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ABSTRACT

Detrital geochronology studies require a careful quantification of hydraulic sorting effects, and
of the propensity of different parent rocks to yield detrital grains of specific minerals when exposed
to erosion (mineral fertility). Because the physical processes of settling and selective entrainment
are well known, their effects in sediments can be easily detected and modelled mathematically. By
contrast, mineral fertility in parent rocks depends on their full geological history. As a consequence,
the relationships between bedrock geology and mineral fertility are hardly predictable, and a direct
measurement of this latter parameter is thus required. In this review article, we describe the basic
principles of hydraulic sorting, and illustrate a quantitative approach for mineral fertility
determination that applies these basic principles to the analysis of modern sediments. Its application
to the European Alps shows that apatite and zircon fertility values may range over three orders of
magnitude. Variable mineral fertility in parent rocks thus represents, by far, the largest source of
bias in detrital geochronology studies. Our study highlights an evident relationship between bedrock
geology and mineral fertility, which confirms that the mineral concentration in modern sediments,
in the lack of hydraulic sorting effects, is a good proxy of the mineral abundance in bedrock.
Mineral fertility maps of the European Alps unravel that metamorphic and plutonic rocks generally
have higher apatite and zircon fertility values than sedimentary rocks, but major variations are also
observed between different tectonic units within the same paleogeographic domain. The impact of
mineral fertility in detrital studies is eventually illustrated with examples from the Alpine region,
based on alternative sampling strategies (i.e., the confluence sampling and the along-trunk sampling
approaches). We show that geological interpretations are strongly improved when mineral fertility
is properly taken into account, not only in modern settings, but also in ancient sedimentary

successions.
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Appendix 1. Assessment of mineral fertility for along-trunk sampling

1. Introduction

Detrital geochronology is increasingly employed in paleotectonic reconstructions and landscape
evolution problems. Detrital studies require a careful evaluation of the effects induced by hydraulic
sorting, and by the variable propensity of different parent rocks to yield detrital grains of specific
minerals when exposed to erosion (mineral fertility - Moecher and Samson, 2006). Mineral fertility
in bedrock controls the weight concentration of datable mineral grains in detritus, and represents a
major source of bias that is potentially introduced whenever the results of single-mineral analyses
are extrapolated to bulk-sediment fluxes (Dickinson, 2008; Hietpas et al., 2011a). Such “mineral
fertility bias” has a major impact on estimated sediment budgets and erosion patterns (e.g., Brown
et al., 1995; Amidon et al., 2005a; Brewer et al., 2006; Tranel et al., 2011), larger than any other
source of bias affecting detrital geochronology datasets (Malusa, 2014). Nevertheless, the effects of
hydraulic sorting (e.g., Malusa et al., 2013) and of variable mineral fertility (e.g., Brewer et al.,
2006; Spiegel et al., 2007; Champagnac et al., 2014) are seldom considered in detrital studies,
leading to geological interpretations that are prone to be incorrect.

In this review article, we illustrate the basic principles of hydraulic sorting, and a quantitative

approach for mineral fertility determination that applies these basic principles to the analysis of

Pag.3



modern sediments, in order to get key information for the geochronological analysis of sedimentary
successions of any age. Specifically designed for routine application in detrital geochronology, this
approach is applied here to the European Alps, and provides estimates of mineral fertility that can
be used to extrapolate the results of grain-age distributions to bulk sediment. Erosion patterns can
be thus deduced from simple unmixing of single-mineral geochronological signals. The
implications for the analysis of orogenic erosion are eventually illustrated with examples based on

geochronological analyses of detrital zircon and apatite, and on alternative sampling strategies.

2. Current approaches to mineral fertility

Detrital samples derived from the mixing of geochronologically distinct detrital sources (A and
B in Fig. 1) are expected to yield polymodal grain-age distributions that include different grain-age
populations (Bernet et al., 2004; Bernet and Garver, 2005; Resentini and Malusa, 2012). The
relative size (n, m) of different populations depends (i) on the relative size of the catchment areas,
(i1) on the erosion rate in each catchment, and (iii) on the mineral fertility of the parent bedrock. If
we know two of these factors, then we can calculate the third. Common practice is to assume
mineral fertility changes as negligible (He et al., 2014), in order to calculate relative erosion rates
directly from the relative size of grain-age populations, sometimes additionally weighed by the
relative drainage areas (Fig. 1, case 1) (Malusa et al., 2009a; Zhang et al., 2012; Glotzbach et al.,
2013; Saylor et al., 2013). However, whole rock geochemical analyses from North America
granitoids suggest that zircon fertility values may vary by a factor of 5 even in similar lithologies
(Moecher and Samson, 2006; Dickinson, 2008). The constant-fertility assumption is thus untenable,
and even more so when considering a wide range of rock types (Fig. 1, case 2) (e.g., Fedo et al.,
2003; Hietpas et al., 2011a). In the lack of a proper quantification, the impact on geological
interpretations may be huge, as shown by the contrasting erosion patterns obtained in cases 1 and 2
of Fig. 1.

In order to solve this problem, the volume frequency of the target mineral in the source rocks
has been either evaluated by point counting under the microscope (e.g., Silver et al., 1981; Tranel et
al., 2011), or by adopting a geochemical approach (Cawood et al., 2003; Dickinson, 2008). The
geochemical approach to zircon fertility proposed by Dickinson (2008) uses the zirconium (Zr)
content derived from whole-rock geochemical analyses as a proxy for zircon content (volume %
zircon = 1.15 wt.% Zr, assuming that Zr is exclusively host in zircon). A zircon fertility factor
(ZFF), assigned according to the Zr content in each rock (e.g., ZFF=1.0 for subduction-related
granitoids having ~150 ppm Zr, and ZFF=3.5 for Grenville granitoids having ~520 ppm Zr;

Dickinson, 2008), is employed to weigh the size of grain-age populations in samples of mixed
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provenance, in order to estimate the relative contributions of different bedrock sources to the final
sediment.

Such a geochemical approach to mineral fertility is seldom applicable in detrital studies, and is
prone to introduce further unquantifiable bias. In fact: (i) bedrock data for comparison are not
available in most of the cases, or are restricted to few and/or poorly representative rock types; (ii) Zr
is found not only in zircon, but also in other rare minerals (xenotime, baddeleyite) and in rock
fragments (e.g., volcanic glass); (iii) zircon grains too small in size for dating, or hosted as inclusions
in other minerals (e.g., in biotite), are improperly included in the estimate. This precludes routine
application of geochemical analysis to mineral fertility estimates, and implies that geochemical data,
when available, provide only an upper threshold for effective zircon fertility values.

An alternative approach to mineral fertility determination is thus required. The method
illustrated in this article is based on a rather simple consideration: if a rock is crushed and its
fragments get finer downstream because of pure mechanical grinding without significant
modifications during transport and deposition, the sediment composition should reflect bedrock
composition exactly. Therefore, in a temperate/cold climate where chemical weathering is minor,
mineral fertility in the source rocks can be effectively determined by measuring the mineral content
in the sediment they produce, provided that a range of potential sources of bias are properly
accounted for and minimized. Specifically, this approach requires that no significant modification
has been induced by hydrodynamic processes in the natural environment, and that no bias is
introduced subsequently during mineral separation in the laboratory. The first requirement can be
tested by a proper application of the basic principles of hydraulic sorting, which are illustrated in
section 3. The second requirement can be met by a proper methodological approach to mineral

separation, as illustrated in section 4.

Figure 1

3. Basic principles of hydraulic sorting

3.1 Settling velocity and intrasample mineralogical variability

Tractive currents sort detrital grains during transport and deposition according to their size,
density and shape (Schuiling et al., 1985; Komar, 2007). Grains with the same settling velocity are
deposited together. Because grain shape has a major impact on settling only for phyllosilicates, low-
density minerals like quartz and feldspars are associated in sorted sediments with significantly
smaller ultradense minerals, such as zircon and monazite (principle of hydraulic equivalence;
Rubey, 1933) (Fig. 2A). The difference in size between settling-equivalent minerals is called the

"size shift", and is generally referred to quartz (Rittenhouse, 1943; Garzanti et al., 2008).
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Settling velocity of a detrital grain in a fluid (Fig. 2B) reflects the balance between the gravitational
force (Fg) and the drag resistance due to turbulence (Fr) and viscosity (Fv). Turbulence controls settling
of pebbles, as described by the Impact Law, whereas viscosity controls settling of clay and silt-sized
grains, as described by the Stokes” Law (Fig. 3A). In water-laid sand, settling velocity is controlled by
both viscosity and turbulence, and several empirical formulas can be used to predict theoretical size-
shift values (e.g., Cheng, 1997; Fig. 3B). Size-shifts in sand increase with grain size according to a
sigmoidal function from those predicted by the Stokes' law to those predicted by the Impact law, and
also increase with mineral density (Fig. 3A). In minerals relevant for detrital geochronology, empirical
size-shift values range from 0.2-0.35¢ for apatite to 0.65-1.2¢ for monazite. Micas, due to their platy
shape, settle slower than quartz despite their higher density (e.g. Komar et al., 1984; Le Roux, 2005),
yielding empirical size-shift values between -0.1 and -0.2 @ (Garzanti et al., 2008; Fig. 3B).

As an effect of size-density sorting during settling, bedload sediments display a strong intrasample
compositional variability among grain-size classes, which can be modelled mathematically.
MinSORTING (Resentini et al., 2013) is an Excel worksheet specifically conceived for this purpose,
and calculates the size-shift predicted for each mineral by the appropriate formula (Stokes’ for silt,
Cheng’s for sand, Impact for gravel) and its distribution in different grain-size classes. Fundamental
input parameters are the fluid type and the mean grain-size and sorting values of the bulk sediment,
which can be easily obtained by sieving. The good fit between observed and modelled distributions,
despite mineral grains are considered as perfect spheres, indicates that the effect of grain shape on
settling is negligible for most of the minerals (Fig. 3C). The modelling approach applied to bedload
sediment could be ideally exported to the analysis of suspended load in transit, even though the
settling-equivalence analysis is more complex for suspended load. In fact, suspended load consists
of a ternary mixture of clay, silt and sand modes (e.g., Garzanti et al., 2011) and the settling-
equivalence principle applies to each. The behaviour of platy minerals such as micas, largely
employed in detrital geochronology (e.g., Najman et al., 1997; Carrapa et al., 2004; Hodges et al.,

2005) and chiefly transported as suspended load, is thus more difficult to predict.

3.2 Selective entrainment and intersample mineralogical variability

Modern bulk-sediment samples with identical provenance may display significant intersample
compositional variability generated by the easier entrainment of larger lower-density minerals by
tractive currents (Komar, 2007). Larger minerals project higher above the bed and hence experience
greater flow velocities and drag forces (Fig. 2C). Moreover, they have smaller pivoting angles (0 in Fig.
2C) than settling equivalent smaller and denser minerals (Komar and Li, 1988). As a consequence of
selective entrainment, lag deposits are enriched in denser minerals to various degrees, and placer

deposits eventually form. In placers, ultradense minerals such as garnet, zircon, rutile, monazite and
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magnetite are enriched by an order of magnitude or more relative to the original sediment (Reid and
Frostick, 1985; Slingerland and Smith, 1986), leading to a remarkable change in colour and density
(reddish and 3.5-4.0 kg/dm? in garnet placers, black and >4.0 kg/dm? in magnetite placers).

The composition of placer lags cannot thus be used to directly infer the composition of parent
bedrock. For this purpose, the compositional effects of selective entrainment have to be first
removed by SRD correction (Garzanti et al., 2009), i.e., by iteratively correcting the relative
abundances of detrital minerals as determined by point-counting under the microscope in proportion
to their densities, until the expected grain density of the bulk sample is restored (Resentini et al., in
prep.). The greatest is the compositional modification induced by selective entrainment, the largest

is the uncertainty introduced by this kind of procedure.

3.3 Size-density sorting and chemical variability

Chemical elements are preferentially contained in specific minerals having different density
and/or shape (e.g., Rb in slow-settling platy mica, Zr and Hf in fast-settling ultradense zircon).
Therefore, hydrodynamic processes that control mineralogical variability in sediments also control
their chemical variability (McLennan et al., 1993). In detritus, elements hosted in tectosilicates (Si,
Na, Ca, Sr) are thus expected to be enriched in the central part of the grain-size distribution, those
hosted in micas and associated inclusions to be enriched in the coarse tail, and those chiefly hosted in
ultradense minerals to be concentrated in the fine tail (Garzanti et al., 2010). Among common
ultradense minerals, zircon typically contributes most of Zr, Hf and significant amount of Yb, Lu, U,
Ta, and Pb; monazite and allanite much of LREE and Th; xenotime much of Y and HREE. As a
result, the finest grain-size classes of a given sediment sample might be two or three orders of
magnitude richer in REE, Th, Zr and Hf than the coarsest classes, as a simple effect of size-density
sorting during deposition. By contrast, strong enrichment of these elements in the bulk sediment may
indicate compositional modifications due to selective entrainment, with placer lags showing
enrichments by orders of magnitude relative to neutral bedload and UCC. Potential bias induced by
anthropogenic activities (e.g., an increase in P due to fertilizers) can be easily recognized, because
anthropogenic bias is expected to produce a mismatch only for selected elements, rather than for the

whole range of elements hosted in ultradense minerals (Resentini and Malusa, 2012).

Figures 2, 3

4. Procedure for mineral fertility determination

In order to measure mineral fertility in catchment bedrock starting from the analysis of a

sample of river sediment, we can follow the simple procedure synthesized in Fig. 4. A sample of
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sorted bedload sand is quartered in the laboratory and dry sieved at 1@ intervals. The resulting
grain-size distribution is plotted as a cumulative frequency curve (Fig. 5A) to determine the
distribution percentiles (¢,), and to calculate the mean grain size (D) and sorting value () of the
bulk sediment (step Al).

Grain density of the bulk sample is measured on a quartered fraction using a hydrostatic balance
(step A2). We weigh the sample first in air and next immersed in water, taking care to wet grains

before immersion and avoid floating due to surface tension. Grain density is calculated as:
5sedimem‘ = Win air/(Win air - Win Water) @-water (])

where Jwaeer is 0.9982 kg/dm?® at 20°C, and W is the weight of the sample (Pratten, 1981). Grain
density can be be determined separately for the 63-250 pum and the 250-2000 pm grain-size classes
in order to reduce errors related to incomplete elimination of interstitial air, and the results are then
weighed by the weight percentage of each grain-size class as determined by sieving.

Then, we model the distribution and sorting of minerals in different grain-size classes with
MinSORTING (Resentini et al., 2013) (step A3), using as input parameters the mean grain size and
sorting calculated in step Al, and the relative exposure area of rocks ascribed to different end-
member compositions, as calculated on geological maps by GIS. Modelling allows us to choose the
most suitable size windows to maximize the recovery of the target mineral during separation (step
A4), and mathematically predict the fraction falling outside the chosen grain-size range (Fig. 5B-D).
In ideal conditions, most of the target mineral is concentrated in a narrow size window, and the
amount of mineral measured after separation is close to the total amount in the bulk sediment. For
instance, in a fine-grained and very well sorted sand with a typical subducted-axial-belt modal
composition (Fig. 5B), we expect to recover virtually all apatite and zircon grains in the 63-250 um
size window. However, ideal conditions are not the rule. In poorly-sorted samples, the mineral
amount lost in fractions finer or coarser than the chosen size window is much larger than in well-
sorted samples (Fig. 5C). If the analysed size-window is not correctly chosen with respect to both
sample grain-size and mineral size-shift, most of the target mineral may be lost during separation,
despite its original presence in the sediment sample (Fig. 5D).

Within the selected size window, we perform a hydrodynamic pre-concentration of the dense
fraction using a Gemeni shaking table (step AS). Shaking tables exploit the basic principles of size-
density sorting illustrated in section 3. Therefore, in order to effectively concentrate detrital grains
according to their density, we process different grain-size classes separately to minimize the effect of
grain size (Malusa et al., 2013). Dense fractions recovered after hydrodynamic pre-concentration are

than merged together, and further purified by centrifuging in sodium polytungstate diluted at 2.90
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kg/dm?. The dense fraction (> 2.90 kg/dm?) is recovered by freezing in liquid nitrogen, and weighed
with a high-precision balance. The dense mineral concentration for the selected size-window is thus
obtained (step A6). If the analyzed size window is sufficiently large and centered on the mean grain
size, the obtained value of dense mineral concentration is representative of the sample as a whole.

The set up of step 7 may vary according to the physical properties of the target mineral. If we
want to retrieve apatite and zircon, the dense fraction is further refined with a Frantz magnetic
separator under increasing field strength, and using a proper side and forward slope of the tray to
remove magnetic minerals without affecting apatite and zircon (Sircombe and Stern, 2002). The dense
diamagnetic fraction is passed in glassware through liquid diiodomethane (3.32 kg/dm?®), to split
minerals denser than 3.32 kg/dm® (including zircon, ~4.65 kg/dm®) and minerals having densities
ranging between 2.9 and 3.32 kg/dm® (including apatite, ~3.2 kg/dm?). Quantities before and after
each separation step are carefully weighed to detect any potential loss of material during processing.
The percentage of apatite and zircon in these concentrates, which also include other diamagnetic
heavy minerals such as kyanite and barite, is determined by point counting under the microscope,
possibly on the same slides prepared for geochronologic analyses (step AS8). The apatite and zircon
concentration for the selected size-window is thus obtained. We add to these values the amount of
mineral which is expected to be lost in the coarser and finer grain-size classes, as modelled by
MinSORTING, to obtain the apatite and zircon concentration for the bulk sediment (step A9).
Undatable grains (e.g., smaller than 63 pm for optical analyses) are not included in this calculation.

The mineral concentration retrieved after step A9 is equal to mineral fertility in the source rocks
only if sediment composition was not significantly modified by selective entrainment effects. We
test the analyzed samples for anomalous concentration (or depletion) of denser grains (step A10) by
comparing the bulk grain density and the dense mineral concentration measured during step A2 and
step A6 with reference values in eroded bedrock, which are compiled in Fig. 6A. Density of upper
crustal rocks (SRD in Fig. 6A) generally lies in a narrow range of 2.70+0.05 kg/dm?®, and may reach
above 2.80 kg/dm? only in mafic/ultramafic igneous or metamorphic rocks (e.g., ophiolites). Higher
values in sediment points to hydraulic concentration of denser grains by selective entrainment (Fig.
6B). Also the abundance of heavy minerals in a particular source rock is a function of its density
(HMC in Fig. 6A). In the lack of hydraulic effects, dense mineral concentration in detritus is
generally <10%, although it may reach values as high as 15-20% in sediments derived from
magmatic arcs and ophiolites (Garzanti and Ando, 2007b). Higher values, in grain-size windows
sufficiently representative of the bulk sediment, point to significant modifications of sediment

composition by selective entrainment effects (Fig. 6B).
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Any compositional modification induced by selective entrainment should be considered in
mineral fertility calculations, and eventually removed by SRD correction. This correction requires a
full modal compositional characterization of the analyzed sample, either under the optical

microscope or by QEMSCAN analyses.

Figures 4, 5, 6

5. The European Alps study area

5.1 Tectonic setting

The European Alps are an arcuate orogen chiefly developed during the Cretaceous-to-Paleogene
subduction of the Tethyan ocean and the European paleomargin beneath the Adriatic microplate
(Dewey et al., 1989; Schmid et al., 2008; Handy et al., 2010; Malusa et al., 2011a; Zhao et al., 2015).
The NE part of the orogen consists of Adria-derived Austroalpine and Southalpine units, accreted
against the upper plate (i.e., Adria) in Cretaceous times during the early stages of the Alpine orogeny
(Zanchetta et al., 2012; Malusa et al., 2015a,b). This Cretaceous wedge forms a tectonic lid on top of
the Cenozoic metamorphic units, and is intruded by Paleogene magmatic rocks (von Blanckenburg et
al., 1998; Rosenberg, 2004; Malusa et al., 2011b).

The underlying metamorphic units record the Paleogene subduction and exhumation of
attenuated European crust and adjoining ocean-continent transition. In the Central Alps, the
Paleogene metamorphic units include the deepest levels of the post-collisional nappe stack (Argand,
1911), represented by the amphibolite-facies Lepontine gneisses (Merle et al., 1989). In the Western
Alps, a belt of Eocene eclogite units (Eclogite belt in Fig. 7) is exhumed at the rear of a double-
vergence accretionary wedge (Frontal wedge in Fig. 7), which includes blueschist-to-greenschist-
facies cover sequences and basement slivers (Malusa et al., 2011a), whereas continental crust
escaping major Alpine metamorphism crops out in the External Massifs on the European mainland.

In the Ligurian Alps, the Eclogite belt and the Frontal wedge are partly buried beneath the
wedge-top successions of the Tertiary Piedmont Basin (Mutti et al., 1995; Gelati and Gnaccolini,
2003). Farther east, along the Alps-Apennines transition zone, the Alpine orogenic wedge includes
the Ligurian units of the Northern Apennines, largely structured within the framework of Alpine
subduction and topped by Epiligurian successions (Catanzariti et al., 2002; Cerrina Feroni et al.,
2004). The underlying Subligurian and Tuscan units were instead accreted since the Oligocene
during Adriatic subduction beneath the European plate. They include Meso-Cenozoic successions
topped by Oligo-Miocene turbidites fed from the exhuming Lepontine dome (Garzanti and Malusa,
2008), originally deposited in the Adriatic foredeep and now exposed through tectonic windows

carved in the Ligurian units (Elter et al., 1999). The orogenic wedge of the Northern Apennines
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underwent subsidence during most of its Cenozoic evolution, and was long buried by detritus
eroded from the Alps, to be finally uplifted and exhumed in Plio-Quaternary times (Malusa and
Balestrieri, 2012). Huge amounts of Alpine detritus were thus recycled and transferred into the Po
Plain, which represents at the same time the proforeland basin of the Apennines and the

retroforeland basin of the Alps.

5.2. Sampling strategy

For apatite and zircon fertility measurements, we analyzed 40 samples of sorted bedload sediment
collected from Alpine tributaries at the exit of major valleys (F1-F40), and 13 samples collected
within the adjoining plains (S1-S13) (details in supplementary Table S1). We applied to all of these
samples the whole procedure for mineral fertility determination described in section 4 (steps A0 to
A10), which was integrated by additional chemical analyses (steps B1 and B2 in Fig. 4).

Chemical analyses were carried out on the sieved sand fraction (63-2000 pm), pulverized in
agate jar, at ACME laboratories, Vancouver. After lithium metaborate/tetraborate fusion and nitric
acid digestion, major oxides and minor elements were determined by ICP emission spectroscopy,
and trace elements by ICP-MS. This allowed us to obtain independent upper thresholds for mineral
fertility values, assuming that all of the Zr and P is contained in zircon and apatite, respectively. We
also used chemical analyses as an additional test for selective entrainment effects (i.e., by checking
samples for anomalous concentrations of elements that are chiefly hosted in ultradense minerals).

In order to further test the reliability of our mineral fertility measurements, and quantify the bias
introduced by (i) the choice of detrital pulses of slightly different age and (ii) the subjective choices
of sampling location and collected grain size in the sample spot, we integrated the dataset with a
few replicate samples and performed replicated measurements (details in supplementary Table S4).
The samples chosen in this perspective include: two samples from a quarry of Pleistocene sand,
consisting of point-bar deposits ascribed to distinct detrital pulses in the paleo-Dora Baltea river;
two modern sands collected from distinct distributary channels of the Po delta; two modern sands
collected 4 km apart along the Dora Baltea river trunk. These latter samples also allowed us to test
the impact of sampling different facies, by comparing the results yielded by point bar deposits and
those yielded by nearby overbank deposits, which include sediment transported as suspended load.

Samples were checked for any possible relationship between mineral fertility and grain-size
parameters. The obtained mineral fertility values were finally reported in mineral fertility maps for

apatite and zircon, in order to discuss their relationships with the geology of eroded bedrock.

Figure 7
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6. Results

The apatite and zircon concentrations measured in samples F1 to F40, according to the procedure
of Fig. 4, span over three orders of magnitude. Apatite concentration values range between 10' and
>10° ppm. Zircon concentration values range between 107! and 10? ppm. Such values show no
apparent correlation with the mean grain size and sorting of the analyzed bulk sediment (Fig. 8A).
This excludes any prominent control of grain size parameters on measured mineral concentration.
Grain density values and dense mineral concentrations in these samples indicate negligible selective
entrainment effects (Fig. 8B). Grain density values are sistematically < 2.7 kg/dm?, with slightly
higher values in samples draining lower crustal rocks (e.g., F21 and F22). Dense mineral
concentration is much lower than 10%. Therefore, the mineral concentrations reported in Figure 8 A
can be safely considered as representative of the mineral fertility values in eroded bedrock.

It is worth noting that the variability in mineral concentration for replicate measurements (Fig. 9)
is well below the variability of three orders of magnitude documented for mineral fertility in
bedrock. This is true not only when considering minor variations in sample location and age of
detrital pulses, but also in the extreme case of inaccurate sampling of different facies (case A2, i.e.,
overbank deposits including sediment transported as suspended load).

Although we have analyzed on average only 40% of the bulk sediment in each sample, by
following the procedure illustrated in figure 4 we estimate to have retrieved on average more than
55% of the total apatite, and more than 65% of the total zircon grains contained in each sample
(supplementary Table S2). We underline that a correct choice of the size window is crucial for this
kind of analysis, and that using the dense mineral concentration as a test for selective entrainment can
be misleading in the case of an incorrect choice of the analyzed size window. This is illustrated by the
example of sample F33, which yielded dense mineral concentration >80% because the analyzed size
window only included the finest tail of the grain-size distribution (Fig. 8B). Therefore, the extreme
dense mineral concentration in sample F33 is a simple effect of size-density sorting during settling
(see section 3.1), as confirmed by the grain-density value (<2.7 kg/dm®) measured in the bulk sample.
This example demonstrates that grain density measurements of the bulk sediment provide a more
robust test for selective entrainment than dense mineral concentration values, when they are based
on the analysis of specific (and narrow) grain-size classes.

Bulk sediment geochemistry (Fig. 8C) supports the results of figure 8B. Elements chiefly hosted in
ultradense minerals show in fact concentrations very close to UCC (Taylor and McLennan, 1985;
1995), providing no evidence for selective entrainment effects in the analyzed samples (see
supplementary Table S3 for further details). The only outlier is sample F33 (dashed line in Fig. 8C),

including detrital grains derived from the erosion of mantle rocks (Voltri unit, VO in Fig. 7) and thus
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not comparable to UCC. Moreover, bulk-sediment geochemical analyses provided an upper threshold
for zircon and apatite fertility values (thin yellow lines in Fig. 10), assuming that Zr and P>Os are
exclusively hosted in zircon and apatite, respectively. Unlike mineral fertility values, geochemical
threshold values are rather constant (~10? ppm for zircon, and ~10° ppm for apatite) and intersample
variations are confined within one order of magnitude, instead of three orders of magnitude as
observed for mineral fertility. Mineral fertility values are invariably lower than the corresponding
upper thresholds provided by bulk-sediment geochemical analyses, as indeed expected (Fig. 10). The
diagrams in figure 10 also show that the observed variability in mineral fertility markedly decreases
when the results are analyzed within homogeneous orogenic segments. The highest mineral fertility
values are thus found in the Central Alps and in the External Massifs (zircon ~10°-10! ppm; apatite
~10'-10° ppm), whereas the lowest values are found in the Southern Alps and in the Alps-Apennines
transition zone (zircon ~107-10° ppm; apatite ~10' ppm). A higher variability in mineral fertility
values is observed in the axial Western Alps, even though the geochemical upper thresholds in this
orogenic segment are still rather constant. The difference between measured and geochemically-
inferred fertility values, i.e., the vertical distance between the thin and the thick lines in figure 10,
is a measure of the amount of Zr and P>Os that is either found in minerals other than zircon and
apatite, or as inclusions in other mineral grains. Such a vertical distance is lowest in the Central
Alps, and greatest in the Southern Alps and in the Alps-Apennines transition zone.

In the lack of selective entrainment and other hydraulic effects (see Fig. 8), we can assume that
the analyzed detrital samples are fully representative of the eroded bedrock. This implies that the
mineral fertility values measured in detrital samples can be safely used to produce bedrock fertility
maps for the chosen minerals (i.e., apatite and zircon). These mineral fertility maps are shown in
figure 11, and report the average mineral fertility values in each sub-basin upstream the analyzed
samples. Such fertility values are rather constant in subbasins draining the same tectonic unit, which
points to a prominent geological control on mineral fertility. As a consequence, the fertility ranges
found in specific tectonic units were extrapolated in these maps outside the analyzed subbasins, and
the resulting picture was eventually cross-checked using the mineral concentration values measured

in the lowland river samples.

Figures 8, 9, 10,11

7. Discussion
We have shown in figure 1 that the constant fertility assumption is untenable. The impact of
variable mineral fertility on geological interpretations is in fact major, even if mineral fertility

variations are confined within one order of magnitude range.
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The direct measurement of mineral fertility in the European Alps unravels that variations in
mineral fertility may span over three orders of magnitude (Figs. 8-11). Therefore, the potential
impact of variable mineral fertility on detrital geochronology studies, and in particular on sediment
budgets based on the deconvolution of grain-age distributions, is huge. When polymodal grain-age
distributions are deconvolved into different grain-age populations, the size of each population may
vary between 0 and 100%, but only populations representing 5 to 10% of the total distribution can
be safely distinguished (Vermeesch, 2004). The expected size variations among different grain-age
populations thus range within one order of magnitude only, which is much lower than the three
orders of magnitude variations documented for mineral fertility in bedrock (Fig. 11). We can thus
conclude that the variable mineral fertility in bedrock represents, by far, the major control and
potential source of bias in any sediment budget based on detrital geochronology.

Although independent fertility measurements in subbasins draining the same tectonic unit
yielded rather homogeneous values, major variations can be observed between tectonic units
ascribed to the same paleogeographic domain. This is, for instance, the case of the Dora-Maira and
Gran Paradiso Internal Massifs (DM and GP in Fig. 7), both formed by subduction and
eclogitization of European continental crust during the Paleogene. Apatite fertility values are
systematically lower in the Dora-Maira (100-200 ppm) than in the Gran Paradiso (400-700 ppm),
and similar variations are also observed for zircon (DM = 0.4-1.2 ppm; GP = 5-8 ppm).

Major variations in mineral fertility values are also observed between different External
Massifs, representing unsubducted segments of European continental crust with variable
proportions of Paleozoic intrusives and metamorphic country rocks. Apatite fertility values
systematically decrease towards the south from the Aar-Gotthard (~500 ppm) to the Mont Blanc
(~200 ppm) and the Pelvoux-Belledonne Massifs (25-50 ppm), but the highest values (~950 ppm)
are found in the Argentera Massif, which is dominated by high-grade metamorphic rocks. On the
other hand, zircon fertility values are much lower in the Aar-Gotthard Massif (~5 ppm) than in the
Mont Blanc Massif (~100 ppm), and major differences in zircon fertility are also observed between
the Pelvoux-Belledonne Massifs (~3-16 ppm) and the Argentera Massif (~80 ppm).

In general terms, the maps in figure 11 show that units chiefly consisting of metamorphic and
plutonic rocks have higher apatite and zircon fertility than units largely consisting of sedimentary
rocks. In the European Alps, the highest apatite fertility (300-2600 ppm) is found in the Lepontine
dome of the Central Alps. Within this composite dome of medium-to-high grade metamorphic
rocks, apatite fertility is higher in the eastern (Ticino) subdome (1000-2600 ppm) than in the
western (Toce) subdome (300-1000 ppm). This distribution mirrors the shape of the metamorphic

isograds recognized in the Lepontine area (Fig. 7). A similar pattern is also observed for zircon
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fertility, that is higher in the Ticino subdome (60-70 ppm) than in the Toce subdome (~10 ppm).
However, very high zircon fertility characterizes not only the Lepontine gneisses (LD in Fig. 7), but
also the migmatitic country rocks and the encased intrusives of the Mont Blanc and Argentera
Massifs (80-100 ppm, MB and AR in Fig. 7), and the Permo-Carboniferous continental
metasediments of the Houiller unit (50-90 ppm, HO in Fig. 7).

The lowest apatite and zircon fertility values are found instead in the cover successions of the
Southern Alps (apatite = 10-30 ppm; zircon = 0.5-6 ppm) and in the sedimentary to very-low-grade
tectonic units of the Alps-Apennines transition zone (apatite = 17-95 ppm; zircon = 0.5-7 ppm). In
this latter area, zircon fertility is lower to the west, where Ligurian units are dominant (LI in Fig. 7),
and slightly higher to the east where wedge-top Epiligurian successions and foredeep turbidites are
largely exposed. Because these foredeep turbidites were chiefly fed from the erosion of the
exhuming Lepontine dome (Garzanti and Malusa, 2008), and ultrastable species such as zircon are
not selectively dissolved during diagenesis (e.g., Morton, 1984; Morton and Hallsworth, 2007), the
second-cycle sediments shed from the Apennines should display higher zircon concentrations than
the first-cycle sediments shed from the Central Alps, unlike instead observed.

Apatite fertility in plutonic rocks is not exceptionally high. This is illustrated by the Southern
Alps example, where a sample draining the largest Alpine intrusive (Adamello, sample F9) yielded
the same fertility value as the sand samples draining its country rocks exclusively (F7 and F8). Such
findings are confirmed by a comparison between the Mont Blanc and the Argentera External
Massifs. Apatite fertility is lower in the Mont Blanc Massif, dominated by Upper Paleozoic
intrusives, than in the Argentera Massif, dominated by Early Paleozoic migmatites. Zircon fertility,
instead, is possibly higher than average in plutonic rocks, as indicated by the sample draining the
Adamello intrusive in the Southern Alps, which yielded a higher zircon fertility value (~6 ppm in
sample F9) than the samples draining the Adamello country rocks exclusively (< 1 ppm in samples
F7 and F8).

This indicates that apatite crystals in plutonic rocks are generally too small, and included chiefly
in larger minerals such as feldspar (e.g., Harrison and Watson, 1984) even in detritus. Their detrital
geochronology analysis is thus precluded. In metamorphic rocks, apatite is stable through a wide
range of metamorphic facies, and in different protoliths (Spear and Pyle, 2002). Textural features
are thus of primary importance in determining the apatite fertility of metamorphic rocks. Most of
the apatites in low grade metamorphic rocks are possibly found as inclusions in other poikiloblastic
minerals. In medium-to-high grade metamorphic rocks, instead, a higher amount of relatively large

apatite grains may grow during regional metamorphism, thus contributing to apatite fertility for
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detrital geochronology purposes, as suggested by the high fertility values found in the Lepontine
dome (Fig. 11).

The evident relationships between bedrock geology and observed mineral fertility distribution
prove that, in the lack of hydraulic sorting effects, the mineral concentration in modern sediments is
a good proxy of the mineral fertility in bedrock. However, these relationships are complex, and
depend not only on lithology, but also on the whole magmatic, sedimentary or metamorphic
evolution of the eroded bedrock. For these reasons, the relationships between bedrock geology and
mineral fertility are hardly predictable, and direct measurements of mineral fertility are

consequently required.

8. Application to sediment budgets

The impact of variable mineral fertility of source rocks in detrital studies is illustrated here with
examples from the European Alps. In these examples, partitioning of mineral contribution for
sediment budget calculations are based on alternative sampling strategies, hereafter referred to as
confluence sampling and along-trunk sampling approaches (Fig. 12)

The confluence sampling approach (Fig. 12A) requires samples both from major tributaries (Sa
and Sg) and from the trunk river downstream of their confluence (Sa+g) (e.g., Amidon et al., 2005b;
Garzanti et al., 2012). Partitioning is based on a linear combination of grain-age distributions

upstream of the confluence (blue and red cumulative curves in Fig. 12A)
Fu(x) =2 75 Fj(x) (2)

where the unknown mixing proportions 7 of the j™ component of the mixture are all positive and
their sum is 1. The best-fit solution is defined by those values of 77 that minimize the misfit
between the modelled distributions Fu(x) and the empirical grain-age distribution observed
downstream the confluence (in black). The goodness of fit can be evaluated using the Kolmogorov-
Smirnov statistics (parameter D, , in Fig. 12A) (e.g., Dunkl and Székely, 2002; Malusa et al., 2013;
Vermeesch, 2013), whereas a two-sample Kolmogorov-Smirnov test can be used to check
preliminarly whether grain-age distributions upstream of the confluence are statistically different,
thus avoiding meaningless linear combinations. This approach requires at least three samples at
each node. It allows a direct measurement of mineral fertility in each subbasin, and does not require
any independent information on the geochronological fingerprint of parent bedrock.

The along-trunk approach (Fig. 12B) (e.g., Hietpas et al., 2010; Dhuime et al., 2011) can be
instead employed when a river cuts across rock units with distinct and not overlapping
geochronological signatures (e.g., Resentini and Malusa, 2012), so that grain ages can be used to

inequivocally discriminate the provenance of detrital grains. Partitioning according to the along-
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trunk approach is based on the deconvolution of grain-age distributions in individual age
components of specific size (m and n). Bias is potentially introduced during partitioning because
different parent distributions (e.g., Gaussian, Laplacian, log-normal) can be assumed for
deconvolution into best-fit peaks (e.g., Brandon, 1996; Dunkl and Székely, 2002), and because
smaller peaks can be eventually missed if the analyzed samples are not large enough (Vermeesch,
2004; Andersen, 2005). Provided that geochronologic ages on bedrock are independently known
and well discriminated, only two samples (Sa and Sa:p) are needed for unmixing the
geochronological signals and characterizing two subbasins in terms of mineral fertility. Fertility of
subbasin A (Fa) is directly measured, fertility of subbasin B (Fg) is calculated instead by the

formula reported in Fig. 12B (see Appendix 1 for details) .

8.1. Examples based on the confluence sampling strategy

Examples based on confluence sampling within the Po drainage are illustrated in figures 13 and
14. In these examples, we used a dataset of detrital zircon U-Pb ages published in Malusa et al.
(2013), which is based on LA-ICPMS analyses systematically performed on zircon grain rims.

Because the sediment budgets in figure 14 are based on lowland samples (see Fig. 7), the
analyzed sediments have thus experienced long-distance transport in the plain, and are more prone
to mechanical abrasion during transport than samples collected from valley mouths (F1-F40 in Fig.
7). For these reasons, the vulnerability of the dataset to hydraulic sorting and mechanical abrasion
must be carefully tested (Fig. 13). As shown in figure 13A, the grain-age distributions in different
grain-size classes are statistically indistinguishable, which means that the observed distribution is
hardly affected by hydraulic sorting effects. Moreover, the relative abundance of U-rich grains in
different U-Pb age populations does not change across the plain (Fig. 13B), as well as the relative
abundance of rounded zircon grains (Fig. 13C). This indicates that metamict grains are largely
unaffected by mechanical abrasion during fluvial transport, and that rounding during single river
transport is not able to selectively remove the outer rims of zircon grains, which would introduce a
bias in the analyzed dataset (Malusa et al., 2013). Therefore, the dataset can be safely employed to
perform the sediment budgets shown in figure 14.

The example 1 (Fig. 14A) constrains the modern erosion pattern in the Lepontine dome by
comparing the modern sediment contributions from the eastern (Ticino) and the western (Toce)
subdomes. Sample Sa (Ticino@Bellinzona, F3 in Fig. 7) and sample Sg (Toce@Masera, F1 in Fig.
7) are linearly combined, and compared with sample Sa+s collected downstream their confluence
(Ticino@Bereguardo, S6 in Fig. 7). The best fit solution is obtained for Sa=44%. However, because
the zircon fertility is much higher in the eastern subdome (68 ppm) than in the western subdome (12

ppm), the sediment contribution from the eastern subdome is strongly overestimated if differences
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in zircon fertility are not properly considered. When zircon fertility is included in the calculation,
the sediment contribution from the eastern subdome is reduced to 12% (yellow star in Fig. 14B), in
line with the indications provided by the analysis of cosmogenic nuclides (e.g., Wittmann et al.,
2007) and by low-temperature thermochronology (e.g., Garzanti and Malusa, 2008).

The example 2 (Fig. 14C) illustrates a sediment budget for the Paleogene high-pressure belt.
Sample Sa (Po@Valenza, S4 in Fig. 7), draining most of the Western Alps, and sample Sp
(Tanaro@Rivarone, S5 in Fig. 7) draining the Ligurian Alps and the Argentera Massif, are linearly
combined, and compared with sample Sa+g collected downstream of their confluence (Po@Cornale,
S7 in Fig. 7). Because the average zircon fertility is lower upstream sample Sa (12.6 ppm) than
upstream sample Sg (19.2 ppm), the sediment contribution from the Western Alps is underestimated
if zircon fertility is not taken into account (62% instead of 71% - yellow star in Fig. 14C). A similar
result is obtained in figure 14D, when an additional tributary is included in the calculation
(Scrivia@Serravalle, F34 in Fig. 7).

The example 3 (Fig. 14E) illustrates a sediment budget for the entire Po basin. Grain-ages from
the Paleogene alpine wedge (Sa), the Cretaceous wedge (Sg) and the Apennines (Sc) are linearly
combined, and compared with the grain-age distribution in the Po delta. Results show that the
zircon contribution to the Po delta possibly mirrors the differential zircon fertility in the eroded
bedrock. Zircon fertility in the Alps, in fact, is one order of magnitude higher than in the Apennines
(18-10 ppm vs. 3 ppm). As a consequence, the sediment contribution from the Apennines may

remain undetected when analyzed using detrital zircon U-Pb data.

8.2. Examples based on the along-trunk sampling strategy

The sediment budgets in the NW Alps, illustrated in Fig. 15, are based on fission-track analyses
of detrital apatites. Bedrock fission-track data in the NW Alps highlight the presence of two major
fault-bounded blocks (Western and Eastern Blocks in Fig. 15A) juxtaposed along the Internal
Houiller Fault (IHF in Fig. 15; Malusa et al., 2005). These blocks show distinct and not overlapping
apatite fission-track ages (Fig. 15A), <10 Ma in the Western Block, and 10-35 Ma in the Eastern
Block (Malusa et al., 2005; 2006 and references therein). Such an age structure, which allows us to
perform sediment budgets according to the along-trunk approach, has been interpreted in the light
of the orogen-scale right-lateral transpression affecting the NW Alps during the Neogene (Malusa et
al., 2009b), leading to the relative uplift and preferred erosional exhumation of the Western Block
relative to the Eastern Block (Fig. 15A).

Both the Dora Baltea River, flowing eastward towards the Po River, and the Arc River, flowing
westward towards the Isére and Rhone Rivers (see Fig. 7), cut across this peculiar age structure.

The thermochronological fingerprint of sediment samples collected along the Dora Baltea and Arc
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Rivers faithfully mirrors the age structure found in bedrock (Fig. 15B). In the Dora Baltea River,
both sample Sa- (F12 in Fig. 7) collected along the Frontal Pennine Fault and exclusively derived
from the Mont Blanc Massif, and sample Sa* (F13 in Fig. 7) collected in correspondence of the
Internal Houiller Fault, show a young age population at 6-7 Ma, which is consistent with the
bedrock fission-track ages found in the Western Block (A in the map of Fig. 15B). This young
population is associated downstream with an older age population at 15-20 Ma, consistent with the
bedrock fission-track ages found in the Eastern Block (B in the map of Fig. 15B). At the closure
section of the Dora Baltea catchment (sample Sa+s, F22 in Fig. 7), the older age population
represents 57% of the total apatite contribution.

The same age populations are also observed in sediment samples from the Arc River (Fig.
15B). The Arc River sample collected upstream the Internal Houiller Fault (S, F19 in Fig. 7)
displays an old age population at 15-20 Ma, derived from the erosion of the Eastern Block. This old
population is associated downstream with a younger age population at 7-8 Ma, derived from the
erosion of the Western Block. This young population represents 32% of the total apatite
contribution in correspondence of the Frontal Pennine Fault (sample Sa+s’, F18 in Fig. 7), but its
contribution increases to 71% immediately downstream of the External Massif, at the closure
section of the mountain catchment (sample Sa+s, F14 in Fig. 7). None of these samples show any
correlation between grain age and grain size (Resentini and Malusa, 2012, their Fig. 6), which
implies that the geochronological signature is not vulnerable to hydraulic sorting effects.

Given the area of each subbasin, the modal petrographic composition of the analyzed samples,
and the annual sediment load at the closure section (see details in Resentini and Malusa, 2012), the
map in Fig. 15C illustrates the distribution of inferred bedload erosion rates both under the
assumption of constant mineral fertility (white boxes) and when the measured fertility is taken into
account (yellow boxes). When apatite fertility is considered, bedload erosion rates are fully
consistent along the orogen strike (Fig. 15C). They are on the order of 0.4-0.5 mm/a in the External
Massifs (Belledonne and Mont Blanc), and ~0.1 mm/a both in the axial belt units of the Western
Block and in the Eastern Block. Such an along-strike consistency of erosion rates is in agreement
with the cylindrical tectonic framework depicted in Fig. 15A (Malusa et al., 2009b).

A comparison between the average Neogene erosion rates derived from bedrock fission-track
data, and the Holocene bedload erosion rates derived from detrital thermochronology data, reveals a
progressive westward shift of erosional foci, with erosion now concentrated in the External Massifs
(Fig. 15D). Under the assumption of constant apatite fertility in the whole NW Alps, instead,
modern erosion rates would be underestimated in the Belledonne Massif, but overestimated in the

Mont Blanc Massif (Fig. 15C), and the resulting erosion pattern would be misleading.

Pag.19



Figures 12, 13, 14, 15

9. Extrapolation to the past

In ancient sedimentary successions, the abundace and potential preservation of mineral species
is not only a function of mineral fertility and hydraulic and mechanical processes during transport,
but also depends on the relative stability of different minerals to diagenetic dissolution (Morton,
1984; Ando et al., 2012). Mineral concentration measured in ancient sedimentary rocks cannot be
used safely to estimate the mineral fertility in source rocks, because diagenetic dissolution makes
any comparison with original detrital modes uncertain. Specifically, diagenesis may lead to a sharp
decrease in dense mineral concentration in sediment, and a relative increase of ultrastable species
such as zircon, tourmaline and rutile (see the diagenesis trend in Fig. 6B). Cemented sandstones
also require either electric-pulse or disk-mill disaggregation before processing and, in the latter
case, grain-size relationships are lost, and modelling with MinSORTING precluded.

However, using the geochronological fingerprint of specific minerals such as apatite or zircon as
a provenance tool, as opposed to bulk sedimentary rocks, minimizes the effects of differing
stabilities of minerals during diagenesis (Hietpas et al., 2011; von Eynatten and Dunkl, 2012). The
approach to mineral fertility bias based on the analysis of modern sediments can thus be proficiently
extrapolated to the past, whenever it can be reasonably assumed that the past mountain catchment
was not markedly different from its present-day configuration. In the case of the Central Alps, the
drainage network has been substantially stable since the Oligocene (Garzanti and Malusa, 2008),
and the mineral fertility values measured on modern sediments (Fig. 11) could be extrapolated to
the analysis of Oligo-Miocene turbidites now accreted in the Apennines (Fig. 7). A relative stability
of the drainage network since the Pliocene, or even earlier, can be instead assumed for the more
external units of the Alps or, in the Himalaya, for the Indus and Ganga-Brahmaputra drainage
systems down to the Indus and Bengal Fans (Clift and Blusztajn, 2005).

Figure 15E illustrates an example of sediment budget applied to the Pleistocene of the NW
Alps. In Pleistocene times, the drainage network of the Dora Baltea catchment was already stable,
and substantially similar to its present-day configuration (Gianotti et al., 2008). We performed
detrital apatite fission-track analysis on a Pleistocene glacifluvial deposit collected at the closure
section of the Dora Baltea catchement (Dora Morta - Ivrea amphitheatre), and performed a sediment
budget based on the along-trunk sampling strategy, using the mineral fertility values for the
Western and Eastern Blocks previously measured in modern sediments. The analyzed Pleistocene
sample shows two grain-age populations that faithfully mirror the bedrock ages found in the

Western and Eastern Blocks, and with similar size as the populations provided by the analysis of
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modern sediment (cf. sample Sa;p in Fig. 15B). We conclude that the erosion pattern derived from

the analysis of the Pleistocene sample is substantially similar to the pattern observed today.

10. Conclusions

Detrital geochronology studies require a careful evaluation of the effects induced by hydraulic
sorting and by the variable abundance of analyzed minerals in different parent rocks. Because the
physical processes of settling and selective entrainment are known, the effects of size-density
sorting of detrital grains can be modelled mathematically, and the selective entrainment effects in
sediment can be easily detected by measuring its grain density. By contrast, the variable mineral
fertility in parent rocks largely depends on their complex geological evolution, and the relationships
between bedrock geology and mineral fertility are hardly predictable. As a consequence, a direct
measurement of mineral fertility is required.

In this article, we have illustrated a quantitative approach to mineral fertility determination
based on the analysis of modern sediments, and on the application of the basic principles of
hydraulic sorting. This quantitative approach requires relatively minor modifications to routine
separation procedures adopted in most detrital geochronology laboratories, and can be used to
determine mineral fertility in bedrock of any age. Its application to the European Alps shows that
apatite and zircon fertility may range over three orders of magnitude, thus representing the largest
source of bias in detrital geochronology studies by far. In general terms, units consisting of chiefly
metamorphic and plutonic rocks have higher apatite and zircon fertility than units largely consisting
of sedimentary rocks, but major variations are also observed among tectonic units within the same
paleogeographic domain.

Implications for detrital geochronology studies have been illustrated by examples from the
European Alps according to different sampling strategies. In most of the cases, geological
interpretations are strongly improved when mineral fertility is properly taken into account, not only

in modern settings but also in ancient sedimentary successions.
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CAPTIONS

Figure 1: Impact of mineral fertility on sediment budgets based on detrital geochronology,
and on inferred erosion rates. Bell-shaped probability curves indicate grain-age distributions in
subbasins A and B, which are combined downstream to form a polymodal grain-age distribution
where n and m indicate the mineral contribution from each source. In case 1, fertility is equal in all
subbasins, as assumed in most detrital geochronology studies. In case 2, fertility differs by one
order of magnitude in different subbasins (this is a conservative assumption, because variability in
mineral fertility may span over orders of magnitude). The impact of mineral fertility on inferred
erosion patterns is remarkable: in case 1, erosion rates are higher in subbasin A than in subbasin B;

in case 2, by contrast, erosion rates are much higher in subbasin B than in subbasin A.

Figure 2: Physical parameters controlling settling and selective entrainment of detrital grains.
A - Size relationship between quartz and settling-equivalent minerals of different densities (all of
these spheres settle at 0.0267 m/s in freshwater). Differences in density correspond to differences in
grain size: low-density minerals (e.g., quartz) are thus associated in sorted sediments with
significantly smaller dense minerals (e.g., zircon and monazite); the difference in size between
settling-equivalent minerals is called size shift, and is generally referred to quartz.

B — The settling velocity (v) of a detrital grain in a fluid reflects the balance between gravitational
force (Fg) and drag resistance due to turbulence (Fr) and viscosity (Fv) (after Garzanti et al., 2008);
the viscosity effect is negligible in wind-laid sands; D = grain diameter; g = gravity; &m = mineral

density; & = fluid density; n = fluid viscosity; Cp = drag coefficient
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C - Selective entrainment of detrital grains (modified after Komar and Li, 1988). Coarser quartz
grains are more easily entrained than smaller settling-equivalent zircon grains, because the former
have a smaller pivoting angle (0), and project higher above the bed thus experiencing greater flow
velocities and drag forces (Fp); v = current velocity (v, at level of grain’s top; vp, at level of effective
drag force); W = sheltering factor (depending on the percentage of grain area exposed to fluid drag);

CL = lift coefficient; di, d2 = distance from pivot point (P); other keys as in B.

Figure 3: Size-shift in bedload mineral grains.

A - Theoretical size-shift (relative to quartz) predicted for apatite and zircon in bedload sediments
of increasing grain size according to the Cheng (1997)’s formula. Size-shifts in sand increase with
grain size, from those predicted by the Stokes' law to those predicted by the Impact law (cf. Fig.
2B), and also increase with grain density (size shifts are higher for zircon than for apatite).

B — Example of size shifts observed for detrital minerals in bedload sand as compared to theoretical
values provided by the Cheng (1997)’s formula (Ganga river, after Garzanti et al., 2009). The size-
shift for zircon is greater than predicted, because sieving underestimates the size of prismatic grains.
Note that size shifts observed for platy micas are systematically negative because of their slow,
shape-controlled settling velocity (Komar et al., 1984; Le Roux, 2005).

C - Predicted (continuous lines) and observed (dashed lines) mineral distributions with grain-size
under the assumption that mineral grains (quartz, apatite and zircon) are perfect spheres (from
Resentini et al., 2013). The good fit between predicted and observed distributions confirms that

grain shape has a minor impact on settling for these minerals.

Figure 4: Flowchart for the determination of mineral fertility in bedrock from the
measurement of mineral concentration in sediment samples. Steps A0 to A10 (in black) imply
only minor modifications to routine procedures adopted in most detrital geochronology laboratories.
Steps B1-B2 (in gray) are complementary analyses not strictly required for mineral fertility
determination. Laboratory facilities include: high-precision balance (steps Al, A6-A8), Riffle-type
sample splitter and microsplitter (steps Al, A7), set of sieves and ultrasonic bath cleaner (step Al),
hydrostatic balance (step A2), MinSORTING software (step A3), Gemeni shaking table (step AS),
sodium polytungstate, densimeter, centrifuge and liquid nitrogen (step AS), hand magnet and Frantz
magnetic separator (step A7), liquid diiodomethane (step A7), petrographic microscope (step AS8).

The same separation procedure can be applied, with minor modifications, to get fertility maps for
any mineral. Minerals other than zircon and apatite can be concentrated according to their densities
by using sodium polytungstate at different degrees of dilution after step A6. Hydraulically

equivalent minerals having different density and size, such as kyanite and zircon in the diamagnetic
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fraction denser than 3.32 kg/dm?, can be separated by microsieving after step A7. Monazite and
xenotime can be recovered from the paramagnetic mineral fraction after step A7, using a pocket

spectroscope applied to a petrography microscope.

Figure 5: Grain size distribution and suitable size windows to maximize mineral recovery.

A - Bulk sediment grain-size distribution (histogram and cumulative frequency curve), based on
sieving at 1¢ intervals, with dashed gray lines indicating the relevant distribution percentiles (@) for
the calculation of mean grain size (Dm), sorting (0), and skewness (Sk) of the bulk sediment (Folk and
Ward, 1957; see formulas to the right); vc, very coarse sand; ¢, coarse sand; m, medium sand; f, fine
sand; vf, very fine sand.

B to D - Distribution of apatite, zircon and monazite in different grain-size classes as modeled with
MinSORTING, using different mean grain size and sorting values and a typical subducted-axial-
belt modal composition (Resentini et al., 2013). The thick black line indicates a hypothetical, fixed
grain-size range (63-250 pm) chosen for mineral separation. In B (correct size window), all of the
target mineral is concentrated in the chosen size window. In C (same size window in poorly sorted
sample), nearly half of the mineral is lost in fractions finer or coarser than the selected size window.
In D (incorrect size-window), the target mineral is completely lost during separation, despite its

original presence in the sediment sample.

Fig 6: Reference parameters for testing selective entrainment, and diagenetic effects in ancient
sandstones.

A - Reference grain density values and dense mineral concentrations; black squares = modal values;
gray bars = value spread (compiled from Garzanti and Ando, 2007a; Garzanti et al., 2010;
provenance according to Resentini et al., 2013).

SRD (Source Rock Density index - Garzanti and Ando, 2007a) is a proxy of the average density of
the source rocks, measured as the weighted average density of extrabasinal terrigenous grains
counted under a microscope. HMC (Heavy Mineral Concentration index - Garzanti and Ando,
2007a) is the weight percentage of total grains denser than 2.9 kg/dm? obtained after separation in
sodium polytungstate, corrected under the microscope for intrabasinal and authigenic grains and for
platy minerals settling slower than quartz (which are here removed by hydrodynamic pre-
concentration during step AS).

Note that dense mineral concentration and grain density of upper crustal rocks are generally <10%
and ~2.70+0.05 kg/dm?, respectively; significantly higher values in sediment attest to hydraulic

concentration of denser grains by selective entrainment (“field of placer deposits™).
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B - Diagenesis trend (based on heavy mineral suites from modern and ancient Alpine sediments -
Garzanti and Ando, 2007b) and selective entrainment trend (based on heavy mineral suites from the
Rosetta placer, Nile Delta - Garzanti et al., 2009) plotted on a ZTR vs HMC diagram. The ZTR
index (Hubert, 1962) is the percentage of chemically ultrastable species (zircon, tourmaline, and
rutile) among transparent heavy minerals. Both trends show a progressive increase in ZTR.
However, selective entrainment produces a progressive HMC increase in placers, whereas
diagenetic dissolution of unstable species produces a progressive HMC decrease in ancient
sandstones (boxes show sandstone age). For this reason, detection of selective entrainment effects is

not straightforward in ancient sandstones.

Figure 7: Sample location map (see supplementary Table S1 for further details). Main tectonic
domains after Malusa et al. (2011a, 2015b); Lepontine isograds after Steck and Hunziker (1994);
Engi et al. (2004). A, Adamello; AA, Aar; AR, Argentera; B, Bregaglia/Bergell; BE, Belledonne; C,
Biella; DM, Dora Maira; EL, Epiligurian; GO, Gotthard; GP, Gran Paradiso; HO, Houiller; LB,
Ligurian Brianconnais; LD, Lepontine dome; LI, Ligurian; MB, Mont Blanc; MO, Monferrato; MR,
Monte Rosa; PE, Pelvoux; SL, Sesia-Lanzo; TPB, Tertiary Piedmont Basin; VO, Voltri.

Figure 8: Hydraulic control on mineral fertility quantification.

A - Apatite and zircon fertility values (samples F1 to F40), calculated according to the procedure in
Fig. 4, show no correlation with mean grain size and sorting of analyzed samples. This excludes any
major control of grain size parameters on the mineral fertility results.

B - Grain density values and dense mineral concentrations in samples F1 to F40 indicate negligible
selective entrainment effects in samples analyzed for the assessment of mineral fertility. Grain
density is sistematically < 2.7 kg/dm?, with slightly higher values in samples partly derived from
lower crustal rocks (e.g., F21 and F22). Dense mineral concentration is mostly <10%. Note that
sample F33 shows higher dense mineral concentration because the analyzed size window is not
sufficiently representative of the sample as a whole (the sample fraction falling within the analyzed
window is indicated in gray). This example shows why the analyzed size window must be centered
around the mean grain size of the bulk sediment, in order to avoid any prominent influence of
intrasample mineralogical variability on dense mineral concentration estimates.

C - Geochemistry of analyzed samples (further details in supplementary Table S3): elements chiefly
hosted in ultradense minerals show concentrations close to UCC (Taylor and McLennan, 1985;
1995), apart from sample F33 (dashed line) largely including detrital grains derived from erosion of
mantle rocks (VO in Fig. 7). No evidence of selective entrainment effects is thus provided by bulk-

sediment geochemical analyses.
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Figure 9: Replicated measurements of zircon and apatite concentrations. Differences observed
in replicated measurements (right side of the diagrams) are orders of magnitude smaller than the
variability in mineral fertility values documented in different parent bedrocks (left side of the
diagrams). This confirms that the analysis of modern sediments provides a reliable tool for
minimizing the mineral fertility bias in detrital geochronology. Keys - A: Dora Baltea modern sand
samples (1, point bar deposit; 2, overbank deposit collected 4 km apart); B: paleo-Dora Baltea point
bar deposits ascribed to different detrital pulses of Pleistocene age (1 and 2, Dora Morta quarry); C,
modern sand samples from distinct distributary channels in the Po delta (1, Po@Barricata; 2,

Po@Bonelli) (see main text and supplementary Table S4 for further details).

Figure 10: Comparison with upper thresholds provided by geochemical analyses. Measured
zircon and apatite fertility values (black dots — thick red and blue lines, respectively) are
systematically lower than the upper thresholds provided by geochemical analyses (gray dots — thin
yellow line) assuming that Zr and P20s are exclusively host in zircon and apatite, respectively. The
vertical distance between the thin and the thick gray lines is a measure of the amount of Zr and P>Os
found either in minerals other than zircon and apatite, or as inclusions in other mineral grains. Such
a vertical distance is lowest for the Central Alps, and greatest for the Southern Alps and the Alps-
Apennines transition zone.

Note that the vertical scale on the right side of the diagram is shifted with respect to the scale on the
left side by a factor of 0.497 for zircon (zircon molecular weigth = 183, Zr atomic weight = 91) and
by a factor of 0.454 for apatite (apatite molecular weight = 312, P»Os molecular weight = 142) to

take into account the atomic/molecular weight ratios.

Figure 11: Mineral fertility maps of the Alps. Dots indicate samples analyzed for mineral fertility
determinations (F1-40 in Fig. 7), numbers are measured fertility values (in ppm) in each subbasin
(black lines = basin boundaries). Values for the Dora Baltea and Arc subbasins are calculated using
the formula in Appendix 1. Fertility ranges found in specific tectonic units (dashed-gray geological
boundaries as in Fig. 7) are extrapolated outside the analyzed subbasins, and crosschecked using
lowland river samples (S1-13 in Fig. 7). Consistency between independent measurements in

subbasins draining the same tectonic unit points to a prominent geological control on mineral fertility.

Figure 12: Alternative sampling strategies for sediment budget calculations.

A - Confluence sampling: it requires at least three samples, two from major tributaries (Sa and Sg)
and one from the trunk river downstream their confluence (Sa+g); this approach does not require
independent information on bedrock age structure, and allows a direct measurement of mineral

fertility in each subbasin. Modelled distributions (white squares in the cumulative probability
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diagram) are based on a linear combination of grain-age distributions in major tributaries, and the
best-fit solution is determined by comparison with the empirical grain-age distribution downstream
the confluence (cumulative probability curve in black) using a statistic test for the goodness of fit
(e.g., the Dy, parameter of the Kolmogorov-Smirnov statistics; ka is the critical value for a
significance level ). Results are then corrected for mineraly fertility.

B - Along-trunk sampling: only two samples (Sa and Sa:+p) are needed to unmix the
geochronological signal and characterize two subbasins in terms of mineral fertility. Fertility in
subbasin A (Fa) is directly measured, fertility in subbasin B (Fg) is instead calculated (see formula
and Appendix 1). This approach can be employed when a river cuts across rock units with distinct
and not overlapping age structure, as known independently (probability curves in red and blue to the
left). The downstream grain-age distribution Sa.p is deconvolved into individual age components of

size m and n. Results are then corrected for mineraly fertility.

Figure 13: Vulnerability test for hydraulic sorting and mechanical abrasion during transport
(modified after Malusa et al., 2013). The Alpine detrital zircon U-Pb dataset is based on the analysis
of modern river sands from the Po drainage; its application to sediment budgets is shown in Fig. 14.
A - Detrital zircon U-Pb age distribution (histograms and kernel density estimates) in different grain-
size classes (fine sand, very fine sand and coarse silt; n = number of analyzed grains). Similarity
between distributions is evaluated by the K-S method, comparing the maximal distance (Dyx)
between cumulative frequency curves (top-right) with the critical value Ka for a 0.05 significance
level. Vks is the difference between Koos and D, . Because Vk.s >0, differences in the dataset are not
statistically significant, and grain-age distributions are not vulnerable to hydraulic sorting effects.

B - Downstream variation in the relative abundance of U-rich grains in different U-Pb age
populations. Such a relative abundance does not change across the plain, which indicates that
metamict grains are not selectively destroyed by mechanical abrasion during fluvial transport.

C - Downstream variation in the relative abundance of rounded zircon grains in different U-Pb age
populations. The percentages of rounded zircon grains do not change across the plain, which

indicates that zircon shape is largely unaffected by mechanical abrasion during transport.

Figure 14: Zircon U-Pb sediment budgets in the Alps according to the confluence sampling strategy.
Budgets are based on detrital zircon U-Pb data published in Malusa et al. (2013). The cumulative
probability curves (modeled between 0 and 3 Ga) are only shown for the 0-1 Ga interval. The yellow
star (in the Dy vs %Sa diagram) indicates sediment contribution after zircon fertility correction;

other keys as in Fig. 12.

Pag.3 1



A - Sample location map; drainage boundaries (dashed lines) and External Massifs (pale gray
areas) are also shown.

B — Sediment budget for the Lepontine dome: sediment contribution from the eastern subdome
(Ticino, sample Sa) is strongly overestimated (44% instead of 12% - yellow star) if zircon fertility
is not properly considered.

C — Sediment budget for the Paleogene high-pressure belt: sediment contribution from the Western
Alps (sample Sa) is underestimated (62% instead of 71% - yellow star) if zircon fertility is not
taken into account.

D — Same as in C, including an additional tributary draining the Apennines (Scrivia - sample Sc): its
contribution is possibly underestimated, because fertility in the Scrivia catchment is very low (1.9 ppm).
E — On the scale of the entire Po basin, differential zircon fertility in bedrock is possibly mirrored
by zircon contribution to the delta; because zircon fertility is one order of magnitude higher in the

Alps than in the Apennines, sediment contribution from the Apennines may remain undetected.

Figure 15: Sediment budgets in the NW Alps according to the along-trunk sampling strategy.
A — 3D model of the NW Alps (from Malusa et al., 2015b). A and B indicate subbasins draining
crustal block (Western and the Eastern) with distiguishable apatite fission-track ages (age diagram
based on Malusa et al., 2005; 2006, and references therein). This age structure is ascribed to
differential Neogene exhumation within the framework of orogen-scale dextral strike-slip (Malusa
et al., 2009b). White arrows are proportional to Neogene exhumation rates inferred from bedrock
thermochronological data, the dashed white line indicates the Dora Baltea drainage boundary. ET,
External thrusts; FPF, Frontal Pennine Fault; IF, Insubric Fault; IHF, Internal Houiller Fault.

B - Deconvolution of detrital apatite fission-track age distributions from the Dora Baltea and Arc
river trunks (black squares indicate sample locations). Main tectonic boundaries (thick black lines)
in the shaded relief maps as in panel A. Subcatchments A (red) and B (blue) refer to the Western
and Eastern Blocks, respectively, in panel A. Apatite fertilities are referred to the whole catchment
upstream of each sample (modified from Resentini and Malusa, 2012).

C — Holocene bedload erosion rates in the NW Alps under the hypothesis of constant fertility (white
boxes) and including measured fertilities in the calculation (yellow boxes). Drainage boundaries of
subcatchments draining the Eastern Block (blue) and the Western Block (red and orange) as in
panel B.

D - Westward shift of erosional focus in the NW Alps (cross-section as in panel A) based on a
comparison between Neogene average erosion rates (top) and Holocene bedload erosion rates
(bottom). The former are based on bedrock fission-track data (Malusa et al., 2005), the latter are

based on detrital thermochronology data in modern sediments (Resentini and Malusa, 2012).
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E - Example of sediment budget for the Pleistocene Dora Baltea catchment, using the mineral
fertilities measured in modern sediments (cf. Fig. 11A). The analyzed sample (Dora Morta, Ivrea
amphitheatre) shows two main grain-age populations consistent with bedrock ages found in the
Western and Eastern Blocks, and with similar size as the populations found in modern sediments
(cf. sample Sa+s in panel B). The erosion pattern derived from this Pleistocene sample is similar to

the erosion pattern observed today.

Appendix 1. Assessment of mineral fertility for along-trunk sampling

For any composite catchment (x+y), formed by sub-basins x and y, with fertility F(x) and F(y), the
total sediment load is given by:

apatite (x +y) _ apatite (x) + apatite (y)

(AD)
F(x+y) F(x) F(y)
If sub-basins x and y contribute for a proportion m and # to the total apatite load, then:
m+n=1 (A2)
Sediment partitioning can be thus expressed as:
Apatite (x +y) _ mApatite (X +y) + nApatite (X +y) (A3)

F(x+y) F(x) E(y)
Ratios in equation (A3) are equal to sediment load in each sub-basin. Such an equation can be used
to retrieve apatite fertility F(y), provided that F(x) and F(x+y) are established by measuring apatite
concentration in sediments, and that apatite proportions m and n are established by decomposition
of grain-age distributions (Fig. 12B). This approach can be iteratively applied in the case of basins

consisting of three or more sub-basins.
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