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3 53 as root-derived biopores down to several meters depth below the recent soil or associated 54 paleosol. The post-sedimentary incorporation of root-derived OM can lead to a large overprint 55 of the initial signal in loess sediments, as shown for example for lipid biomarkers (e.g. n-56 alkanes, fatty acids, GDGTs; [START_REF] Huguet | Root-associated 572 branched tetraether source microorganisms may reduce estimated paleotemperatures in 573 subsoil[END_REF][START_REF] Gocke | Lateral and depth variation of loess organic 555 matter overprint related to rhizoliths revealed by lipid molecular proxies and X-ray 556 tomography[END_REF]. The presence of 57 carbonate rhizoliths in loess settings can therefore bias paleoenvironmental reconstructions.

58 Corresponding data have to be interpreted with caution, as only limited knowledge about their 59 formation mechanisms is available (e.g. Klappa, 1980;Gocke et al., 2011Gocke et al., , 2014a, b;, b;Li et al., 60 2015b;Sun et al., 2019a;[START_REF] Brazier | 514 Multi-isotope approach (δ44/40Ca, δ88Sr and 87Sr/86Sr) provides insights into rhizolith 515 formation mechanisms in terrestrial sediments of Nussloch (Germany)[END_REF].

61

It is generally assumed that root fossilization is controlled or induced by complex organic-62 inorganic interactions at the plant level (Klappa, 1980;[START_REF] Jaillard | Structure and composition of calcified roots, and 578 their identification in calcareous soils[END_REF]Kautz et al., 2013; 63 [START_REF] Zamanian | Pedogenic carbonates: Forms and 674 formation processes[END_REF][START_REF] Brazier | 514 Multi-isotope approach (δ44/40Ca, δ88Sr and 87Sr/86Sr) provides insights into rhizolith 515 formation mechanisms in terrestrial sediments of Nussloch (Germany)[END_REF], but the exact processes leading to the formation 64 of rhizoliths remain poorly constrained. Here, we report the chemical and micromorphological 65 characterization of roots at different stages of fossilization that have been sampled at different 66 depths (2.15 m, 3.5 m, 4 m and 8 m depth) from the extensively studied Late Pleistocene 67 loess-paleosol sequence of Nussloch (SW Germany) (e.g. [START_REF] Antoine | Rapid and cyclic aeolian deposition during the Last Glacial in European loess: a 496 high-resolution record from Nussloch, Germany[END_REF]Gocke et al., 68 2011;[START_REF] Zech | Reconstruction of the late 679 Quaternary paleoenvironments of the Nussloch loess paleosol sequence, Germany, using n-680 alkane biomarkers[END_REF][START_REF] Huguet | Root-associated 572 branched tetraether source microorganisms may reduce estimated paleotemperatures in 573 subsoil[END_REF]. The samples were chosen on the basis of their 69 representativeness of the rhizoliths encountered along the Nussloch profile. ,Nussloch,SW Germany (49.19°N,8.43°E,83 217 m above sea level), as described in detail by [START_REF] Gocke | Rhizoliths in loess -541 evidence for post-sedimentary incorporation of root-derived organic matter in terrestrial 542 sediments as assessed from molecular proxies[END_REF]Gocke et al. ( , 2011Gocke et al. ( , 2014a, b), b). The 84 sampled profile comprises 13.1 m of loess and soil units, including the recent soil, with 3 85 main paleosols and 14 incipient paleosols [START_REF] Gocke | Lateral and depth variation of loess organic 555 matter overprint related to rhizoliths revealed by lipid molecular proxies and X-ray 556 tomography[END_REF]. At the top of the profile, the 86 recent soil is developed as 0.6 m thick Vertic Cambisol Calcaric Siltic [START_REF] Gocke | Differentiation of plant derived 548 organic matter in soil, loess and rhizoliths based on n-alkane molecular proxies[END_REF].

87 The present vegetation, related to living roots, consists of natural broad-leaf forest and non-88 native robinia (Robinia pseudoacacia) as well as smaller shrubs and herbaceous plants and 89 was described in detail by [START_REF] Gocke | Differentiation of plant derived 548 organic matter in soil, loess and rhizoliths based on n-alkane molecular proxies[END_REF]. It should be noted that present plant species 90 were most likely not the dominant plants over the past decades or centuries due to former 91 agricultural use. Rhizoliths at Nussloch were formed during various phases throughout the 92 Holocene, with ages between 3 and 10 kyr [START_REF] Pustovoytov | An isotopic study of a late Quaternary loess-paleosol 640 sequence in SW Germany[END_REF]Frechen et al., 93 2007;Gocke et al., 2011) and were derived from roots of unknown trees or shrubs (likely 94 hazel, oak, beech and alder; [START_REF] Gocke | Differentiation of plant derived 548 organic matter in soil, loess and rhizoliths based on n-alkane molecular proxies[END_REF] 141 NMR without any pre-treatment. In contrast, rhizoliths were treated with 3M HCl to remove 142 carbonates which would interfere with the organic carbon signal during analysis, rinsed with 143 ultrapure water and then frozen at -20 °C before being freeze-dried [START_REF] Huguet | Root-associated 572 branched tetraether source microorganisms may reduce estimated paleotemperatures in 573 subsoil[END_REF].

144 Samples were crushed in a ball mill before analysis.

145 Solid state 13 C cross polarization magic angle spinning nuclear magnetic resonance (CP 146 MA NMR) was performed on a Bruker Avance 500 at 125 MHz for 13 C using 4 mm diameter 147 zircon rotors. Cross polarization allows the magnetization transfer from 1 H to 13 C, leading to 148 an increase in the signal/noise ratio. Magic angle spinning at 14 kHz was used to reduce 149 chemical shift anisotropy and to average dipolar interactions, hence decreasing the linewidths.

150 The contact time between 13 C and 1 H in the CP MAS sequence was set to 1 ms and the 151 repetition time to 1 s. The NMR spectra were decomposed and integrated using Dmfit 152 software -version 20150521 [START_REF] Massiot | Modelling one-and two-dimensional solid-state NMR 619 spectra[END_REF]. The subpeaks resulting from the 153 decomposition were further grouped within 6 main regions based on existing literature (e.g. 165 were observed within the Nussloch loess-paleosol sequence, as shown for example at a depth 166 of 3.5 m (Fig. 1a). It was previously reported that rhizoliths with diameters ≥ 10 mm were 167 predominant between 2 m and 6 m depth and rhizoliths with diameters < 10 mm were mainly 168 observed below 6 m [START_REF] Gocke | The present SEM results further show for the first time that, 184[END_REF]. Within some of the rhizoliths, the central part of 169 the rhizolith is hollow (Fig. 1b), indicating the absence of carbonates filling the void. Even 170 though some authors tried to classify root-related structures (Klappa, 1980) or more generally 171 secondary carbonate accumulations (Barta, 2011) in terrestrial settings based on their external 172 shapes, it remains difficult to classify the diversity of calcified root structures encountered in 173 Nussloch. The general term "rhizolith" will be used here in a broad sense to refer to root 174 traces, i.e., organo-mineral structures formed through fossilization of former roots.

175 Typical rhizoliths from Nussloch with diameters of 10-20 mm were analyzed for their 176 internal structure. Independent of the depth, Scanning Electron Microscopy (SEM) revealed 177 the presence of numerous small, fine roots encrusted by secondary carbonates within each 178 rhizolith (e.g. Fig. 1c, f; Supp. Fig. 1). and microscopic analyses of initially calcified roots (Fig. 2d,e,f). The initiation of the 363 calcification is directly related to rhizosphere processes and to the associated high 364 microbial activity [START_REF] Jones | Organic acids in the rhizosphere -a critical review[END_REF]. Roots increase acidity in the surrounding 365 soil/sediment by releasing CO 2 and exudates, which contains especially organic acids 366 (Klappa, 1980). Primary CaCO 3 from soil/sediment is dissolved and Ca 2+ is being 367 transferred in solution towards the root. At the root surface not all calcium, magnesium, 368 strontium and other elements might be taken up by the plants as nutrients and can be 369 precipitated as secondary carbonates at the root surface (Barta, 2011). This is supported 370 by the high CO 2 concentration in the vicinity of the root due to root and microbial 371 respiration [START_REF] Hinsinger | Origins of root-mediated pH changes 566 in the rhizosphere and their responses to environmental constraints: a review[END_REF]. In addition, Ca 2+ and Sr 2+ from topsoils can be 372 taken up by plant roots and translocated towards larger depths in loess-paleosol 373 sequences as described by [START_REF] Brazier | 514 Multi-isotope approach (δ44/40Ca, δ88Sr and 87Sr/86Sr) provides insights into rhizolith 515 formation mechanisms in terrestrial sediments of Nussloch (Germany)[END_REF]. Simultaneously, or after precipitation 374 of the carbonate coating on the surface of the fine roots, surplus calcium can be 375 precipitated as calcium carbonate within the cortex cells when fine roots are still alive, 376 as observed in Nussloch (Fig. 2g). Some of the fine roots may be totally infilled by 377 calcium carbonate, with precipitation around phloem and even xylem cells, as seen for [START_REF] Strand | Irreconcilable 647 differences: fine root lifespans and soil carbon persistence[END_REF][START_REF] Ding | Fine root longevity and below-527 and aboveground litter production in a boreal Betula pendula forest[END_REF] and an apparent turnover of eight years 393 [START_REF] Fröberg | Residence time of fine-root carbon using radiocarbon measurements of 535 samples collected from a soil archive[END_REF], microrhizoliths are likely formed over a short period of time (~ 1 394 year).
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3) Concomitantly or subsequently to the previous steps, calcium carbonate may also 396 precipitate in voids between several of the fine roots. This is supported by the presence 397 of a large number of microrhizoliths within one "large" rhizolith from Nussloch with 398 precipitated carbonate in-between individual microrhizoliths (Fig. 1c, f; Supp. Fig. 1).

399

The agglomeration of microrhizoliths may be seen as a hotspot for nutrient and water 400 acquisition as well as microbial activity [START_REF] Jones | Organic acids in the rhizosphere -a critical review[END_REF] [START_REF] Huguet | Root-associated 572 branched tetraether source microorganisms may reduce estimated paleotemperatures in 573 subsoil[END_REF]. Especially in deeper parts of the soil, biopores 405 often serve as places for renewed root growth [START_REF] White | The distribution and abundance of wheat roots in a 666 dense, structured subsoil-implications for water uptake[END_REF]. After the 406 death of the plants, large biopores formed by decaying roots may remain stable for 407 millennia in fine-textured sediments such as loess (Kerényi, 2015). Also in the profile 408 of Nussloch many biopores were observed throughout the whole sequence, i.e. in depth 409 intervals with high and low abundance of recent roots and rhizoliths, respectively 410 [START_REF] Gocke | The present SEM results further show for the first time that, 184[END_REF]. Consequently, it is likely in the Nussloch sequence that 411 agglomeration of microrhizoliths occurs in biopores that were primarily produced by 412 large tap-roots of shrubs and trees. Either during the decay of these large roots or at one 413 point thereafter while still biopores were preserved, fine roots colonized the large 414 biopore or decaying root, and subsequently formation of microrhizoliths occurred by 415 the precipitation of calcium carbonate with only traces of Mg or Si (Fig. 3), whereas 416 minerals like quartz, micas or feldspars derived from primary loess were only detected 417 close to the outer rims of large rhizoliths (Gocke et al., 2011). Of course, it is possible 418 that several generations of microrhizoliths can develop in one biopore of a diameter of 419 several cm, while some older microrhizoliths might serve as additional source of 420 nutrients on top of the surrounding sediment [START_REF] Brazier | 514 Multi-isotope approach (δ44/40Ca, δ88Sr and 87Sr/86Sr) provides insights into rhizolith 515 formation mechanisms in terrestrial sediments of Nussloch (Germany)[END_REF]. Thus, the carbonate 421 remains might be partially destructed as indicated by the different status of 422 microrhizoliths within one large rhizolith, with (i) almost intact microrhizoliths 423 presenting perfectly round shaped structures, (ii) partially calcified microrhizoliths and 424 (iii) residual microrhizolith structures with no clear internal structure anymore (Fig. 1).

425

The assemblage of numerous microrhizoliths in biopores left behind after decay of former 426 larger roots led to the formation of larger rhizoliths, might have occurred during a large time 427 span starting with the development of large roots and biopores after their decay shortly after Chemical shift (ppm)
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 3 [START_REF] Kögel-Knabner | The macromolecular organic composition of plant and microbial 598 residues as inputs to soil organic matter[END_REF][START_REF] Lemma | Decomposition and 607 substrate quality of leaf litters and fine roots from three exotic plantations and a native 608 forest in the southwestern highlands of Ethiopia[END_REF][START_REF] Mathers | 13 C-NMR analysis of 626 decomposing litter and fine roots in the semi-arid Mulga Lands of southern Queensland[END_REF]: alkyl C = 0-45 ppm 155 (includes aliphatic and α-amino C); O/N-alkyl C = 45-90 ppm (includes methoxyl C and C in 156 amino groups); 90-110 pm = di-O-alkyl C (includes anomeric C in carbohydrates); 110-140 157 ppm = aromatic and unsaturated C; 140-160 ppm = phenolic C; 160-220 ppm = carbonyl C158 (includes carboxylic C, amides, ketones/aldehydes). More details regarding 13 C NMR and its 159 application to soil organic matter characterization can be found elsewhere (e.g.Knicker and 160 Nanny, 1997;[START_REF] Kögel-Knabner | The macromolecular organic composition of plant and microbial 598 residues as inputs to soil organic matter[END_REF][START_REF] Chukov | Application of 13C NMR spectroscopy to 520 the study of soil organic matter: A review of publications[END_REF]. 161 162 Results and discussion 163 3.1. Microscopic characterization of rhizoliths 164 Rhizoliths of largely variable sizes (a few cm to m long) and diameters (a few mm to cm)

  Scanning electron micrographs showing the structure of rhizolith collected at 2.15 m depth in cross section. The zone highlighted in red in panel (a) was enlarged for better visualization of the rhizolith internal structure (cf. panel (b. 2. 13 C NMR spectrum of rhizolith collected at 2.15 m depth in Nussloch (SW Germany).

  

  Root and rhizolith samples were impregnated with epoxy resin, cross-sectioned 131 perpendicular to their longitudinal direction, polished and gold-coated for scanning electron 132 microscopy (SEM) investigations using a Zeiss Sigma microscope operating at the 133 Laboratoire de Geologie (ENS-Paris). Backscattered electron imaging (BEI) was carried out 134 at 10kV and a working distance of 9.4 mm using an AsB detector. Energy Dispersive X-ray 135 Spectrometry (EDXS) micro-analyses were performed using INCA SmartMapTM software.136 Elements typically encountered in secondary carbonates and surrounding loess (Ca,O, Al, 137 Mg, Si) were traced in this study.

	129	2.2	Electron microscopy
	130			
			F F	
	138		o r o r
	139	2.3	Solid state 13 C NMR	R R
				e v i e w e v i e w
				. They occur continuously from the recent soil O O
	95 to 8.8 m depth, with frequencies reaching up to 196 m -2 at 2.55 m, and are also present below n l n l
	96 10 m underneath a major paloeosol (Lohne Soil) in lower frequencies (≤ 12 m -2 ; Gocke et al., y y
	97 2014a). They can be found in various shapes and sizes (diameter between a few mm to ca. 5
	98 cm and length from mm to several m; Gocke et al., 2011).
	99	Three types of samples were collected in Nussloch for comparison of the organo-mineral
	100 structure of the roots: (i) present vegetation (including Robinia pseudoacacia); (ii) initially
	101 calcified roots and (iii) rhizoliths. Initially calcified roots correspond to living roots with a
	102 thin (< 1 mm) powdery carbonate coating on their surface. In contrast, samples termed as
	103 "rhizoliths" are fully carbonated roots with scarce or no root remains visible to the naked eye.
				6

140

Roots from present vegetation and those with a thin carbonate crust were analyzed by 13 C

  was observed for initially calcified roots to occur first around the fine 454 root, the epidermis acting as a first barrier, and then within the root, within the cortex cells 455 and even sometimes around the phloem and within the xylem. Fossilization of large and fine

	453 secondary carbonates 456 roots by secondary carbonates was shown to allow a good preservation of root cell structure
	457 and selective enrichment of recalcitrant root biopolymers such as lignin and suberin,
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