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Abstract 

 

In order to obtain a high-resolution Pleistocene stratigraphy, eleven continuously 

cored boreholes, 100 to 220m deep were drilled in the northern part of the Po 

Plain by Regione Lombardia in the last five years. Quantitative provenance 

analysis (QPA, Weltje and von Eynatten, 2004) of Pleistocene sands was carried 

out by using multivariate statistical analysis (principal component analysis, PCA, 

and similarity analysis) on an integrated data set, including high-resolution bulk 

petrography and heavy-mineral analyses on Pleistocene sands and of 250 major 

and minor modern rivers draining the southern flank of the Alps from West to 

East (Garzanti et al, 2004; 2006). Prior to the onset of major Alpine glaciations, 

metamorphic and quartzofeldspathic detritus from the Western and Central Alps 

was carried from the axial belt to the Po basin longitudinally parallel to the 

SouthAlpine belt by a trunk river (Vezzoli and Garzanti, 2008). This scenario 

rapidly changed during the marine isotope stage 22 (0.87 Ma), with the onset of 

the first major Pleistocene glaciation in the Alps (Muttoni et al, 2003). PCA and 

similarity analysis from core samples show that the longitudinal trunk river at this 

time was shifted southward by the rapid southward and westward progradation of 

transverse alluvial river systems fed from the Central and Southern Alps. 

Sediments were transported southward by braided river systems as well as glacial 

sediments transported by Alpine valley glaciers invaded the alluvial plain. 

 

Kew words: Detrital modes; Modern sands; Provenance; Principal Components 

Analysis; Similarity, Canberra Distance; palaeodrainage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 Introduction 

 

Foreland basins are comprehensive stratigraphic archives, from which any detail of the 

geological history of associated orogens can be potentially retrieved by quantitative 

provenance analysis of sedimentary successions (QPA, Weltje and von Eynatten, 2004; 

von Eynatten 2004). Trends in sediment composition cannot be safely interpreted as 

documenting paleotectonic events whenever paleodrainage shifts represent an equally 

reasonable alternative. Understanding drainage evolution is thus a fundamental step to 

correctly unravel the interactions between tectonic and climatic processes which control 

the erosional evolution of mountain belts. In this study I focus on well-studied 

Quaternary subsurface sequences of the Lombardy Po Plain (Carcano and Piccin, 2002, 

Garzanti et al., 2004, 2006) to illustrate a quantitative method of paleodrainage analysis. 

Pleistocene sediments of the Po Basin represent an excellent natural laboratory in which 

to use statistical analysis to investigate how sediment composition reflects climate 

changes (Muttoni et al., 2003) and to reconstruct the Alpine palaeodrainage patterns 

(Vezzoli and Garzanti, 2008). This method, based on modern analogues, can be 

performed by comparing detrital modes of modern and Pleistocene sands by principal 

component analysis (PCA) and similarity analysis. PCA was used to define 

petrographic end-members for each core. Successively, these end-members were 

compared with the modern-sand database and analysis of similarity was used in order to 

evaluate the goodness of fit of a model. Finally, I reconstructed the major changes of 

palaeodrainage and foreland-basin fills with the onset of the first major glaciation in the 

Alps. 

 

 

2 Geological background 

 

The Po Basin represents the foredeep of the Southern Alps and the Apennines (Fig. 1) 

and since the Late Oligocene detritus from the Alpine chain with contrasting 

provenance signatures was carried down into the alluvial Plain (Gonfolite Group, 

Garzanti and Malusà, 2008).  At the beginning of the Quaternary, climatic control on 

sediment budget became predominant (Muttoni et al. 2003; Scardia et al., 2006), and 

with the onset of Earth's global cooling, indicated in the ODP677 - SPECMAP, the Po 

Plain became a periglacial basin.  

 

 
 

 
Figure 1: Map of the western Po Plain. Stars indicate location of 11 Regione Lombardia cores 



 

3 Methods 

 

A paleodrainage analysis based on modern analogues can be performed by comparing 

detrital modes of modern and Pleistocene sands by multivariate statistical techniques. 

With the basic assumption that in the last million years neither source-area geology nor 

river-sediment composition have changed significantly, we considered the present 

composition of Alpine tributaries of the Po River as primary end-member sources of 

detritus for Pleistocene deposits. Apenninic tributaries can be disregarded because 

provenance analysis of all eleven core sections showed that the paleoPo was flowing 

south of the Lombardy study area during the Late Quaternary. For paleodrainage 

analysis to be sufficiently precise, detrital modes of primary end-members were 

obtained by integrated high-resolution petrographic-mineralogical analysis of three to 

six replicate samples for each modern river. Samples were collected by different 

operators, in different years, different seasons, and different localities at the Southalpine 

front and upstream of major lakes, in order to average out variations related to diverse 

factors including seasonal changes (Weltje, 2004). 

 
3.1 Sampling 

 

48 sediment samples were collected from eleven continuously cored boreholes (100 to 

220m deep) drilled in the northern part of the Po Plain by Regione Lombardia in the last 

ten years (Fig. 1). 21 samples were collected parallel to the Southalpine margin (cores 

RL1-Ghedi, RL4-Agrate, RL5-Trezzo, RL6-Cremignane and RL7 Palosco) whereas 27 

samples were collected more basinward (cores RL2-Pianengo, RL3-Cilavegna, RL8-

Peschiera Borromeo, RL9-Gaggiano, RL10-Triulza and RL11 Parco Nord). On each 

core magnetostratigraphy has been used to date Pleistocene sediments (Muttoni et al., 

2003; Scardia et al., 2006). 

 
3.2 Analytical protocols and compositional parameters 

 

Each sample consists of 200g of the whole sand fraction. Thin sections were stained 

with alizarine red to distinguish dolomite and calcite, and on each section 400 points 

were counted by the Gazzi-Dickinson point-counting method (Ingersoll et al. 1984; 

Zuffa 1985, Table 1). A very detailed classification scheme allowed us to collect full 

quantitative information on coarse-grained rock fragments, and thus to recalculate also 

traditional QFR parameters from the data set obtained, meeting all possible needs 

(Suttner and Basu, 1985). Metamorphic rocks fragments were classified according to 

four protolith compositions, each subdivided into five ranks (Garzanti and Vezzoli, 

2003). For each sample, mean rank is expressed by a Metamorphic Index (MI), ranging 

from 100 (only very-low rank grains, such as slate) to 500 (only very-high rank grains, 

such as coarse-grained gneiss). Pure marble grains could not be consistently 

distinguished from recrystallized sparites, and were included with carbonate grains (Lc). 

Impure calcschist grains were split equally between carbonate (Lc) and metamorphic 

(Lm) grains. Heavy minerals were concentrated with sodium metatungstate (density 2.9 

g/cm
3
), using the 63-250-micron fraction. This fraction was treated with oxalic and 

acetic acids to eliminate iron oxides and carbonates, respectively (Parfenoff et al., 

1970). On each sample, 250 transparent dense minerals were counted on grain mounts 

by the ribbon-counting methods (Mange and Maurer, 1992; Tables A1-A2). Median 

grain size was determined with sieving techniques. The abundance of transparent heavy 



minerals in the sediment, expressed by the transparent Heavy Mineral Concentration 

(tHMC index; Garzanti and Andò, 2007) were used to collect quantitative information 

on protolith composition of source rocks. The Hornblende Color Index (HCI; Garzanti 

et al. 2004) was used to estimate the average metamorphic grade of metasedimentary 

and metaigneous source rocks, respectively. They vary from 0 in detritus from 

greenschist-facies to lowermost amphibolite-facies rocks yielding chloritoid and 

blue/green amphibole, to 100 in detritus from granulite-facies rocks yielding sillimanite 

and brown hornblende. 

 
Table 1. Petrographic and mineralogical data of the Pleistocene detritus of the Po Basin cores. 

 

 
 
3.3 Principal components analysis 

 

The principal component analysis (PCA) is a powerful tool for analysing data and it is a 

way of identifying patterns in data, and expressing the data in such a way as to highlight 

their similarities and differences (Frank and Todeschini, 1994). The PCA generates a 

new set of variables, called principal components. Each principal component is a linear 

combination of the original variables. All the principal components are orthogonal to 

each other, so there is no redundant information. The principal components as a whole 

form an orthogonal basis for the space of the data. Traditionally, principal components 

analysis is performed on the symmetric covariance matrix or on the symmetric 

correlation matrix. I consider the covariance matrix S where the variables of the original 

data matrix X have been autoscaled [Eq. (1)] to mean 0 and variance 1 (in this case, the 

covariance matrix of standardized matrix equals the correlation matrix of original data). 
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Let Xc be the autoscaled matrix (Table 2) where n row corresponds to different samples 

and p column corresponds to one of several different variables. To compute the 

principal components, the matrix of eigenvalues ! (p, p; Table 3) and its corresponding 

eigenvector-loading matrix L (p, M; Table 4) are calculated diagonalizating the 

covariance matrix S of Xc,  

 

2) 

! 

diag(S) = diag
Xc

T
Xc

n "1

# 

$ 
% 

& 

' 
(  

 

Each eigenvector defines a principal component. A component can be viewed as a 

weighted sum of the conditions, where the coefficients of the eigenvectors are the 

weights. Now is possible to represent the data matrix X in a new orthogonal space, 
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where T = scores matrix (n, M, Table 5)  

 

K correlation index (Todeschini, 1997) has been used to evaluate the total quantity of 

correlation contained in the data set,   
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The variance accounted for by each of the components is its associated eigenvalue. 

Consequently, the eigenvectors with large eigenvalues are the ones that contain most of 

the information; eigenvectors with small eigenvalues are uninformative.The sum of all 

eigenvalues represents the whole variance presents in the data. The variance explained 

by the first principal components is, 
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Therefore, let q be the number of significative components (eigenvectors with large 

eigenvalues), the variance accounted by the q components will be, 

 

6) 

! 

C.E .V .% = EV
1

+ ......+ EVq   

 

Usually the eigenvectors with small eigenvalues (noisy components) are eliminated. 

However eliminating low variance components, while reducing noise, also discards 



information. Based on the K index, I chose to use the KL and KP criterion (Todeschini, 

1997) to decide how many principal components (upper and lower limit respectively) 

should be retained in order to account for most of the data variability. In particular, 

these two functions, seem to be useful to estimate those components which contain a 

quantity of information greater than the noise (Table 3). 
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Where int denotes the greater of the nearest integer. 

Principal components analysis also provides insightful graphical summaries with ability 

to include additional information as well. The loading plot analyze the importance of 

each variable in the different components and their direct-inverse correlation. The score 

plot analyze the sample's behavior in the different components and their similarity. 

 
Table 2. Autoscaled matrix of the original data. 

 

 
 

 

 

 

 

 

 

 
 



Table 3. Eigenvalues, Eigenvalues Variance, Cumulative Eigenvalues Variance, K correlation index, KL and KP criterion. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4 . Loading matrix for Po Basin cores. The eigenvector-loading matrix gives the weight of each variable for each 

principal component. 

 

 
 
 

 

 

 

 

 

 

 
 

 



Table 5. Score matrix for Po Basin cores. The eigenvector-score matrix gives the weight of each sample for each 

principal component. 

 

 

 
 

3.4 Similarity and Canberra distance 

 

Similarity (s) is a fundamental and widely used concept. Similarity analysis is used to 

compare the objects and decide which ones should be clustered together (similar 

objects) and which ones should not. When evaluating similarity the most natural way to 

access similarity is to evaluate the distance (d) between the two objects (v and t) being 

compared. Among different types of statistical distances we chose to use the Canberra 

distance (ranging from 0 to 1; Lance and Williams, 1966), because it is sensitive to 

small changes close to zero. 
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Because each element of the sum is comprises between 0 and 1, 
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Where p = number of variables. Dividing Canberra distance by p, similarity between v 

and t objects will be, 
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In paleodrainage analysis, similarity metrics can be used to identify the best modern 

analogue for any sample of ancient sediment or sedimentary rock, by comparing detrital 

modes of modern river sands (database by Garzanti et al, 2004 and 2006) and 

Pleistocene core sediments.  

 

 

4 Results  

 

KP function indicates that the six first principal components should be retained in order 

to account for most of the data variability (67.9% of the total variance). If we selecting 

the four principal components (58.9% of the total variance, Figures 2 and 3), and taking 

into account the eigenvectors value for all the parameters analyzed, the most important 

parameters on the PC1 (34.8% of total variability) are: sedimentary lithic grains 

(limestone and siltstone), feldspars (plagioclase and k-feldspar), amphiboles 

(hornblende and tremolite), garnet, sillimanite, epidote, tHMC and MI. The most 

important contributions to PC2 (11.6% of total variability) are: metamorphic lithic 

grains, dolostone, quartz, pyroxenes and HCI.  The third and fourth components 

explaining 12.5% of total variability (Fig. 4), and are characterized by volcanic and 

metamorphic lithic grains, muscovite, biotite, opaques and hornblende.  

 

 

 
 
Figure 2: Principal components loading plot for the Po Basin cores. The first two principal components account for 46.4% of total 

variance, and are characterized by labelled grain-types. 

 

 

 
 



 
 

Figure 3: Principal components loading plot for the Po Basin cores. The third and fourth principal components account for 12.5% 

of total variance, and are characterized by labelled grain-types. 
 

 

The results achieved by statistical analysis are shown in Figure 4, where PCA separates 

the samples studied into three different groups and a singleton:  

1) Group a. These samples are characterized by sedimentary lithic grains and are 

located in the cores drilled in the eastern part of the Po Basin and near the Southalpine 

margin (cores RL1-Ghedi, RL5-Trezzo, RL6-Cremignane and RL7 Palosco) with the 

except for the core RL2-Pianengo (located more basinward). Similarity-metric analysis 

indicates that the petrographic composition of these samples, best compare with detritus 

of the modern Serio, Brembo and Oglio rivers. These rivers mainly run a course through 

the Mesozoic sedimentary successions of the Southalpine Domain. 2) Group b. Core 

samples are characterized by metamorphic lithic grains, quartz, feldspars and MI. These 

sediments belong to cores located around Milan (RL4 Agrate, RL8-Peschiera 

Borromeo, RL9-Gaggiano, RL10-Triulza and RL11 Parco Nord). Similarity analysis 

suggests that these sediments best compare with detritus of the modern Adda and Ticino 

rivers. Their catchments are located in the Central Alps and includes metamorphic rocks 

of the Austroalpine Domain and gneissic rocks of the Lepontine Dome. 3) Group c. 

Samples are characterized by hornblende, tremolite, garnet, sillimanite, epidote, 

pyroxenes tHMC and HCI and are located in the core RL3-Cilavegna (drilled in the 

western part of the Po Basin). Similarity-metric analysis indicates that these sediments 

best compare with detritus of the modern Sesia River, draining the mafic granulite rocks 

of the Ivrea-Verbano Zone (the deepest tectonic unit of the Southern Alps). 4) 

Singleton. The sample is characterized by hornblende, garnet, epidote, and HCI and is 

located in the core RL2-Pianengo. Similarity analysis indicates that the petrographic 

composition of this samples, best compare with detritus of the modern Oglio River, 



which drains not only the Southalpine sedimentary successions, but also the tonalite-

granodiorite rocks of the Oligocene Adamello Pluton. 

 

 

 
Figure 4: Principal components score plot and similarity analysis for the Po Basin cores. 

 

 

5 Conclusion 

 

In order to obtain a high-resolution Pleistocene stratigraphy, eleven continuously cored 

boreholes, 100 to 220m deep were drilled in the northern part of the Po Plain by 

Regione Lombardia in the last ten years. Quantitative provenance analysis (QPA, 

Weltje and von Eynatten, 2004) of Pleistocene sediments was carried out by using 

multivariate statistical analysis (principal components analysis and similarity analisys) 

on an integrated data set, including high-resolution bulk petrography and heavy-mineral 

analyses on  Pleistocene sands and of 250 major and minor modern rivers draining the 

southern flank of the Alps (Garzanti et al, 2004; 2006).  

QPA allowed us to tentatively reconstruct the major changes of patterns of 

paleodrainage and foreland-basin fills in the last 1 Ma. Prior to the onset of major 

Alpine glaciations, detritus from the Western and Central Alps was carried 

longitudinally parallel to the Southalpine belt by a trunk river (PaleoTicino River) and 

its tributaries (Vezzoli and Garzanti, 2008). This scenario rapidly changed during the 

marine isotope stage 22 (0.87 Ma), with the onset of the first major Pleistocene 

glaciation in the Alps (Muttoni et al, 2003). PCA and similarity analysis from core 

samples show that the longitudinal trunk river at this time was shifted southward by the 

rapid progradation of transverse alluvial river systems fed from the metamorphic and 

crystalline rocks of the Central Alps and from sedimentary rocks of the Southalpine 

Domain. East of Lake Maggiore, carbonate detritus increased as a result of enhanced 



erosion and transport along Southalpine valleys and of reduced chemical weathering 

under cold and dry climatic conditions.  
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