seawater subduction controls the heavy noble gas composition of the mantle[END_REF] as well as degassing to the atmosphere and radiogenic productions within the mantle [START_REF] Allègre | Constraints on evolution of Earth's mantle from rare gas systematics[END_REF][START_REF] Marty | Neon and xenon isotopes in MORB: implications for the earth-atmosphere evolution[END_REF][START_REF] Ozima | Noble gas geochemistry[END_REF][START_REF] Mukhopadhyay | Noble Gases: A Record of Earth's Evolution and Mantle Dynamics[END_REF].

Given the protracted and extensive recycling of atmospheric gases into the solid Earth, the present-day inventory of Xe in the mantle is largely dominated (80-90%) by recycled modern atmosphere [START_REF] Holland | Seawater subduction controls the heavy noble gas composition of the mantle[END_REF][START_REF] Parai | Xenon isotopic constraints on the history of volatile recycling into the mantle[END_REF].

Differences in chemical signatures between mid-ocean ridge basalts (MORB) originating from the convecting upper mantle and intraplate volcanic samples, including ocean island basalts (OIB), which tap in to the deep mantle has been used to argue that the mantle is geochemically heterogeneous, with the MORB and OIB mantle sources experiencing different degassing histories [START_REF] Kellogg | The role of plumes in mantle helium fluxes[END_REF]. In particular, the MORB mantle is characterised by elevated 3 He/ 4 He (8 ± 2 Ra, where Ra = 1.39 × 10 -6 , the 3 He/ 4 He ratio of air), 20 Ne/ 22 Ne (~12.5) and 21 Ne/ 22 Ne (≥0.065), as well as high 40 Ar/ 36 Ar (up to 40,000) ratios, relative to air [START_REF] Sarda | 40 Ar/ 36 Ar in MORB glasses: constraints on atmosphere and mantle evolution[END_REF][START_REF] Burnard | Vesicle-specific noble gas analyses of" popping rock": implications for primordial noble gases in Earth[END_REF][START_REF] Graham | Noble gas isotope geochemistry of mid-ocean ridge and ocean island basalts: Characterization of mantle source reservoirs[END_REF][START_REF] Moreira | Rare gas systematics in popping rock: isotopic and elemental compositions in the upper mantle[END_REF][START_REF] Péron | Onset of volatile recycling into the mantle determined by xenon anomalies[END_REF]. The OIB mantle source is thought to have experienced limited direct mixing with, and volatile transfer to, the convecting MORB mantle source [START_REF] Mukhopadhyay | Early differentiation and volatile accretion recorded in deepmantle neon and xenon[END_REF]. As a consequence, the OIB mantle source has preserved remnants of primordial volatiles (e.g., gases trapped from the solar nebula) isolated since Earth's accretion [START_REF] Craig | Primordial neon, helium, and hydrogen in oceanic basalts[END_REF][START_REF] Allègre | Constraints on evolution of Earth's mantle from rare gas systematics[END_REF][START_REF] Honda | Noble gases in submarine pillow basalt glasses from Loihi and Kilauea, Hawaii: a solar component in the Earth[END_REF][START_REF] Mukhopadhyay | Early differentiation and volatile accretion recorded in deepmantle neon and xenon[END_REF][START_REF] Williams | Capture of nebular gases during Earth's accretion is preserved in deep-mantle neon[END_REF], which are not witnessed, or are less prevalent within the MORB mantle reservoir. Although OIBs can be classified into different categories depending on their chemical composition -HIMU type sources ("high-μ"; μ = 238 U/ 204 Pb, [START_REF] Pettke | From ocean to mantle: new evidence for Ucycling with implications for the HIMU source and the secular Pb isotope evolution of Earth's mantle[END_REF], two varieties of enriched mantle (EM 1 and EM 2; [START_REF] Zindler | Chemical geodynamics[END_REF] and FOZO (Focal Zone, first defined by [START_REF] Hart | Mantle plumes and entrainment-Isotopic evidence[END_REF]) -, we simply refer to OIB as the largely undegassed deep mantle reservoir typified by the Iceland plume, which is characterised by high 3 He/ 4 He (up to 50 Ra, where Ra is the atmospheric 3 He/ 4 He: 1.39x10 -6 , [START_REF] Stuart | High 3 He/ 4 He ratios in picritic basalts from Baffin Island and the role of a mixed reservoir in mantle plumes[END_REF]) and 20 Ne/ 22 Ne (>12.5; [START_REF] Yokochi | A determination of the neon isotopic composition of the deep mantle[END_REF][START_REF] Péron | Neon isotopic composition of the mantle constrained by single vesicle analyses[END_REF][START_REF] Mukhopadhyay | Early differentiation and volatile accretion recorded in deepmantle neon and xenon[END_REF][START_REF] Williams | Capture of nebular gases during Earth's accretion is preserved in deep-mantle neon[END_REF]. Xenon has nine isotopes, which constitute a powerful tool for discriminating between MORB and OIB mantle sources. Radiogenic 129 Xe and 131-136 Xe were produced early in Earth's history by β-decay of extinct 129 I (T1/2 = 15.7 Ma) and spontaneous fission of extinct 244 Pu (T1/2 = 80.0 Myr), respectively [START_REF] Porcelli | Models for distribution of terrestrial noble gases and evolution of the atmosphere[END_REF]. These extinct radioactive nuclides provide a timestamp for the formation and subsequent evolution of different mantle reservoirs [START_REF] Mukhopadhyay | Early differentiation and volatile accretion recorded in deepmantle neon and xenon[END_REF]. In addition, spontaneous fission of extant 238 U (T1/2 = 4.468 Gyr) continuously produces 131-136 Xe. The fissiogenic Xe isotopes are produced in different proportions by 244 Pu and 238 U, allowing the Pu-and U-derived Xe to be deconvolved. A reservoir that has remained closed to volatile loss over Earth's history should have 97% of the fission Xe isotopes being produced from 244 Pu [START_REF] Azbel | Accretion and early degassing of the Earth: Constraints from Pu-U-I-Xe Isotopic systematics[END_REF]. As episodes of degassing after the extinction of 244 Pu will lead to progressively lower (Pu/U)-derived Xe, this ratio can be used to constrain the degassing history of different mantle sources, (e.g., [START_REF] Allègre | Constraints on evolution of Earth's mantle from rare gas systematics[END_REF][START_REF] Kunz | Plutonium-fission xenon found in Earth's mantle[END_REF][START_REF] Moreira | Rare gas systematics in popping rock: isotopic and elemental compositions in the upper mantle[END_REF][START_REF] Caffee | Primordial noble gases from Earth's mantle: identification of a primitive volatile component[END_REF][START_REF] Mukhopadhyay | Early differentiation and volatile accretion recorded in deepmantle neon and xenon[END_REF][START_REF] Tucker | The heavy noble gas composition of the depleted MORB mantle (DMM) and its implications for the preservation of heterogeneities in the mantle[END_REF]Petö et al., 2013;[START_REF] Parai | The evolution of MORB and plume mantle volatile budgets: constraints from fission Xe isotopes in Southwest Indian Ridge basalts[END_REF].

Steady-state mantle models have long required 129 Xe and primordial noble gases such as 3 He, 22 Ne and 36 Ar in the volatile-depleted upper mantle to be derived from a primitive volatile-rich lower mantle via plume input [START_REF] Porcelli | Mass transfer of helium, neon, argon, and xenon through a steady-state upper mantle[END_REF]. However, differences in I/Xe (as seen in the 129 Xe*/ 130 Xe, where 129* Xe is the decay product of extinct 129 I) between the MORB and OIB mantle sources indicate that the differentiation of these two reservoirs occurred during the existence of 129 I (80 Myr) and has resisted homogenisation ever since despite the Moon forming impact and 3 Gyr of subduction [START_REF] Mukhopadhyay | Early differentiation and volatile accretion recorded in deepmantle neon and xenon[END_REF][START_REF] Parai | The evolution of MORB and plume mantle volatile budgets: constraints from fission Xe isotopes in Southwest Indian Ridge basalts[END_REF]. This implies that plumes could not have supplied Xe, and all of the primordial volatiles, to the MORB source. Combined with the production of 131-136 Xe from the fission of extinct 244 Pu (half-life = 80 Myr), I-Pu-Xe closure ages for the different mantle reservoirs have been calculated through 129* Xe/ 136* Xe ratios, where 136* Xe is the decay products of extinct 244 Pu [START_REF] Allègre | Constraints on evolution of Earth's mantle from rare gas systematics[END_REF][START_REF] Marty | Neon and xenon isotopes in MORB: implications for the earth-atmosphere evolution[END_REF][START_REF] Mukhopadhyay | Early differentiation and volatile accretion recorded in deepmantle neon and xenon[END_REF][START_REF] Caracausi | Chondritic xenon in the Earth's mantle[END_REF]. Given that 129 I has a shorter half-life than 244 Pu, mantle domains with a higher 129* Xe/ 136* Xe should have become closed to volatile loss earlier, assuming that both reservoirs started with the same I/Pu ratio. In this case, the lower 129* Xe/ 136* Xe in OIB samples [START_REF] Mukhopadhyay | Early differentiation and volatile accretion recorded in deepmantle neon and xenon[END_REF] compared to MORB [START_REF] Parai | The evolution of MORB and plume mantle volatile budgets: constraints from fission Xe isotopes in Southwest Indian Ridge basalts[END_REF] would suggest that the upper mantle became closed to volatile loss earlier than the deep OIB mantle source, which is unlikely. It has therefore been suggested that the lower mantle had a lower I/Pu ratio than the upper mantle. Indeed, for the upper mantle to have a younger closure age than the lower mantle would require the upper MORB source mantle to have had an initial I/Pu ratio 3.5 times higher than that of the lower mantle (e.g., [START_REF] Caracausi | Chondritic xenon in the Earth's mantle[END_REF]). Such differences in I/Pu between the MORB and OIB mantle sources could have resulted from several processes, including (i) later addition of volatile rich, high I/Pu chondritic material to the upper mantle [START_REF] Caracausi | Chondritic xenon in the Earth's mantle[END_REF][START_REF] Mukhopadhyay | Early differentiation and volatile accretion recorded in deepmantle neon and xenon[END_REF], (ii) sequestration of I from the lower mantle in to the core [START_REF] Jackson | Early episodes of highpressure core formation preserved in plume mantle[END_REF], and/or (iii) rapid degassing of mantle volatiles to the surface [START_REF] Clay | Halogens in chondritic meteorites and terrestrial accretion[END_REF].

Given that Xe in mantle-derived samples is dominated by modern atmospheric Xe, identifying and deconvoluting the mantle-derived Xe signature can be challenging. Submarine basaltic glasses [START_REF] Moreira | Rare gas systematics in popping rock: isotopic and elemental compositions in the upper mantle[END_REF]) and well gases [START_REF] Holland | Meteorite Kr in Earth's mantle suggests a late accretionary source for the atmosphere[END_REF] constitute compelling samples to provide insights into the composition of mantle-derived volatiles. However, well gases may also have a significant contribution from lithospheric components, and basaltic glasses have low noble gas abundances, hampering high precision noble gas isotopic measurements of the least abundant isotopes. In order to circumvent this difficulty, volcanic CO2-rich free gases (i.e., gases that have been released from their host magma at depth before travelling to the surface) are analysed, as they also carry mantle-derived noble gases [START_REF] Moreira | The xenon isotopic signature of the mantle beneath Massif Central[END_REF][START_REF] Caracausi | Chondritic xenon in the Earth's mantle[END_REF]. Free gases in the Eifel region (Germany) and Massif Central (France) show significant mantle contributions in light and heavy noble gases, therefore providing an opportunity to investigate the mantle's volatile history [START_REF] Caracausi | Chondritic xenon in the Earth's mantle[END_REF][START_REF] Moreira | The xenon isotopic signature of the mantle beneath Massif Central[END_REF] The origin of the Central European Volcanic Province (CEVP), which includes the Massif Central and the Eifel regions is debated with both upwelling mantle plumes and melting of upper mantle material being advocated as possible drivers of volcanism under Europe (e.g., [START_REF] Buikin | Noble gas isotopes suggest deep mantle plume source of late Cenozoic mafic alkaline volcanism in Europe[END_REF][START_REF] Bräuer | Indications for the existence of different magmatic reservoirs beneath the Eifel area (Germany): a multi-isotope (C, N, He, Ne, Ar) approach[END_REF][START_REF] Caracausi | Chondritic xenon in the Earth's mantle[END_REF][START_REF] Moreira | The xenon isotopic signature of the mantle beneath Massif Central[END_REF]. The volcanism in Eifel is presently dormant, but not extinct (youngest eruption ~11 ka, [START_REF] Schmincke | The Quaternary volcanic fields of the east and west Eifel (Germany)[END_REF]. Volatiles escaping from East Eifel degassing centre are characterised by high CO2 fluxes (> 99 vol. %), with high 3 He/ 4 He ratios (up to 5.6 Ra) and δ 13 C values within the MORB range (average -4.6 ± 0.6‰), pointing to a mantle-derived origin of Eifel volcanic gases [START_REF] Bräuer | Indications for the existence of different magmatic reservoirs beneath the Eifel area (Germany): a multi-isotope (C, N, He, Ne, Ar) approach[END_REF]. According to the relative abundances of magmatic N2, He and Ar, the Victoriaquelle and Schwefelquelle wells (South East Eifel) show the highest contribution of mantle-derived gas in the Eifel region [START_REF] Bräuer | Indications for the existence of different magmatic reservoirs beneath the Eifel area (Germany): a multi-isotope (C, N, He, Ne, Ar) approach[END_REF]. Their δ 15 N values are close to the MORB range, with Ne isotope compositions also being consistent with an upper mantle signature [START_REF] Bräuer | Indications for the existence of different magmatic reservoirs beneath the Eifel area (Germany): a multi-isotope (C, N, He, Ne, Ar) approach[END_REF]. Likewise, the chemical signature of the Lignat gas (Massif Central, France) resembles the MORB source mantle requiring little to no plume contribution [START_REF] Moreira | The xenon isotopic signature of the mantle beneath Massif Central[END_REF]). Yet, tomographic images show evidence for a low-velocity structure at depth down to 2,000 km, representing deep mantle upwelling under central Europe, which may feed smaller upper-mantle plumes expressed in the Eifel region [START_REF] Goes | A lower mantle source for central European volcanism[END_REF][START_REF] Ritter | The seismic signature of the Eifel Plume, in Mantle Plumes: A Multidisciplinary Approach[END_REF][START_REF] Weber | Upper Mantle Structure beneath the Eifel from receiver functions[END_REF]. Recently, high precision Xe isotope measurements from the Victoriaquelle Well were shown to be consistent with a deep undegassed mantle plume origin [START_REF] Caracausi | Chondritic xenon in the Earth's mantle[END_REF]. The source of volcanism in the CEVP therefore remains enigmatic.

In this contribution, we focus on determining the origin of the volcanism in the CEVP by carrying out high-precision analyses of Ne, Ar and Xe isotopes for three free gas samples collected with Giggenbach bottles from the Victoriaquelle and Schwefelquelle wells. By comparing the geochemical signature of the mantle beneath the CEVP with those of the MORB and OIB reservoirs, we provide novel insights regarding the origin of the CEVP, and relationship between the upper and lower mantle in terms of degassing histories and present-day heterogeneities.

Samples and methods

Sampling and gas preparation

Noble gas isotopic compositions were determined in samples of volcanic free gas collected from the Victoriaquelle and Schwefelquelle wells in the Eifel volcanic district (Germany). These two locations are close to the village of Heckenmünster south of the inferred plume centre, near the city of Gerolstein [START_REF] Bräuer | Indications for the existence of different magmatic reservoirs beneath the Eifel area (Germany): a multi-isotope (C, N, He, Ne, Ar) approach[END_REF]. The springs are at a distance of approximately 100 m from each other and are both characterised by high gas/water ratios. In order to optimize magmatic noble gas concentration into sampling volumes, we used 200 cm 3 pre-evacuated (10 -3 Pa) glass flasks equipped with double Teflon stopcocks and filled with 50-80 cm 3 of 7N NaOH solution [START_REF] Giggenbach | Collection and analysis of geothermal and volcanic water and gas discharges[END_REF].

The solution absorbs reactive gases (water vapour, CO2, SO2, H2S, HCl, HF), allowing the build up of a large partial pressure of non-reactive gases (N2, H2, O2, CO, hydrocarbons and noble gases) in the headspace volume. Once in the laboratory, collected volcanic gases were rapidly transferred by volume equilibration into 500 cm 3 steel tanks for storage. This procedure of gas sampling vastly increases the amount of gas available for analysis, whilst also increasing the efficiency of purification of the samples in the laboratory since H2O and CO2 have been largely removed from the pristine gas.

The samples analysed in this study were collected during two sampling sessions at Victoriaquelle and Schwefelquelle wells. In May 2018, giggenbach bottles labelled E2 and E3 were collected from Schwefelquelle and Victoriaquelle wells, respectively. In September 2018, only the Victoriaquelle well could be sampled following the Giggenbach method (sample E4 in the present study) as the water level at Schwefelquelle well was too low to form a seal for noble gas sampling. Two steel tanks (Schw-t and Vict-t) from a previous sampling trip in 2015 were also analysed for their Ne and Ar isotope composition. In this case, purification was carried out using the same purification line as [START_REF] Caracausi | Chondritic xenon in the Earth's mantle[END_REF] and gases were then analysed using the same procedure as detailed here below. All samples were analysed for their Ne, Ar and Xe isotope compositions using the Helix MC Plus (Thermofisher Scientific) noble gas mass spectrometer at the Centre de Recherches Pétrographiques et Géochimiques (CRPG) noble gas analytical facility, following the analytical procedures described in Supplementary Information. Neon, argon and xenon blank contributions were measured before running the samples and found to be insignificant (<1%). Therefore, blank corrections were not applied to the abundances or isotope ratios reported here. Standard runs were analysed before and during each analytical session. The three samples collected in Giggenbach bottles and analysed in this study are referred to as E2, E3 and E4. These were analysed using a different purification line than used by [START_REF] Caracausi | Chondritic xenon in the Earth's mantle[END_REF]. Finally, we report He isotope measurements for samples collected in 2015 from Schwefelquelle and Victoriaquelle wells, and analysed at the Instituto Nazionale di Geofisica e Vulcanologia in Palermo.

Extrapolating mantle signatures

The Monte Carlo linear least square code adapted from [START_REF] Parai | The evolution of MORB and plume mantle volatile budgets: constraints from fission Xe isotopes in Southwest Indian Ridge basalts[END_REF] was used to compute the best fit mixing of 132 Xe from initial mantle, modern atmosphere (recycled in to the mantle and acting as a contaminant during sampling), 238 Ufission Xe and 244 Pu-Xe, with 128-136 Xe isotopes being taken into account (Supplementary Information). Also, air contamination of the pristine mantle component generates hyperbolic trends in 20 Ne/ 22 Ne-40 Ar/ 36 Ar and 40 Ar/ 36 Ar-129 Xe/ 130 Xe spaces (e.g., Mukhopadhyay 2012; Fig. S1). Best-fit hyperbola reflecting two-component mixing between air and mantle are determined using total least-squares hyperbolic fits, therefore allowing the mantle source 40 Ar/ 36 Ar and 129 Xe/ 130 Xe ratios to be extrapolated. First, the 40 Ar/ 36 Ar of the mantle source is calculated by extrapolation to a mantle 20 Ne/ 22 Ne value (12.5, 13.22 or 13.8, depending on the Ne isotope composition of the source; Fig. S1, Table S1). The curvature of the twocomponent mixing hyperbolic array is parameterized as k = ( 36 Ar/ 22 Ne)mantle/( 36 Ar/ 22 Ne)atm. We use a grid search to find the combination of k and mantle 40 Ar/ 36 Ar that minimizes the χ 2 cost function:

χ2 = ∑ * _ _ _ + _ _ _ ! " #$
where (x_meas ± σx_meas, y_meas ± σy_meas) are the N observed data points for a given sample and (x_fit, y_fit) are the closest points to the data along a candidate hyperbola. The error associated with the extrapolated 40 Ar/ 36 Ar of the mantle is calculated using the method described by [START_REF] Parai | The evolution of MORB and plume mantle volatile budgets: constraints from fission Xe isotopes in Southwest Indian Ridge basalts[END_REF], with the 1 sigma confidence interval (68.3%) is defined where the fit degrades by a fixed amount χ 2 ≤ χ 2 min + 2.30 (for a 2 parameter fit; e.g., [START_REF] Press | Numerical Recipes in C: The Art of Scientific Computing[END_REF] the mantle source (which define the k parameters) were freely varied between 4-12 and 2.0-4.3 × 10 -4 , respectively, in order to span the full range of possibilities from MORB-to OIB-like elemental compositions [START_REF] Graham | Noble gas isotope geochemistry of mid-ocean ridge and ocean island basalts: Characterization of mantle source reservoirs[END_REF][START_REF] Williams | Capture of nebular gases during Earth's accretion is preserved in deep-mantle neon[END_REF]. The code was tested on published data for different types of mantle sources. Results are reported in Fig. S1 and Table S1.

Results

Helium, neon and argon.

Helium isotopic ratios measured in the present study (4.1-4.2 Ra; Table S2) for the Schwefelquelle and Victoriaquelle wells are excellent agreement with those reported by Bräuer et al. 2013 (4.2-4.5 Ra). The 20 Ne/ 22 Ne of samples E2, E3 and E4 range from 10.3 to 11.2 (Table S3), which is higher than the maximum previously found 20 Ne/ 22 Ne for Eifel free gas (10.6; [START_REF] Bräuer | Indications for the existence of different magmatic reservoirs beneath the Eifel area (Germany): a multi-isotope (C, N, He, Ne, Ar) approach[END_REF]), but still lower than the maximum value from stepwise crushing of mantle xenoliths (11.88; [START_REF] Buikin | Noble gas isotopes suggest deep mantle plume source of late Cenozoic mafic alkaline volcanism in Europe[END_REF]. Samples E2-E4 plot on the mixing line between air and the MORB end-member (Fig. 1). The two samples collected using steel tanks and analysed for their Ne isotope composition (Schw-t and Vict-t) plot along the same mantle-atmosphere mixing line as samples from Giggenbach bottles (Fig. 1). Argon isotope compositions of samples E2, E3 and E4 show decreasing contributions of air contamination ( 40 Ar/ 36 Ar of 8,287±140, 4,040±69 and 1,974±45, respectively), with 38 Ar/ 36 Ar being consistently within error of the atmospheric ratio (Table S4). These 40 Ar/ 36 Ar ratios are higher than reported by [START_REF] Caracausi | Chondritic xenon in the Earth's mantle[END_REF] for E1 ( 40 Ar/ 36 Ar = 1,780; Fig. 2), indicating higher mantle contributions. The maximum 40 Ar/ 36 Ar reported here (~8,300) is the highest value yet measured for Eifel free gas.

Xenon

The Xe isotopic spectra of samples E2-E4 show excesses in radiogenic 129 Xe* and fissiogenic 131-136 Xe relative to modern atmosphere (Fig. 2; Table S5-S6) supporting the presence of a mantle-derived component in Eifel free gases. These excesses are correlated (Fig. 3), indicating they have a common origin, and are higher than those reported for sample E1 [START_REF] Caracausi | Chondritic xenon in the Earth's mantle[END_REF], Fig. 2) in agreement with the lower contributions of air contamination seen for Ar isotopes. The 129 Xe/ 136 Xe of the Eifel magmatic gas appears similar to that of the source of popping rocks [START_REF] Péron | Onset of volatile recycling into the mantle determined by xenon anomalies[END_REF]; Fig. 3a). Fission spectra for Xe isotopes in E2-E4 indicate a dominant contribution from 238 U-derived Xe, with limited contribution from 244 Pu-derived Xe (Fig. 3b). In contrast, the source of popping rocks is dominated by 244 Pu-derived Xe [START_REF] Péron | Onset of volatile recycling into the mantle determined by xenon anomalies[END_REF]; Fig. 3).

Composition of the mantle beneath Eifel

A least-square hyperbolic fit through Eifel data (see section 2.2.) yields a 40 Ar/ 36 Ar of 39,400 * ++ , -++ (Fig. S1) and a 129 Xe/ 130 Xe of 7.84 +.1* ,+.+-for a mantle source 20 Ne/ 22 Ne of 12.5 (Fig. 4). Extrapolating the 20 Ne/ 22 Ne to 13.8 would yield a mantle source 40 Ar/ 36 Ar of 64,800 3+,4++ ,1-++ (Fig. S2), which would not significantly change our conclusions. Results of linear least squares determinations of initial, recycled atmospheric, Pu-and U-fissiogenic Xe components for Eifel [START_REF] Caracausi | Chondritic xenon in the Earth's mantle[END_REF]; This study), popping rocks [START_REF] Péron | Onset of volatile recycling into the mantle determined by xenon anomalies[END_REF] and Lignat [START_REF] Moreira | The xenon isotopic signature of the mantle beneath Massif Central[END_REF] 1).

Discussion

Origin of the Central European Volcanic Province

In neon three-isotope space (Fig. 1), Eifel samples reflect a two component mixing between air and the MORB source, requiring negligible if any contribution from an OIB-like source. This is consistent with Ne data reported by [START_REF] Bräuer | Indications for the existence of different magmatic reservoirs beneath the Eifel area (Germany): a multi-isotope (C, N, He, Ne, Ar) approach[END_REF] for the Ne/ 22 Ne space. Our data, which do not show evidence for significant MDF, as also seen in the consistently atmospheric 38 Ar/ 36 Ar ratios (Table S4), confirm that Ne isotopes in the Eifel gas exclude a significant deep mantle plume contribution of the Iceland, Reunion, or Kerguelen type for Ne (Fig. 1). Extrapolating the 21 Ne/ 22 Ne of the Eifel gas source to a 20 Ne/ 22 Ne of 12.5 by error weighted least squares linear regression through the Eifel data points yields a range of values that is distinct from popping rocks and "HIMU-like MORBs" [START_REF] Tucker | The heavy noble gas composition of the depleted MORB mantle (DMM) and its implications for the preservation of heterogeneities in the mantle[END_REF]), but which overlaps with the range of depleted MORBs (DMM, Fig. 5).

Although analysing more Eifel samples with varying 20 Ne/ 22 Ne will ultimately help better constraining the 21 Ne/ 22 Ne of the Eifel source, this suggests potential contribution from a degassed MORB-like mantle source.

The 40 Ar/ 36 Ar of the source constrained by Ne isotopes (39,400 * ++ , -++ , Fig. 4) is similar to that estimated for the more radiogenic MORB ( 

Degassing history of mantle reservoirs

Based on Xe isotope measurements in the Victoriaquelle well gas, Caracausi et al.

(2016) concluded for the origin of Eifel magmatism to be related to a deep mantle plume.

This result was primarily based on a significant 244 Pu-derived Xe contribution, and computed Pu-Xe/(Pu+U)Xe and 129 XeI/ 136 XePu ratios that overlap those from the Icelandic and Rochembeau rift plumes [START_REF] Parai | The evolution of MORB and plume mantle volatile budgets: constraints from fission Xe isotopes in Southwest Indian Ridge basalts[END_REF]. From linear least squares fitting calculations, our data indicate a predominant contribution from 238 U-derived Xe, as well as "MORB-like" Pu-Xe/(Pu+U)-Xe and 129 XeI/ 136 XePu ratios (Table 1), regardless if 128 Xe is taken in to account or not. However, these outcomes are associated with much larger uncertainties when 128 Xe is not taken into account (Table 1). Henceforth, we only consider the results using 128 Xe for sample E2. Importantly, determining the initial, recycled atmospheric, Pu-and U-fissiogenic Xe components in the Eifel gas as measured by [START_REF] Caracausi | Chondritic xenon in the Earth's mantle[END_REF] gives more contrasted outcomes depending on whether 128 Xe is taken into account ( 2016) appear to plot along MDF lines (Fig. 8 and Fig. S3), suggesting that isotope fractionation occurred during gas analysis rather than during sampling. Analytical issues might have occurred during sample preparation, especially during purification. In the present paper, gases were collected using Giggenbach bottles, therefore removing reactive gases and allowing the build up of a large partial pressure of noble gases. This procedure of gas sampling vastly improved the efficiency of purification of the samples for analysis. In addition, samples were purified using a different purification line than [START_REF] Caracausi | Chondritic xenon in the Earth's mantle[END_REF]. Taking together these considerations, we conclude that the dataset reported in the present study is more appropriate to constrain the source of volcanism in the Eifel region.

Taken together, our result show the mantle reservoir sampled by the Eifel volcanism to have a geochemical signature ( 40 Ar/ 36 Ar, 129 Xe/ 136 Xe, Ne isotope composition; Fig. 1 and4) that is similar to the convective upper mantle, with low Pu-Xe/(Pu+U)Xe. Despite large error bars at the 1-sigma level, heavy Xe excesses measured in popping rocks, thought to best represent the upper mantle, appear to be dominated by 244 Pu-derived Xe [START_REF] Péron | Onset of volatile recycling into the mantle determined by xenon anomalies[END_REF]. We calculate the I-Xe/Pu-Xe and Pu-Xe/(Pu+U)Xe of the popping rock source to be 3.6 . ,>.* and 0.99 +.4> ,+.+ %, respectively ( 1) are 0%, despite respective 129 Xe/ 130 Xe being in excess of air, which requires positive mantle contributions. A statistical bias during deconvolution of atmosphere-and mantle-derived signatures for these samples might be introduced during translation of 130 Xenormalised ratios, as provided in the corresponding studies, into 132 Xe-normalised ratios, causing significant correlated errors in the 132 Xe-normalised ratios used for the calculations (Supplementary Information). As shown in Fig. 8b, Lignat gas data points might also show some extent of mass dependent fractionation, therefore causing a potential bias in the determination of its Xe/(Pu+U)Xe.

The 3 He/ 4 He ratios, the slopes of mantle-air mixing lines in the Ne three isotope plot (Fig. 1) and the Pu-Xe/(Pu+U)Xe are interpreted as reflecting the extent of degassing experienced by a given mantle reservoir. As depicted on Fig. 6, the OIB-like mantle sources akin to Iceland [START_REF] Mukhopadhyay | Early differentiation and volatile accretion recorded in deepmantle neon and xenon[END_REF]Rochambeau (Petö et al., 2013) 1, Fig. S4). This indicates that, although MORB and OIB reservoirs can be discriminated from their differences in I/Xe (Fig. 4), they may no longer be distinguished on the basis of their 129 XeI/ 136 XePu relationship.

The isotopic composition of atmospheric Xe evolved throughout the Archean via mass-dependent fractionation up until 2.5 Gyr ago, starting from a precursor (titled U-Xe) exhibiting deficits in 134 Xe and 136 Xe [START_REF] Avice | Evolution of atmospheric xenon and other noble gases inferred from Archean to Paleoproterozoic rocks[END_REF]. Early recycling of atmospheric xenon with an isotopic composition intermediate between U-Xe and modern atmospheric Xe would render precise deconvolution of the chondritic, atmospheric, fissiogenic and radiogenic contributions to the mantle Xe array difficult [START_REF] Péron | Onset of volatile recycling into the mantle determined by xenon anomalies[END_REF]. It would also complicate the identification of primordial sources (solar, chondritic) of Xe in the mantle.

Heavy noble gases (Kr, Xe) in the upper mantle carry signatures that are distinct from solar (as defined by [START_REF] Meshik | Heavy noble gases in solar wind delivered by Genesis mission[END_REF]), but similar to chondrites [START_REF] Holland | Meteorite Kr in Earth's mantle suggests a late accretionary source for the atmosphere[END_REF][START_REF] Caracausi | Chondritic xenon in the Earth's mantle[END_REF][START_REF] Péron | Onset of volatile recycling into the mantle determined by xenon anomalies[END_REF]. However, no unambiguous, high precision heavy noble gas data allowing chondritic and solar sources to be discriminated have been reported so far for the deep, undegassed mantle sampled by OIB-like plumes.

Noble gas reservoirs in the mantle

In a 129 Xe/ 130 Xe vs. 136 Xe/ 130 Xe diagram, OIB-and MORB-air mixing lines have distinct slopes, with the OIB line being slightly steeper due to lower 129 Xe/ 136 Xe for the MORB source (Fig. 7; [START_REF] Tucker | The heavy noble gas composition of the depleted MORB mantle (DMM) and its implications for the preservation of heterogeneities in the mantle[END_REF]. From the 129 Xe/ 130 Xe of the Iceland plume source (6.98±0.07;

Mukhopadhyay 2012), we calculate the corresponding 136 Xe/ 130 Xe (Fig. 7) and plot the composition of the Iceland source in Fig. 8. According to this diagram, higher 129 Xe/ 136 Xe in OIB relative to MORB cannot be related solely to recycling of atmospheric Xe or by adding fissiogenic 136 Xe to MORB Xe [START_REF] Mukhopadhyay | Early differentiation and volatile accretion recorded in deepmantle neon and xenon[END_REF]. Interestingly, the source of popping rocks [START_REF] Péron | Onset of volatile recycling into the mantle determined by xenon anomalies[END_REF] and Eifel samples (this study) plot along a single line passing through the MORB mantle as previously defined by the popping rock 2πD43 mean composition (see compilation by [START_REF] Moreira | The xenon isotopic signature of the mantle beneath Massif Central[END_REF]). Irrespective of their degassing histories, the mantle sources of Eifel gas and popping rocks have preserved similar 129 Xe/ 136 Xe, although their main sources of fissiogenic Xe appear to be different ( 244 Pu for popping rocks and 238 U for the Eifel gas; Fig. 3).

The limited contribution from 244 Pu-derived Xe in Eifel gas (Fig. 3b) relative to popping rocks suggests either that (i) 244 Pu-derived Xe has been degassed early and therefore lost from the mantle reservoir, or that (ii) enhanced production of 238 U-derived Xe has overprinted the budget of fission-derived Xe isotopes. Given that the half-life of 129 I (T1/2 = 15.7 Ma) is shorter than that of 244 Pu (T1/2 = 80 Ma), 129 I would have been extinct before 244 Pu and so complete degassing of 244 Pu-derived Xe would also imply extensive degassing of 129 I-derived Xe, which is at odds with the preservation of radiogenic 129 Xe in the Eifel mantle source.

Regarding the second hypothesis, a high contribution of 238 U-derived Xe in the Eifel magmatic gas could have several origins, including an HIMU-type source influence, or an additional input of radiogenic crustal derived noble gases as seen in well gases [START_REF] Holland | Seawater subduction controls the heavy noble gas composition of the mantle[END_REF]. Noble gas systematics in Eifel xenoliths are for example compatible with the addition of crustal material to a MORB-source signature [START_REF] Dunai | Helium, neon, and argon systematics of the European subcontinental mantle: Implications for its geochemical evolution[END_REF].

However, from Ne isotopes, we see no evidence for extraneous crustal 21 Ne (Fig. 1).

Concerning Xe isotopes, the composition of continental well gases deviates from the MORB and OIB trend toward lower 129 Xe/ 136 Xe because of crustal inputs of 238 U-derived 136 Xe and limited excesses of mantle-derived 129 Xe* (Fig. 78). Such deviations are not observed for the Eifel gas, which plots exactly on the mantle-air mixing line in 129 Xe/ 130 Xe-136 Xe/ 130 Xe space (Fig. 7). Although we cannot rule out the potential for small crustal inputs, these data seem to exclude a significant crustal contribution in the Eifel gas. Likewise, relative abundances of the non-reactive components reported by [START_REF] Bräuer | Indications for the existence of different magmatic reservoirs beneath the Eifel area (Germany): a multi-isotope (C, N, He, Ne, Ar) approach[END_REF] together with the isotope signatures of the stable isotopes, especially of the major magmatic volatile CO2, do not indicate any crustal contribution in the Victoriaquelle and Schwefelquelle wells, but seem to be characteristic for a MORB-like reservoir. Similarly, the low 3 He/ 4 He and high 40 Ar/ 36 Ar ratios in the Eifel region (Victoriaquelle and Schwefelquelle gases) have been suggested to be the result of magma ageing resulting in the continuous radioactive decay of U, Th and 40 K within the magmatic reservoir [START_REF] Bräuer | Indications for the existence of different magmatic reservoirs beneath the Eifel area (Germany): a multi-isotope (C, N, He, Ne, Ar) approach[END_REF]). However, once again this process cannot account for the observed excesses in 238 U-derived Xe given that these correlate with mantlederived 129 Xe* (Fig. 3) indicating that the low 3 He/ 4 He, high 40 Ar/ 36 Ar and 238 U-derived Xe excesses all have a similar mantle origin.

Subduction recycling of altered oceanic crust with associated transport of U to the mantle over the last 2 billion years can make a significant contribution to U recycling into the mantle, potentially even dominating the total net U-addition to the post-Archean convecting mantle [START_REF] Pettke | From ocean to mantle: new evidence for Ucycling with implications for the HIMU source and the secular Pb isotope evolution of Earth's mantle[END_REF]. Portions of the mantle thought to derive from melting of these ancient sections of oceanic crust, referred to as HIMU, could have been significantly enriched in 238 U through this process. These are defined by He isotope ratios from 4.5 Ra to 12.8 Ra and Ne isotopic signatures that extend from the MORB range to compositions less nucleogenic than MORBs [START_REF] Parai | New constraints on the HIMU mantle from neon and helium isotopic compositions of basalts from the Cook-Austral Islands[END_REF][START_REF] Day | Origin of 3He/4He ratios in HIMU-type basalts constrained from Canary Island lavas[END_REF]. Noble gases in mantle xenoliths from various European Cenozoic volcanic provinces depict mixtures between DMM-EM-HIMU end-members within the European sub-continental mantle source (e.g., [START_REF] Dunai | Helium, neon, and argon systematics of the European subcontinental mantle: Implications for its geochemical evolution[END_REF]. A HIMU-like source contribution in Eifel free gas samples could notably account for both the low 3 He/ 4 He (~4-5*Ra; Braüer et al. 2013) and high contribution from 238 U fission derived Xe. The 3 He/ 4 He values of ultramafic xenoliths from the Eifel Quaternary volcanic field "Dreiser Weiher" (5.97 ± 0.49 Ra; [START_REF] Buikin | Noble gas isotopes suggest deep mantle plume source of late Cenozoic mafic alkaline volcanism in Europe[END_REF] are in good agreement with the intrinsic signature of the subcontinental lithospheric mantle (SCLM; 6±1 Ra) although the authors acknowledge that there is also an obvious similarity to oceanic HIMU islands [START_REF] Buikin | Noble gas isotopes suggest deep mantle plume source of late Cenozoic mafic alkaline volcanism in Europe[END_REF]. However, for the 238 U-derived Xe in Eifel gas and 129 Xe* to both have a HIMU-like origin would imply that transport of subducted crust in the mantle occurred at a time where 129 I was still extant, i.e. within 80 Myr after the start of Solar System formation, which is unlikely [START_REF] Parai | Xenon isotopic constraints on the history of volatile recycling into the mantle[END_REF]. The average time commonly postulated for ageing of a HIMU-type source component is 1.9 Ga [START_REF] Pettke | From ocean to mantle: new evidence for Ucycling with implications for the HIMU source and the secular Pb isotope evolution of Earth's mantle[END_REF]). We therefore conclude that at least two mantle sources, one of which being of HIMU-type and the other being little degassed, may be required to account for the geochemical signature of the Eifel gas. 1) and 129 Xe/ 136 Xe (similar to that of previously defined HIMU-influenced MORB mantle source at the Romanche fracture zone, [START_REF] Tucker | The heavy noble gas composition of the depleted MORB mantle (DMM) and its implications for the preservation of heterogeneities in the mantle[END_REF]Fig. 9). HIMU-influenced MORBs defined by [START_REF] Tucker | The heavy noble gas composition of the depleted MORB mantle (DMM) and its implications for the preservation of heterogeneities in the mantle[END_REF] might therefore represent the same MORB source as that of popping rocks, with a higher contribution from the atmospheric component (Fig. 9). The overlapping Pu-Xe/(Pu+U)Xe of 99 4> , % for popping rocks [START_REF] Péron | Onset of volatile recycling into the mantle determined by xenon anomalies[END_REF] and 63 > , > % for HIMU-influenced MORBs [START_REF] Tucker | The heavy noble gas composition of the depleted MORB mantle (DMM) and its implications for the preservation of heterogeneities in the mantle[END_REF] suggests that contribution of a deep undegassed source to the HIMU mantle defined by [START_REF] Tucker | The heavy noble gas composition of the depleted MORB mantle (DMM) and its implications for the preservation of heterogeneities in the mantle[END_REF] may no longer be required.

As witnessed by its high 40 Ar/ 36 Ar and 238 U-derived Xe contribution, the Eifel gas has a large radiogenic contribution. However, the observation that the mantle sources of popping rocks and Eifel appear to have similar 129 Xe/ 136 Xe ratios indicates that the Eifel gas cannot be solely related to the DMM. To account for both the high 129 Xe/ 136 Xe relative to the DMM (Fig. 9) and low Pu-to U-derived fission Xe of the Eifel source may require contributions from both an undegassed reservoir with high 129 Xe/ 136 Xe, and a highly degassed HIMU component primarily containing fissiogenic Xe continuously produced from the spontaneous decay of 238 U throughout its residence in the mantle. The undegassed reservoir with high 129 Xe/ 136 Xe is required to have a high I/Xe to account for the MORB-like 129 Xe/ 130 Xe of the Eifel mantle source (Fig. 4), and could not therefore correspond to a deep OIB-like reservoir akin to the Icelandic plume. Such a reservoir may have originated from a similar mantle source to that of MORB (popping rock and HIMU-like MORB) but with an even lower degree of degassing.

The existence of this undegassed MORB reservoir remains to be proven although it is not inconceivable that sections of the mantle have remained less degassed than those currently expressed at mid ocean ridges. Addition of recycled, subduction-related material to such an undegassed source could have lowered the 129 Xe/ 136 Xe of the Eifel mantle source to produce intermediate 129 Xe/ 136 Xe values akin to that of the MORB mantle source. A promising avenue of investigation to further improve the deconvolution of mantle-derived signatures and better determine the 244 Pu/ 238 U of mantle reservoirs would be to better constrain the Xe fission spectrum of 244 Pu. Also note that the distribution of Pu in the early mantle is poorly constrained and often assumed to be similar to that of U. However, the potential for U and Pu to have been heterogeneously distributed in the early mantle, and for variations in the Pu-to U-derived fission Xe to not only be related to differences in degassing states, remains to be explored.

Conclusion

The origin of the CEVP has remained enigmatic given the potential for an OIB-like source to contribute to intraplate volcanism in the Eifel region. from [START_REF] Ozima | Noble gas geochemistry[END_REF]. [START_REF] Parai | The evolution of MORB and plume mantle volatile budgets: constraints from fission Xe isotopes in Southwest Indian Ridge basalts[END_REF]. We tested the code on SWIR-E and SWIR-W samples reported by [START_REF] Parai | The evolution of MORB and plume mantle volatile budgets: constraints from fission Xe isotopes in Southwest Indian Ridge basalts[END_REF]in italics) to ensure similar results were obtained. The code was then run for popping rocks [START_REF] Péron | Onset of volatile recycling into the mantle determined by xenon anomalies[END_REF], Lignat [START_REF] Moreira | The xenon isotopic signature of the mantle beneath Massif Central[END_REF] 
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  Fig.1). These results are at odds with Ne isotope data on ultramafic xenoliths from the Eifel region by[START_REF] Buikin | Noble gas isotopes suggest deep mantle plume source of late Cenozoic mafic alkaline volcanism in Europe[END_REF], which were interpreted to suggest the presence of hot spottype, OIB-like noble gases in the Eifel region. However, the authors acknowledge that contributions from variably fractionated atmosphere-derived contaminants and variably fractionated mantle-derived noble gases are involved here in individual Eifel xenoliths, and consider only one sample (DW1) to define a reliable hyperbola fit in the 40 Ar/ 36 Ar versus 20

Fig. 1 :

 1 Fig. 1: Neon three-isotope plot displaying the three Eifel samples (E2, E3 and E4), air, solar and MORB, together with different OIB endmembers. Two samples of Eifel gas from steel tanks were also analysed for their Ne isotope compositions (white squares Schw-t and Victt). Eifel samples define a mixing line between Air and MORB compositions, requiring no contribution from a plume-like source. Data reported by Bräuer et al. (2013) for Victoriaquelle and Schwefelquelle wells, Moreira et al. (2018) for the Lignat thermal spring (Massif Central, France) and Buikin et al. (2005) for ultramafic xenoliths from the Eifel Quaternary volcanic field "Dreiser Weiher", are shown for comparison. Error bars indicate ±1σ. Air composition is from[START_REF] Ozima | Noble gas geochemistry[END_REF].

Fig. 2 :

 2 Fig. 2: Argon and xenon isotope composition of the three Eifel samples (E2, E3 and E4) analysed in this study. Xenon isotopic composition of E2, E3 and E4 are normalised to air and to 130 Xe, and compared to the xenon isotope composition reported by Caracausi et al. (2016) for the Eifel source (E1). Although E1 shows a greater enrichment in the light isotopes, E2-E4 show greater excesses in radiogenic 129 Xe and fissiongenic 131-136 Xe, indicating greater contributions from mantle-derived components. This suggests that E1 might have been partially fractionated in favour of the light isotopes during purification and/or analysis. Error bars indicate ±1σ. Air composition is from[START_REF] Ozima | Noble gas geochemistry[END_REF].

Fig. 3 :

 3 Fig. 3: a) 129 Xe/ 130 Xe vs. 136 Xe/ 130 Xe diagram showing air (in pink), Eifel samples (white circles) and popping rock 2πD43 (purple star, Péron and Moreira 2018). b) Fission spectra of E2 (white circles) and popping rock 2πD43 (purple star, Péron and Moreira 2018) compared with the fission spectra for fission of 238 U (green area) and 244 Pu (orange area). Irrespective of their degassing histories, the mantle sources of Eifel gas and popping rocks have therefore preserved similar 129 Xe/ 136 Xe, although the main fissiongenic sources of 136 Xe excess are different ( 244 Pu for popping rocks and 238 U for the Eifel gas). Air composition is

  , Eifel E1 (with and without 128 Xe being taken into account; Caracausi et al. 2016) and Eifel E2 (This study). The ranges of values for OIB and MORB as compiled by Caracausi et al. 2016 are also given for comparison.

Fig. 4 :

 4 Fig. 4: Ne-Ar (a) and Ar-Xe (b) correlations for the Eifel gas. The data reflect mixing between a mantle component and post-eruptive atmospheric contamination. A least-squares hyperbolic fit through the data yields a 40 Ar/ 36 Ar ratio of 39,400 * ++ , -++ (Fig. S1) and a 129 Xe/ 130 Xe of 7.84 +.1* ,+.+-, for a MORB-like 20 Ne/ 22 Ne ratio of 12.5. DMM, Bravo Dome, popping rocks and OIB compositions are from Tucker et al. (2012). Air compositions are from Ozima and Podosek (2002).

Fig. 5 :

 5 Fig. 5: Neon three-isotope plot displaying the extrapolated 21 Ne/ 22 Ne for a range of MORB and DMM samples (values extrapolated to 21 Ne/ 22 Ne = 12.5; Tucker et al. 2012). Note that, according to Xe isotopes (Fig. 7), HIMU-type MORBs are referred to as MORBs. Also shown as green triangles are the two upper points for popping rocks (Pop., Moreira et al. 1998).Error weighted least squares linear regression through the Eifel data points gives an error envelope that is represented as a grey area. The extrapolated 21 Ne/ 22 Ne for the Eifel source appears to be distinct from the MORB range as sampled by popping rocks but overlaps with the field of the DMM.

Fig. 6 :

 6 Fig. 6: Fractions of 136 Xe derived from 244 Pu vs. slopes of air-mantle mixing lines in Ne three-

  

  . In the 129 Xe/ 130 Xe-40 Ar/ 36 Ar space (k = ( 130 Xe/ 36 Ar)mantle/( 130 Xe / 36 Ar)atm), the mantle source 129 Xe/ 130 Xe is then computed by extrapolation to the mantle 40 Ar/ 36 Ar. The final error associated with the mantle source 129 Xe/ 130 Xe takes into account propagation of the mantle 40 Ar/ 36 Ar uncertainty. Note that 36 Ar/ 22 Ne and 130 Xe/ 36 Ar values for

  samples are reported in Table1. These indicate that E2 (which is the Eifel gas least contaminated by air, 40 Ar/ 36 Ar ~8,300) is best accounted for

	by mixing 93.3 . , . % modern air with 5.2 . , . % AVCC, 1.1 +.* ,+. % U-derived Xe and 0.4 +. ,+.3 %
	Pu-derived Xe. The I-129 Xe/Pu-136 Xe and Pu-136 Xe/(Pu+U)-136 Xe for the source of Eifel gas
	are 13.8 *.3 , *.1 and 0.21 +. 1 ,+. 3 %, respectively). Importantly, linear least squares determinations of
	initial, recycled atmospheric, Pu-and U-fissiogenic Xe components in the Eifel gas (sample

E2, this study) give consistent outcomes if 128 Xe is taken or not into account (Table

  40 Ar/ 36 Ar up to 40,000;[START_REF] Graham | Noble gas isotope geochemistry of mid-ocean ridge and ocean island basalts: Characterization of mantle source reservoirs[END_REF], and not OIB ( 40 Ar/ 36 Ar ~5,000 to ~10,000;[START_REF] Colin | Constraints on the noble gas composition of the deep mantle by bubble-by-bubble analysis of a volcanic glass sample from Iceland[END_REF][START_REF] Mukhopadhyay | Early differentiation and volatile accretion recorded in deepmantle neon and xenon[END_REF] reservoir.[START_REF] Mukhopadhyay | Early differentiation and volatile accretion recorded in deepmantle neon and xenon[END_REF]. The highest 129 Xe/ 130 Xe measured in the Eifel samples (6.94 for sample E2) is similar to the value of the OIB source as defined by the Iceland plume composition (6.98 ± 0.07;[START_REF] Mukhopadhyay | Early differentiation and volatile accretion recorded in deepmantle neon and xenon[END_REF]. For the Xe isotope composition of Eifel magmatic gas to have a plume origin would require that sample E2 is 100% mantle-derived gas, which is not possible. This suggests that an OIB-like mantle plume origin for volcanism the Eifel area is unlikely, and by extension volcanism in the Central European Volcanic Province (CEVP). Taken together, Ne, Ar and Xe systematics indicate that the source of magmatic gas in Eifel is similar to the MORB source mantle. The potential increase in mantle-derived gas contribution in Eifel over the last years, as seen in the increasing

Likewise, the 129 Xe/ 130 Xe of the Eifel source ( 7.84 +.1* ,+.+-) is characteristic for the MORB reservoir

(7.44-7.83;[START_REF] Moreira | Rare gas systematics in popping rock: isotopic and elemental compositions in the upper mantle[END_REF][START_REF] Tucker | The heavy noble gas composition of the depleted MORB mantle (DMM) and its implications for the preservation of heterogeneities in the mantle[END_REF]

, but distinct from OIB (6.98 ± 0.07; 40 Ar/ 36 Ar from 2005 (Bräuer et al. 2013; Caracausi et al. 2016) to 2018 (this study), could be related to a rise in the flux of magmatic volatiles beneath the Eifel region. However, the different sampling methods used in both studies (steel tanks versus Giggenbach bottles, respectively) may preclude firm comparison of the two results.

  Table1). According to the Pu-Xe/(Pu+U)Xe, the MORB sources for Eifel volcanism and popping rocks would therefore have experienced extensive and limited degassing, respectively, whilst both sampling the

	convective mantle. Likewise, the source of the Lignat thermal spring (Massif Central, France)
	,+. and a Pu-analysed by Moreira et al. (2018) is best accounted for by an I-Xe/Pu-Xe of 2.8 +.3 Xe/(Pu+U)Xe of 0.94 +.+ ,+ % (Table 1). These values for popping rock and Lignat fall within
	the range of OIB (2.3-4 and 0.72-1, respectively) but are distinct from what has been
	commonly considered as the MORB range (5-50 and 0.05-0.5, respectively; Caracausi et al.
	2016). The atmospheric contribution required to explain the Lignat data is extremely high
	(99.7 +.-,+.

+ % air, Table

1

). Nonetheless, the fissiongenic isotope ratios for the Lignat gas require a 0.2 + ,+. % contribution of Pu-derived Xe with no contribution of U-derived Xe. If truly representative of the mantle source then this would suggest that variable Pu-Xe/(Pu+U)Xe might co-exist within the CEVP source(s), with fissiogenic Xe isotope being derived from both 244 Pu (Lignat gas, Moreira et al. 2018) and 238 U (Eifel gas, this study). However, drawing definite conclusion from Lignat gas is difficult given the large amount of atmospheric contamination, with only two of the four fissiogenic isotopes ( 134 Xe and 136 Xe) being in excess of air. Also note that the mean mantle contribution computed for popping rocks and Lignat gas (Table

  exhibit high 3 He/ 4 He and 20 Ne/21 NeE ratios (where 20 Ne/ 21 NeE reflects the slope of mantle-air mixing lines in the Ne three isotope plot) that are not seen in samples deriving from the convective mantle. Although OIB-like mantle sources show consistently high Pu-Xe/(Pu+U)Xe, it appears that samples from the convective upper mantle span the whole range of Pu-Xe/(Pu+U)Xe values (Fig.6) implying that fissiogenic Xe excesses in mantle-derived samples may not relate solely to different states of degassing and cannot therefore yield any strong indication regarding the source of volcanism (MORB or OIB). In other words, high Pu-Xe/(Pu+U)Xe may no longer be considered as being indicative of a deep undegassed origin for the sampled mantle source. Likewise, whilst the 129 XeI/ 136 XePu of Eifel gas (13.8

*.3 , *.1 ) overlaps with the range MORB range (5-50), the 129 XeI/ 136 XePu of popping rocks and Lignat (3.6 . ,>.* and 2.8 +.3 ,+. , respectively) are in better agreement with the OIB range (2.3-4; Table

Table

  Xenon isotopic measurements from equatorial Mid-Atlantic Ridge basalts previously indicated the mantle sources of DMMs, popping rocks and HIMU-influenced MORBs to have distinct 129 Xe/ 136 Xe[START_REF] Tucker | The heavy noble gas composition of the depleted MORB mantle (DMM) and its implications for the preservation of heterogeneities in the mantle[END_REF]. The mantle source of North Mid-Atlantic Ridge samples (popping rock and HIMU-influenced MORBs) appears to have a 129 Xe/ 136 Xe that is intermediate between the DMM (low 129 Xe/ 136 Xe) and OIB (high 129 Xe/ 136 Xe) (Fig. 9). The lower 129 Xe/ 136 Xe of the DMM is consistent with a more degassed source than the mantle source of Mid-Atlantic Ridge samples. The high proportion of Pu-derived Xe in Romanche fracture zone samples (63 > , > %; labelled "HIMU-like MORB" in Tucker et al. 2012) was interpreted as requiring contribution from a less degassed mantle component to dominate over the 238 U-produced fission Xe in the recycled crust. More degassed sources will indeed have lower concentrations of primordial Xe isotopes, 129 Xe* and Pu-derived Xe, such that adding 136 Xe from 238 U fission will produce lower 129 Xe/ 136 Xe. Any addition of HIMU-like material to an OIB-like component would therefore lower the mantle source 129 Xe/ 136 Xe from high values akin to the Icelandic plume, toward MORB-like values. However, the recently determined Xe isotope composition of popping rocks (compilation from Moreira et al. 2018; Péron and Moreira, 2018) is different from that used by Tucker et al. (2012) to define the MORB end-member. This newly determined Xe isotope composition of the popping rock mantle source, representative of the convective mantle, has high Pu-Xe/(Pu+U)Xe (99 4>

	,	%,

  In this contribution, we show that the mantle source beneath Eifel, and by extension the CEVP, has a geochemical signature akin to the upper mantle reservoir sampled at mid ocean ridges. Accurate determination of 244 Pu/ 238 U ratios in mantle-derived samples has been commonly used to address the degassing states of corresponding mantle reservoirs. According to their Pu-Xe/(Pu+U)Xe, the sources for Eifel volcanism and popping rocks would however have experienced extensive and limited degassing, respectively. The MORB reservoir therefore appears to exhibit variable Pu-Xe/(Pu+U)Xe ratios which indicates that the presence of two mantle reservoirs (MORB and OIB) cannot be fully substantiated anymore solely by differences in Pu-Xe/(Pu+U)Xe ratio. Differences between MORB and OIB sources would therefore only reside in the occurrence of solar-derived Ne, higher 20 Ne/ 21 NeE and higher 3 He/ 4 He in OIB, as well as higher 40 Ar/ 36 Ar and I/Xe in MORB relative to OIB. Interestingly, to account for both the high 129 Xe/ 136 Xe relative to the DMM and low Pu-to U-derived fission Xe in the Eifel source may require contributions from both an undegassed MORB-like reservoir, with high 129 Xe/ 136 Xe, and a deep HIMU-like mantle source also accounting for the low

3

He/ 4 He seen in Eifel gas. Although our results refute a deep plume OIB-like origin for volcanism in Eifel, Ne and Xe systematics therefore point toward contributions from multiple reservoirs with different degassing histories, originating from different depths in the mantle beneath the CEVP.

I-129 Xe/Pu-136 Xe Pu/(Pu+U)-136 Xe %Mantle contribution %Pu %U

  

	SWIR-E Parai+15 SWIR-W Parai+15 Popping rock Lignat Eifel E1 (+128) Eifel E1 (-128) Eifel E2 (+128) Eifel E2 (-128)	8.8 3.? , +.3 8.3 3. , 1.? 10.3 1.1 , 4.3 10.8 1.> ,1+.3 3.6 . ,>.* 2.8 +.3 ,+. 5.8 +.> , 213.5 4. ,4. 13.8 *.3 , *.1 600.1 *>3.* ,>.	0.31 +. ,+. + 0.32 +. + ,+. -0.28 +. + ,+. + 0.27 +. ,+. + 0.99 +.4> ,+.+ 0.94 +.+ ,+ 0.96 +.+ ,+ 0.05 +.+ ,+.+ 0.21 +. 1 ,+. 3 0.01 +.+ ,+. >	7.8 1. ,1. 8.3 3.-,1. 11 ?.1 ,?.4 11 ?.3 ,?.-0 + , 3.4 0 + ,+.-8.2 +.4 ,+.> 2.8 . , . 5.2 . , . 2.7 . , .4	1.0 +.4 ,+.4 1.1 +.4 ,+.? 1.5 . , . 1.4 . , . 3.3 .3 , .4 0.2 + ,+. 0.3 + ,+. 0 + ,+ 0.4 +. ,+.3 0 + ,+.1	1.4 +.3 ,+.1 1.4 +.1 ,+.1 2.5 +.? ,+.? 2.5 +.? ,+.4 0 + , .* 0 + ,+ 0 + ,+ 0.1 + ,+. 1.1 +. ,+. 1.3 +. ,+
	OIB range	2.3-4	0.72-1			
	MORB range	5-50	0.05-0.5			

Table 1 :

 1 Outcomes of Monte Carlo linear least square simulations adapted from Parai and

493-571. 
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The authors declare that they have no competing interests. isotope space ( 20 Ne/ 21 NeE). Two OIB-like samples, Rochambeau (Petö et al., 2013) and DICE [START_REF] Mukhopadhyay | Early differentiation and volatile accretion recorded in deepmantle neon and xenon[END_REF], are represented. Popping rocks are computed from data by [START_REF] Péron | Onset of volatile recycling into the mantle determined by xenon anomalies[END_REF]. MORB-1 is computed by [START_REF] Mukhopadhyay | Early differentiation and volatile accretion recorded in deepmantle neon and xenon[END_REF] from popping rock data by [START_REF] Kunz | Plutonium-fission xenon found in Earth's mantle[END_REF]. "Himu-like" MORBs and DMM are from [START_REF] Tucker | The heavy noble gas composition of the depleted MORB mantle (DMM) and its implications for the preservation of heterogeneities in the mantle[END_REF].

The error-weighted MORB average composition computed by [START_REF] Parai | The evolution of MORB and plume mantle volatile budgets: constraints from fission Xe isotopes in Southwest Indian Ridge basalts[END_REF] is also shown. Also represented are well gases data. The Bravo Dome mantle composition is from [START_REF] Holland | Seawater subduction controls the heavy noble gas composition of the mantle[END_REF] and computation by [START_REF] Parai | The evolution of MORB and plume mantle volatile budgets: constraints from fission Xe isotopes in Southwest Indian Ridge basalts[END_REF]. Other well gas data (Ca.: Caroline, Australia; H.C.: Harding County;

Mc.: McElmo Dome; Sh.: Sheep Mountain; orange squares) are from [START_REF] Caffee | Primordial noble gases from Earth's mantle: identification of a primitive volatile component[END_REF], for which the Ne isotope composition of the mantle source is not known. Eifel (this study) is shown in light green. Differences in 130 Xe/ 22 Ne between highly degassed (MORB) and less degassed (e.g., Iceland or Rochambeau) mantle components [START_REF] Williams | Capture of nebular gases during Earth's accretion is preserved in deep-mantle neon[END_REF] appear to be too small to account for hyperbolic mixing trends allowing to span a large range of Pu/(Pu+U)-Xe for a single 20/21E. E3 and E4 Eifel samples (black, grey and white circles, respectively; this study) and Lignat measurements (red pentagons, labelled Lig.; [START_REF] Moreira | The xenon isotopic signature of the mantle beneath Massif Central[END_REF]. Popping rock sample (Pop., purple star) is from [START_REF] Péron | Onset of volatile recycling into the mantle determined by xenon anomalies[END_REF]. The green point is the average MORB composition compiled by [START_REF] Moreira | The xenon isotopic signature of the mantle beneath Massif Central[END_REF]. The OIB line defined by Iceland samples is distinct from that defined by MORB samples, with a lower 129 Xe/ 136 Xe. Such differences cannot be related solely through recycling atmospheric Xe or by adding fissiogenic 136 Xe to MORB Xe [START_REF] Mukhopadhyay | Early differentiation and volatile accretion recorded in deepmantle neon and xenon[END_REF]. Given that the MORB reservoir has a higher I/Xe ratio, higher 129 Xe/ 136 Xe in OIB can only be accounted for by lower (Pu-U)/Xe in the OIB source.

Irrespective of their degassing histories, the mantle sources of Eifel gas and popping rocks appear to have preserved similar 129 Xe/ 136 Xe, although the main fissiongenic sources of 136 Xe excess are different ( 244 Pu for popping rocks and 238 U for the Eifel gas).