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Detrital rutile tracks the first appearance of subduction zone low T/P paired metamorphism in the Palaeoproterozoic
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Earth is unique in the Solar System as the only planet characterised by an active plate tectonic regime. However, there is still no consensus on whether this was fully operational in the Archaean or if it did not develop until the Proterozoic. The metamorphic record offers valuable insight into this debate, since paired, high and low T/P metamorphic conditions are a hallmark of modern plate tectonics. However, much of the metamorphic rock record has either been eroded or overprinted by subsequent tectonothermal events. To address this issue, we examine the detrital rock record and evaluate the potential of rutile, a mineral that forms during subduction and deep-crustal metamorphic processes, as a proxy to track the existence of low T/P and paired metamorphism. At temperatures of 550 ºC, rutile is mostly stable at pressures higher than ca. 13 kbar. We use this relationship and the Zr-in-rutile thermometer to determine peak metamorphic temperatures of detrital rutile grains to track the temporal distribution of low T/P metamorphism. We have compiled a dataset of detrital metamorphic rutile from Archaean to Permian age to trace the occurrence of low and high T/P metamorphism through time. The earliest evidence of low T/P from detrital rutile is at about 2.1 Ga. This agrees with the earliest evidence of eclogite facies conditions from the rock record and it also implies that these conditions must have been more prevalent than the present rock record seems to indicate. Together, our study confirms that subduction zone low T/P metamorphism has been fully operating since at least the late Palaeoproterozoic.

INTRODUCTION

The cyclic formation of supercontinents by modern plate tectonics is of critical importance to the secular evolution of the Earth System. It impacts, for example, the oxygenation of the atmosphere [START_REF] Campbell | The mountains that triggered the Late Neoproterozoic increase in oxygen: The Second Great Oxidation Event[END_REF], nutrient addition to the oceans [START_REF] Reinhard | Evolution of the global phosphorus cycle[END_REF][START_REF] Zerkle | Biogeodynamics: Bridging the gap between surface and deep Earth processes[END_REF], and the geological record itself [START_REF] Dhuime | Continental growth seen through the sedimentary record[END_REF][START_REF] Li | Geochemical and Nd isotopic variations in sediments of the South China Sea: A response to Cenozoic tectonism in SE Asia[END_REF].

Earth experienced major changes between 3 and 2 Ga [START_REF] Cawood | Geological archive of the onset of plate tectonics[END_REF][START_REF] Condie | A planet in transition: The onset of plate tectonics on Earth between 3 and 2 Ga?[END_REF][START_REF] Brown | Plate Tectonics and the Archean Earth[END_REF], including variations in the composition of the continental crust (Laurent et al., 2014a), and a change in the rate of continental growth [START_REF] Dhuime | A Change in the Geodynamics of Continental Growth 3 Billion Years Ago[END_REF]. Several of these changes have been linked to the onset of subduction as a response to the secular cooling of the mantle. However, subduction may have been localized and unstable on the early Earth and therefore may not in itself provide evidence for modern plate tectonics, which requires sustained subduction [START_REF] Brown | Plate Tectonics and the Archean Earth[END_REF][START_REF] Cawood | Geological archive of the onset of plate tectonics[END_REF]. It is therefore necessary to investigate the geological record for evidence of the major hallmarks of modern plate tectonics, namely the existence of self-sustained, interlinked subduction systems [START_REF] Lenardic | The diversity of tectonic modes and thoughts about transitions between them[END_REF].

The metamorphic rock record provides strong evidence for sustained subduction for at least the last 700 million years [START_REF] Brown | Plate Tectonics and the Archean Earth[END_REF][START_REF] Brown | Secular change in metamorphism and the onset of global plate tectonics[END_REF][START_REF] Stern | Evidence from ophiolites, blueschists, and ultrahigh-pressure metamorphic that the modern episode tectonics began in Neoproterozoic time[END_REF] with the prevalence of low-temperature eclogite and blueschist facies, and paired metamorphism. This record of cold-subduction is widespread in the Phanerozoic [START_REF] Brown | Secular change in metamorphism and the onset of global plate tectonics[END_REF], but the apparent absence of evidence for low geothermal gradients (T/P) in the greater part of the Proterozoic and during the Archaean [START_REF] Brown | Plate Tectonics and the Archean Earth[END_REF][START_REF] Brown | Secular change in metamorphism and the onset of global plate tectonics[END_REF] has been argued as indicating that a different tectonic regime prevailed prior to the Neoproterozoic [START_REF] Kusky | Plate tectonics in relation to mantle temperatures and properties[END_REF][START_REF] Stern | Evidence from ophiolites, blueschists, and ultrahigh-pressure metamorphic that the modern episode tectonics began in Neoproterozoic time[END_REF]. Exceptionally, late Palaeoproterozoic, partially retrogressed eclogite units have been reported (e.g. [START_REF] François | The earliest evidence for modern-style plate tectonics recorded by HP LT metamorphism in the Paleoproterozoic of the Democratic Republic of the Congo[END_REF][START_REF] Ganne | Modern-style plate subduction preserved in the Palaeoproterozoic West African craton[END_REF][START_REF] Province | Garnet and zircon geochronology of the Paleoproterozoic Kuru-Vaara[END_REF][START_REF] Weller | Record of modern-style plate tectonics in the Palaeoproterozoic Trans-Hudson orogen[END_REF], providing a growing body of evidence for cold-subduction and strong plates that allowed the exhumation of these units.

However, due to the rather fragmentary and scarce repository of rocks recording these conditions, the assertion that modern plate tectonics has been fully operating since then has proven contentious. The period between the Palaeoproterozoic and the early Neoproterozoic may be characterized by an intermediate plate tectonic cycle between early Earth and modern-like endmembers [START_REF] Brown | Secular change in metamorphism and the onset of global plate tectonics[END_REF].

The identification of certain metamorphic conditions relies on the preservation of indicator minerals; for example, the presence of lawsonite or glaucophane is indicative of HP conditions. However, these hydrous mineral phases are prone to dehydration reactions during retrogression from HP conditions [START_REF] Skelton | Preservation of high-P rocks coupled to rock composition and the absence of metamorphic fluids[END_REF][START_REF] Tsujimori | Very-lowtemperature record of the subduction process: A review of worldwide lawsonite eclogites[END_REF] and therefore pristine blueschist and low-T eclogite are rare even in the modern rock record [START_REF] Lombardo | Two contrasting eclogite types in the Himalayas: Implications for the Himalayan orogeny[END_REF][START_REF] Whitney | Why is lawsonite eclogite so rare? Metamorphism and preservation of lawsonite eclogite, Sivrihisar, Turkey[END_REF]. In this study, we aim to provide a new way of probing the metamorphic record and assessing preservation bias, particularly of low T/P metamorphism, by using detrital rutile.

Rutile most commonly occurs after Ti-bearing precursors in intermediate to high pressure metamorphic rocks, particularly the latter [START_REF] Angiboust | Ilmenite breakdown and rutile-titanite stability in metagranitoids: Natural observations and experimental results[END_REF][START_REF] Liou | Mineral parageneses in the Piampaludo eclogitic body, Gruppo di Voltri, western Ligurian Alps[END_REF][START_REF] Zack | Petrology and Geochronology of Rutile[END_REF]. It is also found within upper amphibolite and granulite facies terrains, and associated with either magmatic or lower temperature and pressure settings due to fluid precipitating processes [START_REF] Carruzzo | Texture, composition, and origin of rutile in the South Mountain Batholith[END_REF][START_REF] Gonçalves | Twenty million years of post-orogenic fluid production and hydrothermal mineralization across the external Araçuaí orogen and adjacent São Francisco craton, SE Brazil[END_REF][START_REF] Kotková | Anatexis during high-pressure crustal metamorphism: Evidence from garnet-whole-rock REE relationships and zircon-rutile Ti-Zr thermometry in leucogranulites from the Bohemian Massif[END_REF]. More rarely, rutile has been described as replacing ilmenite at intermediate grades (480-550 ºC) in metapelites [START_REF] Luvizotto | Rutile occurrence and trace behavior in medium-grade metasedimentary rocks: Example from the Erzgebirge, Germany[END_REF]. Alongside its higher stability at high pressures, Zr concentrations in rutile are temperature-dependent [START_REF] Kohn | A refined zirconium-in-rutile thermometer[END_REF][START_REF] Tomkins | The pressure dependence of the zirconium-inrutile thermometer[END_REF]Zack et al., 2004a). Together, this makes rutile an ideal candidate to be used as a proxy of low T/P metamorphism. Although rutile can re-equilibrate during retrogression from higher metamorphic conditions, it is more robust than other minerals such as lawsonite and glaucophane that due to their hydrated nature are prone to re-equilibrate more readily. Rutile is also ubiquitous in detrital rocks, and thus it commonly survives weathering and transport. By investigating the sedimentary archive using detrital rutile we expect to be able to develop a more complete picture of the metamorphic record through time, compared with that derived from currently exposed metamorphic terrains (Brown and Johnson, 2019). This approach will allow: 1) tackling the individual metamorphic evolution of Precambrian terranes whose current crustal exposure is from deeper orogenic roots and thus bias the known metamorphic record towards higher-grade conditions, and 2) investigating long term metamorphic secular evolution, and its tectonic drivers, at a global scale.

SAMPLES, APPROACH AND METHODS

We have investigated published Zr-in-rutile geothermometry data from metamorphic rocks (appendix 1) to evaluate the potential of rutile as a proxy for low T/P metamorphism and some of the limitations associated with this approach. We also looked at detrital rutile datasets reporting U-Pb ages and a complete range of trace element data that are required for source discrimination and geothermometry, that include Cr, Zr, Nb, Sn, Hf, Ta and W.

This results in the first combined data compilation of detrital rutile, using data from six published datasets [START_REF] Agangi | Compositional modification and trace element decoupling in rutile: Insight from the Capricorn Orogen, Western Australia[END_REF][START_REF] Flowerdew | Assessing mineral fertility and bias in sedimentary provenance studies: examples from the Barents Shelf[END_REF][START_REF] Rösel | Interpretation and significance of combined trace element and U Pb isotopic data of detrital rutile: a case study from late Ordovician sedimentary rocks of Saxo-Thuringia, Germany[END_REF][START_REF] Rösel | LA-ICP-MS U-Pb dating of detrital rutile and zircon from the Reynolds Range: A window into the Palaeoproterozoic tectonosedimentary evolution of the North Australian Craton[END_REF] , from different regions and depositional ages, culminating in a dataset of detrital rutile ages ranging from the Permian to the Archean (appendix 2). To complement this dataset, we collected new trace element data from 161 U-Pb concordant detrital rutile grains, from samples collected in NW Scotland. These correspond to a stratigraphic succession of Neoproterozoic to Cambrian in age: the Torridon Group and the Ardvreck Group, Eriboll Formation. Six samples were prepared from these units (3 from the Torridon Grp. and 3 from the Eriboll Fm.) and rutile grains were handpicked after common mineral separation procedures (see [START_REF] Pereira | Two billion years of evolution enclosed in hydrothermal rutile: Recycling of the São Francisco Craton Crust and constraints on gold remobilisation processes[END_REF]. Sample locations and U-Pb data for these rutile grains are presented and discussed in [START_REF] Pereira | Detrital rutile ages can the tectonic setting of sedimentary basins[END_REF]. U-Pb concordant rutile grains were then subjected to trace element analysis using LA-ICPMS.

BSE images were used to target the same domains as sampled during the U-Pb isotopic analysis. Rutile grains included in this study are mostly homogeneous, with no apparent BSE (trace element composition) zonation, and yield U-Pb ages ranging from 1.0 to 2.9 Ga.

The total dataset comprises 840 analyses (appendix 4).

Trace element microanalysis by Laser ablation coupled inductively plasma Mass Spectrometry (LA-ICPMS) A sample-standard bracketing method was used to correct for instrumental drift using BCR-2 as the reference material (using reported concentrations from [START_REF] Jochum | Chemical Characterisation of the USGS Reference Glasses and BIR-1G Using EPMA , ID-TIMS , ID-ICP-MS and LA-ICP-MS. Geostand[END_REF]).

R10 (GEOREM database), BHVO (using reported concentrations from [START_REF] Jochum | Chemical Characterisation of the USGS Reference Glasses and BIR-1G Using EPMA , ID-TIMS , ID-ICP-MS and LA-ICP-MS. Geostand[END_REF])

and NIST610 and 612 (reported concentrations from [START_REF] Jochum | Determination of reference values for NIST SRM 610-617 glasses following ISO guidelines[END_REF]) were used as secondary standards, analysed between unknowns and primary standards in the samplestandard bracketing method. NIST610 and R10 were analysed using a 40 µm laser beam diameter. In contrast, for the BHVO reference material, a laser beam of 80 µm diameter was used to directly access the attenuation mode of the ANALYTIK JENA ICP-MS, important for stable measurement of 49 Ti. TiO2 was used as an internal standard to normalise the intensity of all unknowns, using reference reported values for glasses, and using Ti of 58.8 wt% for all rutile grains). Data were processed using the software package IOLITE 3.31. For Zr, we obtained 5% accuracy relative to published values for all glass standards, within 5% from published values for R10 (GEOREM database) and a 0.06 ppm detection limit. The full instrumental and analytical setup and standard data can be found in appendix 3.

ZR-IN-RUTILE GEOTHERMOMETRY APPLIED TO DETRITAL GRAINS

Application of the Zr-in-rutile thermometer

The Zr-in-rutile thermometer has been calibrated based on natural samples by Zack et al. (2004). Several other researchers have subsequently refined the calibration, including [START_REF] Tomkins | The pressure dependence of the zirconium-inrutile thermometer[END_REF] who demonstrated a minor pressure dependency, more significant in the alpha-quartz field. These calibrations have been recently revisited by [START_REF] Kohn | A refined zirconium-in-rutile thermometer[END_REF] who used new natural data, refined previous natural datasets, and combined them with published experimental data into a new equation that we use in this study. In Figure 1, a comparison between temperature estimates obtained by Zr-in-rutile and mineral equilibria using conventional thermobarometry from 14 published studies (appendix 1) is presented. In most circumstances, thermobarometry based on element exchange between mineral pairs yields a larger uncertainty than single grain thermometers (Fig. 1). Uncertainties in applying this calibration are around 10-15 ºC, which is often the variation achieved taking into account the uncertainty in the assumed pressure (Fig. 1). On the other side, the standard deviation of Zr concentrations between grains within the same sample propagates into a larger uncertainty that often exceeds that obtained from mineral equilibria (Fig. 1).

The linear correlation between both methods is consistent, yielding a ratio not far from 1 (Fig. 1A). This correlation is improved if the temperature estimate used for the correlation taken from mineral equilibria is adjusted to its uncertainty (R 2 = 0.72; Fig 1B). For instance, often peak conditions are given as a range, and the true value is enclosed in the interval. Instead of the average, we compare the T estimate determined from Zr-in-rutile and check whether the temperature is enclosed by the interval. If so, the value is taken as the true average T for the correlation. Where this difference is larger than the interval, the uncertainty from the average T estimate from mineral equilibria is either summed or subtracted to obtain the best correlation scenario. In doing so, it becomes clear that for most samples, average Zr concentrations and their uncertainties have a robust fit with the thermobarometric estimate of their rocks, with a tendency line that is essentially 1:1 (Fig. 1).

Regardless of the calibration equation, rutile has to be in equilibrium with zircon and quartz, so that t-ZrO2 and -quartz activities are 1. As [START_REF] Triebold | A recipe for the use of rutile in sedimentary provenance analysis[END_REF][START_REF] Triebold | Deducing source rock lithology from detrital rutile geochemistry: An example from the Erzgebirge[END_REF] demonstrate, by applying a discrimination diagram based on Cr and Nb [START_REF] Meinhold | Rutile chemistry and thermometry as provenance indicator: An example from Chios Island, Greece[END_REF]Zack et al., 2004b), rutile grains that have metafelsic affinity can be presumed to have formed in such conditions. Therefore, a filter was applied to enable distinction between probable protolith sources, and thus to infer silica activity in the system. By applying the log(Cr/Nb) following [START_REF] Meinhold | Rutile chemistry and thermometry as provenance indicator: An example from Chios Island, Greece[END_REF], grains with log(Cr/Nb) < 0 and Nb > 800 ppm were considered as metafelsic and thus yield a -quartz = 1, whereas grains with log(Cr/Nb) > 0 or Nb < 800 ppm were considered metamafic and the -quartz activity is unknown. While at amphibolite facies conditions this discrimination can sometimes fail (metamafic being classified as metafelsic), we stress that metamafic rocks can have a -quartz = 1. Felsic rocks commonly yield zircon and therefore we assume that grains classified as metafelsic-derived yield at-ZrO2 = 1. Therefore, by applying this filter, we have a high level of confidence in the Zr-in-rutile thermometry outputs. The statistically comprehensive dataset compiled from the literature (supplementary file B) shows that only about 10 % of the cases (n total = 764) are false positives (i.e. a metamafic-derived grain being discriminated as metafelsic), and rarely a felsic protolith is discriminated as mafic. It is important to note that from the dataset used to estimate this uncertainty, regardless of protolith composition, quartz was always present (a -quartz = 1).

Zr concentration scatter and its significance

Zr-in-rutile has become a popular tool to retrieve peak temperatures from metamorphic rocks. Several issues have been systematically found from applying this thermometer (Cruz-Uribe et al., 2018; [START_REF] Kooijman | Trace element systematics in granulite facies rutile: Implications for Zr geothermometry and provenance studies[END_REF][START_REF] Pape | A systematic evaluation of the Zr-in-rutile thermometer in ultra-high temperature (UHT) rocks[END_REF], such as high Zr concentration deviations in grains from the high temperature domain (> 800 ºC; Fig. 2). Natural scatter present in most metamorphic rocks, and from the subset we have used (appendix 1), is not commonly observed in eclogite (Fig. 2) or blueschist-facies rocks [START_REF] Gao | U-Pb ages and trace elements of metamorphic rutile from ultrahigh-pressure quartzite in the Sulu orogen[END_REF][START_REF] Hart | Mineral inclusions in rutile: A novel recorder of HP-UHP metamorphism[END_REF], and when present, it is usually envisaged as recording multiple stages during prograde growth [START_REF] Spear | Zr-in-rutile thermometry in blueschists from Sifnos, Greece[END_REF]. This imparts some uncertainty when applying this tool to detrital rutile, as one single estimate can represent either the prograde history or natural scatter by other competing processes (e.g., diffusion, local equilibrium, recrystallisation).

While scattering of Zr concentration in rutile is commonly present in rocks at higher metamorphic grade, the scatter is significantly more limited at a lower grade, regardless of protolith composition (Fig. 2). The significant data scatter in high grade rocks (granulite, migmatite) amounts to commonly less than or around 100 ºC (including rutile as inclusions in other minerals and matrices), but at lower temperatures it implies an overall standard deviation of ± 50-60 ºC or even less. Importantly, minimum values/outliers of the highergrade rutile grains are never lower than 600 ºC (Fig. 2), suggesting that re-equilibration does not seem to take place below those temperatures.

Temperature estimates, uncertainties, and assumptions

In the approach taken here, we have no independent pressure proxies that can assist in further distinguishing metamorphic grade/geothermal gradient (e.g., blueschist vs low-T eclogite, amphibolite vs eclogite, high-T eclogite vs granulite). However, a few important assumptions (e.g., constraints on rutile phase stability, Zr diffusion behaviour), support the identification of rutile grains equilibrated at low T/P (Fig. 3). Because at lower temperatures, rutile is not commonly stable at lower than 10 to 12 kbar (Fig. 3; for all types of rock compositions), this implies that all rutile yielding temperatures lower than 550 ºC (intersection of minimum low T/P with the rutile-out boundary; yellow star in Fig. 3) will be a proxy for blueschist facies conditions (and low T/P in general).

One of the challenges of utilising Zr concentrations to retrieve peak-T also resides in the thermal histories of the source terranes. Because trace element contents can reset under certain conditions, the potential impact of Zr diffusion during cooling or overprinting during a more recent high temperature event (brown dashed lines, Fig. 3) has been considered in agreement with similar reviews from the literature (e.g., [START_REF] Kohn | A refined zirconium-in-rutile thermometer[END_REF][START_REF] Tomkins | The pressure dependence of the zirconium-inrutile thermometer[END_REF]. For a wide range of cooling rates (0.6 to 75 ºC/Ma), rutile (ca. 200 µm) grains can start to re-equilibrate at mid-to upper-amphibolite facies during retrogression (Fig. 3). If the source terranes endured polymetamorphism, it would require about 50 Ma at midamphibolite/eclogite facies conditions to re-equilibrate the Zr in rutile, or less than 1 Ma at granulite facies conditions (Fig. 3). Zirconium re-equilibration at lower temperatures would require unrealistic cooling rates or thermal-overprinting durations, which again reinforces the suitability of the 550 ºC filter as: a) a conservative approach that will only include low-T, low T/P rutile grains, and b) correspond to a real peak-T estimate under low dT/dP conditions, that has not been affected by either diffusion or recrystallisation processes under any realistic geological conditions.

As introduced earlier, only in rare circumstances rutile will form at lower than 10-13 kbar for T < 550 ºC (e.g. [START_REF] Luvizotto | Rutile occurrence and trace behavior in medium-grade metasedimentary rocks: Example from the Erzgebirge, Germany[END_REF]. Most frequently these are associated with more uncommon protoliths (MgO-rich or CaO-rich metapelites), to fluid-precipitates, and texturally prone not to survive well weathering (due to small size and aggregate-like texture; [START_REF] Luvizotto | Rutile occurrence and trace behavior in medium-grade metasedimentary rocks: Example from the Erzgebirge, Germany[END_REF]. Therefore, any bias resulting from this filter (P of 13 kbar & < 100ppm Zr = 550 ºC) strongly resides when pressures were higher and not lower than our assumption for rutile stability. This implies that we exclude potential low T/P rutile grains derived from higher temperature eclogite facies rocks. Also, this results in a mix in the field -T eclogite and blueschist derived grains (grey field, Fig. 3). But by doing so, we increase the interval of confidence in this assessment, as we do not include false positives (such as grains formed at higher T/P conditions). If we were to use a different filter (pink star, Fig. 3), we could inevitably include more eclogite facies-derived grains (low T/P), but we would introduce uncertainty from potential HP amphibolite facies-derived grains

(intermediate T/P).
A pressure of 13 kbar was applied to all grains in the dataset, and uncertainties on this selected pressure (2 kbar) are propagated in quadrature. We consider Zr measurement uncertainty, the calibration uncertainty, and the weighted mean average of the standard deviation of temperature calculated based on all rutile grains from single metamorphic rocks to calculate the final uncertainty (see below). Together, these should account for both Zr-inrutile variability in natural rocks, and for the analytical uncertainties. A minimum 10-15 ºC uncertainty in the calibration is reported from [START_REF] Kohn | A refined zirconium-in-rutile thermometer[END_REF], while in the literature there is a discussion of the effects on -quartz activity in the temperature estimate that can amount to about 50-100 ºC (that does not affect the metafelsic-derived grains). On average, the propagated natural variance uncertainty amounts to around 3%. We use this value (natural variance) to propagate uncertainties on each single-grain analysis as follows:

By applying a 13 kbar pressure to the entire dataset, in order to better estimate the low temperature end, we bias most of the higher Zr concentrations in rutile towards the following the isopleths from eclogite facies conditions to 13 kbar). For example, a rutile grain that originally formed at 25 kbar containing 600 ppm Zr (750 ºC), when recalculated at 13 kbar yields a 670 ºC estimate and will plot in the intermediate T/P field (Fig. 3). The opposite occurs with low-P granulite rutile grains (< 10 kbar, formed under high T/P) when recalculated to 13 kbar. Yet, this P variance is restricted to ca. 5 kbar, and thus it might only account for a small T variation (sometimes enclosed within all the propagated uncertainties; < 30 ºC; Fig. 3). Therefore, we do not discuss in any particular detail the variance seen in the high-grade metamorphic realm, as this variance reflects several competing factors, but it does indicate the presence of highgrade rutile and thus of high T/P.

ASSESSING THE METAMORPHIC RECORD BY UTILISING DETRITAL RUTILE

4.1. Detrital rutile grains nature: discriminating sources

As mentioned in section 1, rutile can grow after metamorphic reactions, in a wide range of bulk rock compositions, or associated to magmatic and fluid precipitating processes. To retrieve peak-T estimates from the Zr-in-rutile geothermometer, rutile grains were screened to assess the process by which they were formed. High field strength elements (HFSE), Sn and W can be used to distinguish some of these different rutile growth processes [START_REF] Agangi | Antimony in rutile as a pathfinder for orogenic gold deposits[END_REF][START_REF] Pereira | Two billion years of evolution enclosed in hydrothermal rutile: Recycling of the São Francisco Craton Crust and constraints on gold remobilisation processes[END_REF]. Some key features of magmatic-related rutile include very high W, Sn, Sb and Nb concentrations (e.g. Meinhold et al., 2010;[START_REF] Agangi | Antimony in rutile as a pathfinder for orogenic gold deposits[END_REF] or very high Nb/Ta ratios. Rutile is also known to form in ore mineralisation settings yielding very high Sb/V, Sn, Sb and W. Authigenic rutile and/or rutile related to low-T fluids yields low Nb/Ta ratios, as Ta becomes more compatible with rutile in the presence of aqueous fluids, combined with low Zr/Hf ratios [START_REF] Pereira | Two billion years of evolution enclosed in hydrothermal rutile: Recycling of the São Francisco Craton Crust and constraints on gold remobilisation processes[END_REF]. Because published analyses of detrital rutile usually lack full trace element composition reporting, only a small fraction of the available U-Pb detrital rutile data could be included in this work.

While trace-element based discrimination diagrams are often sensitive to variations in protolith composition, in [START_REF] Agangi | Antimony in rutile as a pathfinder for orogenic gold deposits[END_REF] data come from 8 samples, from 3 different areas (nrut = 245) and are combined with extensive published data, making it a rather comprehensive study. In [START_REF] Pereira | Two billion years of evolution enclosed in hydrothermal rutile: Recycling of the São Francisco Craton Crust and constraints on gold remobilisation processes[END_REF], the fluid-related field is based on 3 samples from a single unit (nrut = 50), presented together with data from another study reporting authigenic rutile and combined with published metamorphic rutile data (ntot = 453). These boundaries might be broader than depicted in Figure 4, and future studies might better refine these. Still, by combining these different discriminating diagrams, we preclude, as most as possible, inclusion of low-T and -P rutile, as well as magmatic-related rutile grains.

Rutile grains from NW Scotland show no significant zonation or alteration, and they mostly lack inclusions. No inclusions of sulphides or extreme porosity were observed, such as commonly reported in rutile from ore deposit settings (Scott and Radford, 2007;Scott et al., 2011;[START_REF] Agangi | Antimony in rutile as a pathfinder for orogenic gold deposits[END_REF][START_REF] Pereira | Two billion years of evolution enclosed in hydrothermal rutile: Recycling of the São Francisco Craton Crust and constraints on gold remobilisation processes[END_REF]appendix 4). Published studies also reported similar textures and included only chemically homogeneous grains. Trace elementbased discrimination diagrams were applied to our dataset (Fig. 4). The majority of rutile grains yield Nb/Ta and Zr/Hf values commonly found in metamorphic settings, although a few grains yield very low or high Nb/Ta values (Fig. 4A). Most rutile grains yield Sn and W concentrations below 1000 ppm (Fig. 4B,C) and Sb values under 20 ppm (Fig. 4D). Some published data show Sn/Sb-W values compatible with magmatic-related or Au-mineralised sources. Generally, rutile grains included in this study have low Sb/V (Fig. 4C) suggesting that even when Sn-W are more elevated (Fig. 4B), the rutile grains are of a metamorphic origin (Fig. 4).

We excluded grains that plot in the fluid-related or magmatic fields, which reduced the dataset from 840 to 735 (appendix 2). Therefore, the resulting dataset includes only grains that grew from metamorphic reactions, and thus can be used to infer metamorphic conditions.

Low T/P metamorphic record

Each datapoint displayed on Figure 5 has been calculated using [START_REF] Kohn | A refined zirconium-in-rutile thermometer[END_REF] Zr-in-rutile combined equation and a pressure of 13 kbar, following the discussion in section 3. Despite the natural bias in assuming a given temperature, the uncertainties associated with it (discussed in section 3 and that for high T/P rocks it can amount to an overestimation of 30 ºC) still allow us to draw conclusions regarding the existence of very high, moderately high or low temperature rutile. Rutile temperature data show periods with a wide range, separated by periods of more uniform growth temperatures (Fig. 5) that correspond to events within the supercontinental cycle (e.g. Brown and Johnson, 2019). Periods showing the widest variations in peak metamorphic temperatures occur between 0.3 and 0.55 Ga, 1.0 and 1.2 Ga, and 1.7 and 2.1 Ga, corresponding with periods of supercontinent assembly and collisional orogenesis. A significant number of detrital rutile yield temperatures above 850 ºC, which despite the method used for its determination, are only compatible with rutile formed at granulite facies conditions. These take place during assembly of the Gondwana-Pangea, Nuna and Kenor supercontinents (Fig. 5).

Few rutile grains record peak temperatures lower than 550 ºC (n = 31) or than 580 ºC (n = 62), and the majority of these low T rutile are Phanerozoic in age (Fig. 5). Although the data offers no insight into the geothermal gradient at any particular time, as they overlap with the different T/P fields from [START_REF] Brown | Secular change in metamorphism and the onset of global plate tectonics[END_REF], we can directly link estimated peak temperatures with the geothermal gradient index (Fig. 5). These wide temperature variations are compatible with those described for paired metamorphic belts [START_REF] Brown | Secular change in metamorphism and the onset of global plate tectonics[END_REF], indicating quite different metamorphic grades in rocks of the same age. In the Carboniferous and in the Ediacaran where low and high T/P are known, our dataset shows evidence of low-and high-T rutile (and hence low and high T/P), tying together the metamorphic rock and rutile record, and reinforcing the suitability of this approach in probing earlier periods. From this small detrital rutile dataset, we obtained a few low T rutile grains between 1.0 and 1.2 Ga, and also between 1.7 and 2.2 Ga (Fig. 5). We note that those low T/P rutile grains have the same provenance as some of those derived from higher T/P.

Therefore, this new approach and dataset confirm the existence of low T/P and paired metamorphism during the late Palaeoproterozoic and late Mesoproterozoic, during both Nuna and Rodinia assembly, as well as in the Neoproterozoic to Palaeozoic during Gondwana and then Pangea assemblies. The number of cases recording Rodinia assembly are few in comparison to Gondwana-Pangea or Nuna, and they only record tectonometamorphic processes from the Grenville Province on east Laurentia [START_REF] Pereira | Detrital rutile ages can the tectonic setting of sedimentary basins[END_REF]. U-Pb and Zr resetting of rutile have been reported in other studies [START_REF] Zack | Petrology and Geochronology of Rutile[END_REF] and show that Pb diffuses much faster than Zr. Full resetting of the U-Pb system in rutile in these cases would imply the existence of such conditions prior to the late Palaeoproterozoic. Indeed, a few rutile grains with ages between 2.3 and 2.55 Ga yield temperature estimates between 550 and 580 ºC but not lower. No older, Archaean rutile grains selected in this study yield low-T indicative of a low T/P gradient (Fig. 5), but more data are required to confirm this observation.

Preservation Bias of the Exposed Metamorphic Crust a

In this new compilation of detrital rutile data, we have probed the sedimentary record in the search for low T/P metamorphism by applying the Zr-in-rutile geothermometer to detrital metamorphic rutile . We show that both low and high T/P conditions can be inferred since at least 2.1 Ga. The absence of Archaean rutile grains yielding < 550 ºC is consistent with the absence of low T/P rocks of this age in the Archaean geological record (Brown and Johnson, 2019). Despite the relatively restricted number of low-T eclogite occurrences of Proterozoic age, our relatively small dataset show that these conditions prevailed. Thus, the lack of preserved blueschists and low-T eclogites prior to the Neoproterozoic represents a preservation bias that can be probably linked to retrogression and overprinting of HP-UHP units at suture zones and to the small stability fields of some indicator minerals (e.g. lawsonite). We argue that metamorphic rutile, preserved as detrital grains in the sedimentary record, can track low and high/intermediate T/P conditions through time. Applied to a given basin and using detrital grains of similar age, it can also provide the missing evidence of paired metamorphic conditions over time, which is envisaged as a hallmark of sustained subduction zones in modern plate tectonics. Our data show that both during Rodinia and Nuna assemblies, rutile grains show this dual low and high T/P and thus that modern plate tectonics has been operating since at least the late Palaeoproterozoic, shaping and conditioning the evolution of the continental crust. Furthermore, the absence of low T/P conditions in the late Archaean, both from the detrital rutile and rock records, suggests that contrasting mechanisms were operating during continental assembly at that time. However, some detrital rutile with late Archean, early Palaeoproterozoic age yield growth temperatures between

In quartz-absent rocks, Zr will be preferentially taken by rutile, implying that by applying the Zr-in-rutile thermometer calibrated for a -quartz = 1 we are overestimating the temperature.

Since there is no other line of evidence to assist in a -quartz estimation at the time of rutile growth, we can not ascertain if these temperatures are overestimated, but it leads to an open possibility that low T/P subduction could have taken place at the end of the Archean.

More detrital rutile data yielding those ages are thus required.

CONCLUSIONS

To investigate metamorphic conditions through time, we have looked at detrital rutile preserved in the sedimentary record as a tracer of past metamorphic conditions. Rutile yielding temperatures lower than 550-580 ºC is linked to low T/P conditions, which together with very high temperature detrital rutile and the rock record can be used to infer the presence of paired metamorphic conditions and tectonic processes through time.

While the likely transition between early Earth geodynamics and the onset of subduction seems to have been diachronous as recorded on different cratons [START_REF] Cawood | Geological archive of the onset of plate tectonics[END_REF]Laurent et al., 2014), we suggest that it is the youngest evidence of this transition that serves as evidence of a completed switch to modern plate tectonics, with an interconnected plate boundary system operating worldwide.

The period between the first onset of subduction between 3.2-3.0 Ga [START_REF] Cawood | Geological archive of the onset of plate tectonics[END_REF][START_REF] Dhuime | A Change in the Geodynamics of Continental Growth 3 Billion Years Ago[END_REF] and the last appearance of a TTG to sanukitoid transition culminates at 2.13 Ga [START_REF] Moreira | Petrogenetic processes at tipping point of plate tectonics: Hfsanukitoid transition[END_REF][START_REF] Moreira | Evolution of Siderian juvenile crust to Rhyacian high Ba-Sr magmatism in the Mineiro Belt, southern Francisco Craton[END_REF]. This final transition is marked by the first appearance of low T/P and paired metamorphism, as recorded by detrital rutile, in agreement with a few retro-eclogite occurrences with this age (see Brown et al., 2019 for references, andHolder et al., 2019). This transition is also manifested in the current crustal structure of several Palaeoproterozoic age belts, where recent seismological data is consistent with development of a palaeo-subduction network by ca. 2 Ga [START_REF] Wan | Seismological evidence for the earliest global subduction network at 2 Ga ago[END_REF] and also with the oldest preserved linked linear orogenic belts of Eburnean age [START_REF] Condie | Preservation and recycling of crust during accretionary and collisional phases of Proterozoic orogens: A bumpy road from Nuna to Rodinia[END_REF]. Thus, although the metamorphic rock record is envisaged as supporting a major change in geodynamics at the dawn of the Phanerozoic after a protracted transition [START_REF] Brown | Plate Tectonics and the Archean Earth[END_REF][START_REF] Brown | Secular change in metamorphism and the onset of global plate tectonics[END_REF][START_REF] Stern | Evidence from ophiolites, blueschists, and ultrahigh-pressure metamorphic that the modern episode tectonics began in Neoproterozoic time[END_REF], we contend that the preserved rock record indicates that the onset of modern plate tectonics took place during the late Palaeoproterozoic. By using sedimentary rocks as an archive of the continental crust we have started to contribute towards a more complete overview of the low T/P metamorphic conditions through time and of its forcing mechanisms. Comparison between temperature estimates based on Zr-in-rutile [START_REF] Kohn | A refined zirconium-in-rutile thermometer[END_REF] and on mineral equilibria for 45 samples from 14 published studies (appendix 1). For Zr-in-rutile estimates, average Zr concentrations were used. Uncertainty on the Zr-in-rutile temperatures was calculated using mineral equilibria determined pressure variation and the Zr concentration standard deviation of each sample. A) correlation between both methods using average estimates; B) correlation between both methods adjusting the temperature estimate of mineral equilibria taking into account its variation from classical thermometry.

Figure 2. Boxplot diagram depicting temperature estimates based on single grain Zr-in-rutile [START_REF] Kohn | A refined zirconium-in-rutile thermometer[END_REF] for multiple samples (n=52), totalling 1123 rutile grains (appendix 1). Each Boxplot corresponds to a different sample, and data are coloured according to different metamorphic grade derived from the mineral assemblage. In cold colours, data derived from metamafic rocks, while warm colours from metafelsic rocks.

Figure 3. Temperature-Pressure diagram for Zr concentrations in rutile (isopleths in grey shades; Kohn 2020). In dashed blue, the minimum conditions for P-T path following low geothermal gradients, and in red, maximum for high geothermal gradients (from Palin et al., 2020). Orange lines correspond to the rutile-in reaction boundary in high silica system (granitoid composition similar to average pelite), the darker line corresponding to the most stable conditions at all given protolith compositions, while light orange to rutile occurrence under low CaO (1 wt%) compositions (from [START_REF] Angiboust | Ilmenite breakdown and rutile-titanite stability in metagranitoids: Natural observations and experimental results[END_REF]. The black line corresponds to the boundary of blueschist to eclogite facies conditions (from Palin et al., 2020). Yellow star corresponds to the intersection of low T/P minimum conditions with the rutile-in reaction and Zr isopleth. This defines for a 100 ppm Zr, at 13 kbar, 550 maximum temperature filter. The dashed black triangle highlights the range of conditions that are ignored by applying a temperature filter to the data, which would still be considered low T/P-related conditions. The brown dashed lines correspond to estimates of diffusivity of Zr in rutile (from Cherniak et al., 2007). Each line can be used to interpret the effects of cooling rate or timescales of thermal overprinting-induced diffusion for 200µm grain sizes (which corresponds to the average of observed grain sizes in our samples). Very slow (0.6 /Ma), slow (2.5 /Ma) or fast (75 /Ma) cooling rates of metamorphic terranes can lead to re-equilibration of Zr in rutile to equivalent concentrations of 600 , 650 or 800 , respectively. Thermal overprinting events can lead to Zr diffusion if thermal regimes overprint at higher than 600 for more than 50Ma, than 650 if more than 10 Ma, and to 800 for over 0.5 Ma. Pink star corresponds to conditions at which rutile could still be assigned as from T/P conditions, but with a lower level of confidence, if we also consider analytical/experimental uncertainties. The black field represents impossible high P, low-T conditions on Earth. Figure 4. Discrimination diagrams applied to detrital rutile (data can be found in appendix 2); a. based on Zr/Hf and Nb/Ta from [START_REF] Pereira | Two billion years of evolution enclosed in hydrothermal rutile: Recycling of the São Francisco Craton Crust and constraints on gold remobilisation processes[END_REF] with discriminative fields for low-P fluid-related, metamorphic s.s. and peridotite-related rutile. b., c., and d. based on Sn and W, W an Sb/V, and Sb and W concentrations, respectively, from [START_REF] Agangi | Antimony in rutile as a pathfinder for orogenic gold deposits[END_REF] with discriminative fields for metamorphic sensu stricto, Au-mineralised related rutile and granitoid-related rutile. Symbols include measurement uncertainties as 1-sigma. Detrital rutile data used in this study to estimate temperatures plot within the metamorphic sensu stricto field of both diagrams. Dashed, red lines indicate filters applied for this discrimination.

Figure 5. The metamorphic record retrieved from the detrital archive; Metamorphic temperature estimates using the Zr-in-rutile geothermometer at 13 kbar [START_REF] Kohn | A refined zirconium-in-rutile thermometer[END_REF] versus detrital rutile U-Pb age; n = 735. For comparison, fields for low, high and intermediate T/P are plotted from [START_REF] Brown | Secular change in metamorphism and the onset of global plate tectonics[END_REF] and fields dividing temperature ranges for the different metamorphic facies (amph: amphibolite; ecl: eclogite; bs: blueschist; gs: greenschist). Dashed blue line corresponds to the new inferred field for low T/P based on both the detrital rutile and rock record. Yellow symbols correspond to log(Cr/Nb) < 0 and Nb > 800 ppm (metafelsic; a -quartz = 1) whereas blue symbols correspond to log(Cr/Nb) > 0 or Nb < 800 ppm (metamafic; a -quartz = unknown) following [START_REF] Meinhold | Rutile chemistry and thermometry as provenance indicator: An example from Chios Island, Greece[END_REF]. Data sources can be found in the text. 1-sigma data uncertainties fall within the symbol used for plotting.
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 1 Figure 1. Comparison between temperature estimates based on Zr-in-rutile[START_REF] Kohn | A refined zirconium-in-rutile thermometer[END_REF] and on mineral equilibria for 45 samples from 14 published studies (appendix 1). For Zr-in-rutile estimates, average Zr concentrations were used. Uncertainty on the Zr-in-rutile temperatures was calculated using mineral equilibria determined pressure variation and the Zr concentration standard deviation of each sample. A) correlation between both methods using average estimates; B) correlation between both methods adjusting the temperature estimate of mineral equilibria taking into account its variation from classical thermometry.

  

  

  

  

  Mg, 45 Sc, 51 V, 52 Cr, 87 Sr, 89 Y, 90 Zr, 93 Nb, 95 Mo, 118 Sn, 121 Sb, 139 La, 140 Ce, 141 Pr, 146 Nd, 147 Sm, 153 Eu, 157 Gd, 159 Tb, 165 Ho, 166 Er, 169 Tm, 172 Yb, 175 Lu, 177 Hf, 181 Ta, 182 W, 208 Pb, 232 Th and 238 U.

	Trace elements in rutile were determined using an ASI RESOlution 193nm ArF excimer
	laser coupled to the ANALYTIK JENA Plasma Quant Elite quadrupole ICP-MS at the
	University of Portsmouth (UoP). Rutiles were ablated with laser beam diameters between 25
	2 and a repetition rate of 5 Hz. Analyses
	consisted of 20 s background, 30 s ablation and sample acquisition, and 5 s of washout,
	resulting in 55 s per analysis. Instrumental parameters and ablation conditions are
	summarized in the supplementary file A. The following isotopes were analysed: 49 Ti, 29 Si,
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