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"Amid all the revolutions of the globe the economy of Nature has been 

uniform,  and her laws are the only things that have resisted the general 

movement. The rivers and the rocks, the seas and the continents have been 

changed in all their parts; but the laws which direct those changes, and the 

rules to which they are subject, have remained invariably the same" 

CHARLES LYELL, 1830. Principles of geology 

 

 

  



 
 

 

  



 
 

ABSTRACT 

 

Downstream changes of the geochronological signature in the Po drainage allow to 

assess the relative sediment contributions shed from the orogenic source areas, in 

order to constrain the short-term (102-104 y) erosion pattern in the Alps-Apennines 

orogenic couple. 

In this perspective, we collected modern sands in selected tributaries draining the 

major tectonic units exposed in the orogen, as well as along the Po River trunk and 

in different sites of the Po Delta. Zircon concentrates were separated according to 

specific quantitative procedures coupled with grain-size and grain-density analyses, 

which provide an evaluation of zircon content in source rocks, of hydraulic sorting 

effects, and related intersample/intrasample zircon variability. Our methodological 

approach allows to perform sediment budgets and evaluate mineral content in 

diverse sediment sources (mineral fertility). Budget calculations were performed by 

investigating geochronological signals upstream and downstream of major 

confluences. We employed, LA-ICPMS U-Pb geochronology on detrital zircons, 

because this technique allows a full control of zircon populations during separation 

procedures and data analysis; we found, instead, that fission track dating on detrital 

zircon is affected and biased by selective grain loss. 

Results of U-Pb analysis performed on single grains show that all samples from the 

Po Delta yield similar grain-age distributions, and include grain-age populations that 

are rather constant both in age and size. Major peaks are found at ca. 30 Ma, ca. 

280 Ma, and 400-500 Ma. Peaks in these distributions can be traced upstream up to 

their sources. The bulk of the geochronological signature of the Po Delta sands is 

displayed already upstream of the confluence of the Northern Apennines rivers, 

suggesting that short-term erosion rates were much lower in the Northern Apennine 

than in the Western and Central Alps. Age peaks typical of the eastern Lepontine 

dome also characterize the Apenninic tributaries, reflecting Oligo-Miocene 

sedimentary transfer from the Central Alps to the Adriatic foredeep, and next tectonic 

accretion of turbidite wedges to the Apennine belt. 

U-Pb analyses were complemented by zircon typology of the whole dataset, 

integrated by SEM observations on selected samples. Major typological groups can 

be traced from entry points in the Po Plain down to the Po Delta. Euhedral zircons 

are largely shed from the External Massifs (Mont Blanc and Argentera) and the 

Periadriatic plutons. Zircon grains showing signs of chemical abrasion, possibly 

acquired under high-grade metamorphic conditions, were detected in tributaries 

draining the Lepontine area.  
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INTRODUCTION 
 

The interplay between erosion and tectonic in collisional settings is highlighted in 

many studies as a key process in the structural evolution and exhumation of 

orogenic belts (Beaumont et al., 1992; Willet et al., 1993; Zeitler et a., 2001; Burbank 

2002; Konstantinovskaia and Malavieille, 2005; Reiners and Brandon, 2006; 

Malavieille, 2010). Erosion is the superficial removal of mass by mechanical and 

chemical processes, where rivers play a key role in transporting sediment of 

removed materials from source areas to the depositional environment (Milliman and 

Meade, 1983; Allen, 1998; Rahaman et al., 2009). During the last decade much 

attention has been focused on detrital minerals stored in recent sediments to 

investigate the geochronological signature of source areas by means of detrital 

thermochronology (Bernet et al., 2004a,b; Malusà et al., 2009) and U-Pb 

geochronology (Bruguier et al., 1997; Cawood et al., 2003; Amidon 2005), in order to 

understand erosional processes in mountain belts. Recent investigations show that 

on a short-term time scale, erosion is focused in space and time on small parts of the 

orogen where sediment budget is relative higher than in surrounding areas (Garzanti 

et al. 2004a; Malusà and Vezzoli, 2006; Garzanti and Malusà, 2008; Resentini and 

Malusà, 2011).   

The aim of this study is to perform detrital zircon geochronology on modern river 

sands from the Po River basin in order to constrain the erosion pattern in the Alps-

Apennines orogen on a short term timescale (102-104 years). The Po River Basin is a 

natural laboratory for such sedimentary budget calculations, because sediments 

shed from the Alps and the Northern Apennines are carried into the Po Plain which 

represents the retroforeland of the Alps and the foreland of the Apennines. Detrital 

zircons are very resistant to weathering and they are widely used to investigate the 



 
 

geochronological signature in sediments, which provides a representative mirror of 

the bedrock age distributions in the drainage (Bernet et al., 2001). In Part I of this 

thesis, we want to give detailed instructions about our quantitative approach adopted 

for zircon separations, which allows an evaluation of mineral fertility in source rocks 

(Malusà & Garzanti, 2011), of hydraulic sorting effects, and related 

intersample/intrasample zircon variability (Garzanti et al., 2009). Analytical 

techniques include also the observation of detrital zircon morphologies, which have 

been performed on the basis of a simplified Pupin typological scheme complemented 

by analysis of SEM high resolution images. Part II of this work is aimed to discuss 

the choice of an efficient dating method which may be theoretically able to identify 

the zircon source area, by means of proper geochronological signature characterized 

by different peaks with specific age and size to perform reliable sedimentary budget 

calculations. This is vital in sediment budget studies so any possible bias which may 

increase the probability of missing a potential source must be carefully avoided. LA-

ICPMS U-Pb geochronology on detrital zircons can be proficiently employed in this 

study, because it allows a full control on grain loss during analysis. The last 

discussion was followed by the necessity to understand how detrital zircon U-Pb 

ages must be treated in our analysis. For this reason, then we focus on the potential 

biasing during data processing in order to suggest a possible interpretation of 

discordant grains in our samples. In Part III of this thesis we demonstrated that 

downstream changes of geochronological signature can be followed along the 

sediment pathway in order to recognize the source areas giving the major 

contribution to the geochronological signature in the Po Delta. When age signatures 

allow discrimination of different sources, and zircon fertility and hydraulic sorting 

effects are calculated, we can thus determine a sedimentary budget which is aimed 

to constrain a relative erosion pattern in the studied area.  



 
 

 

 

PART I 
Methods and laboratory analysis 

 

  



 
 

  



 
 

CHAPTER 1 

 

Geological outline of the Po River Basin 

 

Introduction 

The Alps and the Apennines surround the Po Basin both at the north and west, as 

well as at the south respectively. The Alps represent a double-vergent collisional belt 

resulting by the Cretaceous to Eocene eastward subduction of the European 

continental crust beneath the Adria upper plate followed by continental collision 

(Coward and Dietrich, 1989; Roure et al., 1990a; Pfiffner et al., 2002). The suture 

zone between the two plates is marked by slices of ophiolitic materials representing 

the Liguria-Piedmont Ocean, which separated the European continental margin from 

the Adriatic margin in the Mesozoic (Marroni et al., 1992; Stampfli et al. 1998). 

Eastward directed Alpine subduction was gradually replaced in tertiary times by the 

opposite westward directed Apenninic subduction (Doglioni et al., 1998; 1999a). A 

foredeep formed on Adria continental crust (Menard, 1988), while Penninic and 

Ligurid units on both sides of the Alps-Apennines junction began to be rapidly buried 

under deep-water sediments (Tertiary Piedmont Basin and Epiligurid successions; 

Laubscher et al., 1992). Fast denudation in the Alps and huge detrital supply 

(Garzanti and Malusà, 2008) start soon after the climax of Periadriatic magmatism in 

late Oligocene associated to production of synorogenic deposit as the Macigno 

turbidites, which accumulated distally in the Apenninic foredeep (Di Giulio, 1999). 

 



 
 

The Alpine belt 

The Po drainage basin includes a large portion of the Alpine Axial belt, and of the 

Southern Alps. In the western part of the Axial belt the highest elevation of 4810 m is 

within the External massif of the Mont Blanc. Several mountain peaks higher than 

4000 m are located in the region of the Dent Blanche and Monte Rosa nappes in the 

southern part of the Valais Zone. In the Southern Alps, the highest reliefs are related 

in the Bregaglia area. Others mountain peaks higher than 4000 m are restricted to 

the outer part of the belt mostly drained by the Rhone and Rhine tributaries.  

The Western Alps source area-  The Western Alps are located at the junction 

between the Adria-Africa and European plates. Tertiary-age metamorphic units are 

exposed in the axial part of the belt, which is flanked by the Insubric Fault and the 

Frontal Pennine Fault (Schmid and Kissling, 2000). Eocene Eclogite units extend 

from the Lepontine dome in the north to the Sestri-Voltaggio line in the south, where 

they are buried beneath sedimentary successions of the Tertiary Piedmont Basin 

and Western Po Plain (Malusà et al., 2011). Eclogite units consist of oceanic slivers 

(Bearth, 1967; Rubatto et al., 1998) enveloping the continental basement of the 

Internal Massifs (e.g. MR Monte Rosa; GP, Gran Paradiso, DM, Dora Maira, fig.1). 

Lower-pressure metamorphic units exposed to the west, closer to the European 

mainland, form a doubly-vergent accretionary wedge (Roure et al., 1996 ), including 

the Briançonnais blueschist-to-greenschist cover sequences (e.g. Combin and Lago 

Nero units) and basement sliver, exposed partly in the Po River basin (e.g. Ambin 

and Leverogne units). The European basement is exposed only in a small portion in 

the Po drainage, but it includes of the highest relief with the 4810 m of the Mont 

Blanc (MB), consisting of Upper Carboniferous granitoids intruded into amphibolite-

facies metasediments and migmatites (Von Raumer et al., 1993). Their cover 



 
 

sequences (Helvetic-Ultrahelvetic and Dauphinois-Ultradauphinois successions, 

Barbier, 1948) are scarcely exposed in the Po basin. 

The Central Alps source area-  this part of the Alpine belt was dominated by 

convergence during most of the Tertiary, initially accommodated by subduction, 

coupled with uppercrustal shortening on the European side of the orogen, and later 

by indentation of Adriatic lithosphere beneath the axial belt (Malusà et al., 2011), 

followed by erosional unroofing of the Lepontine dome. Exposed between the 

Simplon Fault in the west and the Austroalpine lid in the east, the Lepontine dome 

(LD fig1) consists of  granitoid gneisses interleaved with Mesozoic calcschists 

(Berger et al., 2005), and metamorphic grade ranges from lower/middle amphibolite-

facies  to granulite facies to the east (Engi et al., 2004). 

The South-Alpine source area- Basement and cover rocks of the Southern Alps, 

exposed south of the Insubric Line, are widely recognized as a complete cross 

section of continental crust (Handy et al. 1999). The basement consists of Variscan 

metamorphic rocks derived from sedimentary and igneous protoliths, later intruded 

by igneous bodies of Permian age.  

Periadriatic intrusives -  these Tertiary plutons are all exposed in the vicinity of the 

Periadriatic Fault System (Laubscher, 1983a). Magmatism took place during 

continental collision and reached a climax in the early Oligocene (Hansmann et al., 

1996; Liati et al., 2000). The Periadriatic plutons (from east to west in fig.1, A, 

Adamello; B, Bregaglia; C, Valle del Cervo) consist of calcalkaline I-type tonalites 

and to a minor extent granodiorites. Gabbros, diorites and granites constitute a small 

fraction of most plutons. Mafic enclaves and basic synplutonic dikes are widespread 

in most plutons (Rosenberg, 2004). 

Ligurian Alps source area-  The Ligurian Alps is an E-W narrow belt composed by 

both ophiolitic and continental units, sealed by the Oligocene-Neogene sedimentary 



 
 

deposits of the Tertiary Piedmont Basin. A general increase of the Alpine 

metamorphic grade can be recognized moving eastward across the belt, from the 

anchimetamorphic terranes of the Helmintoid Flysch units to the greenschist units of 

the Briançonnais domain and the eclogitic units of the Voltri Massif (VO, fig.1) 

(Vignaroli et al., 2008). 

 

The Northern Apennines 

The Northern Apennines are a fold-and-thrust belt developed during progressive 

ENE propagation of the imbricate thrust system resulting from the continental 

underplating of the Adria microplate below the stable European plate, during 

westward subduction (Boccaletti et al., 1980; Principi and Treves, 1984; Castellarin, 

2001; Faccenna et al., 2001). Tectonic units in the Northern Apennines are arranged 

in a nappe edifice comprise several tectonic units which were derived from two main 

palaeogeographic domains (Treves, 1984; Principi and Treves, 1985): the Liguria-

Piedmont Ocean and the Adriatic continental margin. The Ligurian units were 

structurally emplaced at the top of the nappe stack and consist of Jurassic ophiolites 

with a pelagic cover and Cretaceous to Eocene turbidite sequences (Abbate & Sagri, 

1982). The continental margin units (Canetolo Complex, Tuscan and Umbrian 

nappes) underthrust the Ligurian units from east to west and comprise Mesozoic 

platform sequences overlain by Tertiary flysch formations (Marroni et al., 1992). 

Ligurian Units source area- widely exposed in the Po River drainage the Ligurian 

Units represent the highest structural units of the Apennines. They can be 

subdivided on the basis of stratigraphic and structural features into two main groups 

(Elter 1975). The Internal Ligurian Units are ophiolitic sequences represent the 

remnants of the Liguria-Piedmont Ocean, including mantle ultramafics intruded by a 



 
 

gabbroic camplex and covered by N-Mor basalts and sedimentary ophiolite breccias 

(Decandia & Elter, 1972; Abbate et al., 1980) and directly overlain by radiolarites, 

calpionelle limestones, and shales. The External Ligurian units are distinguished by 

presence of Cretaceous-Paleocene calcareous dominant sequences (the 

Helminthoid Flysch) associated with complexes or pre-flysch formations called “basal 

complexes” (Marroni et al. 1988) and they are widespread in the Taro and Trebbia 

valleys. They can be regarded as relicts of the former ocean-continent transition area 

and of the distal Adria continental margin in the Apenninic transect (Molli 1996).  

Epiligurian Units source area- represented by Eocene to Pliocene sedimentary 

deposits which overly unconformably the Ligurian Units. These rocks were deposited 

in marine thrust-top piggyback basins, demonstrating that much of the northern 

Apennine orogenic wedge was submarine during its accretionary history until its final 

full emergence between the Tortonian and Messinian (Ricci Lucchi, 1986). 

Foredeep Turbidites source area-  widely exposed all along the Northern 

Apennines they are turbiditic synorogenic sediments deposited in the Oligo-Miocene 

Apennines foredeep (Garzanti et al., 2002). Main foredeep fills display ages 

younging from late Oligocene-early Miocene in the west (Macigno and Cervarola 

formations) to middle-late Miocene (Marnoso-Arenacea Formation) and finally latest 

Miocene-Pliocene in the east (Laga Formation).  

They are associated to the Subligurian Units, which are represented by shaly to 

calcareous turbidites found tectonically sandwiched between the Macigno foredeep 

turbidites and the overlying Liguride thrust sheets (Canetolo Complex; Abbate and 

Sagri 1984), and well exposed in the Bobbio Window.  



 
 

 

 

Fig.1: Tectonic map of the study area. Tectonic uni ts are: Periadriatic intrusions A, 
Adamello; B, Bregaglia, C, Valle del Cervo; LD, Lep ontine dome; Austroalpine Units 
SL, Sesia Lanzo, DB, Dent Blanche; Internal massifs  MR, Monte Rosa, GP, Gran 
Paradiso, DM, Dora Maira; External massifs, GO, Got thard, AA, Aar, MB, Mont Blanc, 
AR, Argentera; TBP, Tertiary Piedmont Basin; VO, Vo ltri. The thick dashed line 
indicates the boundary of the Po catchment. In the inset, simplified tectonic map of the 
Alps and Northern Apennines. 
 
  

 



 
 

The Po River 

The Po River is the most important fluvial system in Italy. It is the longest Italian river 

flowing from its source at 2.020 meters (Pian del Re), along 652 km and it has the 

larger catchment basin (74.000 Km2 ) fed by 141 tributaries with a drainage area. 

The Po river travels eastward carrying an estimated annual sediment load of 20 

million tonnes (Nelson, 1970) and it opens towards the Adriatic Sea. Most of the 

sediment carried by the Po River is deposited at the distributary mouths and forms a 

lobate delta, where some sediment is reworked by the sea and rearranged in 

beaches and beach ridges.   

 

The Po River Delta 

The Po River Delta experienced different phases depending on the balance between 

erosion and sediment deposition. The Po Delta plain occupies a broad area 

extending east of Ferrara and along a coastal area of ca 120 km between the Adige 

and Reno rivers. Most of the lower delta plain (ca. 1550 km2) is below mean sea 

level and half of it is deeper than 2 m below sea level (Bondesan et al., 1995a). The 

delta plain is poorly supplied with sediments because all of the branches of the Po 

River have major artificial levees (Correggiari et al., 2005). The lower delta plain 

includes N-S elongated topographic highs (typically less than 2 m above sea level) 

that correspond to ancient stranded beach ridges. The present-day delta is 

undergoing retreat and is evolving towards a wave-dominated, cuspate morphology 

(Dal Cin, 1983). 

 



 
 

The Po Plain 

The Po Plain represents both the retroforeland basin of the Alps and the foreland of 

the Apennines (Garzanti et al., 2011). The Po River flows parallel to the tectonic 

strike of both the mountain chains forming two opposite sides in the foreland basin. 

The northern side is formed by a gentle dipping platform merging from the Alps to 

the foreland basin s.s., while the southern side faces the single-vergent Apennine 

fold-and-thrust belt (Vezzoli and Garzanti, 2009). From a structural point of view the 

Po foreland basin shows a strong asymmetry in a north-south cross-section 

displaying homoclinal dip towards the south (Pieri and Groppi, 1981; Pieri, 1983). 

Each side is characterised not only by different sediment filling, but also by patterns 

of differential subsidence, depending on the different ratio of detrital fluxes (Ori, 

1993). This because the Alps and Apennines orogens show distinct characters both 

in terms of geological and geophysical characters (Doglioni and Scrocca, 2004), as 

well as in geomorphological features.  

  



 
 

CHAPTER 2 

Methods 

 

Introduction 

This chapter provides a description of the early steps of our study from sampling 

strategies to zircon separation procedures.  

Zircon separation techniques applied in this study were defined in the Laboratory for 

Provenance Studies of the Milano-Bicocca University. Zircon concentrates result 

from a number of progressive laboratory analyses by which determination of grain-

size distribution, size-shift and HM concentration are possible and zircon fertility can 

be determined according to techniques proposed by Malusà and Garzanti (2011, in 

press).  

 

Sampling strategies 

Twenty-five sediment samples (fig.2) have been collected from modern fluvial bars 

and beaches in the Po River system:  

- Fifteen modern sand samples were taken from the main Po River tributaries at the 

end of major valleys before they entered the Po Plain.  

- Five samples were collected in selected sites along the Po river trunk, downstream 

the confluence of major rivers.  

- Four samples were collected in different sites of the Po Delta at the closure of the 

depositional system.  

  



 
 

Collected samples range in size from coarse to medium sand. This because zircon 

has a density of ~4.55-4.65 g/cm3 (Deer et al. 1992) and is typically deposited in the 

finer tail of coarser grained material. This process of size-density sorting, prescribe 

by the settling equivalence principle (Rubey 1933; Garzanti, 2008), states that 

detrital grains with the same settling velocity are deposited together. Size shift of 

zircon in equilibrium with quartz is 1 φ (Garzanti et al., 2008). The suitable size 

window for zircon separation analysis, is thus 1 φ smaller than the average diameter 

(Dm) of quartz grains, assumed to corresponds to Dm in most of the cases (Malusà 

and Garzanti, 2011).  

Additionally, we can combine granulometric data with petrographic and heavy 

minerals data, to estimate the amount of zircon lost outside the analyzed grain-size 

window. 

 

Grain density measurement 

Density of bulk sediment can be calculated by measuring the sediment weight on air 

and after immersion in a fluid of known density (e.g. water) Results are corrected for 

a control factor depending on temperature. Liquid can varies in fact between 0.1 and 

1 ‰ for each °C increment (handbook of chemistry an d physics”, 66th Ed.1985-1986, 

F4-F5).  

  



 
 

 

 

Fig.2: Samples Location. Grey dots show the Po Delt a samples were collected from 
beaches close to the main channel of the modern Po River. Red dots indicate sampling 
location along the Po River trunk to allow partitio ning of geochronological signal. 
White dots show tributaries samples collected at th e end of major valleys to detect the 
geochronological signal and assess fertility of sin gle source area. 
 



 
 

Techniques for zircon separation  

 

Avoid sample contamination 

Contamination of samples during separation has to be carefully avoided. We 

employed compressed air for blowing sieves before they are cleaned in an ultrasonic 

washing machine. When sieves are dried they are inspected carefully to the light 

before use to ensure that no grains from previous samples are trapped inside the 

mesh. If there is contamination, it is removed with a wire brush and compressed air. 

Compressed air is also employed for cleaning the Franz Magnetic Barrier Laboratory 

Separator. The chute and the aluminium collectors are blown thoroughly to ensure 

all remaining residual grains from previous samples are removed. 

Gravimetric separation 

Sieving 

About 2-3 kg of sediment samples were processed by sieving using a sieves column 

with a diameter of 60 cm (fig.3.A2). Each sample is separated by sieving at 1 φ sieve 

intervals. This procedure is organised as follow: 

- Before sieving the bulk sediment has been carefully dried, then a sample splitter is 

employed to obtain significantly smaller representative portions of the sample.  

- A representative portion of the bulk sample is stored in a bottle  

- Ca 300 g of the partitioned sample were sieved in a column between 2000-63 µm 

- Resulting grain subclasses are weighted separately and single fractions were 

stored in plastic bottles. Residual material could potentially be used for other 

analysis. 

- Grain-size distribution was plotted graphically on a logarithmic size scale to get 

sorting, skewness and mean diameter of the analyzed sediment. We thus chose 

the size window for further separation steps, usually 63-250 µm. 



 
 

Hydrodynamic separation by Gemini Shaking Table 

Separation principle of the Gemini table is based on the difference of specific gravity 

of minerals contained in sediments (fig.3.A3). A water film flows on the inclined table 

surface producing a symmetrical flux of sediment material. Minerals flow according to 

their density being forced to enter into some defined lanes, so that heavier minerals 

concentrate in the internal lanes while the lighter minerals in the external ones. The 

density mechanical separation is always associated to a contemporaneous shape 

mechanical separation. In fact light mineral obtained from the shaking table 

separation techniques includes bright-coloured minerals (quartz, feldspar, and 

carbonates) but also includes biotite and muscovite. Their density is higher than 2,9 

g/cm3, they are normally classified as heavy minerals. Because of platy habit, the 

micas tend to float and thus to be forced into the external lanes of the table, together 

with lighter minerals. The Gemini shaking table works automatically for hours: 

- At first connect electrically the shaking table and the vibrating funnel, then connect 

the water pipe to the faucet. 

- Let the water flows on the shaking table so that a thin water veil starts to form on 

the surface of the shaking table, then switch on the engine. 

- Once the Gemini table starts to shake, regulate the water flow so that the shock 

waves forming at the top of the table are not under than ca 10 cm (fig.3.A3)   

- The finer fraction between 63-125 µm has to be poured into the vibrating funnel, 

set at 50-60 pulse/sec, and switch on 

- Wait that the first fraction start to flow on the shaking table, then when the funnel is 

empty pour the last coarser fraction into the funnel and let the table working 

- The table is working efficiently when the water veil and the constant shaking of the 

table, force the grain particles to flow as they forms two distinct trails, the dark-

coloured is associated to heavier minerals which are forced to enter in the internal 

lanes, while a brighter-coloured trail flow into the external lanes 

- The minerals falling off from the vibrating table are kept in trays. The lighter and 

flatter minerals “TSL” (including micas and biotite) are collected in the lateral tray 

while the heavier and rounded minerals “TSP” (e.g. amphibole, garnet, zircon, 

apatite, epidote, rutile, tourmaline, kyanite, and sphene) in the central trays.  



 
 

Heavy Liquids 

Zircon has a density in the range 4.6-4.7 g/cm3, while its density is subject to 

changes with metamictization up to a saturation level at ~ 3.9 g/cm3 or a density 

decrease of ~ 17% (Murakami et al., 1991). Other common minerals in sands are 

quartz with a density of 2.65 g/cm3, and feldspars, which have a density in the range 

2.55-2.76 g/cm3. Magnetite has a density of 5.2 g/cm3 (Deer et al. 1992), apatite has 

a density of 3.1-3.35 g/cm3 (Deer et al. 1992). Quartz and feldspars can be 

separated from heavier minerals such as kyanite, apatite, zircon and magnetite in an 

initial gravity separation stage by Na-metatungstate (density of 2.9 g/cm3). This 

allows to separate denser minerals from minerals lighter than 2.9 g/cm3:  

- A solution of Na-metatungstate is calibrated to produce the required density of 2.9 

g/cm3, by addition of distilled water or evaporation.  

- Place the solution on a hot plate under a cupboard overnight. Secondly we use to 

perform a set constituted by ten funnels for light minerals as much as heavy 

minerals recovering (fig.3.A4).  

- Place the sample in a graduate test tube and add carefully the heavy liquid since a 

standard weight that should be approximately the same for all the other test-tube. 

- Once the graduate test tube is filled with the sample and the Na-metatungstate, 

they have to be carefully shaked before using the centrifuge. 

- The centrifuge works efficiently only if the weights of all the graduate test tubes are 

equivalent (fig.3.A4). The centrifuge works for 50 revolutions per min 

- The separation by centrifugation is effective when sample shows floating and 

sinking material in the liquid (fig.3.A4). 

- To separate the sink from the floating material, we use to refrigerate the sinking 

pouring the liquid nitrogen (see risk of use in the appendix) in proper Becker of 

polystyrene since the sink sediment is completely recovered. Then dive the test 

tube into the liquid nitrogen and wait few second since the sink is frozen. 

- Pour the floating sample in a filter paper applied in a funnel. The undiluted Na-

metatungstate will pass into the collection beaker with the density unchanged.  

  



 
 

- When the heavy liquid is settled out as much as possible, exchange the collection 

beaker with the wash-beaker and wash the sample with demineralised water. 

Remove the sample, which will be labelled as TSP<2.9, when it is well cleaned 

and put in a low temperature oven until it is dried.  

- The denser separate labelled as TSP>2.9 is now de-frost and still in the test-tube.  

It has to be handled in the same way.  

- In this manner the Na-metatungstate retains the set density and is ready for 

another run. The wash solution can be air dried or dried on a hot plate (~100°C) 

until it is once again at the desired density 

 

Magnetic separation 

Magnetic susceptibility is the measure of the ease a material is magnetized by 

application of a magnetic field. This value can be considered in terms of volume 

magnetic susceptibility (Χv) or mass magnetic susceptibility (Χg), which is derived by 

dividing volume magnetic susceptibility by the density of the material being examined 

(4.6–4.7 g/cm3 for zircon; Deer et al., 1992). Diamagnetic materials have negative 

magnetic susceptibilities and are weakly repelled by a magnetic field. Paramagnetic 

materials have positive magnetic susceptibilities and are moderately attracted by a 

magnetic field. Ferromagnetic materials, such as iron and many iron compounds 

have high positive magnetic susceptibilities and are strongly attracted by a magnetic 

field. The following basic settings are used initially: 

- Magnetite is removed with a hand magnet to avoid blockage of the chute (fig.3.A5).  

- Separation chute set to 10° inclination with a mode rate vibration. 

- Magnetic field is gradually increased by setting the amperage in three steps, in 

order to remove efficiently the ferromagnetic minerals. If necessary, one step at 

very low electromagnetic field (0.2 Amps) is applied to remove the finer Magnetite. 

After that the step at 0.3 Amps is applied, which is followed by two other steps at 

0.6 amps, and to 1.2 Amps so that zircon and apatite (usually non-magnetic) 

crystals are separated from more magnetic particles such as garnet, amphiboles 

(fig.3.A5). 



 
 

- The magnetic grains are attracted by the electromagnet and fall into the black 

aluminium sample collector along the chute channel. 

- The non-magnetic grains are not attracted by the electromagnet, so they fall into 

the upper channel in the chute and flow into the gray aluminium sample collector. 

- The aluminium sample collectors are removed from the equipment. Usually there is 

a distinct difference in colour between the magnetic and non-magnetic grains. The 

magnetic grains are darker and sometimes they show a marked red-to-dark-pink 

color which depends on the abundance of garnet. Magnetic grains are stored in a 

plastic can marked with the sample number and annotated “M>2.9”. 

- Non-magnetic grains are removed from the gray aluminium sample collector and 

marked as D>2.9. Usually zircon, apatite, sphene, rutile and other heavy minerals 

are present. 

- Replace empty aluminium sample collectors in equipment and switch off 

electromagnetic field. Residual magnetic grains caught on the electromagnetic 

poles will fall down the chute into the aluminium collector. Increase chute vibration 

to maximum to enhance all residual magnetic grains to flow into collector. 

- Clean the chute and aluminium collectors thoroughly with compressed air between 

poles to remove all traces of sample from the equipment. 

 

Gravity separation using Diiodomethane 

Under the fumehood, pour non-magnetic grains into a separation funnel containing 

Diiodomethane in order to separate zircon from apatite (fig.3.A6). The gravity 

separation could work great, if Diiodomethane is stirred every 15 minutes allowing 

the lighter grains to come off from the heavier grains which settle to the bottom.  

- The heavier grains at the bottom are then carefully drained into filter paper. Once 

the ‘D>3.3’ are removed, uncontaminated Diiodomethane is recovered into the 

storage bottle. 

- The funnel containing the filter paper with the ‘D>3.3’ is transferred to a flask for 

Diiodomethane residuals and flushed with acetone to remove Diiodomethane from 

filter paper and grains. 

- The filter paper with the ‘D>3.3’ is removed from the funnel and placed in a clean 

bowl and allowed to dry in the fume cupboard. 

  



 
 

- The flask for diiodomethane residuals is placed under the separation funnel 

containing the remaining Diiodomethane with the ‘D<3.3’. This is drained through a 

clean filter paper, flushing the separation funnel and filter paper to remove as much 

Diiodomethane into the “washings” flask as possible and also to ensure no grains 

are left sticking to the inside of the separation funnel.  

- The filter paper with the ‘D<3.3’ is removed from the funnel and placed in another 

bowl to dry in the fume cupboard. 

- Once the separation is successful, a small quantity of the ‘D>3.3’ containing a 

concentration of zircon are mounted on a glass slide with Canada balsam and 

observed on a petrographic microscope in order to evaluate the quality of zircon 

concentrates. 

 

Techniques for refining the zircon concentrates 

A zircon concentrate could still contain a lot of larger grains (e.g. kyanite). If they are 

larger than zircons, they could be separated by sieving in order to obtain a good 

grain mount for an efficient analysis; otherwise we can apply a higher intensity 

magnetic separation to remove grains containing ferromagnetic inclusion. We use to 

create a thin film of water on the sieve surface which is stroked gently by hands so 

that the smaller grains can pass through the sieve meshes.  After the extract is 

filtered through the mesh, the larger grains are examined under a microscope to 

ensure there are no zircons. 

A more powerful magnetic separation is useful when the zircon concentrate is plenty 

of kyanite and sphene showing abundant ferromagnetic inclusions. These grains 

with weak ferromagnetic properties are picked up by using a strong electromagnetic 

field increased to a maximum of 2.0 DC Amps, with a chute inclination at a shallower 

gradient, for example 5° instead of 10°, reducing t he speed at which the grains flow 

down the chute. The chute could be set to vibrate more gently. However by 

increasing the magnetic field some zircon grains containing Fe inclusion and thus 



 
 

slightly magnetic and may be separated from other zircons into the magnetic grain 

concentrate. This is undesirable even if there are sufficient zircons in the non-

magnetic concentrate as it causes bias in the evaluation of zircon content in the 

analysed sample. Therefore it is essential to examine magnetic and non-magnetic 

concentrates to assess efficiency of separation and ensure that significant numbers 

of zircon grains are not being separated into the magnetic concentrate.  

 

Samples preparation for U-Pb dating 

When a good zircon concentrate is obtained from the separation techniques previous 

described, we proceed to mount this sample in hard resin on a glass slide. Once the 

zircon slides are ready, out of 100-200 microphotographs were joined together in 

order to obtain a map of the sample where all the zircons grains are selected for 

further dating analysis.  

Mounted samples and hand polishing 

Samples preparation steps have been performed in the laboratory for provenance 

studies at University of Milano Bicocca, according to the following procedures: 

- Preheat a laboratory hotplate on a temperature around 130° C.  

- The resin is prepared by mixing 10 parts of epoxy resin with 1 part of hardener with 

the help of a syringe. Ensure the good quality of the mixing dropping a small 

quantity of resin on a blank slide which is then placed on the hotplate to cure it.  

- Pour a small quantity of zircon concentrate in a clean piece of white paper and 

write the number of the sample on it then scratch the sample number on the glass 

slides for identification,  

- Place the glass on the hotplate and put on it 2-3 drops of resin, then carefully pour 

the sample of concentrated zircon grains onto the centre of the slide. 

- Working with the slide on the hotplate, stir the grains in the resin to spread them 

evenly into an area of resin approximately 1-2 cm square on the slide. 

- Leave the slide on the hotplate for approximately 5 minutes to allow the resin to 

cure. Then let stand the resin for 24 hours. 



 
 

- The slide is polished using a silicon carbide abrasive disc grade P100C which is 

placed face up on a glass plate previous wet copiously with water.  

- Wet the slide to be polished with water and place it in a metal holder which 

ensures the surface of the resin is kept flat against the abrasive disc during 

polishing. 

- Polish with a circular motion, applying even pressure, and inspect the slide 

periodically under a binocular microscope to monitor the progress in exposing the 

zircon grains.  

- A margin of unabraded resin around the edge of the mount is an indication of 

evenness of the polishing and the thickness of resin left on the mount. 

- As the resin gets thinner, grains will start to appear with translucent surface when 

viewed through the microscope. At this point, continue polishing without the metal 

holder and using less pressure which will produce slower abrasion and allow more 

control of the reduction in thickness of the resin.  

- Polishing by hand in this way continues until zircons break the scratches on the 

surface of the resin.  

 

Finishing the grain mounts by polishing machine 

Polishing step was performed at the Thermochronology Laboratory of the Birkbeck 

College of London at UCL, by means of Struers Planopol-V polishing machine. 

- The rotating grinding wheel of the machine is covered by a paper disc greased with 

diamond paste of 0.3 micron to provide an even polishing surface.  

- The hand-polished slides are placed in cylindrical metal holders and loaded into 

the motorised rotating mechanism on the machine which uses weights to produce 

a constant and gradual polishing action. 

- After about 10 minutes of polishing remove the slides from their metal holders, and 

examine them under the reflected light microscope to monitor progress in exposing 

cross-sections of zircon grains.  

- Slides will probably require more polishing to expose different grain sizes to avoid 

bias and provide that all zircons in the samples will be analysed. 

 



 
 

 

Fig. 3: Equipments in use in the Laboratory for Pro venance study and geochronology 
of the Milano-Bicocca University for zircons and he avy minerals separation. In the 
column on the right, red squares indicate progressi ve steps of laboratory analysis 
which are associated to quantitative measurements ( blue squares) of grain-size 
distribution, size-shift, Dm, σϕ (C1) and selection of an appropriate size window ( C2), 
HM concentration (C3), and assessment of zircon fer tility (C4) and testing for 
environmental bias (C5). Sampling procedures (A1) a re followed by sieving sand 
samples (A2). Then they are processed with the Gemi ni shaking Table (A3) prior 
calibration of efficient water flux by measuring sh ocking waves length on the edge of 
the table which force grain particles to enter in s ome defined lanes. Heavy liquids 
separation set up (A4) and heavy liquids separation  techniques (A4) Frantz magnetic 
separator (A5) and Diiodomethane separation set up (A6) 
  



 
 

Recording of zircon grains for further analysis 

Once zircon concentrates are mounted on the polished slide, a photomicrograph is 

taken which will act as a “map” of the slide in the perspective of further 

geochronological analysis. This task records the position of each grain providing a 

useful tool in order to match results provided by morphology of zircon grains and all 

possible following analysis. Furthermore this allows generation of large and complete 

dataset for each zircon grain in each sample. Making maps for each sample requires 

lots of pictures taken under a petrographic microscope -ca 100-200 

photomicrographs depending on the slide’s size- which have been arranged together 

in a sort of mosaic. While the larger visual field of binocular microscopes provide 

easier and faster way to create sample maps, the result obtained by the mosaic 

work, offers the ideal resolution to avoid bias in selection of grains during analyses.   

 

Sample preparation for Fission Track analysis 

Early works describe sample preparation, etching using cleaved (split) crystals 

immersed in boiling phosphoric acid to reveal tracks (Fleischer et al., 1964). Then 

the introduction of mounting zircon in Teflon® and etching with a strong base 

(eutectic solution of KOH:NaOH, NaOH and water, or KOH:NaOH:LiOH), made the 

basic methodology for handling zircon more suitable for routine FT analysis 

(Gleadow et al., 1976; Naeser, 1976, Garver 2003). Many problems related to 

detrital zircon fission tracks methodology are usually due to etching procedure rather 

than sample mounting, this is because of the sample-to-sample variation in the 

response of zircon to chemical etching, as a consequence of different U content and 

α damage accumulation (Gleadow et al., 1976; Rahn et al., 2004). Sample 

preparation procedures described below, derives from observations and training in 



 
 

different laboratories that routinely date zircon by fission track method (at the CNR of 

Pisa, University of Bologna, Union College of London) .  

Sample mounting 

In detrital zircon fission track is important that each zircon population is detected 

during analysis, for this reason selection of large clear crystals (e.g. equant grains, 

prismatic stubby or prismatic euhedral-needles grains) is not adequate to our 

purpose. We are more likely, instead, to drop zircon concentrate with no previous 

picking of zircons grain, on three or more mounts for each sample, in order to use a 

large number of grains during analyses: 

- The sample code is written with a needle pen on the backside of the Teflon mount 

- Drop enough of zircon concentrates, prior refined, on a silica glass slide.  

- The silica slide is now shifted onto a hot plate at a temperature of 315 °C. 

- A second silica glass plate of the same size is also pre-heated on the same plate. 

- A sheet of 0.50 mm thick PFA Teflon® is cut to the size of 1.5x1.5 cm2. 

- The Teflon sheet is tilted to allow falling down on the glass and cover completely 

the zircon grains on the hot silica slide,  

- Then the second preheated silica slide is put on the Teflon sheet and pressed 

gently until its bottom ends melt slightly, so that the grains are fixed into the sheet 

slide.  

- Teflon sheet having zircon grains is removed from the hot plate, then pressed 

between two silica slides and put in the oven at 100°C for flattening. 

- Handling in the same way so that three or more mounts for samples are provided 

 

Grinding and polishing 

Flat internal surfaces of the mineral grains are exposed by grinding and polishing 

procedures. In order to stabilize the mount during grinding and polishing a metallic 

support is fixed together with the mount by using a double-coated tape. For using 



 
 

internal surface of zircons it is essential to remove half of the thickness of the zircon 

grains by progressive steps to avoid the lost of zircon grains for too much polishing: 

- The mount with zircons is ground gently several times in one direction 

perpendicular to the c-axis on the wet grinding paper of 1000 mesh size and 

observed under an optical microscope for the grinding scratches. This procedure 

continues until the grinding scratches are observable on most of the grains 

- After the grinding, the mount is polished with 15 µ and 3 µm diamond paste on 

polishing clothes.  

- The Struers Planopol-V polishing machine is equipped with a mover device and an 

extension head system. The mover device can rotate and weight itself on a 

polishing depending on the hardness of mineral grains. 

- After finishing grinding and polishing the mount is cleaned with alcohol and it is 

ready for etching 

 

Etching of spontaneous fission-tracks in detrital z ircons 

Detrital suites typically have a large variation in single-grain radiation damage, which 

is generally attributed to α-recoil damage from the decay of uranium and thorium 

(Garver and Kamp 2002). Accumulated α-damage increases the chemical reactivity 

of zircon, so that highly damaged grains (generally older grains all else being equal) 

are much easier to etch than grains with little damage. To ensure that none of the 

major age groups was excluded from detection,"multi-mount technique" (Naeser et 

al., 1987), was used (fig.4). 

Fission tracks in zircon grains can be enlarged and made visible in an optical 

microscope by chemical etching. For etching of zircon mounts, we used an 

appropriate oven where we kept Teflon beaker containing the eutectic NaOH:KOH 

(1:1) etchant. The temperature of the heater in the oven is controlled by a precise 

temperature controller. The required temperature of the etchant is 224 °C for the FT 

dating. Approximately a half day is necessary time to achieve a proposed 



 
 

temperature of the etchant. When the etchant is ready, three or four zircon mounts 

are put into each beaker for etching. Short etch times were selected as 6 hours, 

while long and vey long etch times ranged between 12 hours and 24 hours 

respectively. The ideal situation would have been to have a short etch with no over-

etched grains and a long etch with no under-etched grains, arranged so that the 

differently etched mounts would overlap in their grain-age distributions. We used this 

as a general target when etching was done, but a perfect balance is almost 

impossible to achieve because there always seem to be grains with exceptionally 

high or low uranium contents that are not etched right, while the majority of grains is 

etched reasonably well.  

Packing samples for irradiation 

In the external detector method (Fleischer and Hart, 1972) a mica external detector 

is placed over the grain mount during the thermal neutron irradiation:  

- The sample code is written with a needle pen on the back of the mica, then the 

mica detector is put on the mount 

- The mica detector and the mount are coupled and wrapped up with tape of size 

slightly larger than the mica sheet, then the sample code is written on it.  

- The dosimeter glass for monitoring thermal neutron fluence is also attached to the 

mica sheet as well as the zircon mount.  

  



 
 

 

Fig. 4: Effects of different etching time on detrit al zircon grains from the same sample 
D2, h-hours of etching time. In the first row progr essive steps of increasing etching 
times for achieving a number of zircon grains suita ble for counting, so that tracks look 
like in the last picture of the same row. In the se cond row zircons not suitable for 
counting because no tracks were appeared also after  e very long etching time (74 
hours), probably for the very low uranium content. In the last row, zircons not suitable 
for counting because over-etched or zoned or distur bed by many fluid inclusions. Last 
picture shows the state of sample before etching  
  



 
 

CHAPTER 3 

Zircon morphology 

 

Introduction 

Zircon (ZrSiO4) is a common accessory mineral in various igneous sedimentary and 

metamorphic rocks, and shows  extremely variable external morphology and internal 

textures. Zircon is tetragonal and most commonly grows as doubly terminated 

prismatic crystals with elongation (length to width) ratios ranging from 1 to 5 which 

could give information on the crystallization velocity (Corfu et al., 2003). 

Morphological features reflect the geological history of the mineral and of its host 

rock and  represent a widely used tool to characterise different magmatic 

metamorphic and sedimentary sources (Muller et al., 1995; Wang et al., 2002; Guillot 

et al., 2002). Its ability to survive many cycles of melting, metamorphism, 

sedimentation and erosional processes that destroy most other common minerals, 

makes zircon a widely used mineral in studies of detrital systems. Zircon is also 

suitable as a geochronometer, from its measurable U, Th and Pb contents. Many 

studies combined detrital zircon geochronology and typology, providing important 

information to distinguish between different sources of sediment (Dunkl et al., 2001; 

Garver and Kamp, 2002; Moser et al., 1996). The aim of this section is to describe 

how we performed zircon morphology observations on analyzed samples. Zircon 

morphology have been performed on the basis of a simplified Pupin typological 

scheme applied of grains observed under an optical microscope and complemented 

by analysis of SEM high resolution images.  



 
 

Analytical methods 

In common rocks zircon ranges in size from about 20 to 200 µm (Silver and Deutsch, 

1963). Morphology of zircon grains from a sand sample can be observed under a 

binocular microscope that allows us to observe macroscopic properties, such as 

colour, degree of transparency or opacity, external morphology and development of 

faces. The presence of fluid inclusions, fractures and alteration is best appreciated 

under a higher magnification microscope (AXIOPLAN) using transmitted light. 

Microscopic examination is useful to reveal features such as growth zoning and 

metamictic zones, which display different interference colours when viewed in 

crossed polarized light (Chakoumakos et al. 1987, Murakami et al. 1991). Zircon of 

typical size has a fourth order birefringence according to the Michel-Lévy 

interference colour chart, hence interference colours are in the high-order white, 

whitish-yellow or pink in thicker grains (Mange and Maurer, 1992). Even if zircon 

presents many peculiar features (strong relief, strong birefringence, and typical form) 

which can help to distinguish it from other minerals, in rounded and abraded grains, 

this task is not always easy. The difficulty of distinguish zircon from monazite during 

zircon grains sampling is overcame using a pocket spectroscope, to apply directly on 

the microscope in place of the standard ocular. The device shows the absorption 

spectrum for lanthanum as a black band in the orange colour scale when the 

objective is pointed on a monazite crystal. Monazite (Ce,La,ThPO4) contains 

lanthanum as an essential constituent while it generally only at trace level in zircon. 

However the main problem in the observation of zircon morphology is usually the 

small size of zircon that challenges the power of resolution of petrography 

microscopes. Observations on zircon grains are organised in a specifically designed 

form where both internal textures and morphology have been annotated (see in 

appendix table 5).  



 
 

External morphology 

Because grain size is a frequent consideration in conventional zircon analysis 

(Silver, 1963b; Silver and Deutsch, 1963) and a potential provenance feature 

(Morton et al., 1996), the size of analysed grains was routinely measured under the 

microscope. Additionally five morphologic categories were distinguished (fig.5):  

1) Euhedral grains, prism and pyramids are easy to observe and typological 

classification could be applied with good degree of confidence. 

2) Sub-rounded grains, prism and pyramids are not always detectable, but a shape 

could be recognizable and the typological classification may be applied 

considering a certain degree of potential bias 

3) Rounded egg-shaped and rounded spherical grains, showing length/ width ratio 

around 1, and acicular prismatic (Miller et al., 2006) grains characterized by high 

length/width ratio.  

4) Grain fragments with sharp edges and occasionally euhedral prism or pyramids 

may be recognized. 

Comparison between grain-age and grain-size could be helpful to understand if 

hydraulic effects have affected the grain-age distribution.  

 

Internal textures 

Colour-  Zircon occurs in many colours including colourless varieties (fig6 

A,B,C,D,E). Most zircons fall into two general colour series. A common pink series 

that ranges between pink (fig.6.3), rose, red, purple (‘‘hyacinth’’, fig. 6.E4), and a less 

common yellow series (fig.6.5) that ranges between pale yellow, honey, brown. 

Colours are related to trace element composition and increasing radiation damage 

and time elapsed since cooling; concentration of uranium and thorium; and heavy 



 
 

rare earth element (HREE) content (Garver and Kamp, 2002). While colourless 

varieties in zircon occur in young crystals (< 60 Ma) or in metamorphic rocks, 

according to Gastil et al. (1967) and Kodymova (1977), indicating that colour removal 

occurs in a number of crustal sections that show progressive metamorphism of rocks  

between ~350 and 400°C. Metamictic zircons also hav e been observed, as milky 

and opaque crystals (fig.6.2) characterised by significant change in colour, density 

and optical properties (Deer et al., 1982; Speer, 1980). The amorphous and isotropic 

metamictic form is caused by the radioactive decay of U and Th in zircons which 

induce strong damage to the crystalline structure (Ewing, 1993).  

Growth Zoning-  Well developed in mainly in magmatic zircons (fig.7). The origin of 

growth zoning results from the interplay between different factors during the stage of 

crystal growth, as the nature of the crystal liquid interface, the degree of super-

saturation of the melt, the rates of diffusion, and the state of oxidation (Mattinson et 

al., 1996). The composition of the zones tends to vary between two end members, 

one of which is very low in trace elements, approaching the composition of pure 

zircon, and the other a zircon component highly enriched in trace elements with up to 

several wt % of the impurity element (Speer 1982). 

Cores-  Other very common feature in zircon is the occurrence of cores. These are 

visible under a microscope if distinct differences in U content between a core and rim 

are highlight by differences in colour (fig.8). Differential metamictization expands the 

high U part and transforms the original colourless domains into pink to brown, or 

even opaque, zircon. In the opposite case, with a low U core surrounded by a high U 

rim, the rim will become much darker than the core. In some cases the only visible 

sign of cores is a trail of small bubbles at the core rim boundary (ghost core, fig.8).  

Fractures-  Differential metamictization of zircon causes volume expansion of the U 

rich domains with consequent fracturing of the more resistant and brittle low U 



 
 

domains (Lee and Tromp, 1995). Typically the fractures start at the interface with the 

more metamictic domains and develop radially outward across the low U bands 

(fig.8.4).  

Alteration-  Chemical alteration is generally related to fracturing which allows fluids 

to penetrate into the structure, mostly in zircon grains that are extensively 

metamictized (fig.8.4). The alteration process has been shown to hydrate zircon, 

leaching some elements such as Pb and depositing others such as Fe and Ca (and 

possibly common Pb), hence making the mineral unsuitable for isotopic analysis ( 

Medenbach 1976, Krogh 1982).  

Fluid Inclusions-  Zircon can include minerals and fluids from the crystallization 

environment (fig.9). Even if inclusions in zircons are widely used to provide important 

clues concerning crystallization conditions and paragenetic associations, this is not 

the aim of our study. However fluid inclusions have been observed in terms of their 

abundance and location in the zircon crystals, because these features may be critical 

in the interpretation of U-Pb discordant ages. 

 

 

Fig. 5: Categories of zircon morphologies defined a ccording to the relative proportion 
of length (L) and width (W) of zircon grains (from a selection of some observed zircon 
grains).  



 

 

Fig. 6: S uite of detrital zircons from samples of the 
of colour categories. In all photographs zircons im aged with a binocular microscope 
using reflected light (dark background) and polariz ed light (white background), all 
grains are between 63- 250 µm. 
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Fig. 7: C omplex and other types of zoning in zircons from sa nd sediment sample. All 
grains are between 63- 250 
sample) and 2 (from S6 sample)
resorption (e.g. Zheng- Xiang Li et al., 2002), 3
bright band seams indicate altered fractures disrup ting original zoning (e.g. Vavra and 
Hansen, 1991). In 4 zircon imaged with AXIOPLAN mic roscope, 4
zoning marked by diffe rent 
 

Fig. 8: Variable appearance
are between 63- 250 µm. From 1 to 4 zircons 
(from D3 sample)- euhedral shape core darker than the 
sample) and 3 (from S3 sample)
metamictic core and radial fractures pattern with p ossible alteration.
sample) and 6 (from P3 sample) zircons imaged with BSE where respectively sub
rounded and euhedral older cores are shown
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appearance  of cores in detrital zircons from sand sediment. Al l grains 
µm. From 1 to 4 zircons imaged with AXIOPLAN microscope.

euhedral shape core darker than the surrounding crystal
(from S3 sample) - ghost cores. 4 (from S11 sample)- zoning zircon with 

metamictic core and radial fractures pattern with p ossible alteration.
sample) and 6 (from P3 sample) zircons imaged with BSE where respectively sub
rounded and euhedral older cores are shown . 
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Fig. 9 : Inclusions in detrital zircons from sand sediment . All grains are between 63
µm. Zircons imaged with AXIOPLAN microscope. 1
central position with channel shape, and stick shap e inclusions. 2
stick sha pe inclusion and opaque minerals in central positio n. 3
possible zircon inclusions with euhedral shape
imaged with SEM, to highlight stick shaped inclusio ns
 

Zircon typology 

Systematic examination of zircon typology has led to the widely employed Pupin 

classification scheme (1976). 

development of pyramidal and prismatic faces that is described by two indices. The 
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imaged with SEM, to highlight stick shaped inclusio ns    

n of zircon typology has led to the widely employed Pupin 

(1976). The method of Pupin is based on the relative 

development of pyramidal and prismatic faces that is described by two indices. The 

vertical index (IT) of the typological diagram describes the relative development of 
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indicates the dominance of the {110} face. The horizontal index (IA) instead 
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indicate the dominance of the {101} face, whereas low A-indices indicate the 

dominance of the {211} face. In this study euhedral zircon grains are classified on 

the basis of the relative development of pyramidal faces (A-indices), since they are 

still recognizable also in sub-rounded grains, where prismatic faces are usually 

round. Observation of zircon typology is a progressive steps process which led to 

into two different classes: 
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Fig. 10: Pupin diagram (1980), in which zircon crys tals are classified according to the 
relative development of the {100} vs. {110} prismat ic forms and the {211} vs. {101}  
pyramidal form. On the right side in white, {101}-d ominated zircons are shown where 2 
is P1 (sample S3), 3 is S9 and 6 is P2 ( both from sample S2), 7 is S20 and 9 is P4 (both 
from sample S16), then 10 is P5/D (sample D3). On t he left side in grey {211}-
dominated zircons are shown where 1 is S3/S7 (sampl e S12), 5 is S17 (sample S16) 
and 8 is S21 (sample S3) 
 

- Zircons are observed on a polished section with a high-magnitude microscope 

- Pyramids of zircon grains are observed by focusing in and out from the polishing 

surface of the mineral, when possible, also prisms are considered.  

- Then pyramidal faces {101} and {211} are identified by considering their typical 

shape and by measuring angles between the crystals faces 

- "butterfly" shape discriminates the {211} pyramidal faces, while a "chevron" shape 

is typical of {101} pyramidal faces  

 



 
 

Morphological types are organised in a rectangular grid where different pyramidal 

proportions are arranged in columns and different prism proportions in rows (fig.10). 

It is worth noting that our aim is trace the zircon provenance, not the rock forming 

processes. We are interested in using the typology and textural features of zircon 

grains as independent parameters to test partitioning based on zircon U-Pb ages. 

 

Typological analysis by SEM  

Although the typological method proposed by Pupin is become widespread, its 

application to detrital zircon studies is controversial because in sedimentary deposits 

euhedral zircons could be rare and sub-rounded grains, where original crystal faces 

are not totally reliable, may be of difficult interpretation. The methodology is affected 

by a certain degree of bias that imposes strong limitations in its reproducibility 

restraining its application to geochronological methods. The bias of this method has 

been challenged by different techniques (e.g. Vavra, 1993; Benisek and Finger, 

1993), which applies high resolution imagines in catodoluminescence, electron 

microprobe and back-scattered electron. In our study, we complemented microscope 

analysis with high resolution images of zircons surface carried out in the Laboratory 

of Scanning Electron Microscopy (SEM) according to the procedures proposed by 

Guillot (2007): 

- Zircons grains were dropped randomly on a slide of double face tape 

- Then zircons grains are examined in 3 dimensions, to better identify the angles 

between faces in euhedral and sub-euhedral grains.  

- This method allows statistical counting that can take into account the euhedral 

zircons as well as sub-rounded crystals, providing a complete typological dataset 

of all zircons population represented in detrital samples (fig.11).   

- At least an Excel spreadsheet is used to make statistical analyses of all zircons 

contained on a slide (Guillot, 2007).  



 
 

In our work the Pupin methodology is used at first and always combined with other 

geochronological methods (U-Pb and/or Fission tracks, in the following chapters), 

while typology on high resolution SEM images provided a useful test of 

reproducibility of typological observations performed with the Pupin method. For this 

reason, typological observations with SEM have been applied on selected samples 

representative of the Central and the Western Alps.  

 

 

Fig. 11: Zircons imaged with SEM. Pyramidal faces a re identified according to the 
angles measured between faces, a-b-c in euhedral gr ains, and d-e in sub-rounded 
grains. a-b after Guillot 2007, only {101} pyramids  are shown, c- (sample S6), typical 
"chevron" shape of {101} pyramids (in clear grey), d- (sample S3), typical "butterfly" 
shape of {211} pyramids (in dark grey), e- both {10 1} and {211} pyramids are shown. 
  



 
 

 

 

PART II 
Dating methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 
 

 

  



 
 

CHAPTER 4  

Grain-loss estimation and choice of a suitable dati ng method 

 

Introduction 

Any geochronological method applied to detrital zircons may be theoretically able to 

identify the source area of sediments they produce. Therefore age and size of each 

peak representing zircon grain populations should be properly detected. This is 

important since we are interested to discriminate between potentially sources 

exposed in the Alps-Apennine orogen, which give the major contribution to the 

geochronological signature of the Po Delta. In this kind of study geochronological 

methods should permit to follow sediment along its pathway from source area to 

depositional environment, in order to quantify the relative contribution of each source 

area by combining together geochronological signals upstream and downstream of 

major confluences. In this perspective, the suitable dating methods has to allow a full 

control on zircon grain-age populations since the early separation steps to final 

delivery and any loss of zircon grains must be avoided.  

In this work we want to discuss critically the choice of the dating method, by 

comparing the pros and cons related to the application of the most widely used 

dating strategies in this kind of studies, the U-Pb geochronology and the fission 

tracks dating of detrital zircons. We are interested in comparing both methods in 

order to answer to the following questions:  

  



 
 

 

1) What is the geochronological method which provides a truly control on 

zircon grains populations?  

2) What are the potential effects of the grains-loss on sediment budget 

calculations?  

 

Problems related to Fission Track analysis of detrital zircon in 

sediment budget calculations 

The major problem related to detrital zircon fission track dating is beyond any doubt 

the zircon loss during etching, just before dating analyses, when lost zircons 

sometimes reach 70% of total mounted grains. Observation under an optical 

microscope of the state of grain mounts at the end of etching procedures (described 

in detail in Chap.2) reveals the occurrence of a large number of holes into the Teflon 

where zircons grains were previously attached. Moreover a large number of zircon 

grains are not suitable for counting because over-etched.  In order to understand if 

the grain-loss affects specific populations of zircon or not, we have analysed the 

possible relations between grains morphologies and grain-loss during etching.  

Typology and other morphological features of 16 mounts from 5 different samples 

have been recorded before and after etching. Point counting more than 100 zircon 

grains (when possible), was applied in order to not select particular grains. Between 

the observed zircon grains, we annotated which of them were suitable for counting. 

After etching the morphological characteristics that are still recognizable is only the 

external shape. For this reason we discriminated between:  

- Rounded/sub-rounded grains even with different shapes (ovoid, acicular 

prismatic, spherical), 



 
 

- Angular grains including fragments and the euhedral grains belonging to 

{211}-dominated or {101}-dominated types (see description in Ch.3) 

Our results show that, in all analysed samples, euhedral grains and fragments are 

enriched with respect to rounded-sub-rounded grains after etching, which implies 

that rounded/sub-rounded grains are lost easily. This result may be explained at first 

with a shape controlling factors: edges in angular grains have a best fit with the 

Teflon with respect to the rounded-grains which tend to come off the Teflon and fall 

into the etchant. However microscopic observation of samples after etching show 

that loss of rounded/sub-rounded zircon grains could be also caused by over-

etching, because they are often polycyclic, hence they represent very old grains with 

high α-damage. Resulting graphs show that morphology of zircon grains is a factor 

controlling the grain-loss more than etching time. This may be supported by the 

following observations. In the Po Delta samples (fig.12.A), in fact, we can estimate 

an important grain-loss in spite of small increments of etching time. The difference of 

6 hours between the two etching steps was required to better highlight tracks shown 

by a specific zircon grain-age population abundant in the total amount of grains. 

However, the increment in etching time aimed at increasing the number of grains 

suitable to counting, had the inverse effect, decreasing in fact this number. This can 

be explained by the loss of a large number of rounded and sub-rounded grains as a 

consequence of the heating and cooling of Teflon mounts each time it is removed 

from the etchant to control the state of etching procedures. However, such a 

differences in increasing etching time not affect the grain loss in sample P3 (fig12.B) 

probably because in this sample there are a lot of large and clear grains making 

easier to recognized countable grains. This may support our idea that the factor 

controlling the grain-loss should be the morphological characteristic of zircon grains. 

Therefore the decreasing number of countable zircons by increasing the etching time 



 
 

in sample P1 shows (fig. 12.C), may suggest that the majority of zircons in the 

analysed mounts are rounded and polycyclic, so that they have the tendency to be 

over-etched and no suitable to be counted. Preferred grains-loss of specific 

population is directly reflected on the age distribution, with an important discrepancy 

of the peaks in terms of ages and size observed in samples located at the same site 

where we expect to find the same age signature (e.g. Bernet et al., 2004, fig 12D).  

With the last discussion we have answered to the first question, and indirectly we 

addressed also to the choice of the right dating strategies. LA-ICPMS U-Pb 

geochronology on detrital zircons results the more suitable dating method in this kind 

of study, because it allows a full control during separation procedures and data 

analysis; fission track dating on detrital zircon is, instead, biased by selective grain 

loss. 



 
 

 

 

Fig. 12: Plots A, B, C show distributions of  
zircon morphologies after etching vs. 
distributions of  zircon morphologies in 
the unetched sample. The horizontal line 
marks the distribution of zircon 
morphology of the unetched sample, so 
that values above this line represent an 
enrichment of grains with respect to 
values below the line. D- (from Bernet et 
al., 2004). Probability density plots of three 
samples from the Rhône delta, showing an 
important discrepancy in terms of grain-
age populations and size of the peaks, in 
spite of the three distributions should 
represent the same sample from the delta. 



 
 

Detrital zircon U-Pb geochronology 

 

Introduction 

Zircon (ZrSiO4) is one of the most important minerals in geochronology. Zircon 

incorporates among a number of other trace elements, U and Th, which can 

substitute Zr 4+. Over geological period of time, U and Th decay to form stable Pb 

isotopes. Since Pb 2+ is mostly excluded during crystallization, Pb in natural zircon is 

mainly radiogenic whereas initial or common Pb is mostly insignificant. This is the 

underlying assumption for U-Pb dating of zircon.   

The U-Pb single grain ages, record the time of zircon formation in igneous or high 

grade metamorphic environments. The U-Th-Pb isotopic system in zircons typically 

has a closure temperature higher than 900° C, which  explains why zircon is 

apparently such a robust geochronometer and is capable of remaining isotopically 

closed through extended periods of high-grade metamorphism and partial melting of 

the host rock (Lee et al., 1997). This significant high resistance to thermal 

overprinting of the U-Pb dating system applied in detrital systems lies in its high 

resistance to resetting and ability to “see through” lateral thermal events (Carter & 

Bristow, 2000; Carter & Moss, 2009).  

Today our current ability for accurate determination of the U and Pb isotopic 

compositions of smaller and smaller quantities of zircon, results of progress in U-Pb 

geochronology. Many techniques (e.g. SHRIMPS and LA-ICPMS) have the ability to 

select and analyze those parts of single zircon grains that are concordant and record 

single or successive growth events. 

In situ U-Pb geochronology was born some two decades ago with the introduction 

and development of high-resolution secondary ion mass spectrometry: the SIMS or 



 
 

SHRIMP (Sensitive High Mass Resolution Ion MicroProbe), described and improved 

by many authors (Compston et al. 1984, Williams 1998, Compston 1999, Davis et 

al.,2003). 

This technique evidenced for the first time the existence of age heterogeneities 

within the single crystals of zircon and other accessory phases and therefore the 

need for high-spatial resolution (tens to hundreds of cubic micrometers) 

geochronological data. 

The SIMS or SHRIMP give error margins about 20times larger than conventional 

dilution analyses (Pin and Rodriguez, 2009), but show many advantages upon the 

conventional isotope dilution-thermal ionization mass spectrometry (ID-TIMS) dating 

technique, because the more readily identifying concordant portions of grains, does 

not require chemical treatment of samples prior to the analysis, and is essentially 

non-destructive. A major obstacle to the wider use of ion probe dating has always 

been the high cost of instrumentation and the long time required to obtain a large 

dataset. 

Laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS, Ireland, 

1999) emerged in 1985 and rapidly became an important analytical tool for trace 

element determinations in geological samples (Jackson et al., 1992). It was soon 

realized that the large variations in radiogenic Pb and Pb-U isotopic ratios found in 

nature could be resolved by ICPMS techniques and, when coupled to a laser, 

ICPMS could be used as a dating tool similar to the ion probe. The potential 

usefulness of laser sampling for in situ dating by ICPMS was illustrated in many 

pioneering work of Jinying (1982), Yaoling, (1985), Feng et al. (1993), Fryer et al. 

(1993), Hirata and Nesbitt (1995) and Jackson et al. (1996). 

  



 
 

U-Pb dating equations 

U-Pb geochronology is based on the decay of U to Pb (Faure, 1986): 

 

238U � 206Pb               t1/2 = 4.47 *109 years         decay constant λ = 1.55125*10-10 

235U� 207Pb                t1/2 = 0.704*109 years         decay constant λ = 9.8485*10-10 

232Th � 208Pb             t1/2 = 14.01*109 years        decay constant λ = 0.49475 x 10-10 

 

The age equation for any of the U-Th-Pb decay systems takes the form  

 

          (1) 

 

Where T is the age, λ the constant decay for etheir 238U, 235U or 232Th, and D/P the 

daughter-parent atomic ratio of the respective parent: 206Pb/238U, 207Pb/235U or 

208Pb/232Th. The D/P ratio for any given T can be calculated by  

 

          (2) 

 

By taking equation (2) for each of the two U/Pb systems and dividing, the following 

equation can be iteratively solved for T if the 207Pb/206Pb (here related to radiogenic 

lead) is measured, noting that the present day 238U/235U is 137.88, 

 

     or           (3) 
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These equations form the basis for all U-Pb age calculations and the construction of 

all relevant diagrams. Minerals that have remained closed for U and Pb give identical 

values for t using both the 206Pb/238U- and the 207Pb/235U systems. In this case 

concordant ages are obtained, which are commonly represented on a conventional 

or “Wetherill” concordia diagram, that is the locus of all concordant U-Pb systems. 

Whenever the U-Pb system of a mineral is disturbed and the mineral looses or gains 

Pb and/or U in a later event, non-concordant or discordant ages are obtained. 

Analyses of these minerals will plot off the Concordia curve. The effect of the Pb loss 

on U-Pb ages can be minimized by calculating an age based on the 207Pb/206Pb ratio 

(Faure, 1986). The 207Pb/206Pb age is a better estimate for minerals with possible Pb 

loss because it is assumed that any Pb loss will mobilize equally 206Pb and 207Pb, 

thus not changing their ratio. The relationship between the 207Pb/206Pb ratio and the 

time results from the difference in the half-lives of their respective parents. The 

(207Pb/206Pb) ratio is the ratio of the radiogenic 207Pb to radiogenic 206Pb. 

In each dataset we need to distinguish between the main population of grains 

preserving a “primary” age (Nemchin & Cawood, 2005) against those related to 

inheritance or Pb-loss or “discordant”. 

The Concordia diagram defines the meaning of concordant and discordant point. 

The concordant point represents a point when the two Pb/U ratios correspond to a 

given age. A discordant point is instead a point that has different calculated ages for 

the two Pb/U measured ratios. If one plots out all concordant points for all times in 

the past, the result is a curve termed the Concordia (Wetherill, 1956a,b). Isotopic 

composition of zircon should generally lie on this curve where such analyses that fall 

below the Concordia curve are termed “normally” discordant, whereas analyses that 

plot above or to the left of the Concordia curve are “reversely” discordant.  



 
 

LA-ICPMS system 

The equipment U-Pb dating was carried out using a New Wave aperture-imaged, 

frequency-quintupled, laser ablation system (213 nm) coupled to an Agilent 7500a 

quadrupole-based, inductively coupled plasma mass spectrometer (ICP-MS, 

Yokogawa Analytical Systems, Inc., Japan) following the methods described in 

Jackson et al. (2004). Ablated material is transported toward the detecting system by 

an argon/helium mixture which is more efficient than air and reduces background 

signals (Jackson et al., 2004). The laser ablation software provides set-up of laser 

properties (e.g. output, repetition rate, spot size), control of sample stage movement 

and laser focussing, a live image of the sample for accurate positioning of the spot 

and monitoring during ablation. The Agilent software provides control of ICP-MS 

parameters and data acquisition. GLITTER software (developed by the ARC 

National Key Centre for Geochemical Evolution and Metallogeny of Continents 

[GEMOC] at Macquarie University and Commonwealth Scientific and Industrial 

Research Organization [CSIRO] Exploration and Mining) provides a graphical 

presentation of isotope counts and ratios from a laser ablation run, calculation of 

ages of samples and standards, and, most importantly, a time-resolved signal 

selection allowing unstable signals to be excluded from age analysis. 

Laser ablation settings  

Standard laser settings for all analyses of sample and standards were as follows: 

- Output 55% 

- Repetition rate 5 Hz 

- Spot size 55µm 

However, we preferably used the laser spot size at 40µm in order to be able to 

analyse relatively small or thin grains without too much ablation of surrounding resin. 



 
 

It is important to analyse all grain sizes in a sample in order reduce bias in the 

distribution of ages measured for a sample. 

The disadvantage of a smaller spot size is a reduced laser ablation sample rate, 

which means less data acquired per grain analysis. The advantage is reduced risk of 

Pb contamination resulting from ablation of the resin surrounding a grain. Each 

ablation run was set up as follows: 

- Initial laser warm up without ablation to establish a measurement for the 

background signal, (timing required: 30 sec.) 

- Laser ablation of grain: 30 sec. 

- Before opening the sample cell and drawing the stage, remember to set the laser 

ablation system to "bypass" to avoid air being drawn into the system 

- Place the glass slide into the sample cell and turn off the cell 

- Every time the sample cell is opened to change sample it is necessary to purge the 

cell in order to enhance the argon plasma out of the ICPMS 

 

Calibration 

The LA-ICP-MS requires ‘tuning’ before a session to correct for mass fractionation. 

This is done by continuously ablating the glass whilst fine-tuning ICP-MS parameters 

and measuring the U, Th and Pb isotope ratios, which are known with some 

accuracy in the glass. The aim is to setting measurements close to the known 

isotopic ratio values and minimizing standard deviation of the measurements. 

Prior to laser ablation of the zircons grains in the sample itself, 2 or 3 ablation results 

of the zircon standard are obtained and transferred into GLITTER software which 

should produce 206Pb/238U ages around 337 Ma (Sláma J. et al. 2008). In addition, 2 

or 3 spot analyses of the glass are obtained at the beginning and end of the session 

and these will be used to calculate U ppm and Th ppm and the U/Th ratio for each 

grain analysis. 



 
 

Sample analysis 

Sample maps provide a record of the actual grains selected for ablation and allows 

the progress of the analyses in a mount to be monitored which may help to avoid 

bias in selection of grains.  

- The laser ablation spot is set up after focusing the image of the slide by the video 

linked to the laser ablation system. Zircon grains are usually easily identified 

because they shine brilliant white while other minerals, except for pyrite and oxides 

which are shine clear white, are dull. In such case when pyrite and oxides grains 

look similar to zircons, seeing on the sample maps could be helpful because pyrite 

and oxides are opaque. 

- Prior to each ablation, each grain dating is set up with a specific file number related 

to sample number and a sequential number of analyses.   

- An ablation spot should target a grain in order to avoid resin, fractures, and 

inclusions as they are a source of discordant ages (see discussion in ch.5).  

- Ensure system has been purged for 30 seconds and start laser ablation. 

- The ablation is monitored in real time by viewing the laser directly on screen and 

checking the signal received by the ICP-MS. The signal should ideally rise sharply 

and flatten out within a few seconds for the remainder of the ablation. Occasionally 

a poor signal is received, maybe because a grain has not been properly exposed 

by polishing. 

- After ablation, the file containing the data is imported into the GLITTER software 

which enables the signal (counts per second and isotope ratios) to be analyzed as 

a function of time, and hence also as a function of progressive ablation depth 

(Jackson et al. 2004). If possible, the flat stable part of the signal should be 

selected (Jeffries et al. 2003) 

- During an ICP-MS session, it is necessary to periodically ablate the standard 

zircon and use the measurement to monitor and correct for drift in ICPMS results 

during a session. In this study, the practice was to run three or four analyses of the 

standard zircon after every 30 or 40 analyses of zircon grains always checking the 

age of the standard zircon to assess the calibration ICP-MS 

  



 
 

Data handling 

All analyses of zircon grains in the sample, the standard zircon, and the NIST 612 

glass were imported into GLITTER for time-resolved signal selection, after which the 

counts per second and isotope ratios of the entire session were saved in text format 

for being processed in an excel spreadsheet: 

- The raw data file for each sample containing the results of each ablation is copied 

to a Microsoft Excel® spreadsheet which uses the Isoplot add-in (Ludwig 2003) to 

calculate concordant ages, isotope ratios and Pb corrections and produce relative 

probability plots.  

- Isoplot produces a table of uncorrected ratios, uncorrected ages and 208Pb 

corrected ages based on 206Pb/238U, 207Pb/235U and 207Pb/206Pb and percentage 

discordance between the 206Pb/238U and 207Pb/235U ages for each analysis (see 

Table 6 in appendix). 

 

Common Pb correction and limits for rejection of di scordant ages 

Partial correction for common lead has already done by selection of the time-

resolved signal in GLITTER. However, the additional 208Pb common lead correction 

provided by Isoplot (Ludwig 2003), can be also used because it is easily 

incorporated into spreadsheets, even though its assumption of ideal concordance 

may not always be justified (Anderson 2002).  

The common approach to reject discordant ages is to set percentage limits. Although 

rejection of discordant ages is a problematic step of U-Pb ages analyses of detrital 

zircons, and it cannot be settle only by choosing a cut-off value. For this reason the 

aim of next chapter is to discuss the problem of rejection of discordant ages. 

  



 
 

Switching from 206Pb/238U ages to 207Pb/206Pb ages for older grains 

For younger grains, the 206Pb /238U age is more precise than the 207Pb /206Pb age 

because 207Pb counts are too low to be accurately measured (Nemchin and Cawood 

2005). Many workers use 206Pb /238U ages for young grains and 207Pb /206Pb ages for 

older grains but there is no agreement on the age at which this switch takes place 

(e.g. Clift et al. 2006b and Cawood & Nemchin 2000 use 207Pb/206Pb ages for grains 

>1200Ma; for Campbell et al. 2005 the limit is > 1100Ma; for Enkelmann et al. 2007 

the limit is >1000-800Ma).  

U-Pb ages from detrital zircon of Po River Basin are quite young which are better 

suited to 207 corrections, and we opted to not report older ages than 900 Ma 

uncorrected for common Pb using the 208Pb methods. This is because the very old 

analysed grains (>1Ga) only account for a small percentage of detrital zircons and 

does not seem to be significant of a source area. They could represent, instead, 

detrital zircons from the Pan-African basement with Proterozoic to Archean 

inheritance (e.g. Schaltegger, 1993), being representative of the Pre-Alpine events 

which are behind the interest of our study. 

 

 

  



 
 

CHAPTER 5 

Discordance in detrital zircon U-Pb analysis 

 

Introduction 

The U-Pb system is characterised by a high resistance to thermal overprinting (>700-

900°C, Mezger & Krogstad, 1997), without completely  resetting or loosing age 

information (e.g. Carter & Bristow, 2002; Williams, 1992; Lanyon et al., 1993). 

Although zircons used for U-Pb geochronology may experience partial resetting for 

Pb-loss or contamination of common lead during its initial formation or in some later 

events. Several publications examined the possible causes of bias in zircon U-Pb 

ages as a result of several thermal overprinting (e.g. Aleinikoff et al., 1989; Kröner et 

al., 1994), fluid circulation linked to a low grade metamorphism and even weathering 

(Stern et al. 1966; Gebauer & Grünenfelder, 1976; Black, 1987), as well as possibly 

leaching within laboratory handling (e.g. Naylor et al., 1970; Davis et al., 1982). 

Either incorporation or loss of lead is very common in zircons, so as to be considered 

as the factors which control and potentially bias U-Pb analyses leading to the 

identification of one or more zircon populations preserving discordant ages. Also 

weathering and diagenesis provide discordant age in zircon grains because the 

contamination of the isotope La139 in sub-aereal environment (Fleischer & Altschuler, 

1969). Presence of discordant ages in U-Pb detrital zircon ages could be a 

characteristic that zircons acquired during subsequent geological process (Carter & 

Moss, 1999). In detrital zircon dataset is often difficult to establish if discordant ages 

may produce meaningless peaks which have to be rejected or if they may reflect a 

characteristic of the source areas and, in this case, the problem with the rejection of 



 
 

such discordant data is to increase the probability of missing a potential source. As a 

consequence the interpretation of discordant U-Pb ages from detrital zircons 

populations could be extremely difficult and special care should be taken to reject 

some of the most discordant data. The necessity to understand how discordant ages 

have to be treated is important in interpretation when using age dataset to constrain 

every provenance component in the source areas. 

In this chapter we focus on the treatment of discordant data from detrital zircons in 

those samples where discordant ages affected rather an half of the total analysed 

grains. We not claim to address the problem of analysis of detrital zircon discordant 

data. Our aim is, instead, to highlight potential biasing during data processing and 

provide a possible interpretation of discordant grains in our samples. We used a 

qualitative approach to data treatment; which is applied to all the analysed samples, 

making possible a comparison between different dataset.    

 

Bias in LA ICPMS analysis of detrital zircon 

In our detrital samples, each zircon grain was observed for typology before laser 

ablation. This provides a first order understanding of the possible source of bias in 

zircon analysis. In addition this should avoid the difficulty to distinguish zircon from 

other heavy minerals during LA-ICPMS sampling. In this study, it is reasonably to 

believe that among the resulting discordant ages, only a small part are clearly 

meaningless because related to a wrong sampling of other minerals grains. While 

discordance in ablated zircons may be dependent on their internal structures, or 

else, on the related thermal history. Frequently among discordant zircons we are 

able to identify those characterized by a severe pattern of fractures or rich in fluid 

inclusions. Anyway an ablation spot should target a grain to avoid fractures, 



 
 

inclusions as well as resin as far as possible. Zircons displaying discordant ages can 

be recognized in two phases of analysis: 

- During sample ablation with LA ICPMS, we are able to check when the 

signal is proper of a zircon grain by the typical shape rising sharply and 

flatten out within a few seconds after the ablation. Once data where 

imported into GLITTER software, the signal is translated in isotope ratio 

(Jackson et al., 2004). Change in the isotopic composition in a zircon grain 

may be resulting from Pb-loss or inheritance.  

- During data processing with Isoplot (Ludwig, 2003), some of the analyzed 

zircons may display discordant ages, expressed as a positive value of the 

Pb206/U238 ratio. The range of tolerance is defined between 0 and 5 % 

above the Concordia diagram (Wetherill, 1956). In our analyses discordant 

zircons may display a narrow range of 1% up to 9 % common lead caused 

by lead loss after crystallization or contamination by no radiogenic lead at 

the time of initial crystallization. In addition we found discordant ages with 

lower values of common lead because the lead contained in the U-Pb 

system is entirely radiogenic.  

 

Approach 

During processing data in GLITTER, we can directly appreciate what is causing a 

variation in the isotopic composition of zircon grain. This is because the software is 

able to estimate among the Si and Zr isotopes, also the amount of the isotope La139. 

The lanthanum isotope is mainly common in weathered zircons, which are very 

abundant in detrital samples. Consequently enrichment of this isotope could 

characterize a sedimentary rocks source. Resulting discordant ages from lanthanum 



 
 

contamination are usually meaningless, so they can be used just to identify the 

source area and eventually trace its sediment pathway, but they cannot be 

considered in further analysis in the same manner than good ages. Other possible 

causes of changing in the isotope composition are the abundance of fractures, 

inclusions or inherited cores which may be encountered as the laser drills down into 

the zircon grain. It is often difficult to avoid this source of error mainly when a grain is 

small or thin, and ablation of resin seems inevitable. Also the mounting resin which 

was partially ablated in many analyses could be a source of discordance. When 

inclusions and fractures exposed by ablation are invisible in transmitted light as well 

as under the microscope they cannot be avoided during ablation. This source of bias 

could result only after processing data with Isoplot as this leads to discordant ages. 

In detrital zircon dataset is often difficult to establish if such discordant ages may 

produce meaningless peaks which have to be rejected, or if they may reflect a 

characteristic of the source areas. In this last case the problem with the rejection of 

such discordant data is that this increases the probability of missing a potential 

source. However the decision to apply a certain degree of filtering to reject 

discordant data is subjective and can also vary from case to case. Before rejecting 

discordant ages as meaningless, we choose to investigate the possible source of 

bias looking into the internal structures of zircons as a mirror of the complex thermal 

history as a source of common lead or Pb-loss.  

 

Methods 

The best resolution of internal textures is provided by cathodoluminescence (CL) or 

back scattered electron (BSE) imaging. Both techniques have been performed on 

selected grains in two different laboratories at UCL and Universitée de Lille 2.  



 
 

The CL emission is usually attributed to the electronic transitions of 5d electron 

transition elements, of 4f electron electronic transitions of the trivalent rare earth 

elements (REEs), vibrational luminescence of the uranyl ion, or defect related 

phenomena (Marshall 1988). Back scattered electron imaging reveals contrasts in 

average atomic number of regions of a phase; the higher the number, the more 

electrons an area will “reflect” and the brighter it will appear in the resulting image 

(Corfu et al., 2004). The element primarily responsible for these BSE intensity 

variations in crustal zircon is Hf, with U having a secondary effect (Hanchar and 

Miller 1993). Both techniques reveal similar features in investigating zircons; 

however, usually the bright areas in CL are dark in BSE and vice versa (Hanchar 

and Miller, 1993; Koschek, 1993; Nasdala et al., 2001).  

 

Application to discordant zircons from selected samples 

Five examples for investigating the possible causes of discordant zircons are given 

below: 

DETRITAL ZIRCONS FROM TICINO RIVER (S3) 

Detrital zircons from the Ticino River, draining the eastern part of the Lepontine 

dome, show a variety of morphologies and internal features, which are assigned to 

the geological processes experienced by the source area. Most U-Pb detrital zircon 

ages scatter around 450-550 Ma with other minor peaks between 280 Ma, 100 Ma 

and a small young peak around 40 Ma. Discordant ages are spread in the entire age 

distribution but some zircon populations used to be characterized by strong 

discordance. This is always the case for zircon populations ranging between 100 and 

140 Ma. Zircons from this population show dull surface and marked zoning, as the 

effect of polycyclic history and a developing degree of metamictization which induces 



 
 

to Pb-loss (plate 1, n.83). A younger zircon population is represented by a small 

peak around 40 Ma and presents some discordant ages. Because this population 

includes only few grains essentially discordant, the decision to reject them may 

increase the probability to miss their source. This population results discordant 

usually because the low amount of radiogenic lead in young zircon is not always 

detectable by the LA-ICPMS resolution (plate 1, n.33, 34, 74). In older zircons the 

most common reason for discordance is the growth zoning or the growth of new 

zircon around old cores. This may cause discordant ages when zoning is very tight 

with metamictic bands or large old cores may occur in small zircon grains.   

In discordant zircon it is quite commonly observed that regular growth zoning is 

interrupted by textural discontinuities and succeeded by the growth of a new zircon 

characterised by a different zoning pattern (plate 1, n.8, 9, 14). Zircon shown in plate 

1, n.52 is characterized by an irregular sub-rounded external appearance, an almost 

uniform internal texture, and evidence of marginal resorption and reprecipitation (e.g. 

Hanchar unpublished data/ Corfu, 2004). In some cases discordant zircons not show 

clear internal textures and their resolution results very complicated (plate 1, n.20, 

68). Strong discordance in zircon grains may derive by overgrown or complex 

intergrowths of xenotime, showing shine white area around or inside zircon (plate 1, 

n.53,113). Xenotime crystals could be formed during diagenesis and can thus be 

used to constrain the age of sedimentation (e.g., Fletcher et al. 2000), because of 

their structural affinity (i.e., isostructural), zircon and xenotime could be locally found 

in association with each other. 

DETRITAL ZIRCONS FROM DORA BALTEA RIVER (S6) 

Detrital zircons from the Dora Baltea River, draining the northern Western Alps, are 

evidenced by a mixture of morphologies and internal features, related to the thermal 



 
 

history of the source area. Most U-Pb detrital zircon ages scatter around 280-320 Ma 

with many minor peaks spreading constantly between 120 Ma and 650.  

Discordant ages lie mostly within the main zircon population where observations in 

BSE and CL put in evidence marked zoned zircons and inherited cores. In these 

cases the simplest reason for discordance is the occurrence of different U and Th 

content and trace elements composition between zircon zones (plate 2, n.45). 

Overgrowth and old cores of xenotime are frequent in strongly discordant metamictic 

zircon (plate 2, n.86, 110), and Archean zircons (plate 2, n.18, 35, 41). 

In figure 15 grain n. 55 is a discordant zircon with large fluid inclusion of primary or 

secondary generation. This means that the system zircon is not remained closed and 

the lead contained in the system could be not of radiogenic origin. In this case no 

radiogenic lead may be incorporated into the mineral at the time of initial 

crystallization or in some later event. When no radiogenic lead is incorporated into 

the system, known as common lead, then discordant ages leading to an increasing 

in the apparent age of U-Pb system are expected (Andersen, 2002). Analysis of 

main elements on the BSE has revealed that composition of larger inclusion contains 

high amount of Si, probably deriving by quartz filling (fig.15).  

It could be interesting to note that zoning, cores and occasionally complex internal 

textures could characterized also zircons with concordant ages (plate 2, n.6, 96, 113) 

and not such big differences are observable between concordant and discordant 

grains (plate 2, n.1, 45, 81, 98) in terms of internal structures. This means that CL 

and BSE cannot always address the problem of discordance, because the point is in 

the diverse degree of radiation damage between zones and different part within a 

zircon. For this reason investigating the phenomenon of annealing of radiation 

damage generated in α-decay events in zircon, may be very useful. Raman 

spectroscopy provides high resolution in estimating metamictization and it may 



 
 

represent a useful tool in such investigation (e.g. Nasdala, 2001). Raman image can 

use to correlate the intensity patterns in BSE and CL images with radiation damage 

phenomena and to document in detail the internal structures of heterogeneously 

metamictic zircons. 

DETRITAL ZIRCONS FROM DORA RIPARIA RIVER (S8) 

Detrital zircons from the Dora Riparia River typically contain old inherited zircon 

cores. Most U-Pb detrital zircon ages scatter around two major peaks the dominant 

at 280-320 Ma and a prominent at 520-580 with many minor peaks spreading 

constantly between 120 Ma and 800.  

Images in BSE and CL show complex internal textures that may induce to discordant 

ages in most of zircon populations. Internal pattern revealed that the possible reason 

for discordance is ablation of zoning patterns with metamictic bands (plate 3, n.5, 35, 

140, 142). Although in n.140 and n.142, a similar pattern is observed, and both 

zircons display concordant age, because the laser drilled in an area inside the zircon 

characterised by a more homogeneous composition. This may also explain how 

discordant age of zircon in plate 3, n.37, is turned into concordant when the second 

spot drilled a more uniform area. Difference in trace element and U composition may 

become very small yielding only slightly visible zoning pattern (plate 3, n.16,35a) and 

in some cases there is no visible zoning at all (plate 3, n.1, 3). Intergrowth of 

xenotime characterised discordant Archean zircon (plate 3, n.60, 63, 66). 

DETRITAL ZIRCONS FROM THE PO RIVER AT TORRE BERETTI (P1) 

This detrital zircons suite comes from the Po River trunk, in the sample location after 

the confluence of rivers draining the Western Alps. 

U-Pb detrital zircon ages are represented by an important population around 280-

320 Ma following by older minor peaks older. Discordant ages are mostly 



 
 

concentrated in this last population with ages between 360-520 Ma, mainly 

characterised by high rounding degree and small size, so that the ablation spot can 

hardly avoid such areas within a zircon grain related to its older history (plate 4, n.10, 

31, 73). Although the occurrence of complex internal patter related to strong 

difference in uranium content inside the same zircon grain is counted as the first 

cause of discordance, it must be specified that complex internal structures are not 

always accompanied by discordance (plate 4, n.002, 22, 28, 49, 50, 51).  

DETRITAL ZIRCONS FROM THE PO RIVER AT CORNALE (P3) 

This detrital zircons suite comes from the Po River trunk, downstream sample P1 

and before the Central Alps rivers confluences. 

Most U-Pb detrital zircon ages scatter around 280-320 Ma with other minor peaks 

between 280 Ma, 100Ma and a small young peak around 40 Ma. Discordant ages 

are mostly concentrated in the younger population (30-40 Ma) where zircons are 

characterised by high values of common lead and as a consequence strong 

discordance. This zircon population not necessarily shows particular internal textures 

which may be the cause of discordance. This is because very young population like 

that, contain high content of uranium with respect to the accumulated radiogenic lead 

which cannot be solved by the LA-ICPMS resolution (plate 4, n.36, 44). The decision 

to reject this population may increase the probability to miss their source.  

In older zircons the most common reason for discordance is the growth zoning or the 

growth of new zircon around old cores (plate 4, n.38, 56). This may cause discordant 

ages when regular growth zoning is interrupted by textural discontinuities and 

succeeded by the growth of a new zircon characterised by a different zoning pattern 

(plate 4, n. 6, 75, 71, 112,). 



 
 

Strong discordance in zircon grains may derive by overgrown or complex 

intergrowths of xenotime, showing shine white area around or inside zircon (plate 4, 

n. 52, 113).  

 

Conclusions 

In samples where discordant data are very consistent we preferred to check each 

analysis line by line (almost 150 analyses are carried out for each sample) and 

manually rejecting discordant analyses, instead using the automatic procedures to 

select concordant dates using a pre-defined parameter. The strategies to display 

both concordant and discordant data, is to include both together within the probability 

density plot diagram (e.g. Roback and Walker, 1995; Morton et al., 1996) to illustrate 

that discordant data exists and has been considered. Probability density distributions 

obtained for analysed samples display both concordant and discordant ages as well 

as only concordant ages. Concordant ages are obtained applying a filter of 5% of 

discordance. Our results show that the general trend of both probability density 

distributions is similar, as a consequence discordant ages spread on the whole 

zircon grain-ages distribution and not affect only a particular populations as shown in 

probability density plot indicated in the following chapters. 



 
 

 

 

 

Fig. 13: Plate 1, Sample S3. CL-images of 
detrital zircons from Ticino River draining 
the Lepontine dome in the Central Alps. 
The left block shows euhedral morphology 
and well defined zoning. The right block 
shows rounded or sub-rounded zircons 
with patchy zoning. The following row 
shows rounded or uneven grains where 
internal pattern is not easy recognizable  

Fig. 14: Plate 2, Sample S6. CL-
images of detrital zircons from Dora 
Baltea River draining the North-
Western Alps and the Mont Blanc 
massif. Note that many of the 
zircons are rounded with older 
cores, but also euhedral grains are 
common with zoning patter probably 
of magmatic origin.  



 
 

 

Fig. 15: X-rays of zircon grain n.55 of sample S6. X-rays produced by the interaction of 
electrons with the sample, are detected in the SEM equipped to determine major 
elements in large inclusions 
 



 
 

 

Fig. 16: Plate 3, sample S8. CL-images of detrital zircons from Dora Riparia River 
draining the Dora Maira Internal massif. Many of th e zircons have complex internal 
structures more complicated by the high rounding de gree. The presence of ghost 
zoning in zircons from the right block suggests a p ossibly magmatic resorption 
  



 
 

 

 

Fig. 17: Plate 4, sample P1 (left) and P3 (right). CL-images of detrital zircons from two 
collecting sites of the Po river trunk. The left bl ock show morphology and zoning of 
zircons which are mostly concordant. Note that roun ded zircons are mainly 
discordant. The right block shows zoning and cores in uneven zircon grains 
suggesting a possibly reworking in the crustal sour ce. 

 
  



 
 

 

 

Part III 
Analysis of detrital zircons 

 

 

 

 

 

 

 

 

 

 

  



 
 

 

  



 
 

CHAPTER 6 

Samples description 

 

Introduction 

Fourteen major tributaries were sampled in order to characterize the zircon 

contribution of the major source areas, including the Austroalpine and Southalpine 

basements and Bregaglia and Adamello intrusives (samples S1, S2), the Lepontine 

Dome  (samples S3, S4), the Monte Rosa and Sesia Lanzo units (sample S5), the 

Mont Blanc Massif (sample S6), the Gran Paradiso and Dora Maira units (samples 

S7,S8, S9), the Argentera Massif (sample S10) the Tertiary Piedmont Basin and 

underlying units of Ligurian Alps (samples S12, S13, S14), then the Ligurian Units 

and the foredeep turbidites of the Northern Apennines (samples S15, S16). Four 

samples have been collected in different sites of the Po Delta (sample D1, in the 

northern side of deltaic body, samples D2, D3 in the southern deltaic body, and 

sample D4  on the outer part of Bocca di Goro channel. 

In this chapter samples are grouped for source areas and for each of them we have 

evidenced their grain-size distribution calculated after separation procedures (see 

table 1 in appendix) and the state of zircon concentrates in terms of abundance of 

zircon grains with respect to other heavy minerals. Identifying characteristics of 

detrital minerals found in our samples were also described ( see table 2 in appendix) 

according to reference works of Devismes, (1978), Parfenoff, et al. (1970) and 

Mange and Maurer (1992). Morphology of zircon grains and typology of euhedral 

grains have been recorded (see table 5 in the appendix) and interpreted according to 

the Pupin diagram (see discussion in Ch.3) for sub-types classification (fig.18).   



 

The same zircon grains were sampled for U

observations in order to match results from both techniques and assessing the 

robustness of geochronological signature with resp

order to exploit the possible correlations between grain

morphologies of zircon grains, U

morphological observations. 

Fig. 18: Morphological classification of zircon crystals a ccording to Pupin (1980). 
Subclasses are determined according to the ratio of different prisms and pyramids, so 
that the insect indicates the S
indicates the field of {101}
zircons 
 

 

The same zircon grains were sampled for U-Pb dating and morphological 

observations in order to match results from both techniques and assessing the 

robustness of geochronological signature with respect to hydraulic sorting effects.

order to exploit the possible correlations between grain-ages populations and 

morphologies of zircon grains, U-Pb dating results were plotted against quantitative 

morphological observations.  

: Morphological classification of zircon crystals a ccording to Pupin (1980). 
ubclasses are determined according to the ratio of different prisms and pyramids, so 

that the insect indicates the S -fields while the outer part the P-fields. W
of {101} -dominated zircons, in grey the field of {211}

 

Pb dating and morphological 

observations in order to match results from both techniques and assessing the 

ect to hydraulic sorting effects. In 

ages populations and 
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: Morphological classification of zircon crystals a ccording to Pupin (1980). 
ubclasses are determined according to the ratio of different prisms and pyramids, so 

White colouring 
{211} -dominated 



 
 

Po River Delta 

Length/width ratio (and average volume) vs. U-Pb grain ages plots, show that none 

of the samples collected in the Po Delta show any correlation (R2=0.009) between 

age and crystal size, thus minimizing the effects of size-sorting on single grain age 

distribution. Resulting graphs of all combined Po Delta samples are reported in figure 

19, showing that there is no linear correlation between U-Pb ages and L/W ratio or 

volume, in any samples, testifying to the lack of hydraulic sorting effect on single 

grain age distribution. 

 

 

 
Fig. 19: Diagrams of L/W vs. U-Pb grain-ages and av erage volume vs. U-Pb grain ages 
for all the Po Delta samples 
  



 
 

SAMPLE D1 

General 

Sample D1 was collected from beach sand in locality Boccasette.  

According to the granulometric distribution for sample D1 calculated during zircon 

separation procedures (table 1, appendix) grain-size of zircon grains is between very 

fine-to-fine sand with a few silt grains. State of zircon concentrate at the end of 

separation procedures show high concentration of zircon grains, so that no further 

separation was required. Zircon concentrate was observed on a polished slide for 

morphological analysis prior to geochronological dating.  

Zircon concentrate (density >3.3 g/cm3) contains other diamagnetic minerals where 

the kyanite was the most abundant with grain-size considerably larger than zircon 

(table 2 , appendix).  

Morphology of zircon populations  

In sample D1 the majority of zircons show rounded and sub-rounded morphologies, 

where the 49 % is represented by sub-rounded grains, in which euhedral shape is 

often recognizable, and the 38% of rounded shaped groups the acicular prismatic 

(according to Miller et al., 2006), egg-shaped and spherical grains. Euhedral types 

represent only the 14%, with a slightly difference between the {101}-dominated (5%) 

and the {211}-dominated zircons (9%). 

Examination of euhedral zircons according to Pupin, 1980 shows different typology: 

- There are acicular prismatic needle shaped zircons with as in Plate 5, 1.1, 

possibly P1/P2 type 

- Some S24/S14 or S20/P4 type zircons as in Plate 5,1.5  

- Moderate amount of S10/S15 types in Plate 5, 1.3 



 
 

- Moderate amount of S11/S21 types 

Examination of colour series in zircon grains (according to Gastil et al., 1967), 

groups a dominant colourless series of zircon grains are associated with a less 

common pale pink series, usually in euhedral and acicular prismatic grains. Rounded 

zircons are always colourless, but colourless zircons could present different 

morphologies. A less common series showing milky zircons is often associated with 

different degree of metamictization: 

- Many colourless zircons are widely diffused (Plate 5) 

- Some pale pink zircons are observed (Plate 5, 1.4) 

- Rose zircons tend to show a certain degree of opacity narrow to the rims, 

localized in the core of zircon grain, or distributed in the crystal as in Plate 

5, 1.2 

- Few milky zircons showing different colour shade from white-to-rose, see 

Plate 5, 1.1, 1.5, 1.6. 

Morphological observation by SEM 

Zircon grains occur as sharp irregular fragments (from 1 to 15 first three rows, plate 

6), sub-rounded to rounded grains (from 16 to 30, middle rows, plate 6), and 

euhedral crystals (last 2 rows from 31 to 40, plate 6). Uneven or conchoidal 

breakage patterns are often exhibited which is possibly related or to fracturation 

during sample handling in laboratory, or else this fracture pattern could be acquired 

during diagenesis or during transport of grains.    

- Plate 6, rows 1, 2, 3 from 1 to 15: zircons grains appear as irregular 

fragments where faces are sometime preserved (1), showing conchoidal 

fracturation or abraded surface (2,4,5,10), ricrystallization inside fractures is 

common (7,8,9) 



 
 

- Plate 6, rows 4,5,6 from 16 to 30: zircon grains are well rounded usually 

characterised by smooth surface, where no evidence of abrasion are shown, 

but some relicts of prismatic faces can be observed 

- Plate 6, rows 7,8 from 31 to 40: euhedral zircon type are highlight by the 

SEM, so that it is possible to note the slightly sub-rounded surfaces 

characterising the {211}-dominated zircons (from 31 to 35), while the {101}-

dominated zircons is well represented by euhedral type corresponding to 

P1/S5 or P2/S9 types (from 36 to 40) according to Pupin diagram (fig18).     

 

SAMPLE D2 

General 

Sample D2 was collected from beach sand in locality Barricata.  

According to the granulometric distribution for sample D2 calculated during zircon 

separation procedures grain-size of zircon grains is between very fine-to-fine sand. 

State of zircon concentrate at the end of separation procedures show few zircon 

grains much smaller than other heavy minerals and high amount of large crystals of 

kyanite, so that refining of zircon concentrate by means of further separation was 

required. We applied a stronger magnetic separation but the concentrate was much 

improved only after sieving with finer mesh (see ch.2 for details). Photomicrographs 

7.2.1a and 7.2.1c want to show the state of zircon concentrate respectively before 

and after refining. The high quality resolution in both pictures, used as sample map 

for morphological and dating analysis of sample D2, allows to assess such 

difference, by counting the same number of minerals, zircon grains are around the 3 

% in 7.2.1b vs. the 6 % in 7.2.d after further separations. 



 
 

Diamagnetic minerals in zircon concentrate (density >3.3 g/cm3) are given in table 2 

(appendix) where kyanite, zoisite and rutile were the most abundant having grain-

size considerably larger than zircon. 

 

 

Fig. 20: Plate 5. Photomicrographs of sample D1. 1. 1, completely opaque zircon, 1.2  



 
 

 

Fig. 21: Plate 6. SEM images of sample D1 
 



 
 

Then zircon concentrate was observed on a polished slide for morphological analysis 

prior to geochronological dating.  

Zircon concentrate (density >3.3 g/cm3) contains other diamagnetic minerals where 

the kyanite was the most abundant with grain-size considerably larger than zircon 

(see table 2). 

Morphology of zircon populations  

In sample D2 the majority of zircons show rounded and sub-rounded morphologies, 

with 73% of rounded/sub-rounded grains. Euhedral types represent only the 26%, 

with a marked dominance of {101}-dominated zircons (18%) with respect to the 

{211}-dominated (8%). 

Examination of euhedral zircons according to Pupin, 1980 shows different typology, 

where the {101}-dominated zircons are largely dominant with acicular prismatic and 

acicular prismatic grains as shown in plate 7.2.3. Dominant colourless series of 

zircon grains are associated with a quite common pale pink series, which have been 

emphasized in reflected light and dark background in plate 7.2.4. A less common 

series of milky zircons is often observed.  

Examination of colour series in zircon grains, show different groups: 

- Many colourless zircons are widely diffuse in plate 7 

- Some pale pink zircons and few milky zircons are also observed (plate 

7.2.4) 



 
 

 

Fig. 22: Plate 7. Photomicrographs of sample D2 
  



 
 

Morphological observation by SEM 

Rounded zircon grains show pitted and frosted surfaces, sensu Mange and Maurer, 

1992 (from 1 to 6 first row, plate 8), composite structures (second row from 7 to 10, 

plate 8) and smoothed faces in some sub-euhedral crystals (from 11 to 15 third row, 

plate 8). Euhedral types are characteristic and they are still recognizable whether 

smoothing of pyramidal and prismatic faces: 

- Plate 8, row 4, number 16, 17, 18: euhedral zircons {211}-dominated, the 

same is true for sub-euhedral zircons number 13 and 10 in upper rows.  

- Plate 8, rows 5, number 19, 20, 21: zircon grains seen normal to the c-axis, 

so that the four faces of the summit pyramid is emphasised, as well as the 

prismatic habit of zircon crystals.  

- Plate 8, row 5, number 22, 23, 24, 25 : euhedral zircon {101}-dominated 

where type P1/S5 or P2/S9 are dominant. In these pictures there are more 

neighbours zircon grains showing different morphological features because 

the zircon concentrate is dropped randomly on the slide used for SEM 

analyses, hence the occurrence of more {101}-dominated zircons with 

respect to {211}-dominated zircons support the microscopic observations 

prior discussed.  

 



 
 

 

Fig. 23: Plate 8. SEM images of sample D2 
 

 

SAMPLE D3 

General 

Sample D3 was collected from beach sand in locality Bonelli.  

According to the granulometric distribution for sample D3 calculated during zircon 

separation procedures grain-size of zircon grains is very fine sand with a few silt 

grains. State of zircon concentrate at the end of separation procedures show high 

concentration of zircon grains because large crystals or other heavy minerals are 



 
 

scarce, so that no further separation was required. Zircon concentrate were 

observed on a polished slide for morphological analysis prior to geochronological 

dating. Heavy minerals observed in the zircon concentrate are given in table 2 

(appendix)  

Morphology of zircon populations  

In sample D3 the majority of zircons show rounded and sub-rounded morphologies, 

where acicular prismatic, egg-shaped and spherical grains are well represented. 

Plate 9 show a wide range of different features: 

- Xenocrystic cores could show different colour as a consequence of the 

different degree of metamictization, and a sub-euhedral shape possibly the 

relict of a polycyclic zircon which worked as nucleation point during 

crystallization of the surrounding zircons as in plate 9, 3.2b 

- Ghost cores can occur in rounded zircons as a delimited area marked by 

small inclusions as in plate 9, 3.2e 

- Rounded grains can show a patterns of smooth edges and humpbacked 

surface (3.2c), or uneven breakage and irregular shape (3.2d) 

Euhedral types show a dominance of {101}-dominated respect to {211}-dominated 

grains. Examination of euhedral zircons according to Pupin, 1980 shows different 

typology: 

- There are many zircons with acicular prismatic habit as in Plate 9, 3.1 

- Some P5/D type are observed with long and thin inclusion probably with 

melt origin, as in Plate 9 3.2a 

Colourless series of zircon grains are the most common, but few yellowish grains 

locally occur (plate 9.3.2c)  

  



 
 

 

Fig. 24. Plate 9. Photomicrographs of sample D3 
 

SAMPLE D4 

General 

Sample S4 was collected at the southern side of the Po Delta from a beach sand on 

Isola dei gabbiani near the Bacucco lighthouse. According to the granulometric 

distribution for sample D4 calculated during zircon separation procedures grain-size 

of zircon grains is between very fine-to-fine sand. State of zircon concentrate at the 

end of separation shows zircon grains not larger than 125 µm. Zircon concentrate 



 
 

(density >3.3 g/cm3) contains diamagnetic heavy minerals similar to other Po Delta 

samples as the most common are kynite, zoisite and rutile (see table 2 in appendix 

for details ).  

Morphology of zircon populations  

There are almost only fragment of zircon grains in sample D4 (95%) probably related 

to the high energy depositional environment. Only colourless zircons have been 

observed. 

 

Central and Southern Alps 

Morphological analysis performed on zircon concentrates after mounting on a 

polished slides were plotted against geochronological data. Resulting graphs (fig.25) 

show that no linear correlation occurs between grain-age populations and L/W ratio 

or average volume of grains, thus minimizing the effects of size-sorting on single 

grain age distribution.  

 

SAMPLE S1 

General 

Sample S1 was collected at the end of major valley of the Oglio River before the 

confluence into the Iseo Lake, at Rogno.  

According to the granulometric distribution for sample S1 calculated during zircon 

separation procedures grain-size of zircon grains is between fine-to-medium sand. 

State of zircon concentrate at the end of separation shows few zircon grains with 

some other heavy minerals (see table 2). We found this concentrate difficult to refine 



 
 

because of the small quantity of zircon grains which may reduce further after 

separations. Some apatite grains were also found, indicating that possible troubles 

occur during separation. 

Zircon concentrate (density >3.3 g/cm3) contains other diamagnetic minerals where 

carbonates are clearly distinguished, and few grains of andalusite were also found 

(table 2 in appendix for details).  

 

 

Fig. 25: First diagram shows no linear correlation between L/W vs. U-Pb grain-ages, as 
also demonstrated by the coefficient of linear corr elation R 2, calculated for each 
sample: R 2S1=0.036; R2S2=0.023; R2S3=0.09; R2S4= 0.097.Second diagram shows that 
there is no linear correlation between Average Volu me vs. U-Pb grain ages, that 
support a negligible effect of hydraulic sorting on  analysed sample; coefficient of 
linear correlation R 2 shows very low values: R 2S1=0.017; R2S2=0.022; R2S3=0.013; 
R2S4=0.032   
  



 
 

 

Fig. 26: Plate 10. Photomicrographs of detritus she d from the Southern Alps (samples 
S1 and S2) and the Central Alps (samples S3 and S4) . 



 
 

Morphology of zircon populations 

In sample S1 the majority of zircons show rounded (75%), with many egg-shaped 

and acicular prismatic grains. Few euhedral grains are the 26% of the total, where 

the 16% are {211}-dominated zircons and the 10% are the {101}-dominated zircons. 

The former is represented mainly by S16/S17 and S21 types, while the latter usually 

correspond to the S19/P4 types. Only colourless zircons have been observed. 

 

SAMPLE S2 

General 

Sample S2 was collected from the Adda River before the confluence into the Como 

Lake, near Dubino.  

According to the granulometric distribution for sample S2 calculated during zircon 

separation procedures grain-size of zircon grains is between fine-to-medium sand, 

with enough grains larger than 125 µm, which is quite rare in our samples. Therefore 

state of zircon concentrate at the end of separation show a good concentration of 

zircon grains  

Zircon concentrate (density >3.3 g/cm3) contains other diamagnetic minerals where 

zircon grains can be represented by very large (table 2, appendix). 

Morphology of Zircon populations  

Sample S2 is dominated by zircon grains irregular or rounded with a tendency to 

sphericity (Plate 10, 5.4d), representing the 86% of the total amount of zircon. 

Euhedral types are the 18%, where the {101}-dominated grains represents the 11% 

and the {211}-dominated, instead, the 7%. Majority of euhedral grains are younger 



 
 

than 35 Ma and they are identified as {211}-dominated. In Sample S2 the following 

features have been observed: 

- {211}-dominated zircons are represented mainly by egg-shaped crystals 

like S12 types but also S21/S16 and S13 types have been observed.  

- {101}-dominated zircons show prismatic habit, usually referable to P4 and 

D/P5 types, as shown in Plate 10, 5.3a and 5.3b,e, respectively  

Colourless zircons are the most common, however there are also few grains 

showing pink-to-rose shades as shown in Plate 10, 5.3, usually belonging to the 

younger grain-age population (20-40 Ma). 

 

SAMPLE S3 

General 

Sample S3 was collected at Bellinzona along the Ticino River, draining the eastern 

part of the Lepontine Dome, before the Maggiore Lake. 

According to the granulometric distribution for sample S3 calculated during zircon 

separation procedures grain-size of zircon grains is between fine-to-medium sand.  

State of zircon concentrate at the end of separation procedures show few zircon 

grains much smaller than other heavy minerals, and high amount of large crystals of 

kyanite, so that refining of zircon concentrate was required (see ch.2 for details). 

Then zircon concentrate was observed on a polished slide for morphological analysis 

prior to geochronological dating.  



 
 

Morphology of zircon populations  

In sample S3 rounded and sub-rounded zircons are widely diffuse representing the 

84 % of the total zircon amount. Few euhedral grains are characterised by {211}-

dominated zircons with the 10%, and few {101}-dominated zircons (7%). 

Examination of euhedral and sub-rounded forms show the following features: 

- Rounded large zircon grains have apparent abraded and frosted surfaces 

Etch-pits, facets and grooves (sensu Mange and Maurer, 1992) on the 

surface as shown in plate 10, 5.2a,b. 

- Few {211}-dominated zircons can present acicular prismatic shape 

referable to S6/S11 type, as in plate 10, 5.2c 

- {211}-dominated zircons are mainly represented by lower L/W ratios 

associated to S11/S21 and S12/S2 (plate 10, 5.2d,e), possibly with almost 

rounded outline that could make difficult the typological interpretation. 

Abundant fluid inclusions and the occurrence of pitted surfaces (plate 10, 5.2 a,b,c), 

are usually found in old zircon populations (>360 Ma). Only colourless series of 

zircon grains have been observed associated with a less common milky series. 

Morphological observation by SEM 

Analysis by SEM on sample S3 revealed rounded zircon grains with abraded and 

frosted surfaces (from 1 to 15, plate 11) or high rounding degree (from 16 to 20, 

plate 11), as well as sub-rounded (from 16 to 25, plate 11) and sub-euhedral grains 

(from 26 to 30, plate 11), which have been described in detail below: 

- Plate 11, Rows 1,2 numbers 1 to 7: well-rounded zircons with abraded 

surface 

- Plate 11, Rows 2 numbers 8,9,10: frosted surface and breakage pattern 

normal to C axis are often exhibited  



 
 

- Plate 11, Rows 3, numbers  11 to 15 : some rounded detrital zircons exhibit 

abraded and pitted surfaces (sensu Mange and Maurer, 1992)  possibly 

due to metamorphic dehydration reactions typically generated during 

amphibolite to granulite facies as suggested by analogue textures observed 

in different context (e.g Sinha et al., 1992; Williams, 2001). Observation 

under the microscope reveals that these zircons are mostly milky or 

opaque (plate 10, 5.2a,b) 

- Plate 11, Rows 4 numbers 16 to 25: the high rounding degree is regarded 

as a criterion of magmatic resorption or of metamorphic origin (e.g. Corfu et 

al., 2003 ). 

- Plate 11, Rows 5 and 6 numbers 21 to 30: many sub-rounded grains where 

the shape of euhedral types has been identified as {211}-dominated, in 

particular S16 and S13 types are revealed. {101}-dominated zircons are 

represented mainly by P3 morphology. 

 



 
 

 
 
Fig. 27: Plate 11. SEM images of sample S3 
  



 
 

SAMPLE S4 

General 

Sample S4 was collected along the Toce River, draining the western side of the 

Lepontine Dome, before its confluence into the Maggiore Lake.  

According to the granulometric distribution for sample S3 calculated during zircon 

separation procedures, grain-size of zircon grains is between fine-to-medium sand.  

State of zircon concentrate at the end of separation procedures show the same 

features of previous sample S3, probably because both samples comes from 

different sides of the same source areas, so that refining of zircon concentrate by 

means of further separation was required.  

Zircon concentrate (density >3.3 g/cm3) contains other diamagnetic minerals which 

are given in table 2, in appendix.  

Morphology of Zircon populations  

In sample S4 the majority of zircon grains are rounded and sub-rounded (85%), with 

a dominance of acicular prismatic form. Euhedral types are really scarce only the 3% 

are {101}-dominated while the 6% is {211}-dominated as S12 and S17 types.  

Colourless zircons are the most common, however there are also few grains which 

show a marked pink-to-rose shade, and in particular: 

- Few euhedral {211}-dominated zircons are transparent with a typical pink 

colour, otherwise the same nuance can be found in opaque/milky zircons 

that register ages ranging between 100 and 240 Ma.  

- Almost opaque core occur mainly in sub-rounded grains  



 
 

Western Alps 

None of samples collected from Po River's tributaries draining the Western Alps 

show any linear correlation between grain-age populations and L/W ratio or average 

volume of grains (fig.28). Resulting graphs of samples are reported below showing 

that there is no linear correlation between U-Pb ages and L/W ratio or volume, in any 

samples, supporting the idea that detected grain-age populations are not 

concentrated by the hydraulic sorting effect and the proportions with which they 

occur in a sediment sample mirror the importance with which they occur in the 

source area.  

 

 

Fig. 28: Diagrams of L/W vs. U-Pb grain-ages of sam ples from the northern Western 
Alps (left) and southern Western Alps (right) show no linear correlation between L/W 
vs. U-Pb grain-ages, as also demonstrated by the co efficient of linear correlation R 2, 
calculated for each sample: R 2S5=0.003; R2S6=0.006; R2S7=0.012; R2S8= 0.083; 
R2S9=0.02; R2S10=0.02; R2S11=0.003. the same is true for diagrams of average  volume 
vs. U-Pb grain ages which show no linear correlatio n between Average volume vs. U-
Pb grain ages, that support a negligible effect of hydraulic sorting on analysed 
samples; coefficient of linear correlation R 2 shows very low values: R 2S5=0.006; 
R2S6=0.004; R2S7=0; R2S8= 0.03; R2S9=0.03; R2S10=0.0; R2S11= 0.003   
 



 
 

 

Fig. 29: Plate 12. Photomicrographs of samples from  the Western Alps 
  



 
 

SAMPLE S5 

General 

Sample S5 was collected at the end of major valley of the Sesia river at Romagnano.  

According to the granulometric distribution for sample S1 calculated during zircon 

separation procedures, grain-size of zircon grains is between fine-to-medium sand. 

State of zircon concentrate at the end of separation show an excellent concentration 

of large zircon grains between 63-200 µm. Zircon concentrate (density >3.3 g/cm3) 

contains other diamagnetic minerals where kyanite, rutile and sphene are the most 

abundant (see table 2 in the appendix for details ).  

Morphology of zircon populations 

In sample S5 the majority of zircons are rounded (75%), with many acicular prismatic 

grains. Euhedral grains are the 25% of the total, with a clear dominance of the {101}-

dominated (23%) and few {211}-dominated zircons (2%). {101}-dominated zircons 

are represented mainly by many P5/P2 types as well as S25/S15 and S24/S14. Only 

colourless zircons have been observed. 

 

SAMPLE S6 

General 

Sample S6 was collected at Quassolo at the end of major valley of the Dora Baltea 

River, draining the External Massif of the Mont Blanc.  

According to the granulometric distribution for sample S6 calculated during zircon 

separation procedures (see table 1), grain-size of zircon grains is between fine-to-

medium sand.  



 
 

State of zircon concentrate at the end of separation procedures show few zircon 

grains much smaller than other heavy minerals and high amount of large crystals of 

rutile, so that refining of zircon concentrate by means of further sieving was required. 

We pass the sample through a finer sieve to concentrate zircon grains between 63-

125 µm and remove larger grains. Stronger magnetic separation was applied to 

remove minerals with eventually ferromagnetic inclusions. 

Then zircon concentrate was observed on a polished slide for morphological analysis 

prior to geochronological dating.  

Zircon concentrate (density >3.3 g/cm3) contains other diamagnetic minerals where 

the kyanite and zoisite were the most abundant with grain-size considerably larger 

than zircon (see table 2 in appendix).  

Morphology of zircon populations  

In sample S6 rounded and sub-rounded zircons are widely diffuse representing the 

75 % of the total zircon amount, well represented by the egg-shaped and acicular 

prismatic form (plate 12, 6.3a). Euhedral zircon {101}-dominated are the 21% mainly 

represented by P1/P4 types (plate 12, 6.3c), S5/S15 and few S25 (plate 12, 6.3b). 

The {211}-dominated zircons instead are only the 4% with some S22 types (plate 12, 

6.3d) or usually recognizable by the typical shape of sub-rounded grains. 

A most common colourless series (56%), of zircon grains is associated with a some 

pink-to-rose series (plate 12, 6.3 c,d) which represents the 30% of total. Majority of 

red series zircons cluster around 65-200 Ma in age. 

Morphological observation by SEM 

Analysis by SEM on sample S6 revealed rounded zircon grains with high rounding 

degree ( from 1 to 20, plate 13) where less common abraded and frosted surfaces 

can be recognized (sensu Mange and Maurer, 1992). Sub-rounded grains are 



 
 

usually associated to {211}-dominated shape (from 21 to 28, plate 13). Detailed 

description is provided below:  

- Plate 13, Rows 1,2 numbers 1 to 10: the high rounding degree is regarded 

as a criterion of magmatic corrosion (e.g. Mange and Maurer, 1982 ). 

- Plate 13, Rows 3,4 number 11 to 18: well-rounded zircons with slightly 

abraded surfaces and composite reabsorbed zircons ( 17,18). 

- Plate 13, Rows 5 and 6 numbers 21 to 28: between sub-rounded grains 

with {211}-dominated shape, some quite recognizable morphologies can be 

identify as in the view of prismatic face 100<<110 so that n.21 could be 

labelled as S4, while others grain typologies are not usually evident 

(number 24 to 28). Probably S11 (n.22) or S7 (n.23)  

- Plate 13, Rows 7, 8 numbers 29 to 40: the {101}-dominated zircons are the 

most common morphology as shown in numbers 29 to 34, or S25 with 

small {211}-pyramidal faces (35,38), usually easier to be recognized thanks 

to their tendency to lean on the slide offering a perfect view orthogonal to 

the C axis (39).  



 
 

 

Fig. 30: Plate 13. SEM images of sample S6 
  



 
 

SAMPLE S7 

General 

Sample S7 was collected from the Orco River at Visignano.  

According to the granulometric distribution for sample S7 calculated during zircon 

separation procedures (table 1, appendix) grain-size of zircon grains is between 

medium-to-coarse sand. State of zircon concentrate at the end of separation shows 

a quite good concentration of zircon grains representing the smaller grains in the 

whole concentrate. We tried to improve the state of concentrate being careful to lose 

no zircon grains during finer sieving, at the end of which a slightly better zircon 

concentrate was observed. 

Morphology of zircon populations 

In sample S7 the majority of zircons are rounded (75%), with many egg-shaped 

grains. Euhedral grains are the 26% of the total, where {101}-dominated zircons are 

the 12% and {211}-dominated zircons are the 14% are quite equivalent. {101}-

dominated  zircons are mostly represented by P5/P4 and P1 types as well as 

S19/S20 and few S4, while the {211}-dominated zircons are characterised however 

by a quite equivalent size between {101} and {211} pyramidal forms, where the most 

common typological combinations are represented by the couples S17-S18, S22-

S23 and S13-S14 with also few S11 types.  

 



 
 

SAMPLE S8 

General 

Sample S8 was collected along the Dora Riparia River at Avigliana. According to the 

granulometric distribution for sample S8, grain-size of zircon grains is medium sand. 

State of zircon concentrate at the end of separation shows low concentration of 

zircon grains, was hardly improved with a stronger magnetic separation. Zircon 

concentrate (density >3.3 g/cm3) contains other diamagnetic minerals where grains 

of monazite were found commonly, making difficult to discriminate zircon grains 

when they show altered surface. 

Morphology of zircon populations 

In sample S8 the majority of zircons are rounded (85%), with many acicular prismatic 

grains, usually showing characteristic patterns of fluid inclusions as melt filled 

channels or stick shaped apatite crystals (Plate 12, 6.6a). Euhedral grains are the 

15% of the total, where the 10% are the {101}-dominated associated with few 

number of {211}-dominated (5%) usually identified in sub-rounded grains shape 

(Plate 12, 6.6b). Colourless zircons are associated with yellow-brownish series. 

 

SAMPLE S9 

General 

Sample S9 was collected along the Po River at Revello entering the Po Plain.   

According to the granulometric distribution for sample S9, grain-size of zircon grains 

is between fine-to-medium sand. State of zircon concentrate at the end of separation 

show quite enough zircon grains not larger than 125 µm.  



 
 

SAMPLE S10 

General 

Sample S10 was collected from the Varaita River. 

According to the granulometric distribution for sample S10, grain-size of zircon 

grains is between medium-to-coarse sand. State of zircon concentrate at the end of 

separation show quite enough zircon grains not larger than 125 µm. Zircon 

concentrate (density >3.3 g/cm3) contains a other diamagnetic heavy minerals which 

are given in table 2, where we commonly found diopside and kyanite.  

 

Morphology of zircon populations 

There are almost only rounded zircon grains in sample S9 (95%) while in sample 

S10 they represent the 85%, with scarce euhedral grains almost ranging between 

the 9 % for the {101}-dominated grains and a 6% for {211}-dominated zircons. Only 

colourless zircons have been observed. 

 

SAMPLE S11 

General 

Sample S11 was collected along the Stura Demonte River draining the Argentera 

massif. According to the granulometric distribution for sample S11, grain-size of 

zircon grains is between medium-to-coarse sand. State of zircon concentrate at the 

end of separation show high concentration of large zircon grains between 63-200 

µm, in spite of few apatite grains found in the concentrate, associated with other 

heavy minerals given in  table 2 (appendix).  



 
 

Morphology of zircon populations  

In sample S11 rounded and sub-rounded zircons are widely diffuse representing the 

79 % of the total zircon amount, represented more by the egg-shaped than acicular 

prismatic form. Euhedral grains are mainly represented by the {101}-dominated 

zircons (19 %), while the {211}-dominated zircons are the 9%. The former mostly 

includes P5/S25 types (plate 12, 6.9a), and some S19/S14 types, while the latter is 

recognized in sub-rounded grains by their shape (plate 12, 6.9c) with some S22/S12, 

S11/S2 types and S8 have been observed (plate 12, 6.9b,d). 

Red series zircons are the most common (52%), with a wide range of colour from 

pale pink to hyacinth (plate 12, 6.8 c,d). Colourless zircons are the 40% ranging 

almost between 360-520 Ma. Majority of red series cluster around 200-300 Ma in 

age. 

 

Northern Apennines 

Length/width ratio and volume of zircon grains were plotted against U-Pb data. 

Resulting plots (fig.31) show that there is no linear correlation between zircon grain-

age and grain size, thus minimizing the effect of hydraulic on the geochronological 

signature. 

 



 
 

 

Fig. 31: First diagram shows no linear correlation between L/W vs. U-Pb grain-ages, as 
also demonstrated by the coefficient of linear corr elation R 2, calculated for each 
sample: R 2S12=0.005; R2S14=0.07; R2S15=0.014; R2S16= 0.02. Second diagram shows 
no linear correlation between average volume vs. U- Pb grain ages, as supported by the 
lower values of the coefficient of linear correlati on R 2: R2S12=0.011; R2S14=0.022; 
R2S15=0.024; R2S16=0.015   
 

SAMPLE S12 

General 

Sample S12 was collected along the Scrivia River draining the Ligurian Units and 

part of the TPB sedimentary sequences. According to the granulometric distribution 

for sample S12 calculated during zircon separation procedures, grain-size of zircon 

grains is between medium-to-coarse sand. State of zircon concentrate at the end of 

separation shows low concentration of zircon grains. Zircon concentrate (density 

>3.3 g/cm3) contains other diamagnetic such as sphene and monazite (see table 2 in 

appendix).  



 
 

 

 

Fig. 32: Plate 14. Photomicrographs of samples from  the Northern Apennines 
 
  



 
 

Morphology of zircon populations 

In sample S12 the majority of zircons are rounded (66%), with many egg-shaped 

grains. Euhedral grains are the 35% of the total, where the 21 % are the {211}-

dominated zircons, hence the 14% are {101}-dominated zircons. The last are mostly 

represented by S19/S20, while the {211}-dominated zircons are characterised by 

morphologies related to the S13/S23 types. Colorless zircons are found frequently.  

 

SAMPLE S13 

General 

Sample S13, collected along the Trebbia River, has grain-size between medium-to-

coarse sand and state of zircon concentrate at the end of separation show the lower 

concentration of zircon grains than all other sample. Some problem during 

separation is possibly indicated by the occurrence of many crystals of Na-

Metatungstate.  

 

SAMPLE S14 

General 

Sample S14 was collected along the Taro river one of the most important drainage 

area of the northern Apennines for its large extension.  

According to the granulometric distribution for sample S14 calculated during zircon 

separation procedures (see table 1) grain-size of zircon grains is between medium-

to-coarse sand. State of zircon concentrate at the end of separation shows a modest 

concentration of zircon grains so that no further separations have been required. 



 
 

Zircon concentrate (density >3.3 g/cm3) contains other diamagnetic minerals where 

the occurrence of quite common grains of monazite makes sometimes difficult the 

identification of zircon grains when the latter present altered surface quite commonly 

in detrital samples (see table 2  ).  

Morphology of zircon populations 

In sample S14 zircon grains are almost all rounded (90%), where egg-shaped are 

abundant but also few acicular prismatic grains have been found.  High rounding 

degree is regarded here as a criterion of polycyclic history. 

 

SAMPLE S15 

General 

Sample S15 was collected along the Enza River. 

According to the granulometric distribution for sample S15, grain-size of zircon 

grains is between fine-to very fine sand. State of zircon concentrate at the end of 

separation shows high concentration of zircon grains so that no further separation 

has been carried out. Zircon concentrate (density >3.3 g/cm3) contains larger zircon 

grains as well as other diamagnetic minerals such as zoisite and rutile. 

Morphology of zircon populations 

In sample S15 the majority of zircons are rounded (67%), with many egg-shaped 

grains. Euhedral grains are the 33% of the total, where zircon typologies are quite 

equivalent with the 17% of {101}-dominated and the 16% of {211}-dominated 

zircons. {101}-dominated zircons are mostly represented by P5/P4 and P1 types as 

well as S19/S20 and few S4. {211}-dominated zircons, instead, are characterised by 



 
 

a quite equivalent size between {101} and {211} pyramidal forms, where the most 

common typological combinations are represented by the couples S17-S18, S22-

S23 and S13-S14 with also few S11 types.  

 

SAMPLE S16 

General 

Sample S16 was collected along the Secchia River at Sassuolo.  

According to the granulometric distribution for sample S16, grain-size of zircon 

grains is between very fine-to-fine sand. State of zircon concentrate at the end of 

separation show a very good concentration of zircon grains with size larger than 125 

µm. Zircon concentrate (density >3.3 g/cm3) contains other diamagnetic minerals 

such as zoisite, monazite and rutile already seen in other Apenninic samples (see 

table 2 in appendix for details ).  

Morphology of zircon populations 

In sample S16, lots of zircon grains are rounded sub-rounded or fractured (82%). 

Between the euhedral grains (18%), where 10 % is represented by {101}-dominated 

and the 8 % by {211}-dominated zircons, as in plate 14, 7.7.  

 

Po River trunk 

Length/width ratio and average volume of zircon grains were plotted against dating 

results. Resulting plots show (fig.33) that any linear correlation occurs in none of the 

samples from the Po Plain making the geochronological signature robust with 

respect to hydraulic-sorting effects, making possible to assess the adequacy of 



 
 

geochronological signature with respect to the hydraulic sorting effect on single grain 

age distribution.  

 

 
 
Fig. 33: First diagram shows no linear correlation between L/W vs. U-Pb grain-ages, as 
also suggested by low values of the coefficient of linear correlation R 2, calculated for 
each sample: R 2P1=0.001; R2P2=0.023; R2P3=0.001; R2P4= 0.025; R2P5= 0.009. The 
same situation is also observed in the plot of aver age volume vs. U-Pb grain ages, 
where the coefficient of linear correlation has the  following values: R 2P1=0.0; 
R2P2=0.07; R2P3=0.008; R2P4= 0.004; R2P5= 0.002. 
  



 
 

 

Fig. 34: Plate 15. Photomicrographs of samples from  the Po River trunk 
 



 
 

SAMPLE P1 

General 

Sample P1 was collected in locality Torreberetti along the Po river trunk after the 

confluence of major tributaries of Western Alps.  

According to the granulometric distribution for sample P1, grain-size of zircon grains 

is between very-fine-to-fine sand with few silt grains. State of zircon concentrate at 

the end of separation shows few zircon grains ranging in size between (63-125 µm), 

so that refining of zircon concentrate by means of further separation was necessary. 

The refined concentrate seems much improved after sieving with a finer mesh. In 

Plate 15, photomicrographs 4.3, 4.4 extracted from P1 sample map, show the 

difference observed in zircon concentrate before and after further separations.  

Zircon concentrate (density >3.3 g/cm3) contains other diamagnetic minerals where 

the kyanite was the most abundant with grain-size considerably larger than zircon 

(see table 2 for details). 

Morphology of zircon populations  

In sample P1 the majority of zircons show rounded and sub-rounded morphologies 

(77%), where the 56 % is represented by sub-rounded grains, where the grains 

shape is often recognizable, while the 21% of rounded shaped includes the acicular 

prismatic, egg-shaped and spherical grains. Euhedral types represent only the 14%, 

with a slightly difference between the {101}-dominated (15%) and {211}-dominated 

(7%) zircons. {101}-dominated morphologies are represented by P3/P4 types and 

S10/S15, but S25 type was also observed. {211}-dominated zircons instead, are 

represented, by a dominance of S23/S8 types where {101} pyramidal faces is almost 



 
 

comparable with {211} pyramid, but S11/S12 types have been also observed, 

assessing the occurrence of strong {211}-dominated crystals. 

Common colourless series of zircon grains are associated with a less common series 

show milky zircons is often associated to zircons with different degree of 

metamictization. 

 

SAMPLE P2 

General 

Sample P2 was collected in locality Rivarone along the Tanaro River main trunk a Po 

tributary which drains the Argentera massif and the Ligurian Alps.  

According to the granulometric distribution for sample P2, grain-size of zircon grains 

is very fine sand with many grains just smaller than 63 µm close to the silt-grain-size. 

State of zircon concentrate at the end of separation procedures shows a good 

concentration of zircon grains. Heavy minerals observed in the zircon concentrate 

are described in detail in table 2. 

 

Morphology of Zircon populations  

In sample P2 the majority of zircons shows rounded and sub-rounded morphologies 

(72%), with the 18 % represented by sub-rounded grains, with a dominance of 

acicular prismatic form, while the 54% are rounded shaped. Euhedral types are the 

24%, where the {101}-dominated zircons represent the 15%. In Sample P2 we 

observed the following features: 

- {211}-dominated types are represented by types where the {101} pyramidal 

faces are well recognizable, as S23/S13 or S8 types, as in Plate 15, 4.9a 



 
 

- {101}-dominated zircons show acicular prismatic habit, usually referred to 

D/P5 and P4 types, as shown in Plate 15, 4.9c and 4.10d, respectively  

- There are many shells (probably fitting with some foraminifera species as 

suggested in different works (Ricci Lucchi et al., 1982; Barbieri and Panieri, 

2004) probably  from the TPB source area showing a complete refilling of 

some oxides (e.g. pyrite or limonite), which have recrystallized replacing 

the organic material, details in Plate 15, 4.8 and 4.10e 

Colourless zircons are the most common, however there are also few grains 

showing different shades between pink and hyacinth, their particularity need a 

specific discussion: 

- Euhedral {101}-dominated zircon is characterized by almost opaque core 

surrounding by as opaque rim, emphasized by a strong shining red colour. 

There are only few grains showing these features and they all range 

between 290-320 Ma. We are likely to name this zircon population as 

“series 56”, from the number of the most representative grain shown in 

Plate 15, 4.9b. Morphological features of "series 56" could be used as a 

marker of a proper source area located upstream sample P2. 

 

SAMPLE P3 

General 

Sample P3 was collected along the Po River trunk in locality Cornale before the 

confluence of the Ticino River, downstream the Tanaro and the Scrivia rivers 

confluences.  



 
 

According to the granulometric distribution for sample P3 calculated during zircon 

separation procedures (see table 1 in appendix for details), grain-size of zircon 

grains is very fine-to-fine sand.  

State of zircon concentrate at the end of separation procedures shows few zircon 

grains, and high amount of other heavy minerals such as of large crystals of kyanite 

(see table 2), so that refining of zircon concentrate by means of further separation 

has been required. We apply a stronger magnetic separation (see ch.2 for details), 

but the concentrate were much improved only after sieving with finer mesh.  

Plate 15, 4.5 and 4.6 try to show the state of zircon concentrate respectively before 

and after refining. Then zircon concentrate was observed on a polished slide for 

morphological analysis prior to geochronological dating.  

Morphology of zircon populations  

In sample P3 the majority of zircons show rounded and sub-rounded morphologies 

(77%), where the 19 % is represented by sub-rounded grains, where the grains 

shape is often recognizable (plate 15, 4.7b), while the 60% of rounded shaped 

includes the acicular prismatic, egg-shaped and spherical grains. Euhedral types 

represent only the 21%, with a slightly difference between the {101}-dominated 

(15%) and the {211}-dominated (6%) zircons. Types P3/P4 and S10/S15 are 

commonly represented between the {101}-dominated zircons, S3/S2 and S12 types 

(Plate 15, 4.7a), instead are more common in the other group. Dominant colourless 

series of zircon grains are associated with less common milky zircons, showing 

different degree of metamictization. 

 



 
 

SAMPLE P4 

General 

Sample P4 was collected along the Ticino River main trunk, upstream Pavia in 

locality Bereguardo. According to the granulometric distribution for sample P4 

calculated during zircon separation procedures (see table 1), grain-size of zircon 

grains is very fine-to-fine sand. State of zircon concentrate at the end of separation 

procedures show a good concentration of zircon grains, so that no further separation 

was required. Then zircon concentrate was observed on a polished slide for 

morphological analysis prior to geochronological dating. Zircon concentrate (density 

>3.3 g/cm3) contains other diamagnetic minerals where the kyanite was the most 

abundant with grain-size considerably larger than zircon (see table 2). 

Morphology of zircon populations 

In sample P4 the majority of zircons show rounded and sub-rounded morphologies 

(64%), where the 38 % is represented by sub-rounded grains, while the 27% of 

rounded shaped includes mainly the acicular prismatic shaped grains. A significant 

amount of euhedral grains with the 35% of the total, where the {101}-dominated 

zircons (21%) are represented mainly by S19 type and S15/S5 types some P2 are 

observed. Morphology {211}-dominated represents the 14%, including S21/S6 and 

S17/S22 types. Dominant colourless series of zircon grains are associated with less 

common milky zircons. 

 



 
 

SAMPLE P5 

General 

Sample P5 was collected along the Po River trunk at Zerbo, after the confluence of 

the Ticino River. According to the granulometric distribution for sample P5, grain-size 

of zircon grains is very fine-to-fine sand. State of zircon concentrate at the end of 

separation procedures show few zircon grains much smaller than other heavy 

minerals, and high amount of large crystals of kyanite, so that refining of zircon 

concentrate by means of further separation was required, by a finer sieving 

according to procedures described in chapter 2. Then zircon concentrate were 

observed on a polished slide for morphological analysis prior to geochronological 

dating. Zircon concentrate (density >3.3 g/cm3) contains other diamagnetic minerals 

where the kyanite was the most abundant with grain-size considerably larger than 

zircon (see table 2). 

Morphology of zircon populations 

In sample P5 the majority of zircons show rounded and sub-rounded morphologies 

(75%), where the 19 % is represented by sub-rounded grains, while the 56% of 

rounded shaped includes mainly the acicular prismatic shaped grains. Few euhedral 

grains are the 21% of the total, where the {101}-dominated zircons are the 14% 

mainly represented by P5/P3 types. Few {211}-dominated morphologies (7 %) 

usually show equivalent size of both pyramidal shapes so that the main types 

observed are S18/S13. Dominant colourless series of zircon grains (plate 15, 

4.1b,c,d) are associated with less common milky zircons (plate 15, 4.1a). 

  



 
 

CHAPTER 7 

U-Pb signals  

 

Introduction 

The U-Pb zircon grain-age distribution in the delta is a function of the U-Pb zircon 

grain-age distributions of upstream tributaries. Consequently the same peaks 

observed in the Po Delta samples can be traced within the distribution of the 

tributaries which drains the potential source areas. Starting from the delta, U-Pb 

zircon grain-age distributions were analyzed upstream up to their sources in order to 

recognize dominant and minor peaks which characterized the geochronological 

signal within the Po River drainage (fig.35). Major Po River's tributaries are 

characterized by a geochronological signature that reflects the source rocks 

providing a representative mirror of the bedrock U-Pb ages distribution in the 

drainage area (Bernet et al., 2001). This can be demonstrated by cross-checking the 

detrital zircon U-Pb ages against known values from the bedrock achieving a high 

level of confidence in detrital dating results. In this idea we compared detrital zircon 

ages with the bedrock U-Pb ages of zircon rims available from the large dataset 

published by Hunziker et alii (1992, in the Mémoires de Géologie, Lousanne) and 

from some recent data of geochronological studies in the Alps/Apennine belt. 

Results discussed in these chapters demonstrate that provenance signals from 

source areas influence the U-Pb zircon grain-age distributions of samples from the 

Po River main trunk, as well as those from its delta.  

  



 
 

 

 
Fig. 35: Detrital U-Pb ages distribution of the Po River drainage. U-Pb signals of 
samples from the major Po river' tributaries draini ng potential source areas can be 
followed downstream the Po river trunk toward the d elta. After major confluences 
probability density plots of samples P1, P2, P3 and  P4, in fact, results from a mixture 
between dominant and minor peaks of the grain-ages distributions before the 
confluences. 
 

  



 
 

U-Pb Signal in the Po River Basin 

 

PO DELTA  

The clusters in the distribution show distinct populations defined by discrete and 

well-defined peaks which are rather constant in each Po Delta samples (fig.36). The 

occurrence of very similar peaks in Po Delta samples attests that our quantitative 

approach has the advantage of preserving the relative proportions of age 

components. This allows to merging data from all four samples then out of 398 

analyses, 357 yielded with concordant ages. The dominant population occurs in all 

samples, within a range from 280 Ma to 300 Ma. The younger population is 

represented by a single peak which comes at 30 Ma in each samples. The oldest 

prominent peaks within the distribution range between 420 Ma and 480 Ma. Minor 

grain-age populations ranging between 100-140 Ma, and 320-360 Ma not rule out 

the contribution of rocks of these ages as sources. Smaller peaks, not apparent in 

single samples, are shown at 150 Ma (2%) and 330 Ma (4%).  

 

CENTRAL AND SOUTHERN ALPS 

Probability density plot of sample S1 collected from the Oglio River (fig.37) shows a 

number of characteristic peaks which reflect the published U-Pb ages from zircon 

rims spreading from the 30-40 Ma of the Adamello pluton to older ages of 580-680 

Ma (Liati et al., 2000; Schaltegger et al., 2009). The younger grain-ages yield a 

dominant peak at 31 Ma. After a lack of grain-ages from 50 to 230 Ma, the dominant 

peak which follows ranges between 240-340 Ma. 



 
 

 

Fig. 36: U-Pb signal in the Po Delta (left) and in the Po trunk (right) samples. Keys top 
right in each plot are: first row, river's name and  sampling locality; second row, 
number of concordant zircons vs. total number of an alysed zircons, in parenthesis 
maximum probability of missing a fraction of the po pulation with 95 % of confidence 
calculated according to Vermeesch (2004); third row , mean diameter (Dm), sigma ( σ1), 
skewness (Sk); fourth row, HM concentration is give n. Probability density plots 
obtained with Age Display (Sircombe et al., 2004), bin width (20 Ma) calculated 
according to Vermeesch (2004). Light grey area high lights grain-ages distributions of 
only concordant data. Dark grey area, instead, is r eferred to grain-ages distributions 
calculated considering both concordant and discorda nt data. Overlay of both 
distributions highlights that discordance does not affect particular grain-age 
populations. 
 



 
 

Probability density plot of sample S2 from the Adda River (fig. 37) shows a number 

of characteristic peaks in agreement with the published U-Pb ages from zircon rims 

ranging between 30-40 Ma (John and Blundy, 1993). Younger grains ages define a 

dominant peak at 31 Ma. There is a lack of grain ages from 50 to 230 Ma, which is 

followed by a general spread of ages from 400 to 900 Ma, with a prominent peak 

ranging between 540 and 740 Ma. Grains older than 1Ga were also found.  

The highest density of published zircon U-Pb ages is observed in the Lepontine 

Dome spreading from 100 to 700 Ma, with dominant populations ranging between 

130 and 395 Ma and 450-500 Ma (Allegre et al., 1974;  Hanny et al., 1974; Hunziker 

et al., 1989 and references therein). These ages are consistent with the probability 

density plot of detrital sample S3 and S4 (fig. 37). Characteristic peaks of sample S3 

show a general spread from very young ages to ages older than 800 Ma. 

Examination of the younger ages (< 300 Ma) shows a significant number of ages 

with a peak at 38-40 Ma, and relatively abundant grains display age of 187 Ma, while 

a dominant peak is shown at 465 Ma. Probability density plot of sample S4 from the 

Toce River, instead, shows a dominant peak at 280 Ma. Significant peak is found at 

100 Ma followed by a general spread since 200 Ma. Only few grains range between 

440 Ma and 500 Ma.  

 

NORTH-WESTERN ALPS  

Published bedrock U-Pb ages in the Sesia River drainage show a strict range of 

ages between 280 and 339 Ma (Hurford et al., 1991; Paquette et al., 1989a; Koppel 

et al., 1974). Probability density plot for the detrital sample S5 (fig. 37) reflects this 

pattern with a marked dominant peak ranging between 220 and 380 Ma. Only few 

concordant grain display younger age than 30 Ma that may suggest the contribution 



 
 

from the minor periadriatic bodies exposed along the Insubric line. Older grains are 

scarce, yielding small peaks spreading from 400 to 800 Ma. Published bedrock U-Pb 

ages in the Dora Baltea River drainage show a wide range between 466 and 157 Ma 

(Hunziker et al., 1989 and reference therein; Rubatto et al., 1998; Rubatto et al., 

1999; Dalla Giovanna 2009; Paquette et al., 1989b). These components are clearly 

detected in the detrital sample S6 (fig. 37) where the probability density plot spread 

from 100 Ma to older ages at 800 Ma, with a dominant peak ranging between 260-

313 Ma. Examination of the younger grains shows a small peak at 100 to 200 Ma.  

High concentration of published bedrock U-Pb ages of zircons rims from the Orco 

river drainage displays a large range between 260 and older than 800 Ma (Guillot et 

al., 2002; Bertrand et al., 2005; Ring et al., 2005). Probability density plot of sample 

S7 reflects this pattern (fig.37), with ages spreading from 100 Ma to older than 800, 

with a dominant peak ranging between 240-320 Ma.  

 

SOUTH-WESTERN ALPS 

Bedrock U-Pb ages in the southern Western Alps spread in a narrow range from 150 

and 168 Ma to older ages at 500 Ma, but their distribution is scarce and not 

homogeneous ( Rubatto and Hermann, 2003; Tilton et al., 1989). Younger bedrock 

ages from zircon rims are shown at 61 Ma (Rubatto et al., 1998). The same pattern 

is detected in the detrital sample S8 (fig. 37) where the probability density plot show 

a general spread from 100 Ma to older ages, with two dominant peaks at 340-360 

and 560-580 Ma.  

Sample S9 represents the first geochronological signal detected in the Po River 

downstream its source (fig. 37). In the probability density plot of S9 significant peaks 

are found in the distribution ranging between 420-480 Ma, and other smaller peaks 



 
 

at 180 Ma and 600 Ma. Dominant peak ranges between 220-320 Ma. A similar 

distribution is observed in sample S10 collected along the Varaita River. Probability 

density plot for the sample S10 shows a scattered pattern characterized by a 

dominant peak ranging between 220-320 Ma. Small other peaks are represented 

where examination of the younger grains shows a narrow peak at 100 to 200 Ma.  

The probability density plot for the detrital sample S11 collected from the Stura 

Demonte River, reflects the clusters of published bedrock U-Pb ages ranging 

between 324 and 800 Ma (Paquette et al., 1989b; Dalla Giovanna, 2009). Significant 

peaks range from 250 Ma to older than 500 Ma. Dominant peak comes at 448 Ma, 

while a second larger peak comes at 322 Ma. Examination of the younger grains 

shows a small peak at 100 to 200 Ma.  

 

LIGURIAN ALPS AND NORTHERN APENNINES 

Bedrock U-Pb ages are scarce possibly because a lack of detailed studies in this 

sector of the belt. Probability density plot of detrital sample S12 from the Scrivia 

River (fig. 37) shows a general spread from 100 Ma to older ages, with a dominant 

peak ranging between 240 and 280. There are smaller peaks at 100 Ma and 200 Ma 

as well as older grains forming a peak ranging between 400 and 480 Ma.  

Sample S13 from the Trebbia River is poor of zircons grains. Probability density plot 

shows small peaks scattered in the distribution at 100 Ma and at 200 Ma (fig.37). 

Dominant peak comes at 420-500 Ma. Examination of the younger grains shows a 

prominent peak at 30-40 Ma.  

Published bedrock U-Pb ages are found in the Taro River drainage clustering 

between 150 and 165 Ma (Rubatto et al., 2003; Rampone et al., 1998). Probability 

density plot for the detrital sample S14 (fig.37) reflects this pattern in a small peak at 



 
 

155 Ma, while dominant peak are found between 250 Ma and 300 Ma. A significant 

peak is also found at 448 Ma.  

The Enza River has the smaller drainage area dominated by the foredeep turbidites 

units (Tuscan Units and Subligurian units) and the Epiligurian Units. Probability 

density plot of detrital sample S15 show a dominant peak ranging between 240 and 

320 Ma (fig.37). Examination of the younger grains shows a significant peak at 30 

Ma. There are other smaller peaks spreading to older ages from 340 to 700 Ma.  

The Secchia River drains mostly the Oligocene-Miocene foredeep turbidites as well 

as the Epiligurian units. Published bedrock U-Pb zircon ages are not supplied for this 

area. Probability density plot for the sample S16 (fig.37) shows a dominant peak 

ranging between 280 and 340 Ma, followed by a significant peak between 400 and 

500 Ma. Examination of the younger grains shows a significant peak at 30 Ma.  

 

PO RIVER TRUNK 

Sample P1 has been collected along the Po river main trunk, downstream the 

confluence of the main North-Western and South-Western Alps. Probability density 

plot shows a number of characteristic peaks (fig.36). Out of 109 analyses, 96 yielded 

zircons with concordant ages. Examination of the younger grains (<40 Ma) shows a 

small peak at 20-40 Ma. There is a general spreading, from the 100 Ma to 540 Ma 

with dominant peak ranging between 240-360 Ma followed by a small peak at 440 

Ma. In addition sample P2 has been collected along the Tanaro River trunk after the 

confluence of the Stura Demonte River, downstream the small rivers draining the 

Ligurian Alps, before the confluence of the Scrivia River (fig.36).  



 
 

 



 
 

Fig. 37: U-Pb signal of the major river Po tributar ies. Keys top right in each plot are 
given in previous figure 36. In the fourth row HM c oncentration and calculated zircon 
fertility are given for each sample. Letters in squ are indicate published bedrock U-Pb 
ages of zircon rims widely distributed in the Po dr ainage. In the Central and Southern 
Alps (a) Liati et al., 2000; (b) Schaltegger et al. , 2009; (c) John and Blundy, 1993, where 
the highest concentration of U-Pb ages is found in the Lepontine Dome (e) Allègre et 
al., 1974 and (f) Hanny et al., 1974. In the Sesia- Lanzo and Ceneri zones (g) Paquette et 
al., 1989a; (h) Koppel et al., 1974; (i) Rubatto et  al., 1999; (l) Rubatto et al., 1998. High 
concentration of U-Pb ages is also found in the Ext ernal massifs (m) Dalla Giovanna 
2009; (q) Paquette et al., 1989b; (d) Hunziker et a l., 1989, together with the Internal 
massifs (n) Guillot et al., 2002; (o) Ring et al., 2005, (p) Rubatto and Hermann, 2003 and 
(r) Tilton et al., 1989. U-Pb ages are also found i n the Ligurian Units of the Northern 
Apennines (s) Borsi et al., 1996, (t) Rubatto et al ., 2003 and (u) Rampone et al., 1998. 
 
The geochronological signature of the P2 sample shows a relatively scattered 

distribution. Out of 75 analyses, 60 yielded concordant ages. Examination of the 

younger (<200 Ma) grains shows a small peak at 180 Ma, whereas a small peak at 

100 Ma includes only discordant ages. Then there is a general spread from 200 Ma 

to 800 Ma, with two dominant peaks ranging between 260-320 Ma, and the latter at 

460-500 Ma. Geochronological signal of sample P3 can be interpreted as the 

combination of signals of upstream samples P1 and P2 (fig.36). Out of 103 analyses, 

96 yielded zircons with concordant ages. Examination of younger grains (<40 Ma) 

shows a significant peak at 30 Ma, probably due to the single input of the upstream 

sample P1, since the sample P2 does not show ages younger than 100 Ma. 

Dominant peak within the distribution are found between 220 and 320 Ma, followed 

by an older significant peak ranging between 380-500 Ma.  

The Ticino River was sampled along its main trunk in order to detect the signature 

from the Central Alps before it reaches the Po River. Results from the probability 

density plot of sample P4 (fig.36) show a dominant peak between 200 and 340 Ma, 

followed by a minor peak between 380-500 Ma and few grains younger than 60 Ma, 

suggesting a Po River geochronological signature, but this idea needs to be carefully 

tested with statistical methods. After the Ticino river confluence, U-Pb signature of 

sample P5 (fig.36) displays dominant peak between 200 and 340 Ma, and a minor 



 
 

peak at 400-500 Ma, but the absence of population younger than 40 Ma possibly 

suggest its progressive downstream dilution.  

 

 

Fig. 38: Comparison between different distribution by using the K-S test is a useful 
tool to quantify the similarity of U-Pb signature o f sample P4 with respect to a Po river 
or a Lepontine major contributions suggesting that sample P4 represents effectively a 
Po-like distribution.      
 

Mixing of U-Pb signals  

 

Calculating zircon budget 

Zircon analysed along the Po River main trunk can be partitioned between the 

potential source areas in order to calculate the relative contribution of zircons derived 

from each portion of the basin.  

The first step was to convert U-Pb probability density plots as cumulative probability 

plots. Each main-trunk sample along the Po river results by the combination of the 

upstream potential source areas in different proportion which can be determined by 



 
 

combining the input cumulative distributions for any possible combination until the 

resulting modelled mixed distribution has the best fit with the observed distribution.  

The best fit between modelled and observed cumulative distributions was assessed 

by the KS-test. The KS test measure the difference between distributions and could 

be proficiently employed also to cheek if mixing combination have been performed 

between different end members. Our analyses show that the modelled cumulative 

density plot of sample P4 is equivalent to observed distribution of sample P3 (fig.38). 

We can thus believe that the marked Po U-Pb signature in sample P4 can be related 

to the paleo-drainage of the Po River (e.g. Garzanti et al., 2011), so that modern 

rivers are possibly reworking the bed-load sediments carried by the Po River during 

last post-glacial.   

 

Assessing zircon fertility of potential U-Pb source areas 

Semiquantitative measures for estimating the zircon content in source rocks can be 

used to correct interpretations of relative contributions of detrital zircon populations 

and convert them in terms of sediment contribution. Establish zircon content in the 

source rock has been attempted in different studies by grain point counting in 

multiple thin sections (Silver et al., 1981) and by measuring zirconium concentrations 

determined by XRF analysis and coupled with grain counting (Amidon et al., 2005), 

or directly compared as a measure of zircon fertility (Dickinson, 2008) after 

assumption to unravel possible bias introduced by the high variability of zirconium 

contents in the source rocks (Moecher and Samson, 2006).  

The relative proportion of ages defined by the detrital zircon grains are taken as 

representative of the relative proportion with which each source area contribute to 

sediment. However, if each source rock among the source area produces different 



 
 

amounts of zircon, then each sub-basin within cannot be represented proportionally 

among the analysed zircons. Additionally the size of detrital zircon populations can 

be derived by the amount of zircons in proportion to the relative size of each sub-

basin.  Both assessments are important since the relative zircon contribution may be 

over (or under) estimated because of the different zircon content of drained source 

rocks, or because of the larger (or smaller) size of each sub-basin.  

Because rivers provide statistic sampling of every source rocks exposed in the 

drainage area, hence measurements of zircon concentration in river sediments 

would represent with a high degree of accuracy the mean of zircon concentration in 

the source areas producing sediments.  

Although the value of zircon content in sediment can be significantly modified during 

transport and deposition, we are able to evaluate this variability in terms of zircon 

concentration in each grain-size windows of bulk sediment. High-resolution 

petrography and heavy mineral analyses when coupled with sedimentological 

analyses can provide quantitative measurement of zircon concentrations in the 

studied as well as in the coarser and finer grain-size windows of the bulk sediment. 

High values of zircon content could be associated to higher values of HM 

concentration in samples from the Po Plain where hydrodynamic effects are more 

important than at the end of valleys. To unravel possible bias in the estimation of 

zircon content in the sediment, we have measured the grain density of sediment as a 

useful tool to evaluate any possible anomalous concentration of dense and 

ultradense minerals. Grain density resulting for all the analysed samples is in the 

range of the mean crustal rocks density (≈2.72 g/cm3). The tabulated results (table 3 

and 4 in appendix) allow an evaluation of the role of sedimentologic parameters and 

contrasting zircon content in sediments on shaping the detrital zircon population. For 



 
 

this reason combination of U-Pb signature in recasting the potential source areas, 

have to be correct for the relative zircon content in river sediments. 

 

Modelling U-Pb source areas 

Potential source areas are defined by merging together each sub-basin of the main 

Po River tributaries divided into different source area. Hence the geochronological 

signature of such potential source areas will result from the combination of the U-Pb 

signatures measured in each sub-basin, corrected for the zircon fertility and the size 

of each sub-basin.  

We are able to discriminate in the Po River basin six major sources, summarized in 

table 4 (see appendix): 

- The Southern and Central Alps source area marked by strong zircon 

contribution of S2 sample, amplified by higher value of zircon fertility. 

- The Lepontine Dome source dominated by the U-Pb signal of sample S3 

- The North-Western Alps source area dominated by the zircon contribution 

of the S6 sample because of its drainage area is the largest  

- The South-Western Alps source area recast on the basis of relative zircon 

contribution between sub-basins, where the contribution of the S8 sample 

results definitely higher than smaller sub-basins of S9 and S10 samples  

- The Argentera source area represented by the only sample S11  

- The Ligurian Alps and the Northern Apennines source areas include large 

size sub-basins where distributions were calculated on the basis of zircon 

fertility and the size of river 'sub-basin contributing to sediment.  

  



 
 

 

 

Part IV 
Discussion 

 

  



 
 

 

  



 
 

CHAPTER 8 

Downstream changes of detrital zircon morphology an d U-Pb 

ages  

 

Partitioning of U-Pb signal from potential sources to the Po 

Delta 

The geochronological signature for the Po River samples results by continued 

downstream input of zircon from potential source rocks exposed in the belt. Mixture 

of dominant peaks within the distributions of the input samples will characterize the 

probability density plot of the downstream samples. The frequency of such 

populations will be amplified (or minimized) depending on the relative contributions 

from each source areas. Potential source areas are defined in terms of differential 

zircon fertility and extent of the drainage area according to the approach proposed 

by Malusà and Garzanti (2011). The relative contributions of zircon from each source 

area can be calculated by partitioning the geochronological signal downstream the 

Po River main trunk, from sources to the delta. Statistical techniques are used to 

evaluate the proportions in which the input age components should be combined to 

obtain the downstream mixed age distribution. Ages distribution are compared in 

terms of cumulative density plot since this allows better matches between the input 

source areas to finally obtain the downstream distribution. To quantify the best fit 

between two curves we perform the Kolmogorov-Smirnov (KS) test (Massey, 1951), 

which assesses the statistical significance of the difference between the distributions 

in terms of the maximum vertical deviation (i.e. distance) between distributions. 

Partitioning of the geochronological signal downstream the Po River trunk reveals a  



 
 

stronger contribution from the north Western Alps achieved for the lowest values of 

the KS test between the observed and the modelled cumulative density plots of 

sample P1 (fig.39). This evidence is displayed also before the confluence of the 

Ticino River. Best fit between the observed and the modelled distribution of sample 

P3 support a stronger zircon contribution from the upstream sample P1.   

The U-Pb signal which characterise the Po River Delta is essentially displayed 

already upstream the confluences with Apenninic rivers. This because zircon 

contributions from the Central and Southern Alps source areas as well as from the 

Northern Apennines are considerably less significant with respect to the Po River 

trunk. However zircon contributions from Southern Alps and Northern Apennine are 

not negligible because they provide to the younger age populations, since no young 

peaks are shown in sample P5.  

Reproducibility of results from partitioning of U-Pb signal can be tested with a 

independent parameter. We opted to use quantitative measurements of zircon 

typology, applied to the same zircon grains sampled for U-Pb analysis, to check 

interpretations of relative contributions of detrital zircon populations. 

 

Fig. 39: In the first diagram, geochronological sig nal C results from upstream input of 
both signal A and B. The former can give a zircon c ontribution between the 100% and 
the 75 %, while the contribution of the latter may reach a maximum value for the 25 %. 
In the second diagram C is turned into an input sig nal that together with D, combines 
in the downstream signal E. The best fit between th e observed and the modelled 
distribution E is reached for a higher percentage o f C ranging between 100-63% 
instead of the 37-0% for D. In the third diagram co ntribution from F is almost 
negligible, or quite low (0-20%), while the E provi des with 100-80% to the G/G 1 signal. 
The lowest values of the KS test are reached when c ontribution from E is higher. In the 
last diagram there are three components which provi de to the signal of L. I and H/H 1 
can mutually contribute for a maximum of 20 %, or b e negligible.  
  



 
 

 



 
 

Constraint from zircon typology 

Zircon morphology can provide an efficient tool to test our results, since typology of 

euhedral zircon can be identified all along the sediment pathway, helping to trace 

and fingerprint every source areas. The widely employed Pupin diagram has been 

simplified by dividing in two sides on the basis of dominant pyramidal faces.  

Dominance of a (101) pyramidal face with respect to (211) describe the relation 

between different euhedral types for potential source areas (fig.40). Typological 

groups from the Central and Southern Alps show the lowest (101)/(211) ratio 

together with the Northern Apennine. The high values of (101)/(211) ratio recorded in 

the Po Delta can support a strong contribution from a potentially source 

characterized by a majority of (101)-dominated zircons. In particular the (101)/(211) 

ratio in the Po Delta avoid the Central Alps and the Northern Apennines as 

potentially sources, indicating, instead a more important contributions from the 

northern and southern Western Alps, the Argentera and the Ligurian Alps. Major 

zircon contribution supporting the (101)/(211) ratio measured in the delta should 

come from a potentially source characterized by higher (101)/(211) ratio that can be 

traced along the Po River trunk and likely referred to the northern Western Alps. 

Contributions from the other source areas have a secondary importance because the 

strong component of (211)-dominated zircons in the composition of the typological 

signal, as verified by the sample P2 from the Po plain.  

  



 
 

 

 
Fig. 40: Distributions of detrital zircon morpholog ies in the Po River drainage. 
(101)/(211) ratio of the delta requires major contr ibution from the northern Western 
Alps, showing (101)/(211) >>1, while all the other sources have (101)/(211)<2. 
 

  



 
 

CHAPTER 9 

Short term erosion pattern in the Alps-Apennines be lt  

 

Performing sediment budget from zircon budget  

After partition of the U-Pb signal within the Po River basin, the resulting zircon 

contributions is a measure of the importance of each source areas contributing to the 

geochronological signal of the Po Delta. The variability of zircon concentration in 

analyzed sediments can largely influence the measurements of the relative sediment 

contribution shed from each source areas. This results is highlighted when 

performing sediment budget from the relative zircon budget, because zircon 

contribution estimated for a certain source area can become lesser or larger when 

converted into sediment contribution (fig.41). For this reason estimated zircon 

contributions are newly corrected for zircon fertility of each potentially source areas 

and for the size of each basin catchment. Although sediments show a wide range of 

zircon concentrations, applying the correction for the zircon fertility in partitioning of 

the U-Pb signal seems to not strongly influence the results. Given that, we expect 

neither the zircon concentration in sediments nor in their source rocks, determine the 

difference of zircon contributions between source areas in the composition of the U-

Pb signal found in the Po Delta. 

This result is important since the possible causes of differential zircon contribution 

should be not found in the diverse zircon concentrations in the source rocks, but it 

could depend on other factors as contrasting sediment contribution linked to a 

differential erosion rates between source areas.   



 
 

Relative sediment contributions seem to be low-to-very-low from the Central and the 

Southern Alps source areas, possibly because zircons shed from the Adda and 

Ticino rivers may be trapped inside the pre-alpine lakes.  

 

First order short-term erosion pattern 

Integrated U-Pb geochronology an typological analysis of detrital zircons provide an 

erosion patterns on a short-term timescales (102–105 years) showing markedly 

different erosion rates between source areas of the Po River basin. The Western 

Alps are characterized by the highest sediment yield. These results deal with the 

suggestion that most of the sediment contribution delivered to the Po Delta is 

supplied by small parts of the Alps-Apennines orogen where short-term erosion rates 

are higher than in the surrounding areas (Malusà et al., 2009; Malusà and Resentini, 

2011; Limoncelli et al., under preparation).  

Although potential sediment storage in lakes is considered as a possible and 

inevitable source of bias in interpretation of relative sediment contributions, when 

viewed on a geologic time scale, this sediment storage is undoubtedly short lived 

because the sediment stored in the lakes during interglacial times will be scoured 

during the next glacial event (Trümpy, 1980; Jerz, 1993; Ehlers, 1996). For example 

interglacial periods last 30 ka to fill the Pre-Alpine lakes before they got scoured 

again during glaciations. Such short-term storage is insignificant given the Ma 

resolution of the detrital U-Pb dating method, and it might be minimized considering 

a large enough time window in detrital zircon U-Pb analyses.  

Although the sediment storage in the pre-alpine lakes remains a problem that needs 

to be carefully evaluated, our results suggest that the most important sediment 

contribution shed from the Western Alps, and in particular from the North-Western 



 
 

sector, is related to higher mass removal by erosion. Low values of relative sediment 

yield in the Northern Apennine could possibly result from the large amount of 

suspended-load produced by the widely exposed cover rocks (Ori, 1993).  

Our dataset does not allow reliable estimates of erosion rates upstream the 

prealpine lakes in the Central and Southern Alps. Our interpretation is consistent 

with results from recent works showing that the highest erosion rates are found in the 

North-Western Alps and in particular in the Mont Blanc massif (e.g. Vernon et al., 

2008; Bernet et al., 2001; Malusà and Resentini, 2011).  

Such differences in the relative erosion rates could be promoted by local morphology 

because at the scale of the whole Po River catchment, each sub-basin show 

different mean slopes, local reliefs and distribution of glaciated areas, despite of the 

similar portion of exposed massive rocks (Argentera massif, Mont Blanc basement, 

Briançonnaise basement). However local morphology may explain only in part the 

differences in erosion patterns observed in the Po river basin. In this work we invoke 

as the dominant controlling factor on erosion, the complex interplay between tectonic 

and exogenic forces, supporting the primary role played by rock uplift triggered by 

indentation of Adria beneath the axial Alpine belt (e.g. Pfiffner et al., 2002; 

Rosenberg, 2004; Garzanti and Malusà, 2008).  

  



 
 

 

Fig. 41: First order erosion pattern in the Alps-Ap ennines belt. Relative proportions of 
sediments that each source area provides to the Po Delta, are calculated according to 
the flow diagram. High zircon contribution is assoc iated to high sediment yield in the 
northern Western Alps. Sediment yield in the Southe rn-Central Alps and in the 
Northern Apennines instead is very low, suggesting low erosion rates in these areas. 
 
 

  



 
 

CHAPTER 10 

Conclusions 

 

The study of the downstream changes of the geochronological signature of detrital 

zircons from modern sediments of Po River basin provides a proficient strategy to 

quantify the relative sediment yield produced by each source area of the Alps-

Apennines orogen exposed in the Po River drainage. 

LA-ICPMS U-Pb dating of detrital zircon grains can provide a quantitative control on 

grain-loss during separation procedures in order to assess a reliably characterization 

of every detrital zircon population contained in a sediment sample. This assessment 

is important when performing the sediment budget from the relative zircon budget 

shed from each source areas within the basin. We have focused on the 

characterization of the detrital zircon U-Pb signature in the Alps-Apennine belt, 

where we have analyzed 25 samples from recent sands collected along the main Po 

River’s tributaries, and at specific sites along the Po river trunk, as well as at different 

location on its delta. The U-Pb signal reveals remarkable downstream changes in 

detrital zircon populations between the Po river trunk and its major tributaries.  

When two detrital zircon populations of ages from different source areas are 

combined together to produce the downstream population, the relative contribution 

from each source can be estimated. We perform partitioning of the U-Pb signal from 

source areas to the Po Delta, in order to define the relative proportions in which the 

source areas contribute to the U-Pb signature of the Po Delta in terms of zircon and 

sediment contributions. The mixing proportions between the upstream samples can 

be established by comparing with the KS-test the observed and the modelled 

downstream distributions, the latter calculated for every combination of the upstream 



 
 

mixing. Each potential source areas in the Po River basin have been defined on the 

basis of a proper U-Pb signature which results from the combination between the U-

Pb distributions of detrital samples collected among the sub-basins of the Po River’s 

tributaries. The U-Pb signature of each source area have been recast on the basis of 

the ppm zircon content measured in every sand samples and for the size of each 

sub-basins. The relative proportions of zircon contributions between source areas 

have been calculated from the U-Pb distribution of each potentially source coupled 

with correction for zircon content in sediment. This is because the contribution from a 

certain source area to the U-Pb detrital zircon signature can be under (or over) 

estimated depending on the zircon content in the sediment they produce.  

Our approach to measure the zircon concentration gives results showing that the 

relative proportions of zircon contribution shed from each potentially source area are 

not influenced by the zircon content in the source rocks nor in sediments they 

produce. Hence, the relative zircon contribution calculated between source areas 

must be lead to other factors, as contrasting sediment contributions linked to a 

differential erosion pattern between source areas. When age signatures allow 

reliable discriminations of different sources, and the size of specific sub-basins is 

known, we can thus determine a short term erosion patterns on 102–105 timescales. 

Results from the Po River basin show that the higher proportion of sediment 

contribution comes from the North-Western Alps, while the other source areas could 

give a contribution in the order of the 20-10 % or be negligible. Despite some 

uncertainties, we can demonstrate the importance of the complex interplay between 

tectonic processes, climate and erosion, on the short-term erosion pattern on the 

light of the relative sediment load supplied in the last 102–105 years from the North-

Western Alps or more precisely from a smaller portion of it, where erosion rates are 

one order of magnitude higher than in neighbour areas.   
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cod N° River Locality phi -1 phi 0 phi +1 phi +2 phi +3 phi +4 5 16 50 84 95 Dm σφ Sk1 AW
S3098 D1 Po Boccasette 0 0.02 0.09 9.88 97.43 99.1 1.2 2 2.5 2.7 3 2.4 0.45 -0.44 63-25089.22

S3403 D2 Po Barricata 0 0 0.01 16.9 98.05 99.93 1.5 2 2.5 2.8 2.9 2.43 0.41 -0.34 63-250 83.02

S3097 D3 Po Bonelli 0 0 0.08 18.68 99.17 99.93 2 2.2 2.4 2.7 2.9 2.43 0.26 0.16 63-250 81.25

S4073 D4 Po Bacucco 0 0 0.02 46.32 99.94 99.99 1 1.9 2 2.8 2.9 2.23 0.51 0.36 63-250 53.67

S3926 P1 Po Torre Beretti 0 0.18 2.59 20.87 72.16 93.43 1 1.8 2.6 3.6 4.2 2.67 0.93 0.06 63-250 72.56

S3927 P2 Tanaro Rivarone 0 0.43 1.09 4.74 43.29 74.42 1.7 2.4 3 4.5 6 3.3 1.18 0.41 63-25069.68

S3505 P3 Po pre Ticino Casei Gerola 0 2.62 5.46 24.28 24.28 88.91 1 1.8 2.5 3.8 4.5 2.7 1.03 0.22 63-250 64.63

S4208 P4 Ticino bereguardo 0.03 6.89 87.45 99.41 99.9 1 1.3 1.7 2.2 2.6 1.733 0.47 0.118 63-250 12.44

S4057 P5 Po Zerbo 0 0.04 0.22 50.56 96.9 99.09 1.1 1.4 2 2.8 3.3 2.07 0.68 0.16 63-250 48.53

S3513 S1 Oglio Rogno 0 5.75 35.59 88.1 97.23 98.6 0 0.45 1.3 1.95 2.5 1.23 0.75 -0.0963-250 10.5

S3506 S2 Adda Dubino 0 0.14 0.98 42.38 42.38 97.46 1.2 1.5 2.2 3.3 3.9 2.33 0.86 0.2463-250 55.09

S3510 S3 Ticino Bellinzona 0 1.69 14.02 61.38 61.38 98.08 0.3 1.1 1.9 3.1 3.8 2.03 1.03 0.14 63-250 36.7

S3554 S4 Toce Masera 0 2.41 16.87 40.33 40.33 89.72 0.5 1 2.4 3.6 4.5 2.33 1.26 -0.0163-250 49.39

S3553 S5 Sesia Romagnano 0 0.27 8.75 74.12 99.28 99.94 0.6 1.2 1.6 2.5 2.9 1.77 0.67 0.26250-500 65.37

S3603 S6 Dora Baltea Quassolo 0 0.38 6.18 51.39 51.39 97.54 0.9 1.2 2 3 3.5 2.07 0.84 0.13 63-250 46.15

S3556 S7 Orco Cuorgnè 0 8.64 58.27 93.48 98.37 99.76 -0.3 0.3 0.9 1.8 2.4 1 0.78 0.16 250-500 35.21

S3520 S8 Dora Riparia Avigliana 0 0.04 0.17 6.65 64.73 88.74 2 2.3 2.9 3.9 5 3.03 0.85 0.33 63-250 82.09

S3518 S9 Po Revello 0 1.18 20.38 72.37 92.48 97.76 0.2 0.8 1.5 2.7 3.7 1.67 1.01 0.26 63-250 25.39

S3517 S10 Varaita Costigliole S. 0 1.6 8.81 31.57 76.32 92.78 0.6 1.6 2.5 3.6 4.4 2.57 1.08 0.05 63-250 61.21

S3515 S11 Stura Demonte Montanera 0 4.91 32.61 61.92 88.57 97.62 0.2 0.5 1.7 2.8 3.5 1.67 1.08 0.02 63-250 35.7

S3503 S12 Scrivia Serravalle 0 0.52 7.52 57.9 90.2 97.26 0.7 1.2 1.9 2.8 3.5 1.97 0.82 0.13 63-250 39.36

S4014 S13 Trebbia Rivergaro 0 0 1.1 42.6 95.03 98.34 1.2 1.6 2.1 2.75 3 2.15 0.56 0.07 63-25055.74

S3719 S14 Taro Fornovo 0 2.37 14.04 51.89 86.59 98.42 0.3 1.1 1.9 2.9 3.7 1.97 0.97 0.08 63-250 46.53

S4016 S15 Enza S. Polo d'Enza 0 1.01 7.43 51.93 87.25 95.96 0.7 1.25 1.9 2.8 4 1.98 0.89 0.22 63-250 44.04

S4017 S16 Secchia Sassuolo 0 1.73 5.42 17.77 60.78 83.75 1 1.9 2.6 4 4.7 2.83 1.09 0.23 63-250 65.98

Table 1. Grain-size parameters calculated after separation procedures. Dm-mean diameter, σφ-sigma φ; Sk1-skewness; AW-analysed window, %AW/tot>2- % 
analysed window/ bulk sediment> 2mm  

SAMPLE GRAIN-SIZE PARAMETERS
%AW/ 
tot>2

SAMPLING % CUMULATE PERCENTILI



N// NX D1 D2 D3 D4 P1 P2 P3 P4 P5 S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16
Garnet High relief, colourless; 

pitted surface and 
conchoidal breakage 
patterns

isotropic character

few few

Kyanite Habit characteristic, 
elongated on Caxis 
combination of perfect 
cleavage and parting

moderate birefringence, 
large extinction angle PAO 
oblique between 27-32 ° C ab few ab ab ab ab com ab com few ab ab few few com com few com

Monazite 
phosphates

High relief, rounded, egg-
shaped or spherical 
morphology, colourless-
to-pale amber, frequent 
surface pitting 

Strong birefringence, 
strong absorption line in 
the yellow with pocket 
spectroscope

rr rr com com com few com com com

Rutile very high relief, yellow or 
red colour both N// and 
NX

striation or twinning

com few few few com com com com

Sphene High lustre; extreme 
relief outline 
suorrounded by a dark 
rim

Strong birefringence, 
characteristic sky blue 
close to extinction point com com com com ab ab com ab com ab com com com ab ab ab com com ab

Zircon Extreme relief, 
characteristic 
morphology, colourless 
to pink/ yellow shade, 
possible inclusions

Strong birefringence; 
parallel extinction in 
elongated grains; uniaxial 
(+) com com few few com com ab com com few com com com ab com ab com few few ab com rr few ab ab

Zoisite High relief; short 
prismotic habit

Moderate to low 
birefringence through the 
edges, anomalous 
interference colours slightly 
sky blue close to extinction, 
well-defined isogyres 
separate the field into blue 
and yellow sectors

few ab few few com com com ab ab com few ab ab ab few few few

m
os

t c
om

m
on

 h
ea

vy
 m

in
er

al
s

Description
HEAVY MINERALS D 1.2> 3.3

Observed 
Minerals

SOURCE AREAS
Po Delta Po Trunk Central Alps Western Alps Northern Apennines

Table 2. Observed heavy minerals in analysed samples and their optical properties.          Occurrence of mineral grains ab- abundant ; com- common ; few- few ; rr- rare



N// NX D1 D2 D3 D4 P1 P2 P3 P4 P5 S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16
Augite high relief corrosion 

features eacth pits on C
Extinction is large 35°-40°, 
moderate birefringence

Carbonate extreme birefringence 
relief changes rotating 
microscope's stage

very high-order interference 
colours

com

Clinozoisite High relief, prismatic 
habit, pale colours 

anomalous interference 
tints PAO orthogonal to 
elongation of crystal

ab

Diopside Prismatic morphology 
cleveages moderate to 
strong birefringence

High birefringence with 
concentric colour bands, 
extinction between 38°-48° 
biaxial (+) PAO // C

few com

Oxidized 
shells 

well defined frame  filled 
with pyrite or other 
oxides

isometric
ab com

Po Delta Po Trunk Central Alps Western Alps Northern Apennines
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HEAVY MINERALS D 1.2> 3.3 SOURCE AREAS
Observed 
Minerals

Description

Table 2. Observed heavy minerals in analysed samples and their optical properties.          Occurrence of mineral grains ab- abundant ; com- common ; few- few ; rr- rare



River Locality ppm D>3.3 %Zr ppm Zr Zrn Zrn Zrn
su tot<2 in mount su tot<2 >GSW GSW <GSW

S3098 D1 Po Boccasette 119 6.0 7.1 1.00 97.00 1.00 7.33
S3403 D2 Po Barricata 925 3.0 27.7 1.00 98.00 1.00 28.31
S3097 D3 Po Bonelli 908 4.0 36.3 0.00 100.00 0.00 36.34
S4073 D4 Po Bacucco 91 2.0 1.8 - - - -
S3926 P1 Po Torre Beretti 3468 15.2 527.1 10.00 71.00 19.00 742.36
S3927 P2 Tanaro Rivarone 127 40.8 51.7 6.00 53.00 40.00 97.60
S3505 P3 Po pre Ticino Casei Gerola 1585 1.0 15.8 11.00 66.00 22.00 24.01
S4208 P4 ticino bereguardo 626 4 25.0 - - - -
S4057 P5 Po Zerbo 734 1.0 7.3 - - - -
S3513 S1 Oglio Rogno 74 3.7 2.8 54.00 46.00 0.00 6.03
S3506 S2 Adda Dubino 337 9.0 30.3 15.00 75.00 10.00 40.47
S3510 S3 Ticino Bellinzona 528 9.0 47.5 27.00 64.00 9.00 74.26
S3554 S4 Toce Masera 216 4.0 8.6 24.00 59.00 18.00 14.64
S3553 S5 Sesia Romagnano 347 0.5 1.7 2.00 28.00 70.00 6.19
S3603 S6 Dora Baltea Quassolo 680 1.9 13.0 23.00 72.00 5.00 17.99
S3556 S7 Orco Cuorgnè 719 0.5 3.6 19.00 46.00 35.00 7.81
S3520 S8 Dora Riparia Avigliana 146 9.0 13.2 3.00 66.00 31.00 19.97
S3518 S9 Po Revello 36 0.8 0.3 40.00 56.00 4.00 0.52
S3517 S10 Varaita Costigliole S. 104 0.9 0.9 15.00 65.00 20.00 1.45
S3515 S11 Stura Demonte Montanera 109 43.7 47.8 38.0056.00 6.00 85.37
S3503 S12 Scrivia Serravalle 13 11.0 1.4 23.00 73.00 5.00 1.94
S4014 S13 Trebbia Rivergaro 41 1.0 0.4 - 90.00 - 0.44
S3719 S14 Taro Fornovo 70 3.3 2.3 - 66.00 - 3.44
S4016 S15 Enza S. Polo d'Enza 132 2.7 3.5 - 70.00 - 5.01
S4017 S16 Secchia Sassuolo 215 5.0 10.7 - 62.00 - 17.32

Sample 
cod

Sample 
N°

Corrected 
ppm Zrn     

Table 3. Calculations for assessing zircon fertility in source rocks; ppm D>3.3 su tot>2- ppm no-magnetic minerals concentrate/ bulk 
sediment >2 mm; GSW- grain-size window; Zrn >GSW: percentage of zircon grains in the coarser analysed window; Zrn GSA: 
percentage of zircon grains in the analysed window; Zrn<GSA: percentage of zircon grains in the finer analysed window 



River’s Sample’s mean correct contribution Potential

Sub-basin U-Pb basin Zrn ppm % Source Area

Signal area tot<2
Oglio S1 S1 26 1.6 2
Adda S2 S2 56 40.5 91 Southern

Moesa - S2 8 75 5 Alps 
Mera - S2 10 11 2

Ticino S3 S3 30 74.3 70 Lepontine
Maggia - S3 17 12.3 6 Dome

Toce S4 S4 53 14.6 24 (Central 
Alps)

Sesia S5 S5 21 6.2 10
Dora 

Baltea
S6 S6 58 18 78 North-

Western
Orco S7 S7 11 7.8 6 Alps

Stura di 
Lanzo

- S7 10 7.5 6

Dora 
Riparia

S8 S8 36 20 79

Pellice - S8 4 0.5 0
Maira - S8 25 5.7 16 South-

Western
Po 

Revello
S9 S9 10 0.5 4 Alps

Varaita S10 S10 20 1.4 1
Isasca - S10 5 0.3 0
Stura 

Demonte
S11 S11 100 85.4 100 Argentera 

Scrivia S12 S12 29 1.9 21
Belbo - S8 11 3.6 17 Ligurian Alps

Orba - S8 4 9.7 16
Bormida - S12 55 2.1 46
Trebbia S13 S13 7 0.4 1

Taro S14 S14 12 3.4 14
Nure - S14 7 1.9 5 Northern
Enza S15 S15 6 5 10 Apennine

Secchia S16 S16 11 17.3 64
Panaro - S16 8 2.3 6

Sample

Table 4. Relative zircon contributions from each source area.
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The complete database of  

- Detrital zircon morphologies (table 5) and 

- Detrital zircon U-Pb ages (table 6)  

is not available on-line, 

People interested can send a request by e-mail to: 

marta.limoncelli@gmail.com 

or 

m.limoncelli@campus.unimib.it 
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