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Supplementary Material
	Laboratory & Sample Preparation
	

	Laboratory name
	GeOHeLiS Analytical Platform (OSUR, Univ. Rennes 1)

	Sample type/mineral
	Zircon

	Sample preparation
	Conventional mineral separation, 1 inch resin mount, 1micron polish to finish

	Imaging
	RELION CL instrument, Olympus Microscope BX51WI, Leica Color Camera DFC 420C

	Laser ablation system
	

	Make, Model & type
	ESI NWR193UC, Excimer

	Ablation cell
	ESI NWR TwoVol2

	Laser wavelength 
	193 nm

	Pulse width 
	< 5 ns

	Fluence 
	7.4 J/cm2

	Repetition rate 
	3Hz 

	Spot size 
	20 μm 

	Sampling mode / pattern
	Single spot

	Carrier gas
	100% He, Ar make-up gas and N2 (3 ml/mn) combined using in-house smoothing device

	Background collection 
	20 seconds

	Ablation duration
	60 seconds

	Wash-out delay
	15 seconds

	Cell carrier gas flow (He)
	0.75 l/min 

	ICP-MS Instrument
	

	Make, Model & type
	Agilent 7700x, Q-ICP-MS

	Sample introduction
	Via conventional tubing 

	RF power 
	1350W

	Sampler, skimmer cones
	Ni

	Extraction lenses
	X type

	Make-up gas flow (Ar)
	0.80 l/min

	Detection system
	Single collector secondary electron multiplier

	Data acquisition protocol
	Time-resolved analysis

	Scanning mode
	Peak hopping, one point per peak

	Detector mode
	Pulse counting, dead time correction applied, and analog mode when signal intensity > ~ 106 cps

	Masses measured
	 204(Hg + Pb), 206Pb, 207Pb, 208Pb, 232Th, 238U 

	Integration time / peak 
	10–30 ms (207Pb)

	Sensitivity / Efficiency 
	22000 cps/ppm Pb (50µm, 10Hz)

	Data Processing
	

	Gas blank
	20 seconds on-peak 

	Calibration strategy
	GJ1 zircon standard used as primary reference material, Plešovice used as secondary reference material (quality control)

	Common-Pb correction
	No common-Pb correction.

	Reference Material info
	GJ1 (Jackson et al. 2004), Plešovice (Sláma et al. 2008)

	Data processing package 
	Glitter (Van Achterbergh et al. 2001)

	Uncertainty level and propagation
	Ages are quoted at 2 sigma absolute, propagation is by quadratic addition according to Horstwood et al. (2016). Reproducibility and age uncertainty of reference material are propagated.

	Quality control/ Validation
	Plešovice: concordia age = 336.9± 2.0 Ma (N=36; MSWD=1.7)


Supplementary Table S1. Operating conditions for the LA-ICP-MS equipment.
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Supplementary Figure 1. A fine-grained sandstone sample from Chanteloup under three different views (a, c: side views; b: surface view) showing abundant and discontinuous mud-drapes (i.e. flaser-lamination; cf. Nichols, 2009, fig. 4.37). The numbers are marker points for a three-dimensional understanding of the sample. Scale bars are 1 cm across.
Supplementary Discussion
1. Review on Phanerozoic planispirals

The Ordovician is marked by the first record of uncontroversial Spirorhaphe in turbidites from the Grog Brook Group in eastern Canada (Pickerill, 1980, fig. 2b). This specimen is a regular two-way spiral with 1½ whorls; also associated is a regular Spirodesmos with 1¼ whorls (Pickerill, 1980, fig. 2d). Fillion & Pickerill (1990, pl. 17, figs 17, 18) described ‘scribbling grazing traces’ from the Ordovician Redmans Fm. in eastern Canada; few of these specimens represent distinctive one-way spirals with 1–1½ whorls (i.e. Spirodesmos affinity; Fillion & Pickerill, 1990, pl. 17, fig. 18). In eastern China, the Ordovician Yuqian Fm. contains an assemblage of trace fossils with Spirodesmos kaihuaensis deposited in deep-water turbidites (Xia et al. 1987; Jin & Li, 1998); these are irregular one-way spirals made of 3–5 whorls (Xia et al. 1987, pl. 1, fig. 1). Crimes et al. (1974, fig. 2) mentioned Spirophycus in turbidites from the Ordovician Agüeira Fm. of northwestern Spain, but only a sketch representing an irregular one-way spiral with 1¼ whorls is provided. Interestingly, a spiral burrow was reported from the Ordovician Kermeur Fm. in northwestern France (Vidal et al. 2011, fig. 4b), close to the locality where a Brioverian spiral was also found (Fig. 2c). Deposited in proximal settings, the irregular one-way spiral burrow has a variable width, develops 1½ whorls and has a fill clearly different from the host rock. Its closest relatives are Spirophycus as described by Chamberlain & Clark (1973, pl. 2, fig. 1) from the Carboniferous of western USA, and by Mikuláš (1993, pl. 2, fig. 1) from the Ordovician of northern Czech Republic. Finally, Spirodesmos spiralis from the Ordovician Železný Brod Phyllites of northern Czech Republic (Chlupáč, 1997, pl. 6, fig. 2) is deformed (possibly due to metamorphism), and its ichnotaxonomic affiliation is problematic.

After the Ordovician, abundant Spirophycus (e.g. Sacco, 1888; Chamberlain & Clark, 1973; Crimes, 1977; Książkiewicz, 1977; Crimes & McCall, 1995; Buatois et al. 2001; Uchman, 2007) and Spirorhaphe (e.g. Abel, 1935, pp. 291, 292; Macsotay, 1967; Książkiewicz, 1977; McCann & Pickerill, 1988; Crimes & McCall, 1995; Uchman, 2001; Monaco & Trecci, 2014) were reported from the deep-sea as part of the Nereites ichnofacies. Most of the record of post-Ordovician deep-marine Spirodesmos is coming from the Carboniferous Culm Facies of Germany and Czech Republic, represented by S. archimedeus (Huckriede, 1952; Zapletal & Pek, 1971; Horn, 1989; Pek & Zapletal, 1990), S. interruptus (Andrée, 1920; Horn, 1989), and S. spiralis (Geinitz, 1867; Stepanek & Geyer, 1989; Pek & Zapletal, 1990). Other occurrences of Spirodesmos in the Phanerozoic are: (1) from the Triassic Al Ayn Fm. of Oman, with only ½ whorl preserved which is problematic (Wetzel et al. 2007); and (2) from the Eocene Kayo Fm. of northeastern Japan, with 3½ whorls preserved (Fukuda & Hayasaka, 1978).
Continental occurrences are scarce and only comprise a large Spirodesmos interruptus from the Carboniferous Mansfield Fm. of northeastern USA (Archer & Maples, 1984, fig. 5b). This irregular one-way spiral has 1½ whorls, and is made of segments of variable length; Rindsberg & Kopaska-Merkel (2005) argued for a Treptichnus affinity instead. Kim et al. (2002, fig. 5h) recorded a partially preserved Spirodesmos isp. from the Cretaceous Hasandong Fm. of southern Korea; with the absence of at least one fully developed whorl, this continental occurrence remains dubious. 

In marginal-marine settings, Minter et al. (2006) and Minter & Braddy (2009) reported cf. Spirorhaphe azteca from the Permian Robledo Mountains Fm. of southern USA. These are regular one-way spirals with closely spaced, millimetric whorls (up to 19 whorls; Minter et al. 2006, fig. 1). 

In shallow-marine environments, Spirodesmos archimedeus is reported from the Permian Vryheid Fm. of eastern South-Africa (Mason et al. 1983). These regular one-way spirals, with 1¼–1½ whorls, are reminiscent of the Ordovician ‘scribbling grazing traces’ of Fillion & Pickerill (1990, pl. 17, fig. 18). Macaronichnus segregatis spiriformis Bromley, Milàn, Uchman & Hansen, 2009 has been reported from the Cretaceous Horseshoe Canyon Fm. of western Canada (Pemberton et al. 2001). Although these planispirals are regular with multiple whorls, they differ from other spiral trace fossils by their light-colored infill and their thin, dark mantle (Pemberton et al. 2001, fig. 104). Finally, Gierlowski-Kordesch & Ernst (1987) reported a unique assemblage of graphoglyptids with Spirorhaphe deposited under storm conditions in the Cretaceous Nangurukuru Fm. of southeastern Tanzania (see also Ernst & Zanders, 1993; Nicholas et al. 2006).

2. Review on modern planispirals

From continental settings, Schäfer (1965) reported one-way, tightly coiled spirals from mud banks of the Rhine river in Germany. Although Schäfer (1965) suspected grazing gastropod tracemakers, he failed in observing an animal in action. MacNaughton (2003) found one-way spirals with either irregular tight whorls or regular whorls increasing space outward (i.e. logarithmic spirals) from a lake beach in eastern Canada. MacNaughton (2003) suspected a small infaunal arthropod to be the originator. Muñiz Guinea et al. (2014) described regular one-way spirals from a wet orange grove in southwestern Spain. These traces were made by an infaunal fly larvae, and are continuous (incipient Spirodesmos) or displaying lateral projections (combination of incipient Spirodesmos and Treptichnus). Finally, a one-way spiral trace was reported by Metz (1987, fig. 4) from a puddle in eastern USA, made by an epifaunal ground beetle larva.
In tidal settings, Paraonis polychaete worms are well-known for constructing infaunal, tightly-coiled regular one-way spirals (Röder, 1971; Schäfer, 1972, p. 296; Risk & Tunnicliffe, 1978; Bromley, 1996, pp. 105-108; Minter et al. 2006; Lehane & Ekdale, 2013). The burrow system is made of multiple horizontal spirals occupying different vertical levels, and connected by vertical shafts (Gripp, 1927; Röder, 1971; Gingras et al. 1999). In addition, incipient Macaronichnus segregatis spiriformis are made by Ophelia and Thoracophelia polychaete worms in beach sands (Pemberton et al. 2001; Bromley et al. 2009; Quiroz et al. 2019). 

Owing to the development of submarine photography in the middle of the 20th century (Ewing et al. 1946; Emery, 1952), the deep ocean exposed two categories of spiral traces: (1) one-way spirals (incipient Spirodesmos), and (2) two-way spirals (incipient Spirorhaphe). Reports of one-way spirals are prolific in the literature (e.g. Bourne & Heezen, 1965; Hülsemann, 1966; Jacobs et al. 1970, pp. 391, 445; Lemche et al. 1976; Foell & Pawson, 1986; Holland et al. 2005; Durden et al. 2019); they are made by acorn worms, a type of giant enteropneust (Bourne & Heezen, 1965; Holland et al. 2005), and can be extremely abundant below 2500 m (Heezen & Hollister, 1971, pp. 176, 177; Kitchell et al. 1978a, b; Kitchell, 1979; Bell et al. 2013). Two-way spiral traces are more rarely photographed on the deep-sea floor (Ewing & Davis, 1967; Ekdale & Berger, 1978; Berger et al. 1979; Ekdale, 1980; Ekdale et al. 1984), and their tracemaker has never been identified. 

Additional references
Abel O (1935) Vorzeitliche lebensspuren. Jena: Gustav Fischer, 644 pp.

Archer AW and Maples CG (1984) Trace-fossil distribution across a marine-to-nonmarine gradient in the Pennsylvanian of southwestern Indiana. Journal of Paleontology 58, 448–66.

Bell JB, Jones DO and Alt CH (2013) Lebensspuren of the bathyal mid-Atlantic ridge. Deep Sea Research II 98, 341–51.

Berger WH, Ekdale AA and Bryant PP (1979) Selective preservation of burrows in deep-sea carbonates. Marine Geology 32, 205–30.

Bourne DW and Heezen BC (1965) A wandering enteropneust from the abyssal Pacific, and the distribution of “spiral" tracks on the sea floor. Science 150, 60–3.

Bromley R (1996) Trace fossils biology, taphonomy and applications. Second edition. London: Chapman & Hall, 361 pp.

Bromley RG, Milàn J, Uchman A and Hansen KS (2009) Rheotactic Macaronichnus, and human and cattle trackways in Holocene beachrock, Greece: reconstruction of paleoshoreline orientation. Ichnos 16, 103–17.

Buatois LA, Mángano MG and Sylvester Z (2001) A diverse deep‐marine ichnofauna from the Eocene Tarcau sandstone of the Eastern Carpathians, Romania. Ichnos 8, 23–62.

Chamberlain CK and Clark DL (1973) Trace fossils and conodonts as evidence for deep-water deposits in the Oquirrh Basin of central Utah. Journal of Paleontology 47, 663–82.

Chlupáč I (1997) Palaeozoic ichnofossils in phyllites near Železný Brod, northern Bohemia. Journal of the Czech Geological Society 42, 75–86.

Crimes TP (1977) Trace fossils of an Eocene deep-sea fan, northern Spain. In Trace fossils 2 (eds TP Crimes and JC Harper), pp. 71–90. Liverpool: Seel House Press.

Durden JM, Bett BJ, Huffard CL, Pebody C, Ruhl HA and Smith KL (2019) Response of deep-sea deposit-feeders to detrital inputs: a comparison of two abyssal time-series sites. Deep Sea Research II, https://doi.org/10.1016/j.dsr2.2019.104677.

Ekdale AA (1980) Graphoglyptid burrows in modern deep-sea sediment. Science 207, 304–6.

Ekdale AA and Berger WH (1978) Deep-sea ichnofacies: modern organism traces on and in pelagic carbonates of the western equatorial Pacific. Palaeogeography, Palaeoclimatology, Palaeoecology 23, 263–78.

Ekdale AA, Muller LN and Novak MT (1984) Quantitative ichnology of modern pelagic deposits in the abyssal Atlantic. Palaeogeography, Palaeoclimatology, Palaeoecology 45, 189–223.

Emery KO (1952) Submarine photography with the benthograph. The Scientific Monthly 75, 3–11.

Ernst G and Zander J (1993) Stratigraphy, facies development, and trace fossils of the Upper Cretaceous of southern Tanzania (Kilwa District). In Geology and Mineral Resources of Somalia and Surrounding Regions (eds E Abbate, M Sagri and FP Sassi), pp. 259–78. Firenze: Relazioni e Monografie Agrarie Subtropicali e Tropicali, Nuova Serie, 113.

Ewing M and Davis RA (1967) Lebensspuren photographed on the ocean floor. In Deep-sea photography (ed. JB Hersey), pp. 259–94. Baltimore: The John Hopkins Press.

Ewing M, Vine A and Worzel JL (1946) Photography of the ocean bottom. Journal of the Optical Society of America 36, 307–21.

Fillion D and Pickerill RK (1990) Ichnology of the Upper Cambrian? to Lower Ordovician Bell Island and Wabana groups of eastern Newfoundland, Canada. Palaeontographica Canadiana 7, 1–119.

Foell EJ and Pawson DL (1986) Photographs of invertebrate megafauna from abyssal depths of the north-eastern equatorial Pacific Ocean. The Ohio Journal of Science 86, 61–8.

Fukuda Y and Hayasaka S (1978) Trace fossils from the Eocene Kayo Formation in Okinawa-Shima, Ryukyu Islands, Japan. Reports of the Faculty of Science, Kagoshima University: Earth Sciences and Biology 11, 13–25.

Gierlowski-Kordesch E and Ernst G (1987) A flysch trace fossil assemblage from the Upper Cretaceous shelf of Tanzania. In Current Research in African Earth Sciences (eds G Matheis and H Schandelmeier), pp. 217–21. Rotterdam: Balkema.

Gingras MK, Pemberton SG, Saunders T and Clifton HE (1999) The ichnology of modern and Pleistocene brackish-water deposits at Willapa Bay, Washington: variability in estuarine settings. Palaios 14, 352–74.

Gripp K (1927) Über einen ‘geführte Mäander’ erzeugenden Bewohner des Ostsee-Litorals. Senckenbergiana 9, 93–9.

Heezen BC and Hollister CD (1971) The face of the deep. New York: Oxford University Press, 659 pp.

Holland ND, Clague DA, Gordon DP, Gebruk A, Pawson DL and Vecchione M (2005) ‘Lophenteropneust’ hypothesis refuted by collection and photos of new deep-sea hemichordates. Nature 434, 374–6.

Horstwood MSA, Košler J, Gehrels G, Jackson SE, McLean NM, Paton C, Pearson NJ, Sircombe K, Sylvester P, Vermeesch P, Bowring JF, Condon DJ and Schoene B (2016) Community-derived standards for LA-ICP-MS U-(Th-)Pb geochronology - uncertainty propagation, age interpretation and data reporting. Geostandards and Geoanalytical Research 40, 311–32.

Hülsemann J (1966) Spiralfährten und “geführte Mäander” auf dem Meeresboden. Natur und Museum 96, 449–55.

Jackson SE, Pearson NJ, Griffin WL and Belousova EA (2004) The application of laser ablation-inductively coupled plasma-mass spectrometry to in situ U-Pb zircon geochronology. Chemical Geology 211, 47–69.

Jacobs SS, Bruchhausen PM and Bauer EB (1970) Eltanin reports, Cruises 32–36, 1968. Hydrographic Stations Bottom Photographs, Current Measurements, Lamont-Doherty Geological Observatory of Columbia Univ. New York: Palisades, 460 pp.

Jin H and Li Y (1998) Environmental significance of a Spirodesmos ichnofossil assemblage from the upper Ordovician Yuqian Formation in the western Zhejian province, China. Scientia Geologica Sinica 33, 282–9.

Kim JY, Kim K-S and Pickerill R (2002) Cretaceous nonmarine trace fossils from the Hasandong and Jinju Formations of the Namhae Area, Kyongsangnamdo, southeast Korea. Ichnos 9, 41–60.

Kitchell JA (1979) Deep-sea foraging pathways: an analysis of randomness and resource exploitation. Paleobiology 5, 107–25.

Kitchell JA, Kitchell JF, Clark DL and Dangeard L (1978b) Deep-sea foraging behavior: its bathymetric potential in the fossil record. Science 200, 1289–91.

Lehane JR and Ekdale AA (2013) Pitfalls, traps, and webs in ichnology: traces and trace fossils of an understudied behavioral strategy. Palaeogeography, Palaeoclimatology, Palaeoecology 375, 59–69.

MacNaughton RB (2003) Planispiral burrows from a Recent lacustrine beach, Gander Lake, Newfoundland. The Canadian Field-Naturalist 117, 577–81.

Macsotay O (1967) Huellas problematicas y su valor paleoecologico en Venezuela. Geos 16, 7–79.

McCann T and Pickerill RK (1988) Flysch trace fossils from the Cretaceous Kodiak Formation of Alaska. Journal of Paleontology 62, 330–48.
Metz R (1987) Insect traces from nonmarine ephemeral puddles. Boreas 16, 189–95.
Mikuláš R (1993) New information on trace fossils of the Early Ordovician of Prague Basin (Barrandian area, Czech Republic). Journal of the Czech Geological Society 38, 171–82.

Monaco P and Trecci T (2014) Ichnocoenoses in the Macigno turbidite basin system, Lower Miocene, Trasimeno (Umbrian Apennines, Italy). Italian Journal of Geosciences 133, 116–30.

Muñiz Guinea F, Mángano MG, Buatois LA, Podeniene V, Gamez Vintaned JA and Mayoral Alfaro E (2014) Compound biogenic structures resulting from ontogenetic variation: an example from a modern dipteran. Spanish Journal of Palaeontology 29, 83–94.

Nicholas CJ, Pearson PN, Bown PR, Jones TD, Huber BT, Karega A, Lees JA, McMillan IK, O’Halloran A, Singano JM and Wade BS (2006) Stratigraphy and sedimentology of the Upper Cretaceous to Paleogene Kilwa Group, southern coastal Tanzania. Journal of African Earth Sciences 45, 431–66.
Nichols G (2009) Sedimentology and Stratigraphy. Second edition. Chichester: John Wiley & Sons, 419 pp.
Pek I and Zapletal J (1990) Progress report: the importance of ichnology in geologic studies of the eastern Bohemian Massif (lower Carboniferous), Czechoslovakia. Ichnos 1, 147–9.

Pemberton SG, Spila M, Pulham AJ, Saunders T, MacEachern JA, Robbins D and Sinclair IK (2001) Ichnology and sedimentology of shallow to marginal marine systems. Geological Association of Canada, Short Course Notes 15, 1–343.
Pickerill RK (1980) Phanerozoic flysch trace fossil diversity - observations based on an Ordovician flysch ichnofauna from the Aroostook–Matapedia Carbonate Belt of northern New Brunswick. Canadian Journal of Earth Sciences 17, 1259–70.
Quiroz LI, Buatois LA, Seike K, Mángano MG, Jaramillo C and Sellers AJ (2019) The search for an elusive worm in the tropics, the past as a key to the present, and reverse uniformitarianism. Scientific Reports 9, 18402.

Rindsberg AK and Kopaska-Merkel DC (2005) Treptichnus and Arenicolites from the Steven C. Minkin Paleozoic footprint site (Langsettian, Alabama, USA). In Pennsylvanian Footprints in the Black Warrior Basin of Alabama (eds RJ Buta, AK Rindsberg and DC Kopaska-Merkel), pp. 121–41. Birmingham: Alabama Paleontological Society Monograph No. 1.

Risk MJ and Tunnicliffe VJ (1978) Intertidal spiral burrows: Paraonis fulgens and Spiophanes wigleyi in the Minas Basin, Bay of Fundy. Journal of Sedimentary Research 48, 1287–92.

Röder H (1971) Gangsysteme von Paraonis fulgens Levinsen 1883 (Polychaeta) in ökologischer, ethologischer und aktuopalaontologischer Sicht. Senckenbergiana Maritima 3, 3–51.

Schäfer W (1965) Aktuopaläontologische Beobachtungen. 4. Spiralfährten und “geführte Mäander”. Natur und Museum 95, 83–90.

Schäfer W (1972) Ecology and palaeoecology of marine environments. Edinburgh: Oliver & Boyd, 568 pp.

Sláma J, Kosler J, Condon DJ, Crowley JL, Gerdes A, Hanchar JM, Horstwood MSA, Morris GA, Nasdala L, Norberg N, Schaltegger U, Schoene B, Tubrett MN and Whitehouse MJ (2008) Plesovice zircon - a new natural reference material for U-Pb and Hf isotopic microanalysis. Chemical Geology 249, 1–35.

Uchman A (2001) Eocene flysch trace fossils from the Hecho Group of the Pyrenees, northern Spain. Beringeria 28, 3–41.

Uchman A (2007) Deep-sea trace fossils from the mixed carbonate-siliciclastic flysch of the Monte Antola Formation (Late Campanian-Maastrichtian), North Apennines, Italy. Cretaceous Research 28, 980–1004.

Vidal M, Loi A, Dabard MP and Botquelen A (2011) A Palaeozoic open shelf benthic assemblage in a protected marine environment. Palaeogeography, Palaeoclimatology, Palaeoecology 306, 27–40.

Wetzel A, Blechschmidt I, Uchman A and Matter A (2007) A highly diverse ichnofauna in Late Triassic deep-sea fan deposits of Oman. Palaios 22, 567–76.
