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Jurassic carbonate strata in the eastern Paris Basin exhibit several generations of 19 faults, tension gashes and stylolites. Although their relative chronology can sometimes 20 be determined according to crosscutting relationships, the duration of major deformation 21 phases and their influence on fluid flow and carbonate cementation are still uncertain.

22 This contribution aims to clarify the timing of brittle deformation and associated calcite 23 cementation. Tension gashes filled by calcite in Jurassic carbonates were sampled in 24 outcrops and boreholes and dated through U-Pb geochronology. Almost all the sampled 25 fractures were cemented during the Cenozoic period. Continuous deformation spreads

For oxygen and carbon stable isotope analysis, eleven calcite crystals from fracture in-267 fills were fragmented and collected with tweezers under the magnifying glass. The 268 crystals were subsequently grounded into a homogeneous powder in an agate mortar.

269

Oxygen and carbon isotopes were analysed in the Geosciences Laboratory of Rennes 270 University (France) following the methodology described in Malfilatre, 2012. All isotopic 271 values are reported to the V-PDB standard (Table 2).

272

Five samples consisting of large in-fillings were selected for clumped isotope analysis. Paleocene transition (Fig. 7). This age cannot be confidently interpreted and attributed 379 to a known deformation phase. It may either be linked to the so-called "sub-hercynian" 380 inversion phase defined by Ziegler (1987) or to an early stage of the Pyrenean 381 compression, as evidenced in the south-eastern Pyrenees (Cruset et al., 2020) (André et al., 2010;Bergerat et al., 2007, this study). Indeed, the ages of tension 387 gashes and hydraulic breccias documented here span from 58.9 ± 1.8 Ma to 18.7 ± 1.0 388 Ma, i.e., from the Thanetian to the Burdigalian periods (Fig. 7).

389

Our data show that tectonic quiescence then prevailed during the Paleocene and Early 390 Ypresian, a result in agreement with the slow rate of N-S convergence between the 391 Iberian and Eurasian plates during this period (Mouthereau et al., 2021;Grool et al., 392 2018;Macchiavelli et al., 2017). A single tension gash oriented N50° is dated at 58.9 ± 393 1.8 Ma (Paleocene) in the Sarazinière quarry. This fracture may be related to an early 394 stage of the Pyrenean compression. Alternatively, this event may be linked to the so-395 called "Laramide" phase (Ziegler, 1987), which corresponds to a major inversion period 396 with an uplift and erosion quantified to about 600 m in the Morvan Massif, south of the 397 Paris Basin, and to 300 m in the study area (Barbarand et al., 2013, Blaise et al., 2014).

398

This event does not seem to be restricted to the eastern border of the Paris Basin, since 

425

A few fractures are dated between 40 and 35 Ma, while another main fracturing event is 426 identified at around 33 Ma (Fig. 7, Table 1). Ten of the 32 measured U-Pb ages et al., 2018;Sun et al., 2022). This is shown by the synchronous precipitation 558 of calcite in tension gashes and in the adjacent intergranular pore space. However, the 559 spatial extension of such "tectonic-induced cementation" is unknown and needs further 

273

  30 mg of calcite was sampled using a micro-drilling tool. Δ 47 measurements were 274 performed at the California Institute of Technology (USA) in two analytical sessions 275 (April and May 2021) with an automated acid digestion and gas purification device 276 coupled to a dual inlet Thermo MAT253, as described in Passey et al., 2010. Samples 277 were weighed into silver capsules (~ 8 mg) and reacted in a common phosphoric acid 278 bath (~ 103 %) for 20 minutes at 90 °C under static vacuum. The resulting CO 2 was 279 passed through an ethanol/dry ice U-trap (~ -80 °C) before being collected on a liquid 280 nitrogen temperature (-196 °C) U-trap. Following the 20 minutes reaction period, the 281 collected CO 2 was thawed, entrained in helium, and carried through a Porapak Q 282 120/80 mesh gas column held at -20 °C using He as the carrier gas. The purified CO 2 283 was analyzed using a Thermo Scientific MAT 253 Mass Spectrometer set to collect 284 masses 44-49. Mass 48 was only monitored to detect any hydrocarbon contaminant.285δ 18 O and δ 13 C data was also acquired as part of each Δ 47 analysis and calculated using 286 the parameters reported relative to the PDB reference frame based on the calibrated 287 composition of the laboratory working gas and the correction scheme and constants 288 fromBrand et al., (2010). In order to account for the temperature dependence of oxygen CO 2 gas and carbonate resulting from the reaction with 290 phosphoric acid at 90 °C, a fractionation factor of 1.00811 was used for calcite 291(following Swart et al., 1991). The raw Δ 47 data was corrected for instrument non-292 linearity and scale compression (Dennis et al., 2011) using several heated (at 1000°) 293 and equilibrated gases (at 25°C) of various bulk isotopic compositions that were run 294 during each session. These gases were used to convert measurements into the inter-295 laboratory absolute reference frame (Dennis et al., 2011). To guarantee accuracy of the 296 Δ 47 data, we routinely analyzed two carbonate reference materials (Carrara marble and 297 TV04). One of these two carbonate standards was analyzed once for every five 298 analyses of the unknown samples in order to check for procedural analytical stability 299 and accuracy, and to determine the long-term external reproducibility of our 300 measurements. The Δ 47 values obtained for these carbonates over the course of this 301 study (May to July 2019) are: Δ 47-CDES25 = 0.409 ± 0.016‰ (1SD, n = 10) for Carrara; 302 Δ 47-CDES25 = 0.666 ± 0.011‰ (1SD, n = 8) for TV04, i.e., within accepted Δ 47 values for 303 TV04 (Δ 47-CDES25 = 0.655‰) and Carrara (Δ 47-CDES25 = 0.405‰). Finally, the corrected 304 Δ 47 values were converted into temperatures using the composite Δ 47 -T calibration of 305 Bonifacie et al. (2017), which has been shown to be appropriate for calcite and dolomite 306 between 0 and 300 °C, and which has been shown to be consistent with measurements 307 made at Caltech. The oxygen isotopic compositions of the water (δ 18 O water ) from which 308 the carbonates precipitated were calculated for each estimated TΔ 47 using the bulk 309 δ 18 O carb values and the calcite-water fractionation equation from O'Neil et al. (1969).

  same borehole was dated at 68.4 ± 4.0 Ma, i.e., the Cretaceous-378

  Pb age of 61.1 ± 2.5 was documented for calcite cements in the Middle Jurassic at 400 depth in the central ParisBasin (Mangenot et al., 2018).401A continuous deformation is then recorded in the age distribution of tension gashes from 402 the Late Ypresian to the Rupelian, although two age clusters can be evidenced between 403 40-50 Ma (9 samples) and 30-35 Ma (7 samples) (Fig.7). The first age cluster (40-50 404 Ma) is associated to N10° to N20° tension gashes (BAZX90a, MXV7, VCLD). The Late 405 Ypresian to Bartonian opening and filling of these gashes probably record the far-field 406 onset of the main Pyrenean compressional event at that time(Macchiavelli et al., 2017).

  phase, discrete tectonic pulses may have generated higher 408 rates of fracturing. A cluster of ages is recorded at ca. 48 Ma (samples A00607c, 409 SOR6ab, SOR6c, BAZX90a), synchronous to the emersion of the central Paris Basin 410(Briais et al., 2016) in response to the main Pyrenean compression period (e.g., Cruset 411 et al., 2020). Several tension gashes are then dated at ca. 43 Ma (Fig. 7), matching the 412 U-Pb ages reported by Pagel et al. (2018) along the Gondrecourt graben and the age of 413 a vertical tension gash in HTM102 borehole close to the Andra URL (Brigaud et al., 414 2020). 415 A reactivation of the variscan Vittel fault south of the studied area is evidenced by two 416 fractures sampled in the Sommerécourt quarry and dated at 42.5 ± 3.9 Ma and 40.9 ± 417 1.7 Ma (Fig. 7). At Removille, sample REM1 was collected along a fault delimiting a 418 small graben of similar orientation to the Gondrecourt and Joinville grabens. The age of 419 this sample, 42.1 ± 2.7 Ma confirms the synchronous formation of these structures. 420 Finally, sample OT1-2 from the Ottange quarry dated at 40.8 ± 2.2 Ma demonstrates 421 that this intraplate deformation extended far north of the study area (Fig. 1). They are 422 also recorded in the central Paris Basin, as documented by Mangenot et al. (2018).423 These deformations and cementations are all interpretated as a far-field consequence 424 of Pyrenean shortening.

  427 obtained are in the 35-30 Ma range, matching previous U-Pb ages around 33 Ma 428 reported for fractures along the Gondrecourt faults (Pagel et al., 2018) and vug-filling 429 calcites in Oxfordian limestones from the Andra URL borehole cores (Pisapia et al., 430 2018). Following Pagel et al. (2018) by analogy with the known tectonic agenda of the 431Rhine Graben, we suggest that these dated structures are related to extensional 432 deformation and the opening of the ECRIS(Dezès et al., 2004; Bergerat et al., 2007; -step evolution identical to the Gondrecourt graben, i.e., a strike-slip or 438 oblique displacement during the Lutetian, followed by extension during the Rupelian.439On the other hand, we cannot fully exclude a compressional origin for all of these ca. 33 440 Ma tension gashes as a consequence of further Pyrenean or Alpine far-field 441 deformations(Cruset et al., 2020; Parizot et al., 2021). Whatsoever, we show here that 442 deformation in the eastern Paris Basin occurred continuously from the Late Ypresian to 443 the Rupelian (Fig.7) and that the transition from a contractional regime prevailing during 444 the Eocene period to an extensional deformation during the Oligocene may have been 445 progressive. 446 After this 33 Ma ECRIS-related event, few younger gashes are dated around 30 Ma. 447 Tension gashes developed in the quarries of Dugny-sur-Meuse and Maxey-sur-Vaise 448 dated around 32-27 Ma are oriented N170° and N175° and may have opened during a 449 compressional phase documented by Bergerat (1987) and André et al. (2010) and 450 interpreted as a late Pyrenean horizontal stress. This age also replicates the ones 451 obtained by Parizot et al. (2021) in the north Pyrenean foreland basin, and those of were sampled in the vicinity of the NW-SE Poissons fault system 468 (Fig. 1) that reactivated in response to the compression during either the earliest stages 469 of the Alpine contractional stress or a Late Pyrenean event during 470 Aquitanian/Burdigalian (Parizot et al., 2021 ; Hoareau et al., 2021). 471 Finally, the absence of younger ages indicates that the growth of the nearby Jura fold-472 and-thrust belt formed roughly between 11 and 3 Ma (Homberg et al., 2002; Smeraglia 473 et al., 2021) had no or very limited impact on the deformation of the eastern Paris Basin. 474 To sum up, the deformation of the eastern Paris Basin is essentially related to far-field 475 propagation of compressional stress during the Pyrenean orogen growth. It has been 476 accommodated continuously by the opening of tension gashes and the development or 477 reactivation of strike-slip faults and stylolites between around 50 Ma (sample PPA1073) 478 and 27 Ma (sample MXV9a), with deformation pulses at ca. 48 Ma and 43 Ma, and only 479 interrupted shortly by the ECRIS-related extensional event at around 33 Ma. 480 On a larger scale, this tectonic agenda of the eastern Paris Basin is consistent with the 481 U-Pb ages of slickenfibres and fracture filling calcites in the north foreland basin of the 482 Pyrenees (Parizot et al., 2021), in the southeastern Pyrenean fold and thrust belt and 483 the south foreland Ebro basin (Cruset et al., 2020) and along the Cevennes fault system 484 (Parizot et al., 2022). South of the Paris Basin, fluorite mineralization occurred likely in 485 response of this contractional event (Lenoir et al., 2021). This event is also recorded in 486 the Jura fold-and-thrust belt, where a pre-orogenic NE-SW strike-slip fault was recently 487 evidenced through U-Pb geochronology of slickenfibre calcite yielding two ages similar 488 to ours at 48.4 ± 1.5 and 44.7 ± 2.6 Ma (Smeraglia et al., 2021).

  . Origin and Temperature of calcite-mineralizing fluids 490 The meteoric origin of waters from which calcite precipitated in tension gashes was 491 suggested by André et al. (2010) on the basis of the δ 18 O values measured in calcite.492Yet, the oxygen stable isotope composition of parent-waters was uncertain, since the 493 fractionation factor between H 2 O and calcite was estimated from only six two-phased 494 aqueous fluid inclusions that homogenized at temperatures ranging from 31 to 38 °C 495(Buschaert et al., 2004). Thanks to the Δ 47 clumped isotope composition of calcite, the

  evidence for a continuous fracturing of the Jurassic carbonates from 564 the Ypresian to the Rupelian in the eastern Paris Basin. This period coincides with the 565 main shortening related to the Pyrenean orogen growth, interrupted by extensional 566 deformation during Late Eocene -Early Oligocene. Three U-Pb age clusters are 567 identified, the two firsts at around 48 Ma and 43 Ma, related to the far-field propagation 568 of Pyrenean horizontal stress, and a third at 33 Ma corresponding to the ECRIS-related 569 extensional regime. Fluids of meteoric origin percolated through the fracture networks at 570 rather low temperatures (from 27 to 53 °C), with a progressive decrease of temperature 571 though time. Fluid flow and associated calcite precipitation was not restricted within the 572 fractures, but also occurred in the intergranular pore space. des failles et des macles de la calcite. Bulletin de la Société Géologique .D., HORSTWOOD, M.S.A. & COTTLE, P. 2007. 2016. Advances in Isotope 857 Ratio Determination by LA-ICP-MS. Elements 12, 317-322. 858 ZIEGLER, P.A. 1987. Late Cretaceous and Cenozoic intra-plate compressional 859 deformations in the Alpine foreland-a geodynamic model. Tectonophysics 137, 860 389-420. 861 ZIEGLER, P.A. & DÈZES, P. 2007. Cenozoic uplift of Variscan Massifs in the Alpine 862 foreland: Timing and controlling mechanisms. Global and Planetary Change 58,
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 123456789 Figure 1. Geological map of the eastern Paris Basin (a), with a detailed view of the major structures in the studied area(b). Outcrop and quarries sample locations are indicated by black squares.

  

  

  

  

  

  

  

  259 does not include uncertainty propagations. A second age uncertainty is given, by 260 propagating the systematic uncertainty of the age of primary reference material WC-1 261 (2.6%), and the 2 standard errors of the 207 Pb/ 206 Pb and 206 Pb/ 238 U of the analytical 262 session by quadratic addition. Sample ages and uncertainties are listed in Table 1 and 263 detailed metadata for LA-ICP-MS calcite U-Pb geochronology is available in

	264	supplementary materials.
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Ring & Gerdes, 2016), an event that is strongly expressed in the eastern Paris Basin
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