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Chapter I: Introduction 

Caldera-forming eruptions rank among the most violent geologic events, Earth’s largest 

calderas form as the ground collapses during immense volcanic eruptions, when hundreds to 

thousands of cubic kilometers of magma are explosively withdrawn from the Earth’s crust over a 

period of days to weeks. Understanding the mechanics of those magmatic systems is critical issue 

for our society, since it is extremely desiderable to forecast largest class volcanic eruption 

(Lowenstern et al., 2006), and being able to predict and prevent the disastrous effects at the 

continental scale and their consequences on climatic changes (Rampino, 2002; Self, 2006; Sparks et 

al., 2005). Our understanding of these events is incomplete and its infancy mainly due to the lack of 

directly observed eruptions. Consequently it is challenging to recognize the difference of signals 

between smaller and larger eruptions. Notably models for smaller explosive eruptions, that had been 

directly observed and studied, are sometimes inadequate to explain in detail eruption dynamics 

(Castro and Dingwell, 2009). The development of an appropriate model is the foundation in order to 

recognize meaning versus meaningless signals of incoming eruption and to forecast diverse modes 

and magnitude.  

Today models of the magmatic systems are based on inferences from the petrology of the 

eruption products and are constrained by geophysical observations (Bachmann et al., 2007). We are 

still lacking in constrains on the basic assumptions of those models, such as observations of on a 

single system in which all its elements are exposed.  

To our knowledge the preferred model is that the eruptive material of a large explosive 

eruption is the crystal mush, that stores previously the eruption beneath 5 km depth, while in case of 

crystal poor units the melt is extracted from the same crystal mush that acts as a sponge (Bachmann 

and Bergantz, 2004; Bachmann et al., 2002). Despite those models, we know that large volume with 

>10% melt underneath a caldera have never been imaged geophysically at 5 km depth (DeNosaquo 

et al., 2009; Husen et al., 2004) (Guidarelli et al., 2006; Weiland et al., 1995) and ignimbrite erupt 

with a high percentage of melt, ranging from >90% to 55% of melt. 

In this dissertation I argue that what we need to test he basic constrains of those models, 

because if part of the eruptible material is stored deeper, or alternatively the only melt upraises 

during eruption from a deeper reservoir, the signals relative to 5-7 km may be not significant until 

the eruption started.  

Despite the fact that both geophysical studies on active calderas and petrochemical studies 

of eruptive products have investigated the problem in detail, our understanding of the processes 

involved has been limited by the absence of a crustal section exposing the magmatic system 

underneath a ignimbrite caldera on which discuss basic constrains of the models.  
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Deeply eroded and fossil calderas have been intensively studied from the ’70 (Christensen et 

al., 1965; Lipman, 1976; Smith, 1979), none are the study case that exposed the crust underneath a 

caldera deeper than ~ 7 km. The wide body of literature on deeply eroded and fossil calderas 

together with analogue modeling enlighten the caldera structure and the mechanism of collapse 

(Acocella, 2007; Lipman, 1997), but not the mechanics inside the plumbing system.  

Although the importance studying those magmatic systems to understand mechanics of 

eruption and monitor volcanic risk in an appropriate way, understanding processes of those 

magmatic system is also an important topic also to understand processes that “make/create” the 

continental crust (Hawkesworth and Kemp, 2006).  

The connection between volcanism and plutonism, considering the cause-and-effect 

relationship that links the intrusion of mantle-derived magma in the deep crust together with the 

emplacement of granitic batholith and explosive super-eruption is a debated process. The main 

physical mechanism of how silicic magmas are formed at the first place is still controversial; 

debating if the dominant contribution comes from re-melting of pre-existing crust or from 

fractionation of mafic mantle derived magmas. Notably, the composition of the bulk continental 

crust is fairly evolved (Rudnick, 1995), how to generate an evolved crust is a debated problem 

closely interconnected with to the physical process that generate silicic magmas and its relationship 

with magmatic underplating (Hawkesworth and Kemp, 2006).  

 

This dissertation addresses mechanics of magmatic systems that eventually cause explosive 

super-eruptions, studying a fossil section that exposes the plumbing system of a caldera to a depth 

of 25 km. The research finding are organized in three chapter, followed by summary and directions 

for future research.  

 

Chapter II, in full, is taken from Quick (2009) and reports evidence for a >13 kilometres of 

diameter, Permian caldera in northwest Italy situated atop a crustal section comprising the Ivrea-

Verbano Zone and Serie dei Laghi (Fountain, 1976). Correlation of ages of volcanic and middle- to 

deep-crustal plutonic rocks suggests that they collectively constitute an unprecedented exposure of 

the magmatic plumbing system to a depth of 25 km beneath a large caldera, and points to a cause-

and-effect link between intrusion of mantle-derived basalt in the deep crust, and large-scale, silicic 

volcanism. Data presented herein support the inferences of previous geophysical studies (Weiland 

et al., 1995) and petrochemical studies of eruptive products and shallow intrusions (Hildreth, 1981; 

Hildreth, 2004), that the magmatic systems of these eruptions are driven by intrusion of mantle-

derived magma in the deep crust, a process commonly referred to as magmatic underplating. 
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New age data presented herein indicate that volcanism correlates closely in time with 

intrusion of mantle-derived basalt and crustal anatexis at depths >15 km. Removal of Alpine 

deformation results in a model crustal section for interpreting geophysical profiles and magmatic 

processes beneath active calderas.   

Chapter III reports a study of the structure and eruptive history of the Sesia Caldera. 

Providing a detailed study of the remnants of the caldera, to constrain the caldera geometry at the 

time of volcanism and characteristics of the volcanic field. Data reported therein suggest that Sesia 

caldera was similar to sin-extensive calderas formed during the transition from compressional to an 

extensional tectonic setting. Sesia ignimbrite erupted a single unit, rhyolite in composition, with an 

eruption magnitude >M8 (Mason et al., 2004). Volcanic rocks of Sesia caldera are compared with 

the rocks of the granitic batholith underneath to investigate parental relationship. Finally Sesia 

caldera is compared with other calderas of the world.  

Chapter IV discusses hydrothermal circulation in the Sesia caldera, focusing on caldera 

block I (as described in Chapter III). This block exposes a single slice crustal section through a 

caldera fill up to the roots of a granitic batholith underneath, thus permit to investigate the 

maximum depth reached by hydrothermal fluids and effects of the circulation. Possibly constraining 

hydrothermal circulation underneath fossil calderas can improve the interpretation of signals 

observed monitoring active systems. 
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Chapter II: Sesia Fossil section, magmatic plumbing of 

a large Permian caldera exposed to a depth of 25 

kilometers.   

Chapter II is taken from Geology, v. 37, no. 7, p. 603-606; Quick, J. E., Sinigoi, S., 

Peressini, G., Demarchi, G., Wooden, J. L., and Sbisa, A., 2009, Magmatic plumbing of 

a large Permian caldera exposed to a depth of 25 km, with exception of the restoration 

of the fossil section that is partially modified. 

 

GEOLOGIC SETTING 

 Most investigators agree that the Ivrea-Verbano Zone and Serie dei Laghi are 

the deep- and the middle- to upper-crustal components, respectively, of a section 

through the pre-Alpine crust of northwest Italy
 
(Fountain, 1976; Handy and Zingg, 

1991; Henk et al., 1997; Rutter et al., 1999) for a dissenting view see (Boriani and 

Giobbi, 2004).  Figure 2.1 presents the geology of the southern exposures of these rocks 

oriented to approximate a cross section through the pre-Alpine crust.  Within the Ivrea-

Verbano Zone, amphibolite- to granulite-facies paragneiss of the Kinzigite Formation 

was intruded by voluminous gabbro and diorite of the Mafic Complex while resident in 

the lower crust
 
(Quick et al., 1994; Rivalenti et al., 1981).  Geobarometry (Demarchi et 

al., 1998) indicates that the roof of the intrusion, which corresponds to its eastern 

contact with the Kinzigite Formation, equilibrated at a depth of 15 to 20 km, and that 

equilibration pressures increase monotonically within the Mafic Complex toward the 

Insubric Line where rocks equilibrated at depths of approximately 25 km.  Heat released 

by the Mafic Complex induced partial melting in the Kinzigite Formation (Barboza and 

Bergantz, 2000), producing melts that crystallized granitic rocks within the Mafic 

Complex, along its roof, and at higher crustal levels.   

To the east of the Ivrea-Verbano Zone, the middle- to upper-crustal rocks of the 

Serie dei Laghi comprise orthogneiss, paragneiss, and two-mica schist intruded by 

Permian granitic plutons grouped as the Graniti dei Laghi (Boriani et al., 1988).  North 

of Figure 2.1, the Ivrea-Verbano Zone and Serie dei Laghi are juxtaposed by the CMB 

Line, an ancient ductile shear zone along which motion had ceased by 285 to 275 Ma 

(Mulch et al., 2002; Rutter et al., 2007). The CMB line is not exposed within the area of 

Figure 2.1 and mapping by the eastern limit of the Ivrea-Verbano Zone corresponds to 
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Alpine faults and a contact along which granite intrudes the Kinzigite Formation (Quick 

et al., 2003). The Ivrea-Verbano Zone and Serie dei Laghi are juxtaposed against 

volcanic rocks by subvertical, strike-slip faults of the Cremosina Line (Fig. 1), which 

have a collective right-lateral displacement of ~12 km (Boriani and Sacchi, 1973).   

 
 

 Figure 2.1. Compiled geology (Zingg, 1983; Govi, 1977; Boriani et al., 1988; Quick 

et al., 2003) oriented to place roof of the Mafic Complex in its original sub-

horizontal position.  Cossato-Mergozzo-Brissago Line abbreviated CMB Line.  

Deposits of megabreccia are based on Govi
 
(1977) and 1 month of field work in 

2007.  Arrows indicate motion on predominantly strike-slip faults, “U / D” indicate 

up and down motion on predominantly dip-sip faults. 
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Rhyolite is the dominant volcanic lithology, although minor basalt, andesite and 

dacite are present.  These rocks comprise lava flows, massive porphyry, ignimbrites, 

and fragment-rich tuff intermixed with a spectacular megabreccia containing gigantic 

inclusions of schist and volcanic rock in a matrix of welded tuff.   Widespread 

distribution of megabreccia, its intimate involvement in the volcanic stratigraphy
 
(Govi, 

1977), and the pyroclastic nature of its matrix preclude formation as fault breccia 

unrelated to volcanism.  Similar megabreccias have been shown to be diagnostic of 

caldera-forming eruptions, forming as the subsiding caldera fills with volcanic ash 

mixed with landslide debris derived from the caldera walls
 
(Lipman, 1997).  East of the 

Sesia Valley, the contact between volcanic rocks and basement two-mica schist appears 

to be a relic of such a caldera wall based on an increase in abundance of schist 

inclusions in the tuff as the contact is approached.   We project the boundary of the 

caldera west of the Sesia Valley based on occurrence of megabreccia and welded tuff 

with inclusion of schist, the distribution of which indicate a minimum northeast-

southwest caldera dimension of about 13 km, although  the full size and shape of the 

Sesia-Valley caldera remain unknown because it is covered by sediments of the Po 

Plain.   

The volcanic rocks are in contact with the Valle Mosso (a.k.a. Biellese) Granite, 

the geology of which is described by Zezza (Zezza et al., 1984).  Intrusion of the granite 

into the volcanic rocks is indicated by the presence of fine-grained granophyre at the 

contact and microgranite and pegmatitic dikes in the volcanic rocks.  To the east, the 

granite is “epizonal” in character, with heterogeneous granophyric to medium-grained 

texture and miarolitic cavities.  To the southwest, these rocks grade downward into 

more-uniform, medium- to coarse-grained “mesogranite.”  In Figure 2.1, the “epizonal 

and mesozonal” facies of Zezza et al. are distinguished as upper and lower Valle Mosso 

Granite, respectively.  Based on our observations, the westernmost parts of the Valle 

Mosso and Roccapietra bodies are characterized by mingling of mafic and silicic 

magma and identical major- and trace-element geochemistry 

 

RECONSTRUCTION OF THE PRE-ALPINE CRUSTAL SECTION 

Figure 2.2 presents steps in the removal of  Alpine and Mesozic deformation in 

the southern Ivrea-Verbano Zone and Serie dei Laghi to reconstruct the Early Permian 
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crustal section shortly after caldera formation.  Restoration had been made by five steps, 

from present day condition to the time of caldera collapse. 

(A) Present-day conditions, which correspond to those of the geologic map in 

Figure 2.1, are as follows. Most attitudes on foliation and layering in Ivrea-Verbano 

Zone dip steeply (Quick et al., 2003).  Based on this observation, results from 

geobarometry  (Demarchi et al., 1998) and the structure of the Mafic Complex (Quick et 

al., 1994), these rocks are treated as having been rotated 90 degrees, so that their map 

pattern approximates a vertical cross section through the deep crust.  The western 

intrusive contacts of the granitic bodies on either side of the Cremosina Line are also 

steeply dipping and for the purposes of this reconstruction are also treated as having 

been rotated 90 degrees from an initially subhorizontal orientation along with the Ivrea-

Verbano Zone.  The contact between the Valle Mosso granite and the overlying 

volcanic rocks dips approximately 60 degree to the east based on outcrop patterns and 

foliation in the granite near the contact.  Attitudes on the volcanic atop of Valle mosso 

granite dip generally eastward direction approx 35 degree, caldera structure is repeated 

in four blocks Consistent with these dips, bedded limestone overlying volcanic rocks 

have dips of 35 degrees.  Caldera structure is repeated in four blocks, in block East of 

the Sesia Valley, the contact between volcanic rocks and schist dips approximately 80 

degrees to the south. 

 (B) Removal of Quaternary and Tertiary cover and restoration of motion on 

north-northeast trending faults was performed south of the Cremosina Line. Fault 

motion was treated as predominantly normal and down to the west (Fantoni et al., 

2003).   The boundary of the caldera is inferred beneath the Po Plain. 

(C) Restoration of motion on the Cremosina Line and Alpine faults north of the 

Cremosina Line. Based on the presence of sub-horizontal slickensides (Quick et al., 

2003), restoration of the Cremosina faults was performed assuming purely strike-slip 

motion and matching contacts between the granites, Kinzigite Formation, and Mafic 

Complex. The restoration is consistent with the 12 km of dextral strike-slip offset 

reported by Boriani and Sacchi (Boriani and Sacchi, 1973), although we ignore 300 m 

of total normal motion that they infer for this system of faults as inconsequential at the 

scale at which we are working. Within our study area, Alpine faults north of the 
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Cremosina Line have displacements less than 1 km based on displacement of mapped 

contacts (Quick et al., 2003). 

 

Figure 2.2: steps in the removal of  Alpine and Mesozoic deformation in the 

southern Ivrea-Verbano Zone and Serie dei Laghi to reconstruct the early 

Permian crustal section.  The pre-Permian CMB Line is projected from exposures 

north of the study area.  Arrows indicate sense of displacement on faults with 

predominantly strike-slip motion; “U/D” indicates sense of displacement on faults 

with significant dip-slip motion.  (A) Present-day geology.  (B) Results of 

restoration of motion on normal faults south of the Cremosina Line.  (C) Results of 

restoration of motion on the Cremosina Line and faults north of the Cremosina 

Line.  (D) Results of removal of differential tilting.   

 

(D) Removal of differential tilting.  Volcanic and metamorphic rocks east of 

Rocapietra-Valle Mosso granite and easternmost granite were rotated into a vertical 

orientation with final thicknesses calculated on the basis of present day attitudes in the 
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volcanic rocks, resulting in foreshortening of their outcrop patterns.  The top of the 

section corresponds to the dashed line in C.  

GEOCHRONOLOGY 

Overview of new SHRIMP zircon ages for volcanic and granitic rocks are 

reported in Figures 2.1 and 2.12, while data are tabulated and discussed for single 

samples in this chapter.  All errors are reported in terms of 2 σ standard deviations 

unless otherwise stated. U-Pb ages were measured on zircon separates from the Sesia-

Valley volcanic rocks and Ivrea-Verbano-Zone granitic rocks in three sessions in 2001, 

2006 and 2008 at the U.S. Geological Survey/Stanford SHRIMP II RG laboratory at 

Stanford University.  Mineral separation, analytical, and data reduction procedures were 

identical to those described previously by (Peressini et al., 2007) to obtain U-Pb zircon 

ages for the Mafic Complex. Results are reported  in Tables 2.1 and 2.2, and on 

207
Pb/

206
Pb-

238
U/

206
Pb diagrams in Figures 2.3 to 2.11, and summarized in Table 2.3.  

The analytical sessions during which the data were acquired are specified in Tables 2.1 

and 2.2.  

 Volcanic Rocks 

Rhyolite R4:  The sample is a dense rhyolitic porphyry with inclusions of 

glomerophyric feldspars < 2 mm collected approximately 1.5 km east of the upper Valle 

Mosso Granite.   

48 spots were analyzed in two sessions (23 in 2006, 25 in 2008). Of these, 33 

(17 in 2006, 16 in 2008) were analyzed on stubby prisms (zircon fraction R4S) and 15 

(7 in 2006, 8 in 2008) on elongated crystals (zircon fraction R4E).  18 spots analyses 

yielded a 
204

Pb-signal below detection limit (spots R4S-2, R4S-5, R4S-7, R4S-9, R4S-10, 

R4S-11, R4S-16, R4E-3, in the 2006 run; R4ER-1, R4ER-6, R4R-2, R4R-5, R4R-7, R4R-10, 

R4R-11, R4R-14, R4ERst-5, R4ERst-8), consistent with a low-Pbcom content of the zircon 

population. 

The U content of all the analyzed spots varies between 112 and 588 ppm. 

Two zircon populations were mounted separately based on morphologic features. The 

two groups result well distinguished in a Th/U versus U plot (Figure 2.3d). Age 

calculation performed on each group yields distinct age results, which, although within 

analytical error of one another, are considered separately in the following based on the 
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fact that morphological and geochemical features identify the two groups as effectively 

distinct zircon populations.    

One inherited core age was detected (R4s-13, 573.9±6.0, 1σ) and discarded from 

age calculation. The high Pbcom contents of spots R4R-8 (7.47%) and R4R-12 (1.53% 

PbCom) led to the exclusion of the two analyses from further consideration.   A single-

spot analyses yielded a Triassic age record (R4R-9, 236.0±5.4, 1σ), and another single 

spot analyses yielded a poorly defined Carboniferous age record (R4R-3, 317.2±15.1,  

1σ). Both age records may be relevant in the geological history of the Ivrea-Verbano-

Massiccio dei Laghi, but do not pertain to the main (Permian) data-set discussed in this 

paper.  
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Figure 2.3.   Age plots for sample R4:  (A) cumulative probability;  (B)  
206

Pb-
238

U weighted average with rejected data shown as open, numbered 

rectangles;  (C)
 207

Pb/
206

Pb-
238

U/
206

Pb Tera-Wasserburg plot of the two zircon 

groups at the 1s level; (D) Th/U vs U plot.  

 

Therefore, these two spot-ages are discarded from age calculation, but the 

presence of older, Carboniferous ages in the zircons from the volcanic rocks is taken 

into account in interpreting age distributions such as those of spots R4ERst-8, yielding a 

discordant age of 304.2±7.4 Ma (1σ), and R4ERst-5, yielding an age of 290.3±6.7 Ma 

(1σ), which represent outliers of the stubby-zircons group. Similarly, the presence of 

younger, Triassic ages in the zircons from the sample is taken into account in 

interpreting age distributions such as those of spots R4R-4, yielding an age of 264.2±6.3 

Ma (1σ), and R4S-12, yielding a reverse discordant age of 259.0±3.3 Ma (1σ), which 

represent outliers easily attributed to Pb-loss and discarded from age calculation. 

Elongated zircons: 15 age data collected on elongated zircons are (sub-) 

concordant and yield a weighted average age of 285.5 ±4.3 Ma (95% c.l., n=15, MSWD 

= 2.9, Probability = 0.000).  Spots R4E-1 and R4E-4 , which yielded ages of 275.5 ±3.4 

and 275.3 ±3.0 Ma, respectively, are regarded as younger outliers  when compared to 

the elongated zircons group. Discarding these two spots from age calculation, the 

resulting 
206

Pb/
238

U weighted average age is 289.1±2.7 Ma (2s, n=13, MSWD = 1.20, 

Probability = 0.28), which we consider the best estimate for the age of this zircon group. 

Stubby zircons: 30 age data collected on stubby zircons are (sub-)concordant. 

Rejection of spot 4s11b (younger outlier) returns a weighted average age of 281.7 ±2.6 

Ma (95% c.l., n=29, MSWD = 2.4, Probability = 0.000) , which we consider the best 

estimate for the age of this zircon group. 

 

Andesitic Basalt R6:   The sample is an inclusion-free, andesitic-basalt flow 

intercalated with rhyolite approximately 1.5 km east of the upper Valle Mosso Granite.  

The sample is inferred to have been taken near the deeper exposed levels of the volcanic 

section based on attitudes in the section and on overlying Mesozoic sedimentary rocks.   

27 spots were analyzed in a single session in 2006. Among these, spots R6-9 and R6-23 

were identified by the reduction software as having negative percentage of 
206

Pbcom,  a 

value changed to 0 before age calculations.  Nine spot analyses (R6-1, R6-2, R6-4, R6-

5, R6-7, R6-11, R6-16, R6-17, R6-21) yielded 
204

Pb signals below detection limit.  



 

 

21 

 

Excluding six inherited cores with ages >430 Ma (R6-5, R6-6, R6-18, R6-23, R6-25, 

R6-27), the U content of the analyzed spots ranged from 48 to 610 ppm, with an average 

value of 376 ppm, with the exception of one anomalously high value of 1,176 ppm 

measured for spot R6-26, and Th/U ranged from 0.35 and 0.87, with an average value of 

0.53, with the exception of one anomalously high ratio of 1.39 recorded for spot R6-26.  

Two single spot analyses were rejected because of large errors on isotopic ratios (16%, 

R6-10; 9%, R6-20) resulting from the lowest 206/204 ratios measured for this sample 

(490 and 2877, respectively).  

The intercept age calculated on the 19 remaining spot analyses is 287.8 ±2.7 Ma 

(95% confidence, n=19, MSWD = 1.8), coincident with the 
206

Pb/
238

U weighted average 

age 287.3±2.6 Ma (95% conf., n=19, MSWD = 2.6, Probability = 0.000).   

 

Figure 2.4.   Age plots for sample R6:  (A) cumulative probability;   
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 (B)  206
Pb-

238
U with rejected data shown as open, numbered rectangles;  and (C) 

207
Pb/

206
Pb-

238
U/

206
Pb, with rejected data shown with light-gray fill  and condordia 

age shown with heavy ellipse.  

 

A single spot analysis yielded an age of 297.1±3.7 (1σ, R6-2), which represents 

an outlier. Similarly, ages on spots R6-9 and R6-12  (respectively, 278.8 ±3.1 and 275.4 

±3.1, 1σ) are discarded from age calculation as younger outliers.  The remaining 16 age 

data are (sub-)concordant and yield a concordia age of 288.1 ±1.7 Ma (2s, n=16, 

MSWD = 4.8, Probability = 0.029), coincident with the 
206

Pb/
238

U weighted average age 

288.3±1.7 Ma (2s, n=16, MSWD = 1.05, Probability = 0.40). 

Our favourite age for the sample is the concordia value, coincident with the weighted 

average age of 288±2 Ma. 

 

Rhyolite R9:  The sample is a dense rhyolite porphyry with inclusions of 

volcanic rock. 

15 spots were analyzed.   Spot 13 was attributed by the reduction software to 

have a negative percentage of 
206

Pbcom, a value changed to 0 before age calculations.   

Eight spots analyses yielded a 204-signal below detection limit (spots R9-1, R9-3, R9-4, 

R9-5, R9-6, R9-9, R9-11, R9-14). No inherited core ages were detected.  Although 5 

spot analyses yielded U>1,000 ppm (spots R9-1, R9-2, R9-8, R9-12, R9-14), the 

average U content of the analyzed spots is 777 ppm. The average Th/U is 0.49, with 

anomalously high values recorded for spots R9-4 (1.01) and R9-11 (0.94). 

The dark appearance in cathodoluminescence of the zircons is consistent with 

the high U content.  These images confirm the absence of inherited cores and reveal that 

most grains are oscillatory zoned but contain inclusions or cracks.  Spots R9-7 and R9-

10 are rejected from age calculation because they sampled a crack and a recrystallized, 

thick white rim, respectively.  These features explain the relative young and/or 

discordant ages of the two analyses.  The remaining 13 age data are (sub-)concordant 

but their span 277.9±2.0 (1σ, R9-10) to 293.5±1.8 (1σ, R9-12) does not allow a 

Concordia age calculation. 

The
 206

Pb/
238

U weighted average age results in an age of 286.3±2.7 Ma (95% 

conf., n=15, MSWD = 6.3, probability = 0.000), coincident with the regression to Pbcom 

at 280 Ma (Stacey and Kramers, 1975) which returns a value of 286.6±2.7 Ma (n=15, 
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MSWD = 6.0).  The Isoplot function, Zircon Age Extractor, gives an age of 

284.79+3.79/-2.33 Ma (96.1% confidence) on 9 spot analyses.  Nonetheless, in light of 

the results obtained on sample R4, our favourite interpretation of the age-record 

contained in the zircons of sample R9 is that shown by the cumulative probability plot, 

which reveals a distribution around two peaks, at about 284 and 290 Ma.  We interpret 

these ages as dating the crystallization of R9 and the earlier crystallization of included 

antecrysts, respectively.  

 

 

Figure 2.5.   Age plots for sample R9:  (A) cumulative probability;   (B)  
206

Pb-
238

U;  

and (C) 
207

Pb/
206

Pb-
238

U/
206

Pb.   Data rejected from age calculations show with 

dashes. 
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Rhyolite R16:  The sample was collected from a block of dense rhyolite 

porphyry within the caldera megabreccia.  The sample is devoid of inclusions. 

16 spots were analyzed in a single session. Five spot analyses (R16-4, R16-9, 

R16-11, R16-12, R16-15), yielded a 
204

Pb-signal below detection limit. No inherited 

core ages were detected. The U content of the analyzed spots ranged from 155 and 701 

ppm, with an average value of 275 ppm.  Th/U of the analyzed spots ranged from 0.33 

and 0.90, with an average value of 0.53.  All age data are (sub-)concordant and span 

273.1±3.6 (1σ, R16-10) to 297.7±3.6 (1σ, R16-15). A concordia age calculated on all 

analyzed spots is 285.2 ±2.3 Ma (95% confidence, n=16, MSWD = 2.6, Probability = 

0.11), which is coincident with a less precise 
206

Pb/
238

U weighted average age of 

285.0±3.0  (95% conf., n=16, MSWD = 2.6, probability = 0.001).   

 

Figure 2.6.   Age plots for sample R16:  (A) cumulative probability;   
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 (B)  
206

Pb-
238

U with rejected data shown as open, numbered rectangles;  and (C) 
207

Pb/
206

Pb-
238

U/
206

Pb, with rejected data shown with light-gray fill  and concordia 

age shown with heavy ellipse.  

 

Rejection of spot-analyses R16-1 and R16-10, which have lower precision due 

to lower U content (the lowest for the sample, 181 and 155 ppm, respectively), and 

which plot at the youngest end of the distribution, and rejection of the slightly older 

R16-15 that may be regarded as an outlier, leads to the calculation of a concordia age at 

285.3 ±1.9 Ma (2s, n=13, MSWD = 1.4, Probability = 0.24), coincident with the less 

precise 
206

Pb/
238

U weighted average age of 285.3±1.9 (2s, n=13, MSWD = 1.05, 

probability = 0.39). 

The age of the sample is well defined by the concordia age, coincident with the 

weighted average value of 285±2 Ma. 

 

IVR2: 8 spots were analyzed  in single session in 2006 and 14 in a single session 

in 2008.  4 spot analyses (IVR2-1, IVR2r-9, IVR2r-10, IVR2r-13) yielded a 
204

Pb-signal 

below detection limit. Inherited cores are clearly visible in cathodoluminescence, but 

were not analyzed.  The U contents ranged from 164 and 392 ppm, with an anomalously 

high value of 1169 ppm measured for spot IVR2r-4.  This spot excluded, the average U 

content is 260 ppm.  Th/U of the analyzed spots varies between 0.34 and 0.58, with an 

average value of 0.45. Age data display a spread too large to justify the calculation of a 

single age. Pbcom contents in the whole zircon population are high, as shown by the 

Tera-Wasserburg plot, which is color-coded for Pbcom % content. 

These problems notwithstanding, the cumulative probability plot shows a 

distribution around a main peak, which we consider as follows. Four spot analyses 

(IVR2-8, IVR2r-3, IVR2r-6, IVR2r-7) were rejected because of large errors on isotopic 

ratios resulting from high-Pbcom. The remaining 18 age data are (sub-)concordant and 

span 277.0±3.6 Ma (1σ, IVR2-4) to 299.6±6.8 Ma (1σ, IVR2r-15), yielding a 
206

Pb/
238

U 

weighted average age of 287.3±3.1  (95% conf., n=19, MSWD = 1.8, probability = 

0.016). 

However, the age distribution on a cumulative probability plot is very similar to 

that obtained for sample R9 in that there is evidence in the distribution for two ages, and 

we consider the most like solution to be an age of approximately 290 Ma dominated by 
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antecrysts and corresponding to the older peak in Figure 2.7, and a more subtly defined 

age in the cumulative distribution plot of approximately 284 Ma, corresponding to the 

crystallization age of the rock .   

  

 

Figure 2.7.   Age plots for sample IVR2:  (A) Weighted average of 
206

Pb-
238

U ages  

with rejected data shown as open, numbered rectangles (B)  
206

Pb-
238

U ages 

cumulative probability;  and (C) 
207

Pb/
206

Pb-
238

U/
206

Pb, color-coded for PbCom% 

content.  

 

Granitic Rocks 

Granite CC:  The sample was collected from the upper Valle Mosso Granite at 

Cava Cacciano near the contact with the overlying volcanic rocks.   

11 spots were measured during one session in 2008.  Spot CC-10 was discarded 

from the age calculation because of high Pbcom content (2.63%) and consequent large 

errors on calculated ratios (6.8%).  Spot CC-5 was discarded because of large errors on 

calculated ratios resulting from a relatively low U content of 162 ppm coupled with a 
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relatively high Pbcom content (0.51%).   The remaining 9 spot analyses display in both a 

cumulative probability plot and a Tera-Wasserburg plot a distribution indicating a 

typical Pb-loss pattern, with a tail towards younger ages. A concordia age of 273.7 ±2.5 

Ma  (95% conf., n=9, MSWD = 0.49, prob. Conc. = 0.48) on the 9 spots coincides with 

the weighted average age of 273.4±2.5  (2σ, n=9, MSWD = 1.7, prob. = 0.091).  

Additional data rejection performed based on the assumption of Pb-loss leads to the 

exclusion of spots CC-7 and CC-8, and spot CC-9 because of the strong reverse 

discordance (-58%). The resulting concordia age of 274.9 ±4.2 Ma  (95% conf., n=6, 

MSWD = 0.95, prob. Conc. = 0.62) is our best estimate for the age of sample CC. 

Granite CSB:  The sample was collected from the upper Valle Mosso Granite at Cava 

San Bononio, near the contact with overlying volcanic rocks.  
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Figure 2.8.   Age plots for samples CC and CSB:  (A) Weighted average of 
206

Pb-
238

U ages  with rejected data shown as open, numbered rectangles (B)  
206

Pb-
238

U 

ages cumulative probability;  and (C) 
207

Pb/
206

Pb-
238

U/
206

Pb.  

 

7 spots were measured during a single session in 2008.  3 were discarded from 

age calculation, as follows.   Spots CSB-7 and CSB-5 were discarded from age 

calculations because of inheritance and high Pbcom, respectively.  Spot CSB-6, which 

yielded a U content of 2492 ppm and an age of 296.7±4.1 Ma (1σ), was discarded from 

age calculations because it represents a clear outlier in the data-set (see cumulative 

probability plot).   The remaining 4 spots define a single age-peak with a gaussian 

distribution yielding a concordia age of 278.3 ±4.8 Ma (2σ, n=4, MSWD = 0.72, prob. 

Conc. = 0.29).  

A regression based on these same data and on the inherited core age of spot 

CSB-7 yield a lower intercept of 281.5 +5.3/-5.8 Ma   (95%-conf., n=5).  Absent 

additional discordant points to support the intercept calculation, the Concordia age of 

278±5 Ma is our preferred age for this sample. 

 

Sample RP: Sample RP was collected in the Roccapietra quarry located in the 

westernmost Roccapietra 

Granite. 

 

Figure 2.9.   Age plots for 

sample RP:  (A) Weighted 

average of 
206

Pb-
238

U ages  with 

rejected data shown as open, 

numbered rectangles (B)  
206

Pb-
238

U ages cumulative 

probability;  and (C) 
207

Pb/
206

Pb-
238

U/
206

Pb.  
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15 spots were analyzed during a single session  in 2008. 2 spot analyses yielded 

a 204-signal below detection limit (spots RP-4, RP-14). A high Pbcom content was 

attributed to spot RP-3 (1.43%). The average U content of the analyzed spots is 390 

ppm. An anomalously high value of 1314 ppm was measured for spot RP-7, and low 

values were detected for spots RP-3 (74 ppm) and RP-10 (111 ppm). These three spots 

excluded, the average U content is calculated at 362 ppm, and varies between 141 and 

738 ppm. 

The average Th/U of the analyzed spots has a value of 0.50. With the exception 

of spots RP-1 (0.12) and RP-10 (1.00), Th/U varies between 0.30 and 0.91.  These two 

spots excluded, the average value is 0.49.  Four spot analyses were considered in detail 

and eventually discarded from age calculation, as follows: spot RP-1, characterized by a 

low Th/U (0.12); spot RP-2, characterized by a high percentage of reverse discordance 

(-75%); spot RP-3, characterized by large errors on isotopic ratios, resulting from both a 

low U and a high Pbcom content (74 ppm  and 1.43%, respectively); spot RP-10, 

characterized by a low U content and a high Th/U (111 ppm and 1.00, respectively). 

Figure 2.9 displays cumulative probability, weighted average and Tera-

Wasserburg plots of the 15 spots analyzed for sample RP, with the four spots discussed 

above highlighted in a lighter shade of grey. Resulting values calculated after data 

rejection do not differ significantly from those calculated on the whole data-set. 

Weighted average age using all data is 288.9±2.3 Ma (2σ, n=15, MSWD = 0.73, 

probability = 0.75), as compared to 289.6±2.6 Ma (2σ, n=11, MSWD = 0.60, 

probability = 0.82) after data-rejection.  

The concordia age calculated on all spots is 289.1 ± 3.3  Ma (95%-conf., Prob. 

Conc. = 0.875, mswd = 0.86, n=15), which is indistinguishable within error from  289.7 

± 3.5  Ma (95%-conf., Prob. Conc. = 0.741, mswd = 0.72, n=11) obtained after rejection 

of 4 points with large errors. 

We feel confident that the best determination of the age of sample RP is 

represented by the value of 289 ± 3 Ma resulting from the concordia calculation on all 

spots. 

 

Granite AS: This sample was collected from a small granitic body within the 

Kinzigite Formation near Alpe Sacchi.   
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10 spots were analyzed during a single session in 2001.  The zircons are 

extremely dark under cathodoluminescence and no inherited core ages were detected.  

Most spot analyses are characterized by high values of Pbcom, and only four spots 

analyses yielded 
206

Pb/
204

Pb >10,000.  The U content of the analyzed spots ranged from 

4,260 to 13,953 ppm, with an average value of 7,420 ppm, and Th/U of the analyzed 

spots ranged from 0.003 to 0.065, with an average value of 0.026.  

 

 

Figure 2.10.   Concordia plot for sample AS.  

 

 Low brightness in cathodoluminescence, high U content, low Th/U, and high 

Pbcom are typical of U-damaged zircon domains, and we interpret the data for this 

sample to be strongly affected by Pb-loss following metamictization.  This is confirmed 

by two spot analyses, which plot on a discordia line to zero. The remaining data are 

concordant within error but exhibit a span of ages too large to justify calculation of a 

simple concordia age.  Excluding one spot on the basis of extremely large errors, we 

calculate an upper intercept age for this array of analyses of 274+13/-11 Ma with a 

lower intercept of 16+34/-14 Ma (95% conf., n=9, MSWD =0.53, probability = 0.65). 

 

Granite RS:  The sample was collected from a small granite body within the 

Kinzigite Formation on the west back of the Sesia Valley approximately.   
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21 spots were analyzed in two sessions in 2001 and 2006. Excluding one 

analysis that sampled a thorite inclusion, the U content ranged from 13 to 2,642 ppm, 

with an average value of 846 ppm,  Th/U of the analyzed spots ranged from 0.02 to 

0.85, with an average value of 0.22.  Six spot analyses returned inherited ages as old as 

2,242±25 Ma, consistent with textures observed under cathodoluminescence indicating 

the presence of inherited cores.  Seven spot analyses yielded either high U (on average 

1,558 ppm) and/or low Th/U (on average 0.05), and were skewed to younger ages, 

suggesting that the zircons suffered Pb loss due to metamictization.   

 

Figure 2.11.   Age plots for sample RS:  (A)  
206

Pb-
238

U ages cumulative 

probability;  and (B) 
207

Pb/
206

Pb-
238

U/
206

Pb, dark grey ellipses define the Permian 

Concordia age, pale grey ellipse represents the antecryst age. White ellipses spread 

along a Pb loss trend, that defines a Permian upper intercept anchored  by three 

concordant points at 284±2 Ma. 

 

Excluding the high-U and low-Th/U analyses, the average U and Th/U are 260 

ppm and 0.31, respectively.  Disregarding inherited cores analyses, and excluding 

analyses RS-2 because of its large associated error due to very low U content (13 ppm), 

and RS-3, characterized by strong discordance, the remaining 13 data are (sub-) 
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concordant and span 248.6±3.6 (1σ, RS-6, core-analyses, most probably result of Pb-

loss through recrystallization, suggested by Th/U measured at 0.2) to 290.6±1.7 (1σ, 

RS-5); this single spot analyses is excluded from calculation, but its age of 291±4 (2s) 

would be consistent with an origin of the grain as an antecryst.   

In the cumulative probability plot, it appears evident that a bimodal age 

distribution is arranged around a main peak at around 285 Ma, defined by three spot 

analyses. Together with these 3 concordant spot analyses, the remaining 9 analyses 

define an upper intercept age of 299±18 (95% conf., n=12, MSWD = 1.3, probability = 

0.22)  which is mostly conditioned by the oldest concordant three spot analyses (spots 

RS-1, RS-2, RS-3).  The concordia age calculated on these three concordant analyses is 

284.3±2.2 Ma (2s, n=3, MSWD = 0.039, Probability 0.84), coincident with the weighted 

average age of  284.3±2.1 Ma (2s, n=3, MSWD = 0.32, Probability 0.73). The age of 

284±2 Ma (2s, n=3) is the best estimate of the age of the granite. 

Overview of geochronology 

Age determinations were attempted for five volcanic samples following exclusion 

of a few inherited cores.  R6, an inclusion-free, andesitic-basalt flow intercalated with 

rhyolite at deeper levels of the exposed volcanic section, yielded a well-defined 

Concordia age of 288+2 Ma. R16, collected from a megabreccia block of dense rhyolite 

porphyry devoid of inclusions, yielded another well-defined Concordia age of 285+2 

Ma.   Data for the remaining volcanic samples, R4, R9, and IVR2, were more 

problematic. Following exclusion of grains based on Pb loss, or anomalously high 

common Pb, the remaining zircon populations in each of these rocks were dispersed 

along the Concordia from ~295 to ~275 Ma, a range too great to allow calculation of a 

single Concordia age.  

 Insight into the origin of these dispersed ages is provided by R4.  The sample, a 

dense rhyolitic porphyry with inclusions of glomerophyric feldspar < 2 mm, yielded two 

populations of magmatically zoned, stubby and elongate zircons characterized by Th/U 

<0.55 and >0.55, respectively, and distinct age peaks on a cumulative probability plot 

(Figure. 2.3C).   Considered separately, the elongated and stubby populations yield 

weighted 
206

Pb/
238

U average ages of 289+3 and 282+3 Ma, respectively.  Similar age 

spreads of up to 10 m.y. in single samples from other silicic volcanic provinces have 

been attributed to the presence of zircon “antecrysts” produced in early phases of related 
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magmatism (Bryan et al., 2008; Charlier et al., 2005), and we conclude that the eruption 

age of R4 is best approximated by the ~282-Ma age, and that ~289 Ma dates an older, 

deeper magmatic component entrained in the R4 magma during its ascent and 

represented by the inclusions.  Based on cumulative probability plots for IVR2 and R9 

that reveal age distributions similar to R4, we conclude that the age spreads in these 

samples are also explained by eruption between 285 and 280 Ma of a magma entraining 

older, ~290-Ma zircon “antecrysts.”   

Granitic plutonic rocks were collected to sample progressively deeper crustal 

levels.  At the highest level, samples CC and CSB were collected in Valle Mosso 

Granite near its contact with the volcanic rocks, sample RP was collected the base of the 

Roccapietra Granite, and samples RS and AS were collected from small granitic bodies 

within the Kinzigite Formation.  Samples CC and CSB yielded Concordia ages of 

275+4 and 278+5 Ma, respectively, similar within error to the younger ages inferred for 

volcanic samples R4, R9 and R16 and close to the conventional zircon intercept age of 

281.8+1.5  Ma measured by Scheltegger and Brack (Schaltegger and Brack, 2007) on 

the Montorfano Granite, 12 km north of Figure 2.1.  At deeper crustal levels, sample RP 

yielded a well-defined Concordia age of 289+3 Ma.  Zircon analyses in sample RS are 

dominated by Pb loss, defining a regression line with an upper intercept anchored by 

three condordant analyses at 284+2 Ma, which we interpret to be the crystallization age.  

Ages for RP and RS agree within errors with the age of andesitic basalt R6 and are 

similar to the older age components indentified in the rhyolites.  Sample AS returned a 

poorly constrained upper-intercept age of 274+13/-11, which has errors too large to 

relate uniquely to the other data. 

The geochronologic framework of the deep-crustal rocks of southern Ivrea-

Verbano Zone is reviewed in detail by Peressini (Peressini et al., 2007).   The most 

significant magmatic event is dated by SHRIMP zircon ages of mafic to intermediate 

plutonic rocks in the Upper Mafic Complex that range from 289+3 to 286+6 Ma 

(Peressini et al., 2007).  These ages agree with a conventional U-Pb zircon age 

measured by (Pin, 1986), and three Pb-Pb evaporation ages measured by (Garuti et al., 

2001), and are best interpreted to date a major injection of mantle-derived melt into the 

deep crust to form the Upper Mafic Complex.  Individual SHRIMP spot ages at deeper 

levels of the Mafic Complex range from >310 to <250 Ma, reflecting continuous 
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recrystallization of zircons during a prolonged period of slow cooling and deformation 

in the deep crust punctuated by repeated intrusive events.    

 

Figure 2.12.  Selected SHRIMP U-Pb zircon age determinations.    Concordia ages 

shown with heavy ellipses and based on data shown with dark gray fill, following 

exclusion of data shown as light gray, white or dashed ellipses.  Data for samples 

CC and CSB shown with dark gray and no fill, respectively.  Additional figures, 

tables, and data analysis provided in on-line data repository. 

 

DISCUSSION 

Our new data indicate that, in the Sesia Valley, bimodal volcanism and formation 

of granitic plutons occurred within a period of about 5 to 10 million years, a time 

interval similar to early Permian volcanic activity elsewhere in the Alps (Marocchi et 

al., 2008; Schaltegger and Brack, 2007) and well within the time frame for volcanic 

activity in large silicic complexes (Bryan et al., 2008) and growth of zoned granitic 

plutons (Coleman et al., 2004).   The ages for volcanic and granitic rocks in the range of  

289+2 to 284+2 Ma correlate well with ages for Upper Mafic Complex of 289+3 to 
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286+6 Ma, indicating that the onset of bimodal volcanism and granitic plutonism was 

coincident with and probably triggered by intrusion of mantle-derived mafic melt in the 

deep crust.  Continued volcanic activity and grantic plutonism after 285 Ma suggests 

that crustal melting continued for several million years after the Mafic Complex had 

largely crystallized.  Upward migration of anatectic melts may have efficiently removed 

heat from the deep crust, restricting the apparent thermal impact of the Mafic Complex 

to a relatively narrow zone in the Kinzigite Formation described by Barboza and 

Bergantz (Barboza and Bergantz, 2000).    

The span of ages for major igneous events in the upper and lower crustal rocks of 

the Sesia Valley is so narrow as to be difficult to explain in terms of completely 

unrelated events given the spatial proximity of the rocks.  We conclude that these data 

represent a “golden spike” that ties together the Serie dei Laghi and Ivrea-Verbano Zone 

as a single crustal section by the early Permian.  Figure 2.13 presents a model crustal 

section constructed by palinspastic restoration of Alpine and Mesozoic deformation.  

Excluding the Insubric and the Cremosina Lines, most faults within the study area have 

< 1 km slip (Fantoni et al., 2003; Quick et al., 2003) and are easily restored based on 

displaced contacts.  Our reconstruction is similar that of Rutter et al. (Rutter et al., 

1999), differing primarily by addition of volcanic rocks in the upper crust and 

placement of a caldera above the Valle Mosso-Roccapietra Granite and the Mafic 

Complex, a result consistent with formation of these magmatic units within a single 

magmatic system.  Our reconstruction also places the roof of the Mafic Complex at a 

depth of about 17 km, which is in the range indicated by geobarometry. 

The velocity structure beneath large calderas must evolve with time.  Figure 2.13 

includes synthetic seismic profiles calculated using velocities measured on rocks of the 

Ivrea-Verbano Zone and Serie dei Laghi (Khazanehdari et al., 2000).  Under subsolidus 

conditions, a weak, P-wave low-velocity zone corresponds to the granite, but no P-

wave, low-velocity zones are present in the lower crust, and no significant S-wave, low-

velocity zones are present at any crustal level. (Hammond and Humphreys, 2000) 

measured velocity reductions of 3.6 and 7.9 percent per percent melt for P and S waves, 

respectively, for peridotite.  However, velocity reductions in crustal rocks are likely to 

be less due to smaller velocity contrasts with melts, and we estimate the effect of 

residual melt in the Roccapietra granite and the Mafic Complex shortly after the calder-
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forming event by assuming 7% residual interstitial melt and estimating velocity 

reductions of 1 and 2 percent per percent melt for P and S waves.   

 

Figure 2.13. Palinspastic reconstruction of the pre-Alpine Ivrea Verbano-Serie dei 

Laghi crust shortly after caldera formation.  Faults in caldera floor are schematic.  

Units same as Figure 2.1.  P- and S-wave velocities calculated along profile A-A’ 

for subsolidus and hypersolidus conditions are compared to an S-wave velocity 

profile beneath Campi Flegrei Caldera
 
(Guidarelli et al., 2006).  

Resulting low-velocity zones (Figure 2.13) are similar in scale and depth to 

those detected beneath young calderas such as Campi Flegrei (Guidarelli et al., 2006).   

The similarity between calculated and measured velocity profiles suggests that 

rocks in the Sesia Valley may provide a geologic reference section for the crustal 

seismic structure beneath  large, silicic calderas analogous to that provided by the 

ophiolite model for the seismic structure of the oceanic crust. 
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CONCLUSIONS 

Our data indicate that the Sesia Valley exposes a sub-caldera, bi-modal magmatic 

volcanic-plutonic association to a depth of 25 km.   Intrusion of the upper Mafic 

Complex at depths greater than 15 km induced anatexis in the continental crust, 

generating silicic melts that incrementally fed granites and erupted as rhyolites for ~10 

million years from 289 to 280 Ma. Collectively, these rocks constitute an unprecedented 

reference section for the geometry and processes within the magmatic plumbing 

systems of large, silicic calderas, and validate the hypothesis that the magmatic systems 

of large calderas are driven by the intrusion of mantle-derived magma in the deep crust.  

Looking to the future, we plan to use this reference section to study magma generation, 

storage, transport, and mixing to better understand their influence on eruption 

composition, style and volume. 
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TABLE 1: SHRIMP (II RG) U–Th–Pb isotopic data of zircons from volcanic 

rocks.   bdl=204 below detection limit; 1: inherited core; 2: high U; 3: low Th/U; 4: 

highly discordant; 5: contains inclusion; 6: outlier; 7: high PbCom and/or large 

errors; 8 anomalous high Th/U;  (*): used to calculate ages reported in figures and 

text.  
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TABLE 1: continued. 
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TABLE 1: continued. 
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TABLE 2: SHRIMP (II RG) U–Th–Pb isotopic data of zircons from granitic rocks.  

bdl=204 below detection limit; 1: inherited core; 2: high U; 3: low Th/U; 4: highly 

discordant; 5: contains inclusion; 6: outlier; 7: high PbCom and/or large errors; 8 

anomalous high Th/U;  (*): used to calculate ages reported in figures and text.  
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TABLE 2: continued 
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TABLE 3: Summary of SHRIMP (II RG) U–Th–Pb ages for granitic and volcanic 

rocks.  
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Chapter III: Structure and eruptive history of Sesia Caldera 

GEOLOGICAL FRAMEWORK 

The collision of Adria-Europe during Alpine orogenesis caused tilting and exhumation of 

Adria‟s lithosphere along the trans-pressive areas of the suture, the Giudicarie and Canavese 

lines (Laubscher, 2010). Along the Canavese line a virtually complete section of Adria 

lithosphere crops out from the surface to the lower crust (Fountain, 1976; Handy and Zingg, 

1991; Henk et al., 1997; Rutter et al., 1999). In the Sesia valley this section comprises a Permian 

caldera and its plumbing system exposed to a depth of 25 km (Quick et al., 2009).  

 “Adria” is herein referred as the region of continental crust bridging the continental 

masses of Africa and Europe in the central Mediterranean (Bosellini, 2002; Channell et al., 

1979). Adria was one of the micro-plates docked together to form the Variscan collisional 

orogen (von Raumer et al., 2003; Wilson et al., 2004). The crust of Adria and of most of the 

“building blocks” of Variscan orogen was fertile, because was made by pieces of Godwana 

continental crust together with relics of an arc setting, with accretionary wedges and possibly 

volcanic islands (von Raumer et al., 2003). After the Variscan orogeny Adria moved with a 

general coherence with Africa (Rosenbaum, 2004), and had been divided from Laurasia in the 

Jurassic by the opening of the Neothetis (Manatschal et al., 2007) and re-juxtaposed to Europe 

during the Alpine orogenesis (von Raumer et al., 2003).  

Early Permian magmatic pulse 

In the early Permian the Adria lithosphere had been largely affected by magmatism and 

associated explosive volcanism, recorded in the Southern Alps from Canavese line to Dolomites, 

for more than 300 km (Rottura et al., 1998; Schaltegger and Brack, 2007). In Adria Permian 

volcanics three caldera structure had been suggested, one East of Giudicarie Line in the 

Dolomites (Marocchi et al., 2008); and two between Canavese and Giudicarie lines, one near 

Lugano lake (Bakos et al., 1990) and the Sesia caldera (Quick et al., 2009) distanced approx. 50 

km.  

Early Permian magmatism widely affected the Variscan orogenic belt, focused both to 

the southern and to the northern margin of Europe. The peak magmatism, between 295-275 My, 

followed a series of minor magmatic pulses that have started after the Variscan metamorphic 
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peak (Schaltegger, 1997).A geologic record of Early Permian magmatism is preserved in the 

northern margin in the “Oslo graben” Southern Scandinavia, in the North Sea, in Central and 

Northern Germany, in Scotland (Wilson et al., 2004) and in England (Thorpe et al., 1986); in the 

southern margin other than in Adria terrains is preserved in the Pirenees (Doblas et al., 1994; 

Innocent et al., 1994; Munoz et al., 1985); in France in the Central massif (Broutin et al., 1994); 

in Corsica, Sardinia and Liguria (Cortesogno et al., 1998; Renna et al., 2007); in “Balkan 

terrane” in Bulgaria (Cortesogno et al., 2004) and Romania (Seghedi). 

Geodynamic setting of Early Permian magmatism 

Early Permian magmatism onset in a dextral trans-tensional tectonic setting along 

Variscan suture of Pangea, between Godwana and Laurasia. The magmatic pulse post-date the 

uplift of Variscan orogeny at ~310 Ma, the metamorphic thermal peak at ~350 Ma [in Adria 

terrains] (Ring and Richter, 1994) and the last Variscan subduction that probably ceased much 

earlier in the Upper Devonian at ~360 Ma (Dallmeyer et al., 1995).  

A long lasting trans-tensile stress field after Variscan orogeny at the margin 

Godwana/Laurasia (Arthaud and Matte, 1977; Ziegler, 1993) is suggested by several 

observations: opening pull-apart and strike-slip intra-continental basins, strongly subsiding 

rapidly in-filled by alluvial to lacustrine deposits [S.Alps: Orobic, Val Trompia, Tione, Tregiovo 

and Pramollo basins] (Cassinis and Perotti, 2007; Schaltegger and Brack, 2007); 

paleomagmetism (Muttoni et al., 2003), extensional tectonics associated to minor compressional 

phases [Balkan terrane (Cortesogno et al., 2004)], extensional deformations and decompression 

indicators in the basament [Sardinia and Ligurian (Bonin et al., 1993; Macera et al., 1989; 

Rampone et al., 2005) , Southern Alps (Barboza and Bergantz, 2000; Rutter et al., 1993; Snoke 

et al., 1999) Massif Central, Montagne Noire; (Echtler and Malavieille, 1990) Pyrenees (Gibson, 

1991)]; syn-magmatic extensional deformations (Quick et al., 1994)]. 

The early Permian magmatism begun while the NeoThetian rifting reached the climax in 

Himalaya ~285 MY (Angiolini et al., 2003; Garzanti, 1999; Spring et al., 1993), suggesting a 

close relationship between trans-tension along Variscan suture and opening of the Neothetis 

ocean (Figure 3.1). Muttoni (Muttoni et al., 2003) suggests that trans-tension was due to the 

development of a <2000 km mega-shear zone (Figure 3.1), imputable to the transformation of 

Pangea from “B” configuration in the early Permian (Irving, 1977) to a Wegenerian “A” 

configuration by the end of Late Permian (Muttoni et al., 1996).  
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Figure 3.1.  The mid-Permian transformation from Pangea „B‟ in the Early Permian  to 

Pangea „A‟. Africa in internally treated as three plates (NW, NE and S Africa), with Adria 

tectonically coherent with N-W Africa, modified from Muttoni (Muttoni et al., 2003). In 

red are represented extension silicic volcanic rocks of Early Permian age.  

Tectonic evolution after Early Permian magmatism 

The early Permian magmatic pulse was followed by a period of minor extension and 

widespread erosion, which started ~275 Ma and lasted for 10-15 Ma both in the southern than 

the Northern margin of Europe (Cassinis and Perotti, 2007; Geißler et al., 2008). During late 

Permian to Anisian times (~250 Ma) extension was enhanced, related to plate re-organization 

and likewise to the opening of three back arc basin to the East, known as Meliata, Malic, Pindos, 

(Stampfli and Borel, 2002). In the Permo-Triassic Adria was located at the westernmost part of 
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the Thetyan gulf facing the open sea to the east, in general configuration like Wenegerian Pangea 

“A”. In the early Jurassic neothetyan rifting affected the Adria-Europe margin both to the west 

and to the north (Bernoulli, 1979; Bertotti et al., 1993; Winterer and Bosellini, 1981) and 

eventually lead to break up of Pangea at ~180 Ma. In the Cenozoic the Africa rotation caused the 

collision of Adria with Europe, and the consequent exhumation of Adria . 

Overview of post-volcanism geology 

Late Permian to Mesozoic 

After the peak volcanism, the Sesia caldera area was affected by extensive erosion and 

sea ingression with related deposition of carbonate shelf, without evidences of significant 

tectonic activity in the area. In early Jurassic extensive normal faulting related to the neothetyan 

rifting affected the caldera area that rapidly subsided. The geological record of Permian and 

Mesozoic sedimentary sequences is today preserved in the Sesia caldera area by five sedimentary 

bodies bounded by faults to the East, referred in literature as Sostegno, Crevacuore, 

Guardabusone, Fenera and Maggiora (Figure 3.2B, modified from Berra, 2009).  

In the Adria plate magmatism and clastic sedimentation in intra-continental basins was 

interrupted at ~275 Ma (Schaltegger and Brack, 2007). Clastic sedimentation re-started East of 

Lago Maggiore 10–15 Ma after the end of the volcanic activity, and was associated with the 

deposition of extended red beds (Cassinis and Perotti, 2007; Schaltegger and Brack, 2007), while 

in Sesia caldera the stratigraphic hiatus extended until early Triassic (Fantoni et al., 2003; Berra 

et al., 2007). The Late Permian unconformity is marked in the Sesia caldera by extensive erosion 

surfaces and paleosoil, scabs of immature volcaniclastic sandstone and angular fine breccias 

preserved atop the unconformity at the base of the Sostegno body (Carraro and Fiora, 1974).  

In early Triassic a marine transgression is recorded by deposition of a shallow water 

marine succession atop the unconformity (Berra et al., 2009; Fantoni et al., 2003). The 

sedimentation started in Late Anisian with 1-3 m thick shallow-water sandstones [Fenera 

Annunziata Sandstone, Fenera body (Fantoni et al., 2003)], overlaid by few meters of Late 

Anisian ~240 Ma dark dolostones (Pissone Dolomite at Monte Fenera, Illiryan), or directly by 

light-grey dolostones (San Salvatore Dolomite, Late Anisian to Ladinian). Triassic sediments 

reach thickness up to 300m in the area. The constant thickness and the absence of important 
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facies changes in the late Triassic succession suggest the absence of a significant syn-

depositional tectonic activity in the Sesia Caldera area (Berra et al., 2009) 

During Late Triassic-Early Jurassic marine sedimentation was interrupted by sub-aerial 

esposure of the carbonate shelf, as withessed by occurrence of mono-lithologic dolomitic 

breccias with a reddish matrix (Sostegno breccia), sedimentary dikes and karstification at the top 

of the Ladinian platform in the Sostegno area. 

The clastic sedimentation re-started in the early Jurassic associated to the onset of Adria-

Europe rifting,  when advanced extensional faulting lead to the Mesozoic continent break-up 

(Berra et al., 2009; Bertotti et al., 1993).  

Rifting proceeded in two stages (Lavier and Manatschal, 2006; Manatschal et al., 2007): 

an early stage at ~ 210-200 Ma of rapid subsidence in the Lombardy Basin, followed by a late 

stage at ~190-185 Ma when extension migrated westward and eventually leaded to continent 

break-up (Froitzheim and Manatschal, 1996). During first rifting stage, at ~ 210-200 Ma, the 

Sesia Caldera was on the rifting shoulder while, to the East, the Lombardy Basin was rapidly 

subsiding (Berra et al., 2009). During the second stage, ~190-185 Ma, the migration of the 

extension to the West caused the drowning of the former rift shoulder, that rapidly subsided 

(Berra et al., 2009; Bertotti et al., 1993; Ferrando, 2004). Pliensbachian-Toarcian synrift deposits 

preserved in the Sostegno and Fenera sequences (San Quirico Sandstone and Calcari 

Spongolitici) record the rapid transition from emerged lands or shallow water sedimentation to 

deep water sedimentation signed by turbiditic sandstones, interbedded with spongolitic 

limestones and followed by marls.  

Cenozoic events: exhumation of the fossil section.  

The collision of Adria and Europe during the alpine orogenesis caused exhumation of the 

Sesia fossil section and tilting along the suture. This exhumation caused extensive fracturing of 

Adria‟s crust and a major trans-pressional fault, the Cremosina line, that dissected the fossil 

section in two blocks (Quick, 2003, 2009 and references therein). 

During the Pliocene sea transgression covered Adria‟s rocks with marine siltstone and 

tidal sandstones until an elevation of 380 m at the margin of the Po plain and until 450 m in Sesia 

and Sessera valleys. Both volcanic rocks and Pliocene sediments had been covered by two 

generation of alluvial terraces, the first at ~390 m and the second at ~valley level (Govi, 1977; 

Malaroda et al., 1966; Quick et al., 2003).  
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Previous works on Sesia Caldera 

Although rocks of Sesia caldera had been poorly studied, the granitic intrusions 

underneath the caldera had been studied for its petrography and geochemistry (Zezza, 1977; 

1984a and ref. therein). 

Volcanic rocks of Sesia valley had been partially mapped in the „60 (Fritz, 1966; 

Malaroda et al., 1966), with dedicated focus on the relationship with Biellese granite (Balconi, 

1963; Balconi and Zezza, 1965; Bertolani, 1959; Bortolami, 1965) and on mineralization along 

the contact (Zezza et al., 1984a).  

Fritz (1966) reported the occurrence of metamorphic rocks inside the volcanic field, 

relative to the area of block I and II of Figure 3.3B. Fritz inferred that the volcanic coverage was 

very shallow and that the blocks were outcrops of the country rocks underneath the volcanics. 

Govi (Govi, 1977) mapped in detail a part of Sesia caldera, in an area roughly 

corrsponding to block III of Figure 3.3B. Govi recognized as an unconformity the contact that 

Quick (2009) interpreted as the caldera wall, and described chaotic sub-units of breccias in tuff 

matrix without inferring that the nature of the breccias was an intracaldera deposits related to 

caldera collapse. 

Structure of the granitic batholith underneath Sesia caldera 

The granitic intrusions underneath Sesia caldera are referred in literature as the Biellese 

granite, the batholith underlying Sesia caldera is referred as Valle Mosso batholith, to distinguish 

it from other minor intrusions occurring in the Biellese area. 

The granitic batholith underneath Sesia caldera intrudes volcanic rocks of Sesia caldera 

fill (Balconi, 1963; Balconi and Zezza, 1965; Bortolami 1965). Petrographical and geochemical 

data suggest that the mesozonal granites had solidified only locally before the ignimbrite erupted 

(Zezza, 1977). The granite looks white-gray in general, increasingly yellow where altered. 

The batholith is zoned from a structurally lower composite mesozonal intrusion eastward 

to a shallower epizonal aplitic granite 1.5-2 km thick  (Zezza, 1977; Zezza et al., 1984b). The 

mesozonal intrusion is referred as Lower Valle Mosso granite and to the epizonal intrusion as 

Upper Valle Mosso granite (Figure 3.2A). 

Lower Valle Mosso granite, is mainly monzogranites with microcline and syenogranites 

with microcline-orthoclase and few plagioclase relicts. Silica is < 73% and Calcium in > 0.6%, 

the westernmost 2 km are characterized by unaltered microcline, but mildly sericitized 
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microcline-orthoclase becomes more common upward. Plagioclase and orthoclase are incipiently 

altered to kaolinite, starting in the middle of the batholith and increasing upward. The 

monzogranite grades locally in rare patches of granodiorite up to tens of meters wide.  

Upper Valle Mosso granite comprise the eastern (stratigraphically higher) thickness of 

the intrusion (1.5-2.0 km), is medium-grain hypidiomorphic granite, with patches of medium- to 

fine-grain granophyres up to tens of square meters across silica is > 73% and calcium < 0.3%. 

Parts of these granite types have alteration due to minerals related to gas phase. The major 

macroscopic effect is a color change in the eastern~ 700 m (Figure 3.1), close to the contact with 

the caldera fill, where the granite become pinkish  to reddish from the presence of crypto-

crystalline hematite in orthoclase and than in all the feldspars, caused by gas phase (Zezza, 

1977).  

Sericitized orthoclase without rare plagioclase relicts is the characteristic feldspar. In the 

easternmost part orthoclase is altered to hematite and in places tourmaline (Zezza et al., 1984b), 

quartz is widely fractured and filled with sericite and limonite. Miarolitic cavities, pegmatite and 

aplitic dikes occur at the shallower levels, but become diffuse where the granite is reddish. 

Pegmatite with graphic textures and two micas, are up to 10-50 cm wide and meters long; aplite 

dikes are 5-100cm wide and grades into pegmatite in the center (Zezza, 1977). 

Accessory minerals assemblage in the Upper Valle Mosso granite include fluorite, 

tourmaline and hematite, specially near the contact with the caldera fill, compatible with the 

presence of a volatile phase during emplacement (Zezza, 1977, and references therein). The 

contact with the caldera fill is characterized by an abrupt decrease to fine grain size, in a zone 

from 20 m to only cm wide. With distance from this contact, the granite grades to larger grain 

size, in places pegmatitic, but near the contact with caldera fill the grain size decreases and the 

contact is everywhere sharp and linear (Balconi, 1963; Balconi and Zezza, 1964, 1965, 1966). 

Fine grain granite intrudes the caldera fill in places with dikes up to 30 cm long.  

METHODS 

Major objectives of the study included (1) constraining caldera area and margins (2) 

characterizing caldera collapse deposits pre- and post- volcanic activity (3) determining structure 

of the caldera, minimum volume of intracaldera fill and relationship with the granite to the West, 

(4) constraining effects of post-volcanism faulting and tilting. 
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Field geology: To accomplish these objectives I have mapped at 20.000 the caldera area 

as had been described by Quick (Quick et al., 2009) and extended area of study until a reliable 

caldera margin had been found. The mapping had been extended to the East, outside the area 

represented in Figure 3.2, to investigate possible outflow remnants of the related to Sesia caldera. 

Key localities have been re-mapped at 10.000 (1) to constrain the caldera margins, (2) to 

distinguish between mega-breccia lenses from caldera wall or caldera floor and (3) to constrain 

Alpine and Jurassic normal faults. Different type of landslide deposits in a tuff matrix related to 

Sesia Caldera collapse have been distinguished on the base of the (1) mono-lithologic versus 

poly-lithologic nature of the breccia and (2) dimension of the blocks.  

Meso from mega landslide breccia deposit have been distinguished on the base of the 

possibility to recognize entire blocks in an outcrop: meso-breccia refers to blocks where the 

entire shape is recognizable in an outcrop, typically with average diameter ~ 5 m and associated 

bigger blocks up to 15 m; mega-breccia to blocks where the entire shape of the blocks are is not 

recognizable in an outcrop but is still possible to recognize tuff matrix between the blocks. In the 

case of breccias with both the block size are considered the prevalent size of the blocks. 

Four units of the landslide breccias are distinguished on the base of the possibility to 

recognize them in the field: (1) dark-blue lavas, generally andesite to dacite, (2) red oxidized 

lavas generally high silica dacite to rhyolite, (3) pre-caldera country rocks and (4) mixed 

lithologies, where the breccia was poly-lithologic.  

In the red-oxidized lavas are included also blocks of outflow ignimbrites, because (1) 

often the blocks are mingled with red-oxidized lavas and (2) is ambiguous distinguish when 

affected by intermediate hydrothermal alteration. In the mixed lithologies are common both 

blocks of intracaldera ignimbrite and outflow ignimbrite, those blocks are likely to be more 

common that had been observed but are grouped in red-oxidized lavas cause the challenge to 

constrain their nature. 

Petrography and geochemistry: ~100 thin section have been examinated  

petrographically to characterize map units and investigate relationship within the units. ~60 

whole rock samples were analyzed by X-ray fluorescence technique in Trieste Uni. and Modena 

Uni. 30 samples of main units were analyzed with ICP–MS at ACME lab for trace elements. 

Trace elements of intracaldera ignimbrite have been analyzed from different blocks to test field 

relationships. 
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8 samples of intracaldera ignimbrite, post caldera ignimbrite and pre-caldera lavas had 

been analyzed with the electron microprobe for mineral chemistry USGS lab in Denver, the 

propose of mineral chemistry analysis was (1) characterize mineral chemistry (2) investigate 

effect of alteration. 

Sample preparations: Chemical data from Ignimbrite are for crushed bulk rock samples 

from which lithics have been handpicked. All ignimbrite samples were devitrified and densely 

welded, and I did not try to separate the strongly flattened, crystal-rich pumice. I didn‟t separated 

and analyzed pumices from partially welded zones cause strong diffuse alteration. Consequently, 

they are subject to chemical variation brought about by mechanical sorting of crystals (and any 

remaining lithic fragments).  

GEOLOGY OF SESIA CALDERA 

Remnants of the Caldera rocks: dissection of the caldera in 4 blocks and burying by 

Quaternary sediments 

The first significant tectonic event that affected rocks after Sesia caldera collapse had 

been the dissection in four blocks by normal faults during by Neothetyan rifting  (Figure 3.2B).  

In between from early Permian magmatism and Jurassic rifting rocks of Sesia caldera were 

affected by extensive erosion that  deeply eroded the volcanics and twice by sea transgression 

that deposed two carbonate shelf atop the erosional surface. Finally the exhumation of the fossil 

section caused the truncation to the north of rocks of Sesia caldera along the Cremosina and 

associated extensive fracturing and minor displacements in the caldera rocks. 

Jurassic rifting-related normal faulting 

Jurassic normal faults (Figure 3.2B) that dissected caldera in blocks are roughly parallel 

dipping WSW 55⁰-70⁰, fault tracks are characterized by a 5 to 8 m area of fault breccias (Figure 

3.11D) and extensive zone of fracturing associated to an area of mild alteration. Faults are 

truncated to the north by the Cremosina Line and covered to the South by sediments of the Po 

plain.  

Fault dividing block I from II is on strike from Po Plain to Valsessera, oriented cataclasite 

can be seen both on the East edge of Sostegno body  (Malaroda et al., 1966) than in the valley to 

the north. The fault is characterized by a ~ 6 m wide zone of oriented  cataclasite associated to 



 

55 

 

minor fracturing and an alteration with bleaching of the footwall rocks for ~80m and for 

extensive fracturing for ~ 30 m in the hanging wall. Fault track from Valsessera to the north is 

poorly outcropping, possibly Sostegno fault splits the north to bound Crevacuore and 

Guardabusone bodies to the East. The fault dividing block II from III is known as  “Colma line” 

(Fantoni et al., 2003; Govi, 1977) and bounds Fenera body to the north; fault track is buried in 

the sediments of the Sesia River to the South, but a pinched carbonate body along the fault track 

near Grignasco suggests that the fault continue on strike to the South and don‟t turn West as 

suggested by Govi (Govi, 1977). Fault track dividing block III from IV outcrops in the river cuts 

to the north as 10m cataclasite juxtaposing rocks of Sesia Caldera to country rocks (Figure 

3.11D), further to the South fault juxtapose on both sides rock of Sesia Caldera altered and 

fractured in the hanging wall against Upper Ignimbrite in the footwall. The fault to the South is 

buried by alluvial terraces, although geometry and attitude of Maggiora body suggests that a 

fault bounding the body to the East, approximately on strike with the fault track to the North an 

analogue structural geometry of Sostegno and Fenera bodies.  

Faulting related to Alpine orogenesis  

Alpine tectonics caused minor displacements in Sesia Caldera terrains, although this 

observation  is based on the limited areas where displacement is evaluable based on (1) erosional 

surface and paleosoil and volcaniclastic sediments, (2) primary intrusive contacts, (3) Mesozoic 

sediments and (4) tracks of Jurassic faults.  

Diffuse compressive fracturing and displacement along transpressive faults <500 m with 

a WSW-ENE trend are observed; it‟s also likely that Jurassic faults had been re-activated in a 

compressive tectonic regime during Alpine orogenesis, although no evidence to confirm this 

hypothesis had been observed.  

Volcaniclastic sediments exposed in block III offers a detailed control on displacement, 

suggesting that block III has a general coherence, with a 3 km wide central area affected by 

conjugate fracturing with displacements <70 m, bounded by faults with displacement of <300 m 

along faults. Pattern of conjugate fractures and faults suggest a σ1 directed ~N-S, compatible 

with faults trends. Extensive fracturing, minor displacements and a general coherence observed 

also in the Mesozoic sediments, as have been described in the Sostegno body by Carraro and 

Fiora (1974). Minor effects of Alpine tectonics are supported also by coherences of track of the 

Jurassic faults that are approximately on strike, and by the absence of major faulting at the 
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contact with the caldera-fill Lower Valle Mosso. Likely the main effect of alpine orogenesis had 

been a diffuse fracturing of caldera rocks and truncation to the north by Cremosina line; possibly 

diffuse fracturing and minor displacements should be widespread in rocks of the caldera fill 

where such displacements are difficult to evaluate.  

Considering a regional geology perspective, alpine orogenesis had an important effect on 

rocks south of the Cremosina line interesting caldera block I. Block I expose a section trough 

caldera fill, granitic batholith intruding caldera fill, country rock underneath the granitic batholith 

and poorly outcropping underplated rocks. Although Mesozoic sediments atop block I have 

attitude similar to other blocks, the of steepness of eutaxitic textures increases from the top of the 

caldera fill going downward (Figure3.2A); although into the granitic batholith underneath the 

caldera is difficult to recognize reliable tilting markers, the country rocks at the roots of batholith 

vary from very steep close to root of the pluton to almost vertical to the north (Malaroda et al., 

1966). This increase of steepness is likely to be related to a general WSW-ENE compression 

occurred during transpressive dextral movement along Cremosina line, that caused a ramping of 

the rocks approaching the Canavese Line. This fossil section is likely a complete single slice 

section trough of a caldera fill till underplating level, shortened during alpine orogenesis and 

today exposed as a mega-fold. 

 Burying of the volcanics by Pliocene and Quaternary sediments  

Caldera rocks had been covered first during Pliocene by trasgressive sediments, later in 

the Quaternary by alluvial sediments both to the South and to the East.  

Pliocene sediments are mainly marine siltstone followed by tidal sandstones, deposed 

during sea transgression that today cover the Southern edge and the main valleys until an 

elevation of ~390 m near the Po plain and ~460 m in Sessera valley. The distribution of the 

sediments suggests a deposition on a rugged topography characterized by paleo-valleys. Both 

Caldera rocks and Pliocene sediments had been covered in the Quaternary by the alluvium of 

Sesia and Agnona rivers and secondary streams. Two generation of terraces are distinguished in 

Figure 3.2, the older with maximum elevation of ~410 m and the second close to valley level. 
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Figure 3.2 (A) Geologic Map of Sesia caldera; (B) sketch map of caldera area, highlighted 

Mesozoic sediments and main faults; (C) geologic sections referred to “A” and legenda of 

map units. 
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 Stratigraphy of Sesia Caldera 

Stratigraphic relationships of Sesia caldera‟s rocks are explained in Figure 3.2; while 

characteristics of the units are summarized in Table 3.1. Country rocks of Sesia Caldera are Pre-

Carboniferous metamorphic rocks, intruded by post- Variscan granitoids and overlaid by a 

coverage of Early Permian volcanic.  

Intracaldera deposits of Sesia caldera are well exposed in area of Figure 3.2. In the North-

East of Figure 3.2 other volcanic rocks poorly crops out from  the sedimentary coverage, and are 

mainly outflow ignimbrites somewhere thick >80m, possibly related to Sesia caldera collapse. 

Post-caldera volcanic rocks are preserved only in block III in a limited area and are 

represented as an intracaldera volcano-sedimentary sequence. Permian units are unconformably 

overlaid by Mesozoic marine sediments, deposed  atop of an unconformity that record 30-40 Ma 

of hiatus of sedimentation. Paleozoic and Mesozoic rocks are partially covered by Pliocene 

trasgressive sediments and by Quaternary alluvial deposits.  

Permian intrusive rocks 

Country rocks of Sesia Caldera had been intruded by granite before the Sesia caldera 

collapse. Meso- and mega- blocks of granite and granodiorite, characterized by magmatic 

textures and K-feldspar up to 4 cm are occasionally present inside Sesia caldera fill. Possibly the 

presence of those rocks as block inside the caldera suggest a fast exhumation close to the surface 

before Sesia caldera collapse, although is possible that those rocks are older and unrelated to the 

Permian magmatic systems.  

At the Easter edge of Figure 3.2 crops out the Valle Mosso granite, the batholith 

underlying Sesia caldera. Valle Mosso granite is a zoned intrusion, the eastern part is referred as 

Upper Valle Mosso and the lower part as Lower Valle Mosso. While the top Upper Valle Mosso 

intrudes the caldera fill, postdating the emplacement, the age of the Lower Valle Mosso is 

uncertain, although Zezza suggested on the base of petrographical and geochemical data that 

likely before ignimbrite eruption only local consolidation of Lower Valle Mosso granites 

occurred (Zezza, 1977). 

Chemically and for petrography similar to the unit “Lower Valle Mosso” but foliated, a 

body of “foliated granite” had been distinguished from Upper Valle Mosso granite cropping out 

at the contact with the Sesia Caldera fill (Figure 3.2). This rock is characterized by diffuse 

foliation interfingered at mesoscopic scale with magmatic textures (Quick et al., 2003). This 
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specific foliation differs from regional metamorphism, and is similar to foliation observed at the 

edge of a large granitic intrusions. The age relationships of the “Foliated granite” respect the 

caldera collapse is uncertain, cause lack of field evidence and age data, rock of the caldera fill 

close to the contact are extremely altered, somewhere brecciated and heterogeneous, mostly 

formed by dacite lavas. The “Foliated granite” is intruded by dykes of the Upper Valle Mosso 

granite. 

Pre-caldera volcanic rocks 

In Sesia Caldera area most of the record of pre-caldera rocks volcanic rocks is preserved 

as landslides inside the caldera, with the exception of a limited area of rhyolite lavas in block II.  

In Figure 3.2 “red oxidized lavas” comprises lavas with brown to red color, generally 

high silica dacite to rhyolite, while “dark blue” comprises lavas dacite to basaltic andesite. Most 

represented rocks of pre caldera volcanics are high silica dacite lavas, magenta to reddish color, 

crystal poor to afiric, often with flow banding structures and somewhere with flow breccias 

(Figure 3.9A). This unit should have been widespread before Sesia caldera collapse, because 

high silica dacite blocks are common in all landslides of the Sesia caldera fill, and are very 

common also as lithics in Sesia ignimbrite approaching the landslides. 

 Rhyolite lavas are volumetrically less significant than dacite lavas and range from crystal 

poor to afiric, red to dark orange, with common flow breccias. Rhyolite lavas constitute the 

country rock of caldera wall in block II, and are abundant as mega-blocks in the nearby caldera, 

The section exposed along the caldera wall in block II is very thick, a possible explanation is that 

there was a rhyolite dome nearby what will have be the caldera wall during Sesia caldera 

collapse. 

Dark blue lavas are not widespread as blocks in Sesia caldera fill but are concentrated in 

specific areas. Dark blue lavas are a minor component of the landslides, common as isolated 

blocks in the tuff and are also the main element of the core of the big landslide wedge in block I. 

Dark blue lavas are common as lithics in Sesia ignimbrite and become the dominant lithics 

where the ignimbrite is lithic poor. Bulk volume is made by afiric dacite, while in the large 

landslide wedge of block I andesites and minor andesi-basalt are present. Andesite and andesi-

basalt are characterized by diopside pyroxene with overgrowth of small amphibols around the 

rim, labradorite plagioclase, ilmenite and abundant apatite in the groundmass. 
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Pre-caldera ignimbrites occur as blocks inside Sesia caldera fill, both outflow either  

intracaldera ignimbrite occurs. Outflow ignimbrites units are generally very altered and are 

associated to high silica dacite blocks. Outflow ignimbrites range from crystal poor to 30% 

crystals, with mineralogy similar to Sesia ignimbrite. Blocks of intracaldera ignimbrite are 

recognizable only in large outcrops along river where it is possible both to recognize the mega-

block and the chaotic structure inside the block characteristic of an intracaldera deposit. Blocks 

are common along the Sesia River, likely those blocks should be more diffuse in the caldera fill. 

The mineralogy and the crystal content are similar to Sesia ignimbrite, but these blocks are often 

affected by high propilitic alteration with the matrix of the rock becoming massive with a dark 

blue color. 

Deposits related to Sesia Caldera collapse 

Deposits related to Sesia caldera collapse comprise Sesia ignimbrite comprehensive of 

the three members and landslide breccias in a tuff matrix. Sesia ignimbrite inside the caldera has 

a thickness up to 3.6 km, is characterized by diffuse angular and sub-angular lithics > 20 cm, 

wedges and lenses of landslide breccias and  sparse meso-mega blocks in a tuff matrix. The 

absence of cooling breaks and sediments beds together with minor chemical and mineral 

variations suggest that Sesia ignimbrite had been erupted as single cooling unit.  

Three member are distinguished inside Sesia Ignimbrite on the base of different lithic 

content and welding: member I is a densely welded ignimbrite with moderate lithic content 

(Figure 3.8A), member II is a densely to partially welded ignimbrite with lithics > 25 % to clasts 

supported (Figure 3.8C-D) and member III is a partially welded ignimbrite with diffuse eutaxitic 

textures (Figure 3.8B).  

Landslide breccias of Sesia Caldera, a window into pre-caldera volcanic field 

Major volume of landslide deposits inside Sesia caldera is due to pre-caldera volcanics, 

those deposits are the best preserved record of pre-caldera volcanic field. Close to caldera margin 

mono-lithologic landslides are common, while at increasing distance from the caldera margin the 

landslides become increasingly poly-lithologic (Figure 3-2A). The red oxidized lava are common 

blocks of outflow ignimbrite are common, while in poly-lithologic landslides near the Po plain 

occur block of intracaldera ignimbrite (Figure 3.9D). The bulk volume of poly-lithologic 

landslides are volcanic rocks, occasionally occur blocks of non volcanic country rocks 

comprising ortogneisses, paragneisses and minor amphibolites, granite, granodiorite. 
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Erosional surface atop Sesia ignimbrite 

The top of Sesia intracaldera deposits is characterized by extensive erosional surfaces and 

associated paleosoil interesting last ~30m of the intracaldera ignimbrite. In blocks I and II 

Mesozoic sediments had been deposed atop the unconformity directly on Sesia ignimbrite with 

presence of landslide meso-breccia and mega-blocks close to the contact. In block I scabs of 

immature volcaniclastic sandstones and breccias are preserved atop the erosional surface, while 

in Block III a thick sequence of post caldera volcanics is preserved in between intracaldera 

ignimbrite and Mesozoic sediments. Block IV exposes only intracaldera volcanics. 

Outflow tuff of Sesia Ignimbrite 

Although no outflow units are reported in Figure 3.2, a possible outflow unit of Sesia 

ignimbrite crops out North-East of the map area, near city of Briga on the other side of Agogna 

river valley. Ignimbrite is >100 m thick, very altered with same minerals content and percentage 

of Sesia ignimbrite, lithics are <4 cm lithics mainly of dark-blue lavas and degassing structure 

are visible. Although the similar petrology the position may suggest that this unit can be a 

possible outflow of Sesia caldera, the relationship is unclear cause the lack of mineral chemistry 

data and age control. 

Post-caldera volcanics 

Post-caldera volcanics are exposed only in Block III between Sesia ignimbrite and 

Mesozoic sediments. Sesia ignimbrite is altered in a paleosoil at the top for ~ 20 m and is 

unconformably overlaid by px-bearing lava. Px-bearing lava has very variable thickness 

suggesting deposition on paleo-valleys.  

Px-bearing lava is overlaid by a 20-30 m of immature volcaniclastic sediments, atop of 

which lay a 400 m thick ignimbrite, referred as “Upper Ignimbrite”.  Although its extreme 

thickness, Upper ignimbrite is characterized by (1) small crystals; (2) diffuse sub-parallel 

eutaxitic texture; (3) rare, rounded and small lithics. The bottom of the unit is strongly altered, 

with a vitric groundmass that change of color to dark grey, that is likely to be the altered 

remnants of a basal vitrophire.  

Caldera structure 

The four blocks expose sub-parallel sections through Sesia caldera; attitudes on eutaxitic 

foliation atop of the intracaldera fill are sub-parallel to erosional surface, bedding of 
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volcaniclastic sediments, eutaxitic foliation of Upper Ignimbrite and bedding of Mesozoic 

sediments. This general fit of attitudes is compatible with no significant tilting and faulting of 

caldera structure after caldera collapse until early Mesozoic, although shift <20⁰ are not 

evaluable due to measurement  error. Attitude shows a general consistence inside the blocks, 

with an average dip 35⁰ to the ESE for block I and II tilted of and 40⁰ to the East for block III. 

Thickness and volume reported for caldera fill should be considered a minimum; steepening of 

attitudes in block I and in block II approaching normal faults could suggest compressive re-

activation of faults during Alpine orogenesis and consequent shortening of sections. 

Caldera margin: caldera wall and topographic rim 

Caldera margins are exposed to the North, near to Cremosina line in Block II, III and IV; 

Block I doesn‟t expose any caldera margin because the Cremosina line cuts directly Sesia 

ignimbrite.  

Block II exposes ~3 km of contact between pre-caldera red oxidized lavas and Sesia 

ignimbrite; contact is half buried beneath Sesia River alluvium. The characteristics of the contact 

is a zone ~30 m thick of strong brecciation of the red oxidized lavas that grade in meso-breccia, 

than red oxidized lavas become the material of micro to meso breccias in a tuff matrix for a 

minimum of ~40 m. The contact is straight, if restored to original attitude is steeply dipping 

outside the caldera.  

Block III exposes 6.5 km of contact between country rocks and volcanics. The contact is 

very sharp, country rocks presents extensive fracturing near the contact for tens of meters than 

leave place to landslide breccias in a tuff matrix and occasionally to Sesia ignimbrite (Figure 

3.2A).   The shape of the contact is almost vertical but irregular, and had been interpret by Quick 

(Quick et al., 2009) as a caldera wall.  

Zones where the contact is irregular correspond to the presence of zones where narrow 

tuff fill of Sesia ignimbrite is penetrating inside the cracks between mega-block. Those features 

are referred in Figure 3.2A as mono-lithologic mega-breccia, but this structure is not a landslides 

generated by gravitational collapse of the upper part of the caldera wall while by crumbling of 

the rocks of the fractured caldera wall itself by the tuff that penetrated along the cracks. 

Caldera margin in the West is characterized by patches of angular mega-blocks with rare 

tuff matrix and widespread poly-lithologic landslides. In the Eastern 1.5 km the caldera margin 

turns to the north, ignimbrite in prevalent and landslide breccias is made mainly of sub-angular 
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to rounded blocks of country rocks sparse in abundant tuff matrix. Eutaxitic foliation gets very 

steep and sub parallel to the caldera margin as the ignimbrite was ramping along the margin. 

Accordingly with Quick (Quick et al., 2009) that western caldera margin is a spectacular 

exposure of a caldera wall, but in detail the Eastern 1.5 km caldera margin is likely the 

expression of the topographic rim of the caldera.  

Block IV doesn‟t expose of the contact between volcanic and country rocks that is 

concealed by terrace deposits. Massive country rocks outcrop north of the inferred caldera 

margin, while to the south poorly outcrop volcanic rocks associated to brecciated paragneiss < 70 

m outcrops. A large outcrop of landslide meso-breccias with some mega-blocks, characterized by 

poly-lithologic sub angular to rounded  blocks suggest that all the area is an intracaldera deposit 

and the margin is an expression of the caldera wall. Caldera margin is displaced to the south by 

the Jurassic normal faults of block II to III and block III to IV. Caldera wall of block II is 

displaced 1 km to the South in block III; while topographic rim in block III is displaced 1.8 to the 

south in block IV. Displacement is compatible with a motion of the faults ~4 km and a steepness 

of the wall ~75⁰.  

Structure of the landslides 

Mega-breccia units are preferentially abundant in the northern part of the map, 

characterized by angular mega-blocks with matrix of pulverized blocks and minor tuff matrix. 

Mega-breccia landslides are bounded by meso-breccias with more heterogeneous blocks and 

increasing tuff matrix. Wedges of angular mega/meso breccias with mono-lithologic composition 

to the North gets thinner and eventually disappear to the South, to leave place to lenses of meso-

breccias characterized by poly-lithologic rounded blocks in a tuff-rich matrix.  

In Member II transition from lithic rich to meso-breccia of red oxidized lavas is 

gradational, approaching the landslide lithic content increase in percentage and volume, up to an 

extreme end-member where the ignimbrite is clast supported ignimbrite and then micro-landslide 

breccias  

Comparison of cross section exposed in the tilted block offers a detailed insight of 

organization of the landslides in the caldera fill (Figure 3.2C).  

In Block I ~1 km thick ~ 5 km long landslide breccias wedge out from the caldera margin 

in the lower part of the fill, approximately North to South. Block II expose a similar landslide 
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wedge is truncated by normal fault. Block III breccia wedges have a Christmas tree geometry, 

similar to what described in Grizzly Peak caldera (Fridrich et al., 1991).  

At increasing distance from the caldera margin wedges disappear and  landslide breccias 

become sparse lenses. Lenses of breccia are characterized by rounded block, smaller than in the 

wedges and very heterogeneous. This structure of the caldera fill characterized by wedges is 

likely to be the expression of proximal deposits while lenses are likely the expression of more 

distal deposits. While structure of the caldera fill suggest that roughly north is close to caldera 

margin, there are no evidences of a nearby caldera margin to the south.  

Upper Valle Mosso intrude into the caldera fill 

Block I is the only area where the bottom of intracaldera deposit is exposed. Intracaldera 

fill is directly in contact with Upper Valle Mosso for ~10 km, the contact is sharp, occasionally 

intruded by micro-granitic and pegmatitic dykes (Zezza et al., 1984b). Volcanic rocks at the 

contact with the Lower Valle Mosso suffered thermo-metamorphism, effect are visible in a 

~600m wide zone: Sesia ignimbrite change color progressively, become glassy blue and massive 

approaching the contact with the Lower Valle Mosso. At micro-scale, approaching the contact 

with the Lower Valle Mosso, increase a homogeneous re-crystallization of the Ignimbrite 

groundmass, rock forming minerals show re-crystallization.. The increasing of re-crystallization 

in the groundmass is visible in the field with a rock more resilient to alteration, cliff forming with 

minor alteration in clay minerals. Mega and meso blocks of pre-caldera lavas become micro-

crystalline and volcanic texture become cryptic approaching the contact with the Lower Valle 

Mosso. Meso-mega blocks of dark-blue lavas are common at the contact, low to highly silicified, 

in which is difficult to recognize any texture or ghost of crystals. For a complete discussion 

about effects on Sesia ignimbrite of intrusion of Upper Valle Mosso see Chapter IV.  

In block II and III is not visible the contact with the underlying granite, but change in 

color, re-crystallization of ignimbrite groundmass and pre-caldera lavas are visible in the South-

West area of the blocks close to normal faults (Figure 3.2B).  

Geochemistry of volcanic rocks and intrusive rocks of Valle Mosso batholith  

Volcanic and intrusive rocks higher in silica content (>60) of the Sesia caldera are 

subalkaline and peraluminous (A/CKN ratio =  1.1 to 1.6) ( Figure 3.3, Table 3.2-3.3). The 
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peraluminous composition of Sesia volcanic rocks is consistent with melts derived mainly from 

partial melting of a pelitic source and hybridized by mantle-derived magmas.  

Figure 3.3. Total alkali silica 

diagram, volcanic and plutonic 

rocks of Sesia caldera  (after 

LeBas et al., 1989).  

 

 

 

 

 

 

 

 

 

 

Pre-caldera lavas range from basaltic andesite to rhyolite, with silica content ranging 

53.8% to 75.4wt%; alkali content roughly increases with silica (Figure 3.3A). The ignimbrite 

erupted during the Sesia caldera collapse, which comprises member 1, 2 and 3, is a single unit 

with bulk composition of ~76 wt% silica and Al2O3 ranging among 13-14wt%. Total alkali 

contents (K2O+Na2O) ~ 8.3 with a K2O/Na2O ratio of ~1.9. Sesia ignimbrite and in general rocks 

of the caldera fill were affected by alteration post caldera collapse, for a complete discussion of 

effect of alteration see Chapter 4. Notably, major and trace element variations don‟t show any 

correlation with the silica content as well as the acid lava flows (fig 3.4).   
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Figure 3.4.  Harkers diagrams of volcanic and intrusive rocks of Sesia Caldera, Average 

upper crust is taken from Rudnick (Rudnick and Gao, 2003) 

 

Although the peraluminous behaviors can suggest a pelitic component in the source, the 

quite low Al2O3 contents and the alkali ratios are analogue with those observed in unorogenic 

geodynamic contests as those related to a continental Break-up (ex Parana Basin acid rocks 

Al2O3 = 12 – 13.50, K2O/Na2O ~ 2, A/CKN~ 1.3, (Piccirillo et al., 1988); where the presence of 

mobile belts implies an enrichment of the sublithospheric mantle due to ancient subduction. 

Notably, upper crust composition well approach the composition of the low evolved granites 

(SiO2 66 Wt%) with the exception of alkaline elements (Figure 3.3-3.4).  
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Pre-caldera lavas show with the silica increasing, a decrease in TiO2, Al2O3, FeOtot, 

MgO, SrO2, CaO and an increase in K2O, Na2O, Ba, La, Zr, Ce. All rocks above 70% SiO2 have 

a large variability of contents in Ba, Sr, Zr, REEs (Figure 3.4). The post caldera ignimbrite 

(Upper Ignimbrite) has concentrations similar to the bulk composition of Sesia ignimbrite both in 

major and trace elements. Pre-caldera rhyolite lavas and the post caldera ignimbrite (Upper 

Ignimbrite) have compositions similar to Sesia Ignimbrite both in major and trace elements, with 

the exception of barium content in pre-caldera rhyolite lavas that is distinctly higher.  In volcanic 

rocks with silica > 63% Calcium is minor than 1%, in pre-caldera lavas > 63 % silica is < 1%, 

while in Sesia ignimbrite and upper ignimbrite and Upper Valle Mosso calcium is minor than 

0.5%. 

The Upper Valle Mosso, has silica concentration similar to the Sesia ignimbrite, ranging 

74.5 to 77%, higher total alkali concentrations ranging between 8.4 and 9.4. and a restricted 

K2O/Na2O ratio ranging 1.1-1.3. The Upper Valle Mosso is depleted in Ba, Zr, Sr and LREEs 

respect to volcanic rock of Sesia caldera.  

All volcanic rocks of Sesia caldera are lower in Sodium concentration than the rocks of 

the granitic batholith underneath. Potassium in the granitic batholiths is minor than in Sesia 

ignimbrite. 

The Lower Valle Mosso has a variation of trace elements concentration, larger that the 

Sesia ignimbrite, while the Upper Valle Mosso show the lowest concentrations, similar to an end 

member of the system. Strontium concentration 

of Sesia ignimbrite is intermediate between 

Upper Valle Mosso  and Lower Valle Mosso. 

Figure 3.5 plots REEs concentration 

normalized to the Chondrites (Sun and 

McDonough, 1989) of rocks with silica > 65% 

(Sun and McDonough, 1989). Silicic volcanic 

rocks has minor variations, the only large 

variation is an increasing of Europium anomaly 

through time, with the exception for the Upper 

Valle Mosso where REEs concentrations 

change abruptly.  
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Figure 3.5. Rare Earth Elements (REEs) variation diagram normalized to Chondrites (Sun 

and McDonough, 1989); (A) pre-caldera rocks versus Sesia caldera eruption, samples from 

member II are also from the area affected by incipient thermo-metamorphism, mbr,---

member, ign.---ignimbrite; (B) Sesia caldera eruption versus post-caldera, VM---Valle 

Mosso, ign.---ignimbrite. 

 

 

 

 

 

 

 

 

 

 

 

In Sesia ignimbrite REEs patterns are very similar in all samples, except for a lower 

negative Europium anomaly in samples from lower part (affected by incipient thermo-

metamorphism) of block I, that are more crystal-rich than the others (Figure 3.5). The lower 

Europium anomaly is related to major abundance of modal plagioclase in Sesia ignimbrite 

member II and in general in the lower part of caldera block I.  

Slopes of LREEs decrease from high silica dacite (La/Sm 4.2-3.5 Gd/Yb 1.4-1.8) to pre-

caldera rhyolite (La/Sm 3.4 Gd/Yb 1.4), to Sesia ignimbrite (La/Sm 3.1-2.8 Gd/Yb 1.3-1.6), 

while the Europium anomaly increases and HREEs ratios don‟t change (Figure 3.5A). The 

Lower Valle Mosso granite has slopes similar to pre-caldera lavas (La/Sm 4.9-3.3 Gd/Yb 3.1-

1.7) but more variable concentrations that acid volcanic rocks. In the “Upper Valle Mosso” 

(La/Sm 1.3-1.8 Gd/Yb 1.2-1.4) the slope of LREEs show a clear decrease, accompanied by an 

increase europium anomaly and an increase HREEs concentration compared to pre-caldera 

volcanic rocks (Figure 3.5B). The higher La/Sm slope showed by the Sesia ignimbrites respect to 

the upper Valle Mosso is associate to a decrease K2O/Na2O ratio from 1.9 to 1.2, see above. 

The increase of Europium anomaly correspond to decrease of Barium and Strontium 

concentration, consistent with both feldspars fractionation in the most evolved magmas. 
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OVERVIEW: SESIA CALDERA 

Caldera Structure  

Structure of the caldera fill 

Sesia caldera exposes a 3 dimensional view into a caldera structure, dissecting the caldera 

in three sub-parallel sections > 10 km large. Structures exposed in the caldera fill document both 

slumping of ring fault scarps into the depression originated by the collapse, either crumbling of 

mega-blocks of the caldera wall falling into the caldera. Landsliding material into the caldera is 

approximately 20-30% of caldera fill in the exposed sections, characterized by angular mega 

blocks near caldera wall that become smaller and rounded with increasing tuff matrix moving 

away from the margin. Landslides are mostly mono-lithologic near the caldera wall, while 

become polylithologic moving away from the wall.  

The caldera fill has a macroscopic zonation of areas characterized by a large amount of 

lithic material in the tuff (member II) versus area of ignimbrite without significant percentage of 

lithic material (member I, Figure 2). At the contact between the member I and II occurs a zone of 

partially welded ignimbrite, mapped as the fiami rich member III. This difference in welding 

may be generated by different cooling rates due to lithics content inside Sesia ignimbrite, that 

caused a faster cooling in lithic rich member II versus slower cooling of member I. The result of 

this difference in cooling history could be an area between the units with a thermal gradient that 

caused a partial welding of the ignimbrite, mapped as member III. Analogue zonation have been 

described in deeply eroded calderas of San Juan volcanic field, Colorado, USA (Fridrich et al., 

1991; Lipman, 1976a, 2000).  

The structure of the landslide deposits in the caldera fill is compatible with the presence 

of a caldera margin to the North, but don‟t suggest that the proximity of another margin to the 

South.  

The observed relationship between country rocks of the caldera wall and mono-lithologic 

landslides nearby in block III suggests that during caldera collapse the wall suffered fracturing 

and that the tuff penetrated along those fractures exfoliating the external part of the caldera wall. 

Did Sesia caldera carved another caldera or was nested inside?  

Although volcanic rocks of Figure 3.2 are interpreted as deposits related to a single 

caldera collapse, the presence of blocks of intracaldera ignimbrite inside Sesia Caldera 
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ignimbrite suggests that Sesia caldera carved (or was nested) inside a previous caldera. Blocks 

are not common but it‟s likely that the volume of those blocks is strongly underestimated, cause 

the challenge to recognize them from intracaldera tuff. Those blocks occur only in the southern 

part of the caldera fill, far away from the caldera margin, this spatial distribution suggest that 

Sesia caldera carved an older caldera, respect today geometry located to the South.  

Post-caldera ignimbrite: nested collapse? 

The Upper ignimbrite is 400 m thick but has a structure compatible with outflow 

ignimbrites, I suggest that can be an outflow ignimbrite pounding inside the topographic 

depression of the caldera, as described in La Garita Caldera (San Juan volcanic field, Colorado 

USA) for Nelson mnt tuff, Walson tuff and Blue Mesa tuff (Lipman, 2000, 2006). The unit is 

chemically and in mineral composition very similar to intracaldera Sesia Ignimbrite, suggesting 

that could have been erupted by a nested caldera. Although is possible that was erupted by a 

caldera nearby, our preferred interpretation is that was erupted by a nested collapse in Sesia 

caldera, both because ignimbrite pounding inside La Garita caldera are results of nested 

collapses, than for the analogy with Sesia ignimbrite. The thickness of Upper Ignimbrite suggests 

that had been erupted while there was a significant topographic depression related to caldera 

collapse.  

Variable thickness of the caldera fill: trap door collapse, pre-erosional tilting or 

moderate  resurgence? 

Thickness of caldera fill exposed by the three blocks is variable and increase from block I 

to block III (Figure 3.2). Block I exposes both the top and bottom of the caldera fill while blocks 

II and III exposes only the top; while the top of the caldera fill is always an erosional surface, the 

bottom exposed in block I is intrusive contact with the Upper Valle Mosso. The thickness of the 

fill in block I variable, ranging between 1.7 km in the middle to >2.9 km in the Southern part, 

suggesting that the Lower Valle Mosso intruded preferentially in the middle of the block. The  

area where the Lower Valle Mosso intruded to a higher level correspond to the presence of 

mega-blocks close to the erosional surface, considering that those blocks are > 5 km away from 

the caldera margin, is possible that this indicate a erosion of the caldera fill, because a slumping 

isolated mega-block in the tuff need a gradient to travel from caldera margin into the caldera. 

Other blocks expose intracaldera sequences increasing thickness moving East, those thickness 

should be considered as a minimum because here the bottom of the fill is not exposed here. 
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Block II expose ~3 km of intracaldera ignimbrite that is directly overlaid by marine Mesozoic 

sediments, while Block III exposes both ~ 3.6 km of intracaldera ignimbrite overlay by post 

caldera lavas, sediments and  ignimbrites a total thickness > 500 m. Caldera fill thickness 

increases from block I to block III while minor thickness have a positive relationship with major 

erosion, variable thickness of a caldera fill may suggest a hypothesis of trap door collapse, but 

this scenario doesn‟t explain a preferential erosion of the area where the caldera fill is thinner. 

Our preferred scenario is that after caldera collapse the western area had been uplifted and 

suffered preferential erosion during Middle-Late Permian. Two scenarios are possible for a 

preferential uplift, (1) a moderate tilting by normal faulting or (2) an uplift relative to intrusion of 

the Upper Valle Mosso. Although there are no striking evidences supporting one hypothesis the 

relationship observed between intrusion of Lower Valle Mosso in block I and erosion atop may 

suggest the second hypothesis. 

Volume of eruption and estimated of VEI. 

The estimate of VEI and volume of eruption of Sesia Caldera are based on volume 

intracaldera deposits that are densely welded. Volumes and dimensions should be considered a 

very minimum, the volume erupted is likely to be twice as the estimate, on the base of on the 

structures exposed in the blocks. Four evidence support a much larger volume of eruption: (1) 

caldera margin is exposed for < ¼ of the structure; (2) structure of the caldera fill suggest that 

caldera continue both to the East, to the West and to the South; (3) structure of caldera fill 

suggest that north is close to the caldera wall, while no evidence of a nearby caldera wall are 

observed to the south; (4) the bottom of caldera structure is never exposed and the top is exposed 

only in block III. 3 dimensional reconstruction of volume of intracaldera ignimbrite is explained 

in Figure 3.6.  

Our estimate of the minimum the volume of intracaldera deposit exposed in the blocks 

and restored from faulting is > 465±5 km
3
, and the caldera area is approx. 18x11 km. 

Considering that volume of landslide breccia are approx 25% of total the caldera fill, the volume 

of magma documented intracaldera is 350 km
3
. To evaluate the volume of eruption a 1:1 ratio of 

dense rock equivalent intracaldera ignimbrite versus outflow is assumed (Lipman, 1984), 

implying that the very minimum volume is >700 km
3
. Considering that only intracaldera 

deposits likely exceed the VEI 8 minimum of 400 km
3 

of dense rock equivalent (Mason et al., 

2004; Newhall and Self, 1982).  
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Figure 3.6. Three dimensional restoration of Sesia Caldera geometry after middle-late 

Permian erosion. Volumes are scaled, notice different thickness of caldera fill. Black 

crosses are Lower Valle Mosso; gray crosses are Upper Valle Mosso, no fill is Sesia 

intracaldera deposits, symbols ~ are for caldera‟s country rocks, symbols /// are pre-

caldera rhyolite lavas; symbols ^^ is the post caldera ignimbrite ponding inside the 

caldera; Grey lines are contacts; black lines are main faults, thick black lines are caldera 

wall. 

Evidences of a caldera fill intruded by a granitic batholith: implications for the models of 

caldera collapses 

The bottom of the caldera fill is exposed only in block I, where intracaldera fill is 

truncated by a granitic batholith. The sharp contact and low thermo-metamorphism of the caldera 

fill suggest that the Upper Valle Mosso intruded the caldera fill, as observed in several fossil 

calderas (Lipman, 1984). The presence near the contact of rounded blocks suggest a rolling 

movement of the blocks in the tuff, not compatible with the interpretation of those blocks as 

remnants of caldera floor but likely with an intracaldera fill where there were a gradient. 

Although the contact is exposed only in block I, evidence of incipient thermo-

metamorphism in block II and III suggest a analogue source for the heat and the gas phase, so 

likely also those blocks had been intruded by granite (Figure 3.6). In block a granite with 

occasional foliation occur at the contact between the caldera fill and Upper Valle Mosso granite. 

Although mechanism and age relationship of this body with Sesia caldera is unclear, three 

possible scenario for the origin of the foliated Lower Valle Mosso: (1) this unit can have intruded 
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the caldera fill, but have been foliated during intrusion of the Upper Valle Mosso; (2) can have  

intruded the caldera fill, have been foliated as the edge of a granitic batholith, and later intruded 

by the Upper Valle Mosso or (3) can be an older intrusion, foliated because was the edge of a 

granitic batholith, that performed as a caldera floor at the time of collapse, later intruded by the 

Upper Valle Mosso. On the base of available data there is no  preferred scenario, but possibly 

high-precision age determination of magmatic emplacement of the batholith and of the foliated 

granite can provide insights about the problem. 

Although the feature granites-intruding-caldera-fill had been observed elsewhere (Du 

Bray and Pallister, 1991; Lipman, 1984), to our knowledge there are no exposure of the batholith 

underlying a the caldera fill. To explain those features Du Bray and Pallister (1991) suggested 

that the granite intruded the caldera fill as a shallow laccolith, inferring that rocks of the caldera 

floor had been partially crumbled and partially down-drop at beneath the laccolith.  

Despite this hypothesis the caldera was intruded by a batholith thick >10km, there are no 

evidences of a caldera floor, as described by Lipman (1997), nor in the caldera fill neither as 

blocks crumbled in the granite, although this observation is based on preliminary mapping of the 

pluton and on previous work of Zezza and Balconi (Balconi and Zezza, 1965; Zezza, 1977). 

Although the caldera floor had been observed in fossil calderas in immature volcanic 

fields (John, 1995; Lipman, 1993), what happens to the floor during multiple collapse or in a 

mature volcanic field in obscure. In the discussion of the best studied case of caldera multiple 

collapses, La Garita caldera in San Juan mnt, Lipman (2000) estimates that the sum the down-

drop of all the caldera collapses the caldera floor will be at the end of the caldera cycle at a depth 

>14 km. The relationship between the mechanism of subsidence of the caldera floor and the 

emplacement mechanism of granitic batholith is still unclear in mature volcanic fields. Several 

observations suggest that at the end of those cycles large granitic batholith had grown underneath 

calderas specially in area where are documented  multiple collapses of calderas (Lipman, 1984, 

1997; Lipman, 2007), what is the role and where is the caldera floor in those volcanic fields after 

the first collapse? 

In Sesia caldera the caldera floor is not assimilated in the pluton neither preserved in 

broken blocks inside the caldera the caldera fill. A possible scenario is that the rocks of the floor 

are today at the roots of the pluton, and the pluton post-date the first caldera collapse. However 
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the rocks at the roots of the pluton are amphibolites-facies metamorphosed further investigations 

are needed to investigate if those rocks could have been the caldera floor trasposed.  

Despite a large literature of analogue experiments about caldera collapse, see Acocella  

(2007) for a review of the topic, those experiments enlighten only a limited study case of caldera 

collapses where the volcanic field in immature, and further studies coupling field geology on 

fossil calderas and analogue experiments are needed to investigate mechanics of multiple 

collapses. 

Is Sesia ignimbrite an erupted part of the Valle Mosso batholith? 

Volcanic rocks of Sesia caldera describe a trend typical of many volcanic fields around 

the word. Both compositions of Sesia caldera volcanic rocks and Valle Mosso batholith are 

compatible with an hybridization of mantle derived and anatectic melts. Despite the 

peraluminous composition of those rocks, Sesia ignimbrite has alkali and aluminum 

concentrations similar to unorogenic acid volcanics, affected by not significant hybridization, 

suggesting that also a scenario where the crustal component was minor than the component from 

mantle derived melts is possible. This observation is consistent with Strontium isotopic values of 

~ 0.7010 for acid volcanic rocks of Sesia caldera documented by Hunziker (1974), while the 

Strontium isotopic values of melts derived from charnokites in the lower crust is ~ 0.7014 

(Sinigoi et al., 1994) and the composition of the Kinzigite formation ranges 0.715 – 0.720 

(Schnetger, 1994; Voshage et al., 1990). Values of melts from charnokites should be 

representative the lower crust in granulites facies, while a possible composition of anatectic 

melts segregated from the amphibolites facies may be represented by the cordierite-bearing 

granite in the Atesina Volcanic District, with a Sr initial ratio ranging 0.7143-0.7167 (Rottura et 

al., 1998). The Upper Valle Mosso granite show, at  SiO2 comparable with the Sesia ignimbrite 

and rhyolite, lower K2O/Na2O ratio, low concentrations in incompatible elements, and a flatter  

REE pattern. These characteristics could be generated by melts-extraction involving allanite 

fractionation, a phase occasionally observed in Lower Valle Mosso (Zezza et al., 1984b).  

(Zezza et al., 1984b). In this scenario the Upper Valle Mosso could be interpreted as an 

end-member extracted by filter-pressing of unconsolidated crystal mush of Lower Valle Mosso. 

In the case of fractionation of only allanite, both a change in ratios of La/Sm and Gd/Yb either an 

increasing depletion from Sm (partition coefficient = 700) to La (partition coefficient =  2800) 
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are expected (Mahood and Hildreth, 1983), with the result of a curved pattern which is not 

observed in Upper Valle Mosso (Figure 3.5).  

The Sesia ignimbrite could have been extracted from an unconsolidated batholith which 

remnants today are part of Lower Valle Mosso. However, the Lower Valle Mosso granite cannot 

represent a simple snapshot of the putative crystal mush from which Sesia ignimbrite may had 

been extracted, because the growth of the entire batholith records a longer history where, after 

the caldera collapse, there had been another growth of the pluton by new melts input or 

extraction of melts to form the Upper Valle Mosso.  Further isotopic investigations are needed to 

constrain parental relationship between Sesia ignimbrite and Lower Valle Mosso granite. 

Eruptive history and characteristics of the volcanic field:   

Although only a small slice of pre-caldera in situ volcanics are preserved in the studied 

area, the geological record preserved in the landslides inside Sesia caldera can be used as insights 

of pre-caldera volcanics. Volume and variety of pre-caldera volcanic suggest that Sesia caldera 

collapsed in a mature volcanic field activity, where volcanic units formed a  thick coverage. 

Relationships between rocks of the caldera wall in block II versus block III (Figure 3.2-3.6) 

suggest that at the time of collapse there was a paleotopography, possibly characterized by deep 

paleovalleys carved in Pre-Carboniferous metamorphic rocks.   

 

 

 

 

Evidences of  pre-caldera collapse explosive activity  

 The presence of abundant blocks of outflow ignimbrite in landslide breccia units as 

“mixed lithologies” and minor in “red-oxidized lavas” suggests that explosive activity of other 

calderas or volcanoes onset before Sesia caldera eruption and the presence of intracaldera 

ignimbrite as blocks suggest that Sesia caldera collapse was not the first in the area. The volume 

of pre-caldera ignimbrite blocks is poorly constrained and underestimated by our mapping, 

although is likely that occurrence of ignimbrite blocks is quite common, because the chance to 

constrain ignimbrite blocks in a tuff matrix is restricted to exceptional exposures. Outflow 
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ignimbrites are crystal-poor to 30% crystal content, with composition similar to Sesia ignimbrite 

except for occasional  minor content in Quartz. 

Pre-caldera lavas: intermediate to high silica 

 Bulk composition of pre-caldera lavas is intermediate, ranging between andesite and 

high silica dacite. Bulk volume of volcanics in Sesia landslide breccia range dacite to rhyolite in 

composition, while andesite are relatively minor. Dacite lavas and is the prevailing component of 

breccia unit “Dark blue lavas” together with andesites, dacite are usually afiric.  Andesites are 

common in the core of the big landslide wedge of block I, range from basaltic andesites with 

cumulus textures to andesite, with a Labradorite plagioclase and pyroxenes with amphibole 

overgrow at the rims. 

In block II there is preserved a thick and large body of crystal poor rhyolite out of the 

caldera wall  associated to mega-blocks close to the wall (Figure 3.2), although no age data are 

available, the position and chemical similarity to Sesia ignimbrite suggests that eruption thick 

crystal poor rhyolite flows preceded relatively close to the caldera collapse. 

Sesia Ignimbrite, transitional from monotonous intermediate and crystal poor unit 

erupted from plume related systems: 

Sesia caldera erupted a single cooling unit, rhyolite in composition, ranging 20-25 % 

crystals content with abundant sanidine and rounded quartz, biotite is the prevalent mafic mineral 

associated to minor pyroxene. Those characteristics differs from the very crystal rich 

“monotonous intermediate” (Hildreth, 1981) than crystal poor ignimbrites typical of systems like 

Yellowstone – Snake River Plain; while similar ignimbrite have been described as eruptive units 

characteristic of caldera active during the transition from a compression to plate within 

extensional tectonics. Calderas formed in this transitional setting erupt ignimbrites (1) with 

crystal content intermediate between very crystal rich “monotonous intermediate”  typical of 

“cordillera” like magmatism and crystal poor ignimbrites of very hot systems like Yellowstone - 

Snake River Plain; (2) with a REEs a “seagull” pattern like very hot systems but with general 

minor concentrations (Bachmann and Bergantz; Glazner et al., 2008) (Figure 3.7), (3) with 

hydrate mafic minerals associated eventually associated to pyroxene. In this transitional setting 

no primitive basalts are erupted but explosive activity is associated  to eruption of intermediate to 

evolved lavas.  
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Figure 3.7. Rare Earth Elements variation diagram, normalized to Chondrites (Sun and 

McDonough, 1989), Sesia Caldera eruption versus reference eruption of large caldera 

forming-events representative of different tectonic settings. Yellowstone (), Turkey Creek 

caldera (rhyolite of Canyon Tuff), Bishop tuff (Long valley Caldera) and the glass of Fish 

Canyon tuff (La Garita Caldera). 

 

 

 

Post-caldera volcanics: 

Although post-caldera record is very limited, in block III recorded post-caldera lava 

erupted shortly after caldera collapse and a thick ignimbrite (Upper Ignimbrite) pounding inside 

the caldera.  While the Upper Ignimbrite is very similar to Sesia Ignimbrite, the dacite lava 

erupted after caldera collapse unlikely the pre-caldera lavas is pigeonite bearing. The 

composition of the pigeonite-bearing lava is significantly mafic (Figure 3.4), suggesting a 

significant component via fractionation of  mantle derived melts. The eruption of this lavas is a 

“smoking-gun” that during and after caldera collapse mantle derived melts pounding in the crust 

were not completely crystallized. 

Evidences of caldera collapse in a mature volcanic field: 

Percentage of blocks of volcanic lithologies as blocks in the landslide breccia is an 

evidence that Sesia caldera collapsed in a mature. Volcanic lithologies are > 90% of the landslide 

breccia volume, implying that to justify such volume of volcanics in the landslide the coverage 
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had to have been very thick and widespread at the time of the collapse, implying a that volcanic 

field was active for a long time, likely some million years. This scenario is supported by ages 

data from rocks from blocks inside Sesia caldera reported by Quick (Quick et al., 2009) that 

suggest a time span of  4 to 8 Ma for pre-caldera volcanics.   

The occasional presence of mega-blocks of Lower Valle Mosso and granodiorite in 

landslide breccia, is in accord with a mature volcanic field, blocks are characterized by magmatic 

textures without any foliation and crystals up to 3 cm. Possibly those rocks intruded after 

Variscan metamorphic peak, because older granites are foliated, implying a rapid exhumation 

sin-volcanism that can happen only in late stages of a volcanic field. Similar characteristics have 

been described for calderas that erupted in the last stages of a volcanic field, like Lake city 

caldera (Lipman, 1976a, b), the last caldera erupting in the San Juan volcanic field. 

Sesia caldera as an element of a caldera cluster 

Although geological record of the Early Permian volcanism in Adria‟s terrain is limited 

two other putative calderas have been recognized, one of them at ~ 40 km from the last remnant 

of Sesia Caldera. The great volume of thick Permian ignimbrite and volcaniclastic sediments 

preserved east of Giudicarie is “smoking gun” of the large volcanic activity in the early Permian 

in Adria‟s terrains. Sesia caldera should be considered not as an isolated eruptive centre, but 

possibly was an element of a caldera cluster which geological record is limited to some caldera 

structures but which record of eruptive products suggest a large and very active volcanic field.    

COMPARISON WITH OTHER CALDERAS 

Sesia caldera is similar both for tectonic setting than for characteristics of the caldera to 

sin-extensive calderas formed during the transition from compressional to an extensional tectonic 

setting. Volcanism onset in the early stage of the development of a trans-tensional regime during 

the collapse of the Variscan orogeny, volcanism precede major extension associated to large 

erosion, desertification and Permian mass extinction. Sesia caldera could be an analogue of 

volcanic centers formed in the United States in the Cordillera after mid-Tertiary main pulse of 

calc-alkalic magmatism but prior to Basin and Range magmatism dominantly alkali basaltic 

volcanism. To our knowledge possible analogues calderas can be Chiracaua caldera (Du Bray 

and Pallister, 1991), Lake City and Questa calderas,  (Lipman, 1981), early “alkali-calcic” belt of 
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southern trans-Pecos (Henry and Price, 1989; McDowell and Clabaugh, 1979; Price et al., 1987) 

as well as early extensional rocks in Mogollon-Datil field (Cather, 1990).  

In detail, Sesia caldera have several characteristics in common with Lake city caldera: 

both erupted in a mature volcanic field, carved/was nested inside another caldera and the caldera 

fill was intruded by later granitic intrusion. 
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Figure 3.8. Photographs showing aspects of the Sesia Ignimbrite, compass is approx 4 cm 

long. (A) Rio Cognatto East of Sostegno village block II;   Sesia Ignimbrite member 1, 

densely welded lithic poor. (B)  Valsessera near junction with Valsesia block II;   Sesia 

Ignimbrite member 3, partially welded with diffuse eutaxitic textures. (C) East of Monte 

Fenera, block III;  Sesia Ignimbrite member 2, lithic rich. (D) Croce del Teso, block III;  

Sesia Ignimbrite member 2, clast supported. 
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Figure 3.9. Photographs showing aspects of landslide breccias: (A) Sesia River caldera 

block II;  ~ 15 m block of red oxidized lava in matrix of Sesia ignimbrite. (B) Sesia River 

block II;   ~ 15 m block of dark blue lava in matrix of Sesia ignimbrite. (C) Rio Bisingana 

East of Rogio village caldera block I;, rounded block of Lower Valle Mosso surrounded by 

amphibolites frangments in Sesia ignimbrite matrix, tenuous propilitic alteration, compass 

is approx 4 cm long. (D) Sesia River block II;   ~ 8 m block intracaldera ignimbrite with ~ 1 

m block inside of ortogneiss, block is surrounded by matrix of Sesia Sesia ignimbrite.  
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Figure 3.10. Photographs showing aspects Upper Valle Mosso and intrusive contact with 

caldera fill. : (A) Torrente Ostola, caldera block I; contact Lower Valle Mosso with caldera 

fill (B) Torrente Ostola, caldera block I; dyke of Lower Valle Mosso intruding the caldera 

fill (C) Quarry south of San Bononio, caldera block I; contact Upper Valle Mosso with 

mega-block of dark blue lava (D) west of San Bononio, caldera block I; miarolitic cavities 

in the Upper Valle Mosso. 
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Figure 3.11. Photographs (A) Torrente Sizzone, West of Fornaci caldera block III;, altered 

pyroxene bearing dacite (B) Torrente Sizzone: West of Piovino caldera block III;, 

volcaniclastic sediments between Piroxene bearing dacite and Upper Ignimbrite (C) West 

of Asei village caldera block I; top of caldera fill altered in a paleosoil and overlaying 

volcaniclastic sediments (D) Jurassic normal fault Rio Vamlera West of Gargallo caldera 

block III; fault breccia of country rocks clasts. 

 



 

92 

 

TABLE 3.1. DESCRIPTION OF MAP UNITS 

Name of the unit  Description 

Rocks of the basement (Pre-Carboniferous) 

Paragneiss* Bt+Ms+Gr+Qz very abundant Biotite, metapelitic and metapsammitic paragneiss, locally intebedded with ortogneiss,; 

crenulation and isoclinal folding common; dark brown color 

Ortogneiss** ortogneiss Bt+Ms-feld+Qz, interbedded with metapelitic and metapsammitic paragneiss; foliation few to 20 cm sub-

parallel, massive; light grey to light yellow color, the ortogneiss is often interbedded with paragneiss lenses; the 

transition between units Ortogneiss** and Paragneiss* is gradational 

Rocks of the Sesia Caldera cycle, Early Permian: 

Permian Intrusive rocks 

Foliated Lower Valle Mosso Pl+K-Feld+Qz+Bt, 67-72% SiO2 W.R., well defined sub-parallel foliation, locally not foliated, color light grey to white, 

massive resilient to alteration. 

Lower Valle Mosso Pl+K-feld+Qz+Bt±Ms, K-feld. microcline, 67-72% SiO2 W.R., monzogranite, locally granodiotite patches, grain size 

medium-coarsen as well as pseudo-porphiritic and medium-fine, color light grey to white, massive. 

Pre-caldera collapse units***  

Red oxidized lavas Rhyolite to high silica dacite lavas, crystal poor  to afiric ; common flow banding and flow breccias; color red magenta, 

Early Permian. In this unit are grouped together pre-caldera ignimbrite, crystal content ranging from 5% to 25%, rare 

lithics, usually associated landslide breccias outcrops. 

Caldera collapse deposits 

Sesia ignimbrite, member 1 Densely welded ignimbrite, lithic content is moderate Qz+San+Bt+Pl+Px, accessory Magn+Zr, 20-25% crystal 

content 73-77% SiO2 W.R., crystals of Sanidine and rounded resorbed Qz  > 3 mm, , sparse rounded lithics of dark 

blue lavas, rare lithics of Ortogneiss**, Paragneiss* and red oxidized lavas, sparse meso-mega breccias lenses with 

abundant tuff matrix, rare isolated meso-mega blocks in tuff matrix; welded, occasional eutaxitic foliation, massive cliff 

former unit, recessive weathering where altered, red-violet color, yellow-light yellow in  hydrothermally altered cracks or 

areas, glassy dark-blue in area that suffered thermo-metamorphism. 

Sesia ignimbrite, member 2 Densely welded ignimbrite, lithic rich Qz+San+Bt+Pl+Px, accessory Magn+Zr, 25-30% crystal content 73-77% 

SiO2 W.R., crystals of Sanidine and rounded resorbed Qz > 2 mm, lithic content usually > 30% to matrix supported, 

prevalent clasts diameter 0.5-20 cm, prevalent lithics of oxidized lavas angular to sub angular, minor sub-rounded to 

rounded lithics of dark-blue lavas, scists, ortogneiss and granodiorite, common mega and meso breccias lenses, often 

clasts supported with matrix of pulverized blocks with minor tuff,  eutaxitic texture locally present, massive, recessive 

weathering uniform at outcrop scale, yellow dark-yellow color, iron staining along the cracks, glassy dark-blue in area 

that suffered thermo-metamorphism. 

Sesia ignimbrite, member 3 Moderately welded ignimbrite, with diffuse eutaxitic textures Qz+San+Bt+Pl+Px; accessory Magn+Zr, crystals of 

sanidine and rounded resorbed Qz > 3 mm, 20-25% crystal content 73-77 SiO2, rare lithics, eutaxitic texture with fiami 

up to 60%, preferential weathering, light red to yellow color, white with greenish fiami in altered areas. 

Landslide mega-breccias of 

country rocks  

Blocks of Paragneiss *; Ortogneiss **; Amphibolite: Amph+Pl, metabasite, dark-poppy green; Granodiorite: Pl+K-

feld+Qz+Bt, k-feldspar crystal up to 4 cm; near the contact with basament rocks mega-breccia clasts are mono-

lithologic of same country rocks, angular clasts supported matrix rarely observed, in other areas blocks are sub-

angular with matrix from  <5% up to matrix supported 

Landslide breccias of dark 

blue lavas 

Blocks of intermediate lavas, 1) andesite and andesi-basalt Px+Pl+Amph±bt+ilm; color dark blue to blue navy;  2) afiric 

dacite, blue, where altered green-blue to green;  massive, recessive weathering of the blocks; clasts supported angular 

to sub-angular mega and meso-breccias near Cremosina line, rounded matrix supported meso-breccias approaching 

the Po plain. 

Landslide breccias of red 

oxidized lavas***, 

Angular and clast supported mega and meso breccias near Cremosina line, rounded and matrix supported meso-

breccias approaching the Po plain. Landslide breccias of mixed lithologies: heterogeneous blocks of all lithologies 

present in described landslide breccias, ignimbrite blocks common, observed lithic-rich blocks with lithic content <30% 

and lithics <40 cm; sub angular to rounded matrix supported meso and mega-breccias. 

Post-Caldera collapse units 

Px-bearing dacite lava PL+Bt+Px San??+Qz minor?; Pyroxene pigeonite, dark purple, unconformably overaly caldera fill max 80 m thick very 

variable, brecciated and very altered 

Volcaniclastic sediments 1 ~ 30 m thick immature sandstones and micro-breccias, volcaniclastic clasts, unconfomably overlay by Px-bearing 

dacite lava or caldera fill, sub-parallel bedding 20-30 in sandstone with angular to sub-angular clasts, with 1 to 3 cm 

layers of fine grain sandstone interbedded, sandstone beds with sub-angular clasts 2-5 cm of rhyolite lavas atop the 
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sequence, volcaniclastic sediments prevalent and minor country rock clasts 

Upper Ignimbrite Qz+San+Bt+Pl+magn acc. Zr;  crystals >.1 mm and Qz max 1 mm, 15-20 % crystal content; rare lithics mainly of blue-

dark lavas > 4 cm; common eutaxitic texture, welded, massive, red-violet, ~ 400 m thick. 

Upper Valle Mosso Qz+Or+Pl±Bt±Ms, perthitic feldspar, 73-77 % SiO2 W.R., syenogranites, medium grain with myarolitic cavities, 

occasionally patches hypidiomorphic and granophiric, crystals up to 1 cm, crosscutted by aplitic eutetic dikes miarolitic 

cavities in the upper part, yellow to reddish-brown color, intense weathering, common 4-5 m of semi-coherent covering 

(Zezza et al., 1984b). 

Volcaniclastic sandstone 2 Immature sandstone and breccias, volcaniclastic clasts, unconformably overlies caldera fill, bedded, color magenta to 

violet, somewhere greenish to yellow-grey, maximum thickness 10 m (Sostegno body). 

Mesozoic sedimentary rocks 

Fenera-Annunziata 

sandstones* 

Gray sandstone interbedded with dolostones layers, shallow-water sandstones 1^3m thick, thin bedding, late Anisian?. 

San Salvatore Dolomite* Monotonous stromatolitic and micritic dolostones, , light gray to white, locally bedded, 300 m thickness shallow water, 

Diplopora annullata (Farabegoli and De Zanche, 1984) Late Anisian to Ladinian. This unit groups also Pissone 

Dolostone, locally overlying Fenera-Annunziata Sandstone at M. Fenera, Pissone Dolostone is a bedded dark 

dolostones, lagoonal, few meters thickness, Late Anisian. 

Triassic andesite Andesite Pl+Amph+Bt+Px, atop of San Salvatore dolomite (Carraro and Fiora, 1974). 

Sostegno Breccia* Dolomitic breccias with a reddish matrix, monolithologic sub angular clasts of San Salvatore dolomite,  diameter 

ranging from few to 10 cm, associated to underneath sedimentary dykes and red dolomitic sediment penetrating in the 

Salvatore dolomite down up to 15-20 m,  result of karsification atop Ladinian platform, Upper Triassic to lower Jurassic. 

San Quirico Sandstone* Lithic sandstones rich in clasts of dolostones, Permian volcanic and minor basement, hummocky and cross 

stratification at the base followed by marls and turbiditic sandstones, locally including chert nodules. Late-

pliensbachian-Toarcian. 

 

Calcari Spongolitici* Turbidite sandstones with interbedded spongolitic limestones followed by marls, interbedded conglomerates, color light 

red-white, Ammonites (Carraro and Sturani, 1972) Toarcian. 

 

Tertiary units (Pliocene) 

Marine siltstone Siltsone and sandstone, seldom interbedded with thin conglomerate levels embricate, grey-cyan to grey-beige, leaf 

molds and shells fragments, Pliocene med. to sup.? 

Tidal sandstone Pliocene: sandstone, rich in quartz, yellow-gold to grey, Pliocene sup. 

Quaternary units 

Terrace II terrace deposits Pleistocene 

Terrace I terrace deposits Holocene 

Colluvium Holocene 
 

Note: Qz = quartz; Pl = plagioclase; San = sanidine; Bt = biotite; Px = piroxene; Amph = ampibole; Gr = garnet; K-feld = potassium feldspar; Ms = 

muscovite; magn = magnetite; Zr = zirconium 

* Compiled from Berra et al 2009 
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TABLE 3.2. REPRESENTATIVE CHEMICAL ANALYSES OF ROCKS IN SESIA CALDERA 
 

Unit Pre-caldera dark blue lavas 
 

Pre caldera red oxidized  lavas 
 

Latitude N45⁰39.876’ N45⁰40.350’ N45⁰40.143’ N45⁰40.156’ N45⁰38.498’  N45⁰40.531’ N45⁰42.768’  N45⁰38.884’  N45⁰38.882’  N45⁰39.406’ 

Longitude E8⁰13.513’ E8⁰13.079’ E8⁰13.186’ E8⁰13.276’ E8⁰14.577’ E8⁰13.054’ E8⁰16.748’ E8⁰14.730’ E8⁰14.703’ E8⁰14.165’ 

Sample R6 Pst 110 Pst 153 Pst 155 Pst 334 Pst 346 Pst 355 Pst 341a Pst 340 R5 

SiO2 53.73  
57.96 57.22 58.12 60.86 59.46 73.97 70.24 67.74 

67.34  
TiO2 0.97  

1.11 1.18 1.07 0.81 1.13 0.12 0.40 0.60 
0.64  

Al2O3 15.62  
17.31 17.51 17.10 15.82 15.71 14.13 16.55 15.69 

17.92  
FeOtot 7.49  

6.44 7.02 6.89 6.15 7.07 2.17 4.20 5.62 
4.44  

MnO 
0.16  

0.13 0.14 0.12 0.13 0.10 0.03 0.07 0.09 
0.03  

MgO 
6.61  

3.28 4.70 4.90 7.46 6.99 0.13 0.43 1.40 
0.69  

CaO 
11.40  

8.85 7.13 6.69 4.26 4.27 0.13 0.19 0.71 
0.15  

Na2O 
1.71  

2.66 2.48 2.64 2.39 2.05 4.71 3.22 3.89 
4.57  

K2O 
1.95  

2.01 2.36 2.22 1.97 3.02 4.61 4.65 4.15 
3.99  

P2O5 0.25  
0.26 0.26 0.24 0.15 0.20 0.00 0.03 0.11 

0.15  
Total 

99.89 
100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

99.92 
A/CKN 0.609 0.765 0.894 0.904 1.145 1.090 1.089 1.549 1.289 1.480 

Ba 535.30 493.80 453.10 539.20 313.00 535.00 939.00 1031.00 773.00 859.30 

Be 2.00 2.00 2.00 2.00 1.00 1.00 2.00 2.00 2.00 2.00 

Co 34.20 34.60 38.70 35.10 38.60 24.40 79.30 32.10 37.40 31.50 

Cs 6.60 3.00 4.90 3.40 4.80 4.30 3.70 5.50 8.60 3.90 

Ga 20.10 20.40 20.60 20.10 15.40 18.70 16.00 19.70 19.30 21.90 

Hf 5.40 5.60 5.30 5.90 4.40 6.00 7.40 12.30 10.50 10.50 

Nb 9.50 10.40 10.00 10.00 9.30 11.30 14.90 14.90 14.40 13.60 

Rb 69.90 74.50 82.50 77.50 93.90 100.60 161.00 157.60 141.10 148.70 

Sn 2.00 3.00 3.00 3.00 3.00 3.00 3.00 4.00 4.00 3.00 

Sr 326.70 299.20 326.30 296.90 127.30 201.70 96.70 191.90 210.40 189.00 

Ta 0.90 1.10 1.00 0.90 1.20 0.90 2.90 1.70 1.60 1.40 

Th 8.10 7.90 8.10 8.40 8.00 9.70 16.30 16.80 14.50 14.00 

U 2.20 2.60 2.60 2.30 2.40 2.90 2.90 4.20 4.20 3.40 

V 176.00 197.00 211.00 183.00 118.00 154.00 8.00 8.00 13.00 26.00 

W 75.50 99.20 92.90 85.30 205.40 53.80 546.40 213.50 223.40 142.60 

Zr 192.70 215.70 192.20 211.70 161.90 205.30 215.90 472.20 429.80 404.20 

Y 29.70 29.70 30.60 29.40 24.60 28.00 35.00 41.70 34.00 40.00 

La 33.80 28.60 26.40 29.40 28.70 29.70 49.30 70.00 38.80 61.80 

Ce 67.80 63.00 58.30 65.30 60.80 63.70 104.40 128.50 89.20 107.10 

Pr 8.26 7.66 7.43 7.98 7.52 7.91 12.64 16.43 9.89 13.50 

Nd 33.10 30.90 29.40 30.80 29.20 32.50 47.70 63.60 36.10 52.10 

Sm 6.60 6.10 6.17 6.34 5.70 6.07 8.97 10.34 6.92 10.20 

Eu 1.77 1.47 1.45 1.56 1.40 1.42 1.26 2.44 1.62 2.64 

Gd 5.92 5.79 5.90 5.59 4.90 5.41 6.80 8.46 5.83 8.17 

Tb 0.93 0.95 0.98 0.96 0.80 0.93 1.19 1.34 1.01 1.31 

Dy 4.99 4.98 5.25 5.22 4.31 4.86 6.63 7.30 5.67 7.17 

Ho 1.01 0.98 1.01 0.97 0.87 0.98 1.36 1.48 1.22 1.40 

Er 2.87 2.78 2.89 2.82 2.40 2.82 3.98 4.07 3.65 3.90 

Tm 0.47 0.41 0.41 0.42 0.36 0.41 0.62 0.66 0.57 0.63 

Yb 2.56 2.52 2.64 2.47 2.07 2.54 3.87 3.76 3.40 3.61 

Lu 0.41 0.37 0.40 0.39 0.32 0.38 0.60 0.61 0.56 0.58 

Note: major-element abundances were determined by X-ray fluorescence at University of Trieste, trace-element abundances were measured by ICP-
MS analysis at the ACME Analytical Laboratories at 852 E. Hastings Street, Vancouver, British Columbia. Trace elements abundances are in ppm. 

A/CKN, molar Al2O3/(Ca+K2O+Na2O). Latitude and Longitude in hddd⁰ mm.mmm’ Datum: WGS84 
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TABLE 3.3. REPRESENTATIVE CHEMICAL ANALYSES OF ROCKS IN SESIA CALDERA 
 

Unit Sesia Ignimbrite 
 

UI
†
 

 

Upper Valle Mosso 
 

 

Latitude N45⁰41.020’  N45⁰40.487’ N45⁰37.735’ N45⁰39.268’ N45⁰38.910’ N45⁰42.711’ N45⁰39.771’ N45⁰35.645’  N45⁰37.671’ N45⁰36.789’ N45⁰38.228’ 

Longitude E8⁰17.131’ E8⁰17.740’ E8⁰15.565’ E8⁰12.973’ E8⁰13.839’ E8⁰24.661’ E8⁰12.133’ E8⁰12.377’ E8⁰13.605’ E8⁰13.334’ E8⁰13.591’ 

Sample 
A09-18 A09-25 A09-20 A09-21 A09-28 R21bis Pst 198 Pst 206 Pst 230 C.C. C.S.B. 

SiO2 77.28 78.22 78.23 72.40 73.48 76.34  74.73 74.68 74.50 77.22 77.16 
TiO2 0.09 0.09 0.09 0.26 0.21 0.08  0.06 0.08 0.07 0.06 0.04 
Al2O3 13.63 13.39 13.98 14.89 14.44 13.76  14.23 14.08 14.45 12.87 12.94 
FeOtot 1.24 1.08 1.07 2.28 2.01 1.25  1.00 1.24 1.29 1.02 0.88 
MnO 

0.01 0.02 0.01 0.03 0.03 0.01  0.03 0.04 0.03 0.03 0.03 
MgO 

0.22 0.07 0.12 0.92 0.67 0.26  0.34 0.52 0.29 0.11 0.09 
CaO 

0.00 0.23 0.28 0.21 0.84 0.18  0.18 0.36 0.13 0.31 0.26 
Na2O 

2.99 3.26 3.08 2.90 3.58 2.34  4.33 4.29 4.17 3.57 3.73 
K2O 

5.90 5.04 5.59 4.88 4.55 5.71  5.08 4.69 5.07 4.79 4.83 
P2O5 0 0 0 0.02 0.02 0.00  0.02 0.03 0.01 0.01 0.02 
Total 

101.36 101.38 102.43 98.81 99.84 99.93 100.00 100.00 100.00 100.00 100.00 
A/CKN 1.205 1.192 1.202 1.427 1.170 1.329 1.098 1.102 1.149 1.108 1.092 

Ba 
209.00 174.00 147.00 613.00 463.00 150.00 83.00 85.00 34.00 51.30 34.60 

Be 
4.00 4.00 3.00 3.00 4.00 2.00 6.00 4.00 4.00 4.00 4.00 

Co 
65.80 104.60 72.70 61.00 76.20 135.00 65.60 97.40 55.70 73.30 79.60 

Cs 
4.90 8.20 11.00 6.00 5.80 6.00 6.10 10.70 7.80 7.30 4.50 

Ga 
17.00 18.80 18.30 19.60 19.70 16.40 19.10 20.90 20.20 23.70 23.60 

Hf 
5.70 5.40 5.70 7.30 5.90 6.40 3.40 4.30 4.10 5.00 5.00 

Nb 
14.10 15.70 15.80 17.40 16.90 17.20 18.80 19.50 18.00 21.30 18.20 

Rb 
238.80 213.10 225.30 173.40 197.10 249.10 273.70 254.10 262.00 259.80 266.50 

Sn 
4.00 6.00 6.00 5.00 6.00 5.00 8.00 10.00 8.00 6.00 4.00 

Sr 
22.80 20.00 18.00 66.40 85.90 28.60 15.70 21.50 10.80 12.20 12.10 

Ta 
2.60 3.80 3.10 2.20 3.40 3.90 3.30 4.10 3.00 3.50 3.30 

Th 
22.30 19.40 22.20 17.90 17.00 19.60 14.50 19.30 17.50 19.40 17.90 

U 
5.40 5.90 2.90 5.10 5.80 7.40 4.50 8.10 5.20 6.90 5.70 

V 
<8 <8 <8 21.00 17.00 <8 8.00 8.00 8.00 <5 <5 

W 
447.00 741.50 540.80 345.80 578.70 852.80 516.90 744.90 443.40 568.20 598.10 

Zr 
137.10 135.70 144.60 222.40 155.50 173.10 68.20 84.10 70.90 77.80 81.20 

Y 
48.30 43.60 38.10 38.90 41.60 42.40 51.30 58.60 52.80 56.40 55.10 

La 
41.70 39.80 37.60 39.10 32.30 48.80 14.50 21.40 18.50 22.50 16.70 

Ce 
83.90 88.00 76.90 67.30 70.40 77.00 39.60 51.70 41.10 55.20 39.80 

Pr 
11.16 10.59 9.98 10.31 8.83 12.28 5.06 6.92 5.95 7.09 5.38 

Nd 
45.10 43.20 38.80 41.40 33.90 48.10 21.60 28.20 24.50 28.70 21.80 

Sm 
8.74 8.49 7.65 7.87 7.26 7.87 6.76 8.04 7.13 7.97 6.71 

Eu 
0.38 0.43 0.36 1.11 0.94 0.31 0.08 0.13 0.03 0.12 0.11 

Gd 
8.06 7.83 7.04 7.10 6.88 6.80 7.38 8.64 7.70 8.52 7.52 

Tb 
1.43 1.34 1.20 1.20 1.24 1.16 1.48 1.72 1.52 1.72 1.57 

Dy 
8.26 7.96 6.75 6.93 7.30 6.92 9.17 9.87 9.11 9.68 8.80 

Ho 
1.63 1.49 1.31 1.39 1.42 1.45 1.93 2.22 2.03 1.87 1.82 

Er 
4.84 4.36 4.10 4.10 4.12 4.15 5.10 6.01 5.40 5.39 5.13 

Tm 
0.74 0.65 0.62 0.64 0.65 0.62 0.81 0.92 0.85 0.80 0.77 

Yb 
4.39 4.06 3.93 4.08 4.24 3.90 4.99 5.77 5.17 5.00 4.76 

Lu 
0.65 0.58 0.59 0.61 0.64 0.58 0.68 0.80 0.73 0.74 0.74 

Note: major-element abundances were determined by X-ray fluorescence at University of Trieste, trace-element abundances were measured by ICP-
MS analysis at the ACME Analytical Laboratories at 852 E. Hastings Street, Vancouver, British Columbia. Trace elements abundances are in ppm. 
A/CKN, molar Al2O3/(Ca+K2O+Na2O). Latitude and Longitude in hddd⁰ mm.mmm’ Datum: WGS84. UI

†
= upper ignimbrite, post caldera ignimbrite 

ponding inside Sesia Caldera. UI
†
 Upper Ignimbrite, post caldera. 
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Chapter 4: Hydrothermal circulation in Sesia caldera 

INTRODUCTION 

An important societal issue is the capability to forecast largest class of volcanic 

eruptions; such eruptions can cause continental-scale disaster and related climatic changes 

(Rampino, 2002; Self, 2006; Sparks et al., 2005). Today many large calderas systems are 

monitored by geophysical and geochemical signals in order to recognize the unrest and to 

forecast diverse modes and magnitude of eruption (Todesco, 2008). Although the monitoring of 

large calderas achieved great results in the detail of the data, the interpretation of the data as 

indicator of incoming eruption is challenging.  

In this chapter we will focus on one among those signals that are used to monitor large 

calderas and its models of interpretation: the hydrothermal circulation. Hot ground water is one 

of the most evident signals of activity inside plumbing system of volcanoes and calderas; 

hydrothermal fluids had been used to monitor activity of the heat source and to provide insights 

about characteristics of the source of the heat (Lowenstern and Hurwitz, 2008; Lowenstern et al., 

2006).  

The significance of geochemical signals to forecast eruptions is function of two 

assumptions: (1) the depth at which the eruptible material is stored and (2) the depths that the 

hydrothermal circulation can reach. In this chapter we will focus on point 2.   

In this chapter we will discuss hydrothermal circulation in the Sesia caldera, a fossil 

caldera that exposes a crustal through a caldera fill up to the roots of a granitic batholith 

underneath the caldera (Chapter III); these unique exposures offer the chance to investigate the 

maximum depth that hydrothermal fluids reached in a caldera that caused a super-eruption. In 

this chapter we investigate effects of hydrothermal alteration in the caldera fill and in the granitic 

batholith beneath the caldera. We argue that constraining hydrothermal circulation underneath 

fossil calderas can improve the interpretation of signals observed monitoring active systems. 

GEOLOGIC FRAMEWORK 
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South of the Cremosina line the crustal section exposes rocks of Sesia caldera and 

underlying granite pluton, referred here as  Valle Mosso granite (see Chapter III for a detailed 

discussion). 

This section of crust is ~ 10 km wide and ~ 25 km long, exposes a crustal caldera fill 

directly intruded by the top of a zoned granitic batholith, which in turn is in primary contact with 

the country rocks at the roots of the batholith and underplated mafic rocks underplated in the 

deep crust, which are largely exposed North of the Cremosina line (Malaroda et al., 1966). South 

of the Cremosina line underplated mafic rocks poorly crop out from Pliocene and Quaternary 

sediments, but rocks of the caldera fill and the underneath granitic batholith are well exposed. 

Although we interpret this crustal section as a single slice of crust, we suggest that the section 

was shortened during the Alpine orogenesis, with a geometry similar to a mega-fold ramping to 

the West (Chapter III) where the top of the caldera fill dips 35⁰ to the East and the deep crustal 

metamorphic rocks are almost vertical with a North-South trend. We argue that  all vertical 

thickness of the section should be considered a minimum. 

Sesia caldera, erupted as a single unit rhyolite  in composition, with characteristic similar 

to calderas formed during transition from compression to extension. Sesia caldera collapsed in a 

mature volcanic field, probably carving an older caldera (Chapter III). 

Hydrothermal alteration  

Hydrothermal alteration in rocks of the Sesia caldera have been poorly studied, while a 

petrographical and geochemical of the underlying pluton have been investigated in detail 

(Balconi, 1963; Balconi and Zezza, 1965; Zezza, 1977; Zezza et al., 1984a; Zezza et al., 1984b). 

Silicification and quartz veins have been mapped in volcanic rocks, now recognized as related to 

Sesia caldera, and across the contact with aplitic granite without inferring the connection with 

hydrothermal circulation (Malaroda et al., 1966).  

Govi (1977) first inferred that silicification had resulted from hydrothermal circulation in 

volcanic rocks that we relate to the Sesia caldera, while working in a limited area almost similar 

to caldera block III (Chapter III). Geochemical study of the quartz veins inside Sesia caldera and 

along the contact with the underlying pluton have been done by Zezza et al. (1984a). Zezza led 

to recognition that quartz veining was a late magmatic event during the emplacement of the 

granite, possibly as a gas phase-hydrothermal deposit. Zezza up to 3-5% fluorite and rare grains 

of cassiterite, magnetite and hematite in the quartz veins at the bottom of the caldera fill; 
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compatible with the presence of a gas phase in the fluid responsible for veins deposition. For a 

detled description of the Valle Mosso batholith see Chapter III. 

METHODS 

Our mapping of the Sesia caldera fill and granite along the contact (Chapter III) has 

identified four alteration assemblages based on the field and constrained with petrography, SEM 

imaging of minerals, mineral chemistry, oxygen isotopes and laser fusion dating of sanidine.  

Samples from the granitic batholith have been studied by petrography, SEM imaging and 

oxygen isotopes to constrain alteration of minerals and changes in isotope ratios. 

We distinguished four hydrothermal zones in the volcanic rocks based on color, alteration 

of minerals, and resistance to surficial weathering: weakly argillic, intermediate argillic, vuggy 

silica and incipient thermo-metamorphism.  

Petrography and geochemistry:  

We petrographically examined ~22 samples from the granitic batholith and ~50  thin 

sections of volcanic rocks to constrain alteration. Most samples had been analyzed for whole-

rock composition by the X-ray Fluorescence technique in Trieste and Modena University, and 8 

samples for electron microprobe and SEM analysis, and 32 samples for oxygen isotopes analysis. 

Especially detailed studies have been made on the caldera fill in block I (Chapter III, Figure 3.3), 

which exposes a quasi-coherent crustal section through caldera fill into the roots of the 

underlying granitic batholith. 

Mineral chemistry and SEM imaging 

We analyzed phenocrysts and groundmass crystals in six samples by electron microprobe  at the 

Denver laboratory of the U.S. Geological Survey with a JEOL 9800 operating at 10 kilovolts and 

20 nanoamperes, and two samples at New Mexico Tech Socorro, with a Cameca SX-100 

microprobe (data are available at Microprobe Laboratory New Mexico Bureau of Geology and 

Mineral Resources 801 Leroy Place, Socorro NM, 87801, USA). 

Beam size and counting error are reported in Table 4.4 for samples analyzed in Denver. Scaning 

electron microscope (SEM) images were obtained at Southern Methodist University in Dallas, 

with a Leo-Zeiss 1450VPSE electron microscope equipped with an EDAX Genesis 4000 XMS 

SYSTEM 60 energy-dispersive spectrometer, to investigate alteration textures recognized during 

electron microprobe analysis. 
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. 

Oxygen isotopes 

Analyzed samples are from the Sesia caldera fill and the underneath granitic batholith 

(Figure 4.4, Table 4.2). Caldera fill samples are welded Sesia ignimbrite except for a pre-caldera 

ignimbrite mega-block in Sesia caldera.  Quartz and K-feldspar were cleaned of adhering 

material, crushed to ~1 mm size, concentrated by panning. The 1-2 mm quartz and sanidine 

crystals were handpicked from the concentrate. Many quartz grains contain tiny glass inclusions, 

but the volume of inclusion glass is less than 1%, which is insufficient to affect the results 

presented here. Oxygen was extracted using a ClF3 procedure similar to that described by Taylor 

and Epstein (1962) and Borthwick and Harmon (1982), and converted to CO2 by reaction with 

heated graphite. Isotopic ratios were measured with a Finnigan-MAT 251 mass spectrometer 

(Table 3). Repeated analyses of seven whole rock and quartz samples yielded δ
18

O standard 

deviations between 0.01 and 0.21 ‰. The average uncertainty determined for all seven samples 

is 0.11 ‰. 

39
Ar

/40
Ar age determinations 

Two sanidine samples from caldera block I, one from the centre on the caldera fill and 

one from the area affected by thermo-metamorphism were selected for single-crystal laser-fusion 

age determinations (Tables 4-5). The ages were determined at the New Mexico Geochronology 

Research Laboratory by methods similar to those described by McIntosh and Chapin (2004). 

Analytical uncertainties are reported to two standard deviations (95% confidence level) in figure 

4.6.  

RESULTS 

Alteration zonations of the caldera fill 

Almost the entire area of Sesia caldera fill is hydrothermally. Alteration generally 

increases north to south and downward in the stratigraphic sequence; despite this general trend 

extremely altered, mineralized and diffusely silicified patches occur locally throughout the 

caldera fill (Figure 4.1). Three low-temperature hydrothermal assemblages are recognized (1) 

weakly argillic, (2) intermediate argillic and (3) vuggy silica; in addition a zone of incipient 

thermo-metamorphism is 600 m wide at the contact with the aplitic granite (Figure 4.1).  
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In the weakly argillic zone, Sesia ignimbrite has light maroon to magenta colors, is 

resilient to weathering and is cliff forming (Figure 4.9A). Volcanic country rocks of Sesia 

caldera and all post-caldera volcanics exposed in caldera block III also are weakely 

hydrothermally altered (Chapter III, Figure 4.9B). 

In the intermediate argillic zone, Sesia ignimbrite is purple-violet with diffuse yellow 

alteration along cracks; with increasing alteration it grades into to a “leopard skin” pattern of 

yellow and magenta areas (Figure 4.8A-B-C). These rocks are not resilient to weathering and 

forms subdued hills (Figure 4.8D). Within the intermediate argillic zone are patches of more 

intense argillic alteration, which are not possible to show at map scale but are distinguishable in 

geochemical plots. 

In the vuggy silica zone, highly argillic alteration grades into widespread silicification. 

Approaching zones of silicification we observe an increase of argillic alteration, up to and 

end-member where the structure of the ignimbrite is cryptic, only lithics and eventually quartz 

are recognizable (Figure 4.7B), rock is preferentially altered by superficial alteration (Figure 

4.7C The silicified rock is cliff forming  and resistant to weathering. Quartz veins are common, 

occasionally associated to mineralization of pyrite, barite and fluorite, magnetite and hematite 

(Zezza et al., 1984a). Associated to vuggy silica alteration rocks are common areas with 

rectangular cavities and extreme supergene alteration that result from pyrite leaching. 

In the caldera fill, blocks of pre-caldera lavas are more silicified than ignimbrite. Vuggy 

silica zones are widespread (1) along the margins of wedges and lenses of landslide breccia in 

the caldera fill, (2) along the caldera wall, and (3) at contacts between the aplitic granite and the 

caldera fill. In block II a 150-m-wide zone of vuggy silica alteration affects country rocks close 

to the contact with Sesia Ignimbrite, the only place where alteration is widespread outside the 

caldera (Govi, 1977) (Figure 4.9A).  

In the zone of incipient thermo-metamorphism, Sesia ignimbrite changes color gradually 

from dark magenta to glassy navy blue, with yellow alteration rims ~1 cm thick. This increase of 

alteration produces a more massive and blocky cliff-forming rock, which is highly resilient to 

surficial weathering (Figure 4.9A). In hand samples of the most altered rocks, only lithics, 

quartz, and altered K-feldspar are recognizable . With the increase of thermo-metamorphism, 

blocks of pre-caldera lava become micro-crystalline and silicified, and volcanic structures 

become unrecognizable. 
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Quartz veins crop out in vuggy silica zones, in the area of incipient thermo-

metamorphism, and in the caldera wall. Quartz veins (<1 cm wide) are narrow in vuggy silica 

zones but are up to 10 cm wide in highly silicified areas (Figure 4.7C-D). Quartz veins ≤3 m 

wide are diffuse along the contact between the aplitic granite and Sesia caldera fill; the veins are 

up to 300 m long, with general trends subparallel to the contact (Figure 4.7A). Quartz veins are 

diffuse in country rocks along the caldera wall in block III, they are 0.5-3 m thick, with east-west 

trends (Figure 1).   

Petrography of alteration assemblages in Sesia ignimbrite 

In weakly argillic rocks, volcanic textures are readily recognizable at microscale: 

plagioclase is near albite and replaced by patchy kaolinite; sanidine is fresh, or altered only at 

rims (Figure 4.3A); groundmass is altered to kaolinite or is incipiently microcrystalline (Figure 

4.11 C-D); and biotite is partly altered to clorite.  

In intermediate argillic rocks, volcanic textures are obscure at microscale, but still 

recognizable in hand samples:  plagioclase is albite; sanidine is altered along cracks; biotite is 

altered to kaolinite and oxide minerals; the groundmass is replaced by fine-grained silica, albite, 

orthoclase and accessory minerals (Figure 4.11, 4.12A-B, 4.13C-D); and the groundmass is 

partially to completely recrystallized (Figure 4.3B-C).  

In vuggy silica rocks, the volcanic texture is unrecognizable both in microscale and hand 

sample (Figure 4.7C): plagioclase and sanidine are replaced by kaolinite and leached; 

groundmass is replaced by fine-grain silica and widely silicified, in places with pyrite up to 3 

mm that is widely oxidized and preserved as cavities (Figure 4.7B).  

The intermediate argillic assemblage grades into a propylitic assemblage in the area 

affected by incipient thermo-metamorphism. Volcanic textures become increasingly cryptic in 

hand sample: quartz is widely fractured and filled with sericite and limonite; sanidine and 

plagioclase are altered to kaolinite; biotite becomes altered to chlorite  and oxide minerals; and 

the groundmass is completely recrystallized (Figure 4.13 A-B)  

Effects of alteration on the chemical composition of Sesia ignimbrite 

Alteration of Sesia ignimbrite produces three major compositional groups (Figure 2, 

Table 1). In weakly and intermediate argillic zones, the variations in chemical composition are 

minor. Areas with high argillic alteration or incipient thermo-metamorphism are significantly 



 

102 

 

compositionally modified, differing from the areas of weakly and intermediate argillic alteration. 

In the high argillic alteration we have considered both samples from vuggy silica alteration 

without silicification and highly altered patches inside intermediate argillic alteration. 

Sesia ignimbrite in weakly/intermediate argillic zones has ~76 wt% silica, 13-14 % 

Al2O3, and ~8.3 total alkalis (K2O+Na2O) with a K/Na ratio of ~1.9. In areas affected by 

incipient thermo-metamorphism total alkalis are 7.0-9.0 % and K/Na ratios are 1-2.3, but mostly 

<1.8. Alkalis vary more in areas of high argillic alteration:  total alkalis are 6.0-9.1 %, and the 

K/Na ratio increases with alteration, reaching ~84 in the most altered rock (Table 1).  

Silica and K2O are lower in the zones of thermo-metamorphism than in weakly and 

intermediate argillic rocks, while FeOtot, MgO, TiO2, Al2O3, CaO, Na2O, Ba, and Sr, have higher 

concentrations. Concentrations of Ce, Zr and La are similar to weakly altered samples but with 

larger variations.  

Rocks from high argillic alteration are similar to the incipient thermo-metamorphism 

except that Na2O decreases along with SiO2, and K2O and Sr have concentrations similar to the 

weakly altered zone, with less variation than in incipient thermo-metamorphism (Table 4.1, 

Figure 4.2). In areas affected by incipient thermo-metamorphism total alkali (K2O+Na2O) 

ranges 7.0-9.0 wt% and K2O/Na2O range 1-2.3, but mostly <1.8. Concentrations of alkali are 

more variable in areas with high argillic alteration where total alkali (K2O+Na2O) ranges 6.0 to 

9.1 wt% and K/Na increase with alteration, reaching to ~84 in rocks in the most altered rock 

(Table 4.1, Figure 4.2).  

Mineral chemistry 

Whole-rock variations of K2O and Na2O correlate with changes in sanidine alteration and 

composition, but plagioclase is near-pure albite with little variation. In the weakly argillic zone. 

sanidine phenocrysts preserve magmatic composition (Figure 3A, Figure 12 C-D). In the 

intermediate argillic zone, sanidines are altered along cracks associated with growth of K-

feldspar in the groundmass with 75-90% Or (Figure 3B, Figure 12 A-B).  

With increasing alteration, sanidine phenocrysts become more potassic along cracks (85-

95% Or), while K-feldspar in the groundmass remains 75-90% Or (Figure 4.3C, Figure 4.10). In 

areas of incipient thermo-metamorphism, sanidine phenocrysts have dual compositions, at 40% 

Or and planar areas of 80-100% Or (Figure 4.3D). At less than 100 m from the contact with the 
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aplitic granite, both groundmass and phenocrystic K-feldspar are >80% Or (Figure 4.3E, Figure 

4.12A-B). 

Oxygen isotopes ratios in Sesia caldera and in the underlying granitic batholith 

In Sesia ignimbrite δ
18

Oq (quartz phenocrysts) is 9.6-11.2, and δ
18

Or  (whole-rock) is 8.3-

14.6 (table 3). In samples from the area of incipient thermo-metamorphism, δ
18

Ow is < 9.9, and 

δ
18

Oq - δ
18

Or is > 0.1, except for sample A09_21 that has diffuse surficial [ok?] alteration to clay 

minerals (figure 13 A-B). In samples from weakly to intermediate argillic alteration, δ
18

Or of 

whole rocks is 11.6-12.5, and δ
18

Oq - δ
18

Or is -0.3 to -1.1. In area with high argillic alteration, 

whole rocks are 13.-14.6, and δ
18

Oq - δ
18

Or is -2.9 to -3.9 (figure 5A, Table 2-3). For a block of 

pre-caldera ignimbrite inside Sesia caldera fill, which is highly altered with clay minerals, whole 

rock is 16.0 and δ
18

Oq - δ
18

Or is -5.4 (Table 3). 

Although values for δ
18

Oq - δ
18

Or are negative, where it was possible to separate quasi-

pristine feldspar, δ
18

Oq - δ
18

Os (sanidine) is positive (Figure 5B). Increased clay-mineral 

alteration in thin section correlates with increasing whole-rock δ
18

Or and decreasing δ
18

Oq - 

δ
18

Or. In samples from the area of incipient thermo-metamorphism, the δ
18

Or and δ
18

Oq are 

smaller than all other samples analyzed, together  positive δ
18

Oq - δ
18

Ow. In the granitic pluton 

below the caldera, oxygen isotope ratios change at the transition from the lower granite to the 

aplitic granite, as described by Zezza (Zezza et al., 1984b). At the base of the pluton δ
18

Oq is  

11.8 and δ
18

Oq - δ
18

Ow is ~ 1.7-1.8, while δ
18

Oq - δ
18

Os is 1.9. Higher in the pluton δ
18

Oq is 10.8-

12.0, without any correlation with depth despite significant variation in δ
18

Oq - δ
18

Ow. From the 

bottom of the batholith to 1200 m from the top δ
18

Oq - δ
18

Ow varies 1.9 to 0.3, while the upper 

~1200 m of aplitic granite has an average difference of ~0.1 and is < 0.2 (figure 4, figure 5A, 

Table 2-3). In the lower granite δ
18

Oq decreases and δ
18

Or broadly increases with increasing 

silica, but there is no correlation in the aplitic granite. 

DISCUSSION 

Alteration zonations of the caldera fill 

Hydrothermal alteration is widespread in all the remnants of Sesia caldera fill (Figure 

4.1). The circulation affected all intracaldera deposits, reaching a depth in block III of >4.1 km, 

which should be considered a minimum because the bottom of the section is truncated by 

Mesozoic faulting (Chapter III). Alteration broadly increases in the center of the caldera and near 
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caldera walls, suggesting a macroscopic zonation in which the areas of vuggy silica alteration are 

located along the caldera wall, along the contact with the aplitic granite, and along the margins of 

large landslides (Figure 4.1).  

The location of vuggy silica is not random; it characterizes boundaries between materials 

with different porosity, of which the intracaldera tuff is the most porous. For the large landslide 

wedges and lenses, cores are not altered but silicification widespread at the edges, suggesting 

that the core was not penetrated by significant fluid circulation. The observed structure can result 

from deviation of the hydrothermal circulation along boundaries of different porosity, focusing 

silicification and mineralization. 

High argillic alteration characterizes the edges of vuggy silica zones and also small areas 

near the Po plain. For the first case, the alteration appears related mainly to the presence of 

nearby silicification. For the second, high argillic alteration of the groundmass can be related 

both to hydrothermal circulation, and also to surficial alteration caused by sea water that reached 

lower hills during a Pliocene marine transgression (Chapter III). 

Evidences of two events of hydrothermal circulation? 

Although the alteration zonation in the caldera fill may suggest a single process, some 

observed pneumatylitic assemblages cannot be explained by a single alteration event. In rocks 

containing weak to intermediate alteration assemblages, calculated temperature suggested by the 

two-feldspar thermometer using the experimental solvus curves for feldspars of Nekvasil 

(Nekvasil, 1988), calculated with Therm-Calc program (Wen and Nekvasil, 1994) is below the 

minimum temperature measurable (350 ⁰C). A fluid temperature below 350 ⁰C would be 

compatible with ground-water circulation.  

In contrast to these low-temperature assemblages, rocks of the incipient thermo-

metamorphism zone have a completely recrystallized groundmass, sanidine is affected by 

metasomatism, and quartz is mineralized along cracks. These characteristics, together with the 

thickness of the thermo-metamorphism zone, suggest a temperature higher than circulation of hot 

groundwater. 

Mineral assemblages, along with pegmatitic and aplitic dikes that characterize the aplitic 

granite, suggest that a pneumatolitic phase was present during intrusion (Zezza, 1977). The 

pneumatolitic phase responsible for mineralization high in the pluton likely contributed to fluid 
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circulation in the caldera fill, producing fluids with a different chemical composition and higher 

temperature that enhanced the thermal impact of intrusion of the granite.  

Most silicification likely happened during this phase, because the wide zone of silica-

depleted rock is the area of incipient thermo-metamorphism, so silica was probably mobilized 

during intrusion of the aplitic granite. The thick quartz veins that cross the contact between 

granite and caldera fill indicate that emplacement of these veins, and part of the silicification, 

postdate the intrusion.  As circulation gradually became lower temperature, hot ground water 

may have become dominant.  

Differences between incipient thermo-metamorphism and low temperature circulation 

Compositional modification of the intracaldera volcanic rocks was sizable during high 

argillic alteration and incipient thermo-metamorphism, in contrast to the minor compositional 

changes during weakly and intermediate argillic alteration. In the high argillic and the incipient 

thermo-metamorphism areas, decreases of silica correspond to increases of barium and all major 

elements except for alkalis. These increases are interpreted as due to silica loss from the volcanic 

groundmass.  

Samples from the thermo-metamorphism zone are more dense and crystal rich that 

elsewhere in the Sesia ignimbrite (Chapter 4). In an ignimbrite silica will be depleted more from 

the groundmass than the minerals, yielding a denser rock with a higher crystal percentage. The 

increase of some major elements, such as Mg or Ti, can be explained by groundmass silica loss 

while elements concentrated in phenocrysts like biotite and opaques will be protected from fluid 

reactions. The large increase of these elements will be the result of groundmass silica loss 

together with increasing phenocryst content relative to the groundmass. 

In thermo-metamorphism areas, Na and Sr are enriched relative to all other samples, 

while in high argillic samples Na and Sr  are similar to less altered Sesia ignimbrite (Figure 2). 

Potassium is depleted relative to average Sesia ignimbrite, while in high argillic samples 

potassium is slightly higher (Figure 2). The minor content in potassium in the whole rock 

corresponds to an increase of potassium in altered sanidine and in groundmass K-feldspar 

(Figure 3).  

During thermo-metamorphism, potassium appears to have been mobilized in the fluid 

phase, metasomatizing sanidine phenocrysts and moving upward in the caldera fill. 

Metasomatism of sanidine is documented by compositions close to Or100 and groundmass 
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crystallization of orthoclase in the most altered caldera fill (Figure 3). Despite expectations, of 

greater mobility for sodium than potassium, sodium increases and potassium is depleted in 

altered rocks.  

Evidence of alteration in the aplitic granite? 

Major-element variations in the aplitic granite are smaller than in Sesia ignimbrite: 

sodium is higher, most other elements have small variations, aluminum decreases as silica 

increases with a distinctive trend, compatible with fractionation (Figure 2). Trace elements 

concentrations are distinctively greater than Sesia ignimbrite and show minor variation. Sodium 

and potassium lack have the variation observed in Sesia ignimbrite and the K/Na ratio is high 

and changes as silica increases. Although potassium concentrations are similar in the incipient 

thermo-metamorphism area and in the underneath aplitic granite, the K/Na ratio varies strongly 

in samples from Sesia ignimbrite but not in the aplitic granite (Figure 2). The variation in Sesia 

ignimbrite appears related to hydrothermal alteration, and the absence of this variation in the 

aplitic granite suggests that this process was not significant below the caldera fill.  

Strontium is generally higher in areas affected by thermo-metamorphism. If fluid was 

circulating in the aplitic granite, we would expect higher strontium in at least the upper part of 

the granite. Despite this prediction, in the aplitic granite, strontium concentrations are lower than 

in Sesia ignimbrite rocks, slightly decreasing with silica but without significant variation with 

depth 

Oxygen isotopes 

In the granitic batholith δ
18

O
 

quartz vary 10.8 to 11.8 average value is ~ 11.3, 

significantly higher than in Sesia ignimbrite. 

Although in the batholith we didn’t find any significant variation in δ
18

O quartz with 

depth, we observe that roughly δ
18

O
 
quartz - δ

18
O

 
whole rock decrease with depth, suggesting a 

change in the other minerals, likely due to an upward increasing of alteration of feldspar. We 

observe that δ
18

O
 
quartz - δ

18
O

 
whole rock change at ~ 1200m from top of the batholith > 0.3 to 

~ -0.1 on average with more heterogeneous values <0.2. 

In Sesia ignimbrite the higher value of δ
18

O
 
whole rock correspond to an increase of clay 

minerals in the groundmass, both at macroscale than at mesoscale in the same outcrop. We 

observe an increase of δ
18

O
 
whole rock in area with leopard skin pattern from sample of the less 

altered patch to a sample from the more altered (Table 4.3). While δ
18

O
 
quartz - δ

18
O

 
whole rock 
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is negative, while in the same samples where had been possible to analyze pristine sanidine  δ
18

O
 

quartz - δ
18

O
 
sanidine is positive, as is expected for magmatic fractionation (Figure 4.5B). 

Considering that clay minerals contain heavy oxygen, we argue that increase of δ
18

O in 

the whole rock is the result of alteration in clay mineral of the groundmass, with the result of 

higher δ
18

O in the whole rock. We suggest that δ
18

O
 
sanidine better reflect the isotopic 

composition of the whole rock before argillification, although we recognize that some exchange 

during welding and alteration should have happened.  

We observe that δ
18

O
 
quartz in samples from the area of incipient thermo-metamorphism 

is minor both from elsewhere Sesia ignimbrite that from the Aplitic granite, and δ
18

O
 
quartz - 

δ
18

O
 
whole rock is positive.  

We observe  δ
18

O
 
quartz  is <10.0 and δ

18
O

 
whole rock range 8.3 – 9.9, with exception of 

sample A09_21 where whole rock is 11.3 and quartz 10.5, and sample A09_7 where quartz is 

11.2. Sample A09_21 is affected by diffuse superficial alteration, and we infer higher whole rock 

reflect the increase in clay minerals. Sample A09_7 is near the contact with the aplitic granite, 

near an area with silicification and presents diffuse narrow quartz veins in the rocks. δ
18

O
 
quartz  

in sample A09_7 is similar to the aplitic granite, and in detail to the nearby sample “Cava S. 

Bononio” and is often altered in sericite in cracks. 

We argue the rocks affected by incipient thermo-metamorphism had been compacted and 

partially re-crystallized while the thermal impact relative to intrusion was finished, we infer that 

afterward those rocks would have been affected by minor fluid circulation than the Sesia 

ignimbrite elsewhere. We suggest that isotopic composition of quartz from the zone of incipient 

thermo-metamorphism can give a snapshot of equilibrium at the time of intrusion of the granite, 

while Sesia ignimbrite elsewhere was affected by a longer story of circulation of fluids and 

alteration and values can be the result of an isotopic exchange prolonged in time.  

Considering the less altered samples from the area of thermo-metamorphism we observe 

that δ
18

O quartz is ~1 minor than the average Sesia ignimbrite and minor > 1- 2 than the granitic 

pluton underneath. While interpretation of sample A09_7 is uncertain, other samples suggest a 

distinctive different δ
18

O than the aplitic granite both in whole rock than in quartz. 

We suggest a possible scenario although we recognize that the dataset is too limited to 

completely support the interpretation: the δ
18

O of the fluid circulating in Sesia caldera at the time 

of intrusion was different from δ
18

O in the melt that crystallized the aplitic granite, possibly also 
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eruptive δ
18

O of Sesia ignimbrite was <10. One possible explanation of the different δ
18

O is that 

the crystallizing granite was a system magma ± gas phase, while in the caldera fill the fluid was 

hot ground water ± gas phase. 

We don’t observe significant hydrothermal alteration inside the granite; quartz veins 

affected the contact with caldera fill. As suggested by Zezza, we observe that the top of the 

aplitic granite happened together a gas  phase, that characterize large part of the aplitic granite, 

but preferentially affected the part of the granite that intruded at uppermost level in the caldera 

fill (Figure 3.1, chapter III). We argue that the alteration of the upper part should be related more 

to supergene alteration of hhematite than as an effect of hydrothermal alteration. We argue that 

the contact caldera fill and aplitic granite suggesting that was an important boundary to the 

circulation hydrothermal circulation active inside Sesia caldera. 

Duration of hydrothermal alteration 

We analyzed two samples from block I for 
39

Ar
/40

Ar age determination, one from the 

incipient thermo-metamorphism zone A09_28, on in the middle of the caldera fill, in the area of 

intermediate argillic alteration A09_20. Results are reported in Figure 4.6.  

A09_28 show two major peaks one at ~ 276.8 Ma and 271 Ma; a smaller peak at ~266 

Ma is present. A09_20 show three major peaks one at 277 Ma, 275 Ma and 271 Ma; together 

with two minor peaks one at ~ 281 Ma and one at ~ 266 Ma.   

Although those are preliminary data and more determination are needed to constrain age 

of caldera collapse and alteration, we observe that both samples record a peak at ~ 277 Ma and a 

peak at ~271, and that peak at 277 is better defined in A09_20 while more widespread in 

A09_28. We observe that while the peak at 277 is inside the error the zircons age of the aplitic 

granite (Quick et al., 2009), while younger peaks are out of the error.. We argue that peaks 

younger than 277 can be result of an artifact of alteration, or reflect closure of hydrothermal 

circulation. We suggest two possible interpretation for the eruptive age of Sesia ignimbrite, (1) 

peak at 277 is the age of eruption, (2) peak at 277 is the age of alteration relative to intrusion of 

the aplitic granite, the eruptive age of Sesia ignimbrite is older. The second interpretation is 

compatible with a zircon age of Sesia ignimbrite of ~ 281 (Quick personal communication) and 

will correspond to the small older peak of A09_20, while in A09_28 the intrusion of the aplitic 

granite completely reseated the system. 
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Although 
39

Ar
/40

Ar data can be an artifact of alteration, we argue that good fit of main 

peaks between the two samples suggest that likely reflect events than opened the system. 

Although is possible that 277 is the eruption age, our preferred scenario is that eruptive age is 

older likely close to the zircon age. In this scenario the 277 peak will be the age of thermo-

metamorphism and 271 could be the cooling hydrothermal circulation beneath the closure of 

orthoclase.  This scenario is compatible with multiple peaks in A09_20, where fluids circulated 

in the porous groundmass, while in A09_28 are recorded only thermo-metamorphism and the 

complete closure of the system because intrusion of the aplitic granite completely re-crystallized 

the rock limiting fluids circulation. 

A long period of hydrothermal circulation is compatible with the activity during and after 

the intrusion of the aplitic granite, and that affected the complete sequence of post caldera 

volcanics exposed in caldera block III (Chapter III). 

CONCLUSIONS 

We document two stage of hydrothermal circulation is Sesia caldera, one to higher 

temperature related to emplacement of the aplitic granite (or at least at the very top of it) and 

enhanced by its gas phase; and another to a lower temperature which activity post-date the 

emplacement of the aplitic granite and the eruption of the “Upper Ignimbrite”. 
39

Ar
/40

Ar data are 

compatible with this scenario.  

We observe that hydrothermal circulation caused depletion of silica and metasomatism of 

the rock, affecting specific elements. Zonation of quartz, veining and silicification suggest that 

the deposition affected preferentially boundary between porous intracaldera ignimbrite and less 

porous materials as large landslides, caldera wall and contact between aplitic granite and the 

caldera fill. We don’t observe any of those phenomena in the aplitic granite, suggesting that the 

contact with the granite had been a boundary for the circulation of the hydrothermal fluids. 

This observation is compatible with a difference δ
18

O in quartz between aplitic granite 

and Sesia ignimbrite from area affected by thermo-metamorphism, suggesting that at this time 

isotopic composition of circulating fluids was different.  

We argue that in Sesia caldera hydrothermal fluids circulated only in the caldera fill, and 

the contact with the granite was a boundary to the circulation. 
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We suggest in this case of study that signals coming from hydrothermal circulation will 

be significant if the eruptible material is very shallow, but if the material was slightly deeper the 

hydrothermal circulation may not provide signals about the eruptible material but about the 

cooling of the caldera fill and about shallow intrusions underneath the caldera or at the ring fault. 
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Figure 4.1 Map of hydrothermal alteration in the Sesia Caldera, caldera geology is 

modified from Chapter III, the area of reddish color of the aplitic granite is modified 

from Zezza (Zezza, 1977). 
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Figure 4.2 Harkers diagrams of major and trace elements versus silica of Sesia 

ignimbrite, samples from intracaldera fill, aplitic granite and lower granite. Wt% --- 

weight percent, ppm --- parts per million. 

 



 

113 

 

 
Figure 4.3. Ternary plot of electron microprobe analysis of composition of feldspars 

from Upper Ignimbrite and Sesia Ignimbrite, plots are in order of increasing alteration. 

Samples Upper ignimbrite, A09_25,  A09_21 have been analyzed at USGS microprobe 

laboratory of Denver, samples A09_20 A09_28 have been analyzed at New Mexico Tech, 

microprobe laboratory, Socorro.  
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Figure 4.4. Sketch map of caldera block III until the roots of the granitic batholith 

underneath the caldera (Biellese granite). Numbers with locations are oxygen data 

(VSMOW), numbers with black fonts are results for whole rock, blue fonts are results for 

quartz, green fonts are result for K-feldspar, $--K feldspar is orthoclase, # Pre-caldera 

ignimbrite block in Sesia caldera fill.  

 



 

115 

 

 

  
Figure 4.5 
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       Figure 4.5. continued Oxygen isotopes ratios (‰VSMOW) of rocks from Sesia ignimbrite 

and the underneath pluton. (A) oxygen isotopes ratios of Sesia ignimbrite and rocks of the 

batholith underneath, plotted difference of ratios between quartz minus whole rocks (B) 

oxygen isotopes ratios of Sesia ignimbrite and rocks of the batholith underneath, plotted 

difference of ratios between quartz minus whole rocks minus versus quartz minus sanidine, 

black lines connect analysis on the same sample. (C) oxygen isotopes ratios of Sesia 

ignimbrite in area of thermo-metamorphism and the aplitic granite, plotted difference of 

ratios between quartz minus whole rocks. Sample A09_21 is affected by superficial 

alteration in clay minerals, quartz is altered in sericite, A09_7 is close to the contact with 

the pluton near an area of silicification and associated small quartz veins. Rose area of the 

aplitic granite, light blue area of more pristine thermo-metamorphosed Sesia ignimbrite. 
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Figure 4.6. Relative-probability diagrams for single crystal–sanidine 40Ar/39Ar age 

determinations. MSWD—Mean square weighted deviate. 
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Figure 4.7. Vuggy silica alteration (A) North of San Bononio village, aplitic dike near to the 

contact caldera fill-aplitic granite (B) Rio Osso, North-West of Gattinara city, Sesia 

ignimbrite are with silicification associated to pyrite mineralization, bleaching of the rock 

related to supergene alteration of pyrite, (C) East of Sostegno village, Riale Rovasanella 

altered  Sesia ignimbrite with quartz veins, with red oxidized lava lithics pencil is approx 6 

cm long (D) Rio Marchiazza Quartz veins in mega-block of pre-caldera lava. 
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Figure 4.8. Intermediate argillic alteration (A) South west of Serravalle Sesia, leopard skin 

pattern of alteration; (B) West of Villa del Bosco village, alteration along cracks; (C) 500 m 

North of San Giorgio village widespread argillification; (D) East of Asei, artificial damp, 

panorama of intermediate argillic alteration. 
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Figure 4.9. M.te Fenera North-West Near Fenera, mineralized breccia in the caldera wall 

(B) Upper ignimbrite, weak hydrothermal alteration, Rio Ciafera North West of Fornaci 

village;  (C) Valsessera road approx 500 m west of Sesia valley, Sesia ignimbrite member 

III, weackly argillic alteration (D) Rio Ostola, caldera block I; contact granite with caldera 

fill 
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Figure 4.10 sample A09_25 grain 12 sanidine, BSE image (B) sample A09_25 grain 12 

sanidine, nichols X (C) sample A09_25 grain 6 sanidine, BSE image (D) sample A09_25 

grain 6 sanidine, nichols X. (E) sample A09_25, grain 19-20-21 BSE image (F) sample 

A09_25 groundmass, BSE image.  
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Figure 4.11. (A) sample A09_20 area 3 BSE image (B) sample A09_20 area 3 nichols X (C) 

sample B09_1 area 3  BSE image (D) sample B09_1 area 3 nichols X (E) sample A09_ BSE 

image (F) sample A09_ BSE image.  
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Figure 4.12 (A) sample A09_21 BSE image (B) sample A09_21 nichols X (C) sample 

A09_25_A5 BSE image (D) sample A09_25 transmitted light  
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TABLE 4.1. SESIA IGNIMBRITE WHOLE ROCK GEOCHEMICAL DATA 
 

Unit weakly to intermediate argillic alteration 
 

Lat. (N45) 42.216 40.041  39.121  38.031 41.020  41.086  37.735  39.911  40.487  40.351 N45 41.365  

Long. (E8) 22.231 14.707 15.108 21.820 17.131 17.225 15.565 17.772 17.740 16.877 E8 13.670 

Sample A09_1 A09_3 A_09_8 A09_17 A09_18 A09_19 A09_20 A09_24 A09_25 A09_26 A09_41 

SiO2 76.61 77.25 76.28 75.87 76.24 76.84 76.37 76.37 77.16 77.27 76.16 

TiO2 0.09 0.08 0.11 0.12 0.09 0.08 0.09 0.12 0.09 0.10 0.09 

Al2O3 13.37 13.91 13.63 13.80 13.45 13.38 13.65 13.75 13.21 13.34 13.25 

FeOt 1.46 0.85 1.24 1.38 1.22 1.16 1.04 1.44 1.07 0.88 1.09 

MnO 0.02 0.00 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.03 0.02 

MgO 0.09 0.03 0.29 0.29 0.22 0.28 0.12 0.35 0.07 0.16 0.36 

CaO 0.10 -0.02 0.34 0.08 0.00 -0.01 0.27 0.07 0.23 0.22 0.30 

Na2O 2.92 2.69 2.88 2.04 2.95 3.07 3.01 2.26 3.22 2.85 3.67 

K2O 5.34 5.22 5.22 6.42 5.83 5.21 5.46 5.63 4.97 5.18 4.93 

P2O5 -0.03 0 0.00 0.01 -0.01 0 0 0 0 0 0.01 

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

K/Na 1.83 1.94 1.81 3.14 1.97 1.70 1.82 2.49 1.55 1.82 1.34 

Na2O+K2O 8.27 7.90 8.09 8.46 8.78 8.27 8.47 7.90 8.19 8.04 8.60 

Cr -6.00 -5.00 2.00 0.00 -6.00 -6.00 -4.00 -3.00 -7.00 -3.00 2.00 

Ni 4.00 3.00 1.00 5.00 2.00 0.00 4.00 4.00 2.00 3.00 3.00 

Ba 196.00 180.00 270.00 314.00 209.00 166.00 147.00 302.00 174.00 300.00 0.00 

Be     4.00  3.00  4.00   

Co     65.80  72.70  104.60  91.00 

Cs     4.90  11.00  8.20   

Ga     17.00  18.30  18.80   

Hf     5.70  5.70  5.40   

Nb 22.00 29.00 19.00 25.00 14.10 19.00 15.80 18.00 15.70 16.00  

Rb 241.00 260.00 228.00 262.00 238.80 242.00 225.30 233.00 213.10 217.00 220.00 

Sn     4.00  6.00  6.00   

Sr 44.00 39.00 52.00 103.00 22.80 30.00 18.00 53.00 20.00 41.00 23.00 

Ta     2.60  3.10  3.80   

Th     22.30  22.20  19.40   

U     5.40  2.90  5.90   

V     <8  <8  <8  0.00 

W     447.00  540.80  741.50   

Zr 206.00 215.00 204.00 240.00 137.10 199.00 144.60 206.00 135.70 175.00 155.00 

Y 56.00 52.00 53.00 37.00 48.30 55.00 38.10 45.00 43.60 52.00 45.00 

La 84.00 30.00 52.00 25.00 41.70 35.00 37.60 52.00 39.80 42.00  

Ce 67.00 46.00 99.00 46.00 83.90 74.00 76.90 109.00 88.00 91.00 2.00 

Pr     11.16  9.98  10.59   

Nd 74.00 27.00 51.00 24.00 45.10 37.00 38.80 47.00 43.20 49.00 9.00 

Sm 74.00    8.74  7.65  8.49   

Eu     0.38  0.36  0.43   

Gd     8.06  7.04  7.83   

Tb     1.43  1.20  1.34   

Dy     8.26  6.75  7.96   

Ho     1.63  1.31     

Er     4.84  4.10     

Tm     0.74  0.62     

Yb     4.39  3.93     

Lu     0.65  0.59     
 

NOTE: Lat.(N45) --- Latitude referred to North 45 hddd⁰, value in the Table refers to mm.mmm’, Long (E8) --- Longitude referred to East 8 hddd⁰, value in the Table refers to mm.mmm’, 

datum: WGS 84. Thermo-metamorph. --- Thermo-metamorphism 
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TABLE 4.1. CONTINUED 
 

Unit Incipient thermo-metamorphism 
 

High argillic alteration 
 

Lat. (N45) 42.085  38.073  42.523  39.268  40.238  38.893  38.910  39.534  39.045  37.876  39.456  40.934  36.453  36.788  

Long. (E8) 19.957 13.818 23.597 12.973 12.786 13.820 13.839 13.346 13.850 14.199 14.977 14.634 15.152 16.175 

Sample A09_2 A_09_7 A_09_10 A09_21 A09_22 A09_27 A09_28 A09_32 A09_33 S09_4 A_09_13 A09_34 A09_39 A09_40 

SiO2 73.47 71.05 72.40 73.27 74.76 76.88 73.60 74.59 72.91 77.69 71.00 75.48 73.53 71.46 

TiO2 0.20 0.42 0.27 0.26 0.19 0.13 0.21 0.14 0.13 0.03 0.19 0.12 0.12 0.19 

Al2O3 15.21 14.52 15.18 15.07 14.71 12.91 14.46 14.20 14.86 12.54 18.82 13.54 14.39 15.75 

FeOt 1.07 3.68 2.36 2.31 2.17 1.31 2.01 1.44 1.44 0.66 2.22 1.31 2.27 2.31 

MnO 0.05 0.05 0.05 0.03 0.03 0.02 0.03 0.02 0.03 0.01 0.05 0.03 0.02 0.03 

MgO 0.40 1.34 1.08 0.93 0.92 0.47 0.67 0.55 0.47 0.03 0.31 0.39 0.58 0.71 

CaO 0.30 1.32 0.46 0.21 0.16 0.43 0.84 0.25 0.60 0.17 1.39 0.06 0.17 0.17 

Na2O 3.39 3.83 2.90 2.93 2.67 3.20 3.59 3.90 4.62 2.73 0.07 2.88 2.59 2.13 

K2O 5.89 3.75 5.31 4.94 4.39 4.64 4.56 4.72 4.76 6.18 5.94 6.03 6.06 6.97 

P2O5 0.03 0.06 0.02 0.02 0.01 0.00 0.02 0.03 0.02 -0.02 0.00 0.02 0.02 0.02 

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

K/Na 1.74 0.98 1.83 1.68 1.65 1.45 1.27 1.21 1.03 2.26 84.23 2.09 2.34 3.27 

Na2O+K2O 9.27 7.58 8.20 7.88 7.05 7.85 8.15 8.62 9.38 8.90 6.01 8.91 8.65 9.10 

Cr -5.00 10.00 7.00 4.00 0.00 -6.00 1.00 3.00 3.00 -7.00 -9 4.00 5.00 6.00 

Ni 3.00 6.00 7.00 7.00 2.00 1.00 5.00 3.00 3.00 1.00 -1 4.00 3.00 4.00 

Ba 659.00 671.00 745.00 613.00 430.00 419.00 463.00 374.00 455.00 112.00 709 212.00 193.00 515.00 

Be    3.00   4.00        

Co    61.00   76.20 88.00 70.00   92.00 64.00 68.00 

Cs    6.00   5.80        

Ga    19.60   19.70        

Hf    7.30   5.90        

Nb -

956.00 

20.00 20.00 17.40 21.00 28.00 16.90 19.00 58.00 15.00 18 13.00 96.00 11.00 

Rb 242.00 135.00 229.00 173.40 210.00 213.00 197.10 202.00 191.00 278.00 263 225.00 242.00 222.00 

Sn    5.00   6.00        

Sr 63.00 207.00 60.00 66.40 121.00 71.00 85.90 66.00 79.00 65.00 19 24.00 38.00 44.00 

Ta    2.20   3.40        

Th    17.90   17.00        

U    5.10   5.80        

V    21.00   17.00 2.00 1.00   2.00 4.00 9.00 

W    345.80   578.70        

Zr 386.00 318.00 259.00 222.40 247.00 245.00 155.50 54.00 73.00 108.00 349 175.00  79.00 

Y 53.00 48.00 51.00 38.90 46.00 56.00 41.60 108.00 45.00 55.00 61 49.00 41.00 45.00 

La 68.00 55.00 43.00 39.10 28.00 42.00 32.30 138.00 49.00 10.00 62 43.00 51.00 83.00 

Ce 132.00 116.00 97.00 67.30 81.00 93.00 70.40 89.00 98.00 28.00 110 100.00 69.00 143.00 

Pr    10.31   8.83        

Nd 62.00 53.00 46.00 41.40 37.00 48.00 33.90 145.00 52.00 18.00 58 43.00 47.00 75.00 

Sm    7.87   7.26        

Eu    1.11   0.94        

Gd    7.10   6.88        

Tb    1.20   1.24        

Dy    6.93   7.30        

Ho    1.39   1.42        

Er    4.10   4.12        

Tm    0.64   0.65        

Yb    4.08   4.24        

Lu    0.61   0.64        
 

NOTE: Lat.(N45) --- Latitude referred to North 45 hddd⁰, value in the Table refers to mm.mmm’, datum: WGS 84; Long (E8) --- Longitude referred to East 8 hddd⁰, value in the Table 

refers to mm.mmm’, datum: WGS 84. 

 

 

 

 

 



 

126 

 

 

TABLE 4.2. DETAILS OF SAMPLING LOCATION AND ROCK OF SAMPLES ANALYZED FOR OXYGEN ISOTOPE RATIOS 

Sample Latitude N Longitude W Rock type Description  
 

 

R4 blk  N45 36.886  E8 14.742 Pre-caldera ignimbrite Ignimbrite block in tuff matrix of Sesia Ignimbrite, intermediate argillic alteration 

A_09_3 N45 40.041  E8 14.707 Sesia Ignimbrite Intracaldera ignimbrite mbr. I, fiami with flattering ratio of1:50,  low argillic alteration  

A_09_7 N45 38.073  E8 13.818 Sesia Ignimbrite Intracaldera ignimbrite mbr. I, incipient thermo-metamorphism, close intrusive contact with aplitic granite 

A_09_8 N45 39.121  E8 15.108 Sesia Ignimbrite Intracaldera ignimbrite mbr. I, transitional from Intermediate argillic alteration to incipient thermo-metamorphism 

A_09_12 N45 40.652  E8 14.061 Sesia Ignimbrite Intracaldera ignimbrite, intermediate argillic alteration 

A_09_20 N45 37.735  E8 15.565 Sesia Ignimbrite Intracaldera ignimbrite mbr. I, intermediate argillic alteration, samples of less altered area 

A09_20A N45 37.735  E8 15.568 Sesia Ignimbrite Intracaldera ignimbrite mbr. I, intermediate argillic alteration, samples of more altered area 

A_09_21 N45 39.268  E8 12.973 Sesia Ignimbrite Intracaldera ignimbrite mbr. II, high propilitic alteration, approx 150 m from intrusive contact with aplitic granite  

A_09_22 N45 40.238  E8 12.786 Sesia Ignimbrite Intracaldera ignimbrite mbr. II, high propilitic alteration, close intrusive contact with foliated granite  

A09_32 N45 39.534  E8 13.346 Sesia Ignimbrite Intracaldera ignimbrite mbr. II, high propilitic alteration, close to  intrusive contact with aplitic granite 

A09_33 N45 39.045  E8 13.850 Sesia Ignimbrite  Intracaldera ignimbrite mbr. II, high propilitic alteration, close to  intrusive contact with aplitic granite 

A09_34 N45 40.934  E8 14.634 Sesia Ignimbrite  Intracaldera ignimbrite mbr. I, low argillic alteration 

A09_35 N45 36.115  E8 14.611 Sesia Ignimbrite Intracaldera ignimbrite, tuff fill between landslide breccia, incipient thermo-metamorphism 

A09_38 N45 36.115  E8 14.611 Sesia Ignimbrite Intracaldera ignimbrite, tuff fill between landslide breccia, incipient thermo-metamorphism 

A09_39 N45 36.453  E8 15.152 Sesia Ignimbrite,  Intracaldera ignimbrite mbr. I, intermediate argillic alteration, samples of less altered area  

A09_39A N45 36.453  E8 15.152 Sesia Ignimbrite,  Intracaldera ignimbrite mbr. I, intermediate argillic alteration, samples of more altered area 

A09_40 N45 36.788  E8 16.175 Sesia Ignimbrite,  Intracaldera ignimbrite mbr. I, intermediate argillic alteration, high argillification of the groundmass 

A09_41 N45 41.365 E8 13.670 Sesia Ignimbrite,  Intracaldera ignimbrite mbr. I, intermediate argillic alteration 

PST 192 N45 37.907  E8 08.663 Lower Valle Mosso Coarse grain, Kf (pertite), pl, qz, Bt, ortite, biotite partially altered in chlorite 

PST 194 A N45 38.311  E8 08.801 Lower Valle Mosso Coarse grain, with fine grain matrix, Kf (pertite), pl, qz, Bt biotite low alteration in chlorite 

PST 202 N45 36.552  E8 10.642 Lower Valle Mosso Coarse grain, with fine grain matrix Kf (pertite, zoned ), pl, qz, Bt 

PST 213 N45 38.492  E8 10.708 Lower Valle Mosso Medium grain, Kf (pertite), pl, qz, Bt 

PST 196A N45 39.277  E8 11.619 Upper Valle Mosso Medium grain, Kf (pertite), pl, qz, Bt, (Ms); biotite altered in clorite 

PST 196 B N45 39.277  E8 11.619 Upper Valle Mosso Pegmatitic dike Medium grain, Kf (pertite), pl, qz, Bt, Ms; biotite altered in clorite 

PST 206 N45 35.645  E8 12.377 Upper Valle Mosso Fine grain Kf (pertite), pl, qz, Bt, (Ms); biotite altered in clorite 

PST 221 B N45 38.191  E8 12.461 Upper Valle Mosso pegmatitic dike, medium grain in the centre, Kf (pertite), pl, qz, Bt, Ms; biotite altered in chlorite  

PST 222 N45 38.234  E8 12.572 Upper Valle Mosso Medium-Fine grain, Kf (pertite), pl, qz, Bt, (Ms); biotite altered in chlorite 

PST 223 N45 37.889  E8 12.076 Upper Valle Mosso Medium-Fine grain, Kf (pertite), pl, qz, (Bt), Ms; biotite oxidized, mild alteration 

PST 224 N45 38.036  E8 11.938 Upper Valle Mosso Medium grain with area of fine grain; Kf (pertite), pl, qz, Bt, Ms; mild alteration 

PST 228 N45 38.036  E8 11.938 Upper Valle Mosso Medium grain; Kf (pertite), pl, qz, Bt, Ms; mild alteration 

PST 230 N45 37.671  E8 13.605 Upper Valle Mosso Medium-coarse grain, altered; Kf (pertite), pl, qz, Bt, Ms; biotite low alteration in chlorite 

C. Cacciano N45 36.789  E8 13.334 Upper Valle Mosso Medium grain, altered Pl and Kf (pertite) bt altered in chlorite 

C. S.Bononio N45 38.228  E8 13.591 Upper Valle Mosso Medium grain, altered Pl and Kf (pertite) bt altered in chlorite 

 

Note: Latitude and Longitude are referred to grid: hddd⁰ mm.mmm’, datum: WGS 84. C.---Cava; Kf—Potassium feldspar, plag---plagioclase, qz---quartz, bt---biotite, ms---muscovite. 
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TABLE 4.3. OXYGEN ISOTOPE RATIOS (‰VSMOW) OF WHOLE ROCK, QUARTZ AND FELDSPAR SAMPLES 

Sample # Rock δ18O whole rock σ δ18Oquartz σ δ18Ofeldspar δ18OQz-W.R. δ18OQz-F 
 

 

A09_22 Ignimbrite 9.90  10.00   0.10  

A09_32 Ignimbrite 9.10  9.90   0.80  

A09_21 Ignimbrite 11.30  10.50   -0.80  

A09_33 Ignimbrite 8.30  9.60   1.30  

A09_7 Ignimbrite 9.70, 9.40 0.21 11.20   1.50  

A09_41 Ignimbrite 11.60  10.90   -0.70  

A09_34 Ignimbrite 13.80  10.90   -2.90  

A09_12 Ignimbrite 12.60, 12.40 0.14 10.40   -2.20  

A09_3 Ignimbrite 11.60  11.30   -0.30  

A09_8 Ignimbrite 12.30  11.20   -1.10  

A09_20† Ignimbrite 11.30  10.90  10.80 -0.40 0.10 

A09_20A Ignimbrite 11.50  10.70   -0.80  

R4 blk Ignimbrite 16.00  10.60   -5.40  

A09_38 Ignimbrite 15.10       

A09_35* Ignimbrite 13.30  10.10, 11.60 1.06 13.30 -3.20 -3.20 

A09_39 Ignimbrite 14.00  10.90   -3.10  

A09_39A Ignimbrite 14.40  10.80   -3.60  

A09_40† Ignimbrite 14.60  10.70  10.00 -3.90 0.70 

PST 192 Lower VM 10.07  11.80   1.73  

PST 194A# Lower VM 9.96  11.84, 11.63 0.15 9.82 1.88 2.02 

PST 202 Lower VM 10.60, 10.83 0.16 11.40, 11.30 0.07  0.80  

PST 213# Lower VM 10.51  11.05  10.53 0.54 0.52 

PST 196A Lower VM 10.41  11.40   0.99  

PST 196B Apltitic dike 10.86  10.80   -0.06  

PST 206 Upper VM 11.46  11.50   0.04  

PST 221B Upper VM 10.94  11.20   0.26  

PST 222 Upper VM 11.30  11.00   -0.30  

PST 223 Upper VM 10.82, 10.77 0.04 11.20   0.38  

PST 224 Upper VM 11.39  12.00   0.61  

PST 228 Upper VM 11.41  10.90   -0.51  

PST 230 Upper VM 11.08  11.10   0.02  

Cava Cacciano Upper VM 11.38  11.30   -0.08  

Cava S. Bononio Upper VM 11.09, 11.10 0.01 11.30   0.21  

 

Note: Analyzed at S.M.U. Isotope Lab. Dallas, analyst I.Richards, VM--- Valle Moso granite, Qz—Quartz, W.R.---Whole rock, F---Feldspar † samples where the feldspar is sanidine, 
samples where feldspar orthoclase, # samples where feldspar is pertitic  
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TABLE 4.4. ELECTRON MICROPROBE ANALYSIS OF FELDSPAR FROM SESIA CALDERA 
 

Alteration  Intermediate argillic alteration 

Mineral Sanidine 
 

Sample A09_25 
 

A09_20 
 

Notes: core  core  core  core  rim  alt. core grm# grm# grm# core   alt. core grm# grm# 

Grain-spot 3-1 6-5 6-7 12-6 6-3 12-1 23-1 25-1 28-1 10-1 4-1 2-1 7-1 

F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.60 0.00 0.04 0.00 

Na2O 1.66 3.80 3.91 4.14 3.19 3.33 2.44 2.35 2.84 0.34 4.48 3.76 3.04 

MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.31 0.00 0.00 0.00 

FeO 0.06 0.05 0.08 0.06 0.07 0.03 0.03 0.10 0.04 28.09 0.04 0.17 0.07 

MnO 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.68 0.00 0.00 0.00 

TiO2 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 1.78 0.01 0.00 0.01 

SiO2 65.37 69.14 69.09 65.63 64.00 59.37 68.19 68.11 68.43 36.28 68.35 68.43 67.44 

Al2O3 18.48 18.56 18.34 18.74 18.18 16.85 18.46 18.73 18.68 14.67 18.73 19.10 18.78 

CaO 0.11 0.15 0.13 0.16 0.10 0.12 0.01 0.00 0.05 0.00 0.21 0.08 0.10 

Cl 0.01 0.00 0.00 0.00 0.02 0.02 0.01 0.01 0.02 0.78 0.01 0.00 0.00 

K2O 13.93 10.74 10.72 10.73 11.71 11.38 13.05 13.24 12.42 8.73 10.08 11.22 12.30 

BaO 0.08 0.14 0.09 0.05 0.11 0.09 0.10 0.17 0.03 0.00 0.03 0.00 0.10 

 O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -1.75 0.00 -0.02 0.00 

TOTAL 99.71 102.60 102.37 99.51 97.39 91.20 102.29 102.71 102.51 95.51 101.94 102.80 101.83 

 F K-RAW* -0.01 -0.01 0.00 0.00 -0.01 -0.01 -0.01 -0.01 0.00 0.42 0.00 0.00 -0.01 

Na K-RAW* 0.13 0.31 0.32 0.34 0.26 0.27 0.20 0.19 0.23 0.02 0.36 0.30 0.25 

Mg K-RAW* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00 

Fe K-RAW* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.38 0.00 0.00 0.00 

Mn K-RAW* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 

Ti K-RAW* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 

Si K-RAW* 0.99 1.04 1.04 0.98 0.96 0.89 1.03 1.03 1.03 0.51 1.02 1.03 1.01 

Al K-RAW* 0.53 0.53 0.52 0.53 0.52 0.48 0.53 0.53 0.53 0.37 0.53 0.54 0.53 

Ca K-RAW* 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 

Cl K-RAW* 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.59 0.00 0.00 -0.01 

 K K-RAW* 0.94 0.72 0.72 0.72 0.79 0.76 0.87 0.89 0.83 0.61 0.67 0.75 0.82 

Ba K-RAW* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 F % ERR†   -57.39 -120.40 -236.90 -145.17 -43.72 -74.77 -124.75 -71.44 -146.87 3.75 -1769.20 159.37 -81.51 

Na % ERR†   1.95 1.24 1.22 1.18 1.36 1.33 1.57 1.62 1.45 6.21 1.14 1.25 1.40 

Mg % ERR†   -21.02 -24.14 -57.91 -37.64 -38.46 -31.31 -23.40 -28.34 -27.69 1.41 -30.62 -29.88 -31.02 

Fe % ERR† 30.43 32.34 22.92 30.81 25.25 51.94 54.68 17.62 45.61 0.46 45.59 11.62 28.30 

Mn % ERR†   -48.53 -122.22 -93.90 -372.68 174.80 -82.07 -1170.50 1195.86 163.51 6.48 -101.38  -155.84 

Ti % ERR† 169.79 220.16 133.94 94.02 143.02 -101.24 0.00 -83.86 309.62 0.90 125.12 205.82 52.11 

Si % ERR† 0.21 0.20 0.20 0.21 0.21 0.22 0.20 0.20 0.20 0.29 0.20 0.20 0.21 

Al % ERR† 0.38 0.38 0.38 0.37 0.38 0.39 0.38 0.37 0.38 0.45 0.37 0.37 0.37 

Ca % ERR† 14.67 11.69 12.62 10.63 16.60 13.47 162.34 1220.65 31.90 -115.30 8.11 17.92 15.45 

Cl % ERR†   108.50 -1024.70 2076.01 362.09 62.25 52.05 118.67 107.48 59.45 2.87 152.88 2012.50 -94.40 

 K % ERR† 0.61 0.70 0.69 0.69 0.66 0.67 0.63 0.62 0.64 0.76 0.72 0.68 0.65 

Ba % ERR†  74.12 42.53 64.77 112.45 49.25 59.27 52.71 33.08 198.61 -137.84 199.49 -105.41 56.52 

 RELDIST 0.00 90.21 315.51 165.11 0 0 0 0 0 0 0 0 0 

 BEAMCUR 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 

 ABSBCUR 0 0 0 0 0 0 0 0 0 0 0 0 0 
 

NOTES: grm# --- groundmass; %ERR† --- percent error; K-RAW* --- cations raw data. 
RELDIST BEAMCUR ABSBCUR 
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TABLE 4.4. CONTINUED 
 

Alteration  Incipient thermo-metamoprhism Weakly argillic alteration 

Mineral Sanidine Sanidine 

Sample A09_21 
 

B09_21 
 

Notes: core  core  core  rim  rim  small grain core  core  rim rim rim  rim (tip) rim  

Grain-spot 2-2 3-2 4-2 3-1 4-1 2-1 4-1 5-1 10-10 12-1 4-2 5-2 10-1 

F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Na2O 1.12 1.06 2.31 0.62 2.25 0.65 2.87 3.23 3.25 3.26 3.35 3.16 3.18 

MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

FeO 0.07 0.00 0.07 0.03 0.10 0.07 0.04 0.01 0.04 0.07 0.04 0.04 0.06 

MnO 0.00 0.01 0.02 0.01 0.00 0.00 0.00 0.02 0.01 0.02 0.03 0.00 0.01 

TiO2 0.01 0.01 0.00 0.01 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.01 0.00 

SiO2 65.71 65.27 65.27 65.89 66.70 65.37 67.53 67.74 67.68 68.45 67.62 68.31 67.15 

Al2O3 18.63 19.12 18.78 18.71 18.45 18.93 18.46 18.67 18.62 18.52 18.52 18.76 18.63 

CaO 0.03 0.02 0.05 0.00 0.12 0.01 0.12 0.13 0.11 0.19 0.15 0.13 0.16 

Cl 0.01 0.02 0.00 0.02 0.01 0.00 0.01 0.01 0.01 0.00 0.03 0.02 0.01 

K2O 15.03 14.72 13.30 15.49 13.16 15.34 12.35 11.79 11.80 11.81 11.68 12.12 11.86 

BaO 0.33 0.60 0.32 0.48 0.26 0.36 0.07 0.01 0.09 0.03 0.00 0.00 0.00 

 O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.01 0.00 0.00 

TOTAL 100.91 100.83 100.12 101.26 101.05 100.76 101.45 101.61 101.62 102.34 101.42 102.54 101.07 

 F K-RAW* -0.01 -0.01 0.00 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 0.00 -0.01 -0.01 0.00 

Na K-RAW* 0.09 0.08 0.19 0.05 0.18 0.05 0.23 0.26 0.26 0.26 0.27 0.26 0.26 

Mg K-RAW* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Fe K-RAW* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Mn K-RAW* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ti K-RAW* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Si K-RAW* 0.99 0.98 0.98 1.00 1.00 0.99 1.02 1.02 1.02 1.03 1.02 1.03 1.01 

Al K-RAW* 0.53 0.55 0.53 0.54 0.52 0.54 0.52 0.53 0.53 0.53 0.53 0.53 0.53 

Ca K-RAW* 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Cl K-RAW* 0.00 0.01 -0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.02 0.01 0.01 

 K K-RAW* 1.01 0.99 0.89 1.04 0.88 1.03 0.83 0.79 0.79 0.79 0.78 0.81 0.79 

Ba K-RAW* 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 F % ERR†   -74.42 -64.68 -271.82 -72.62 -79.51 -63.83 -97.55 -110.55 -108.61 -1615.60 -49.80 -68.61 0.00 

Na % ERR†   2.45 2.54 1.63 3.43 1.64 3.35 1.45 1.36 1.35 1.35 1.33 1.37 1.37 

Mg % ERR†   -21.31 -17.40 -21.15 -19.78 -13.30 -18.15 -27.30 -24.26 -24.50 -40.99 -30.14 -32.85 -33.38 

Fe % ERR† 27.80 -174.19 26.78 52.91 19.81 26.18 44.51 330.54 49.73 27.34 47.19 42.18 28.45 

Mn % ERR†   -163.51 381.52 100.82 188.56 -124.23 -608.27 -287.23 146.84 167.21 117.47 83.91 -113.18 185.59 

Ti % ERR† 89.58 57.47 180.65 112.33 -191.87 38.39 169.36 100.13 239.06 -194.63 219.82 72.88 179.74 

Si % ERR† 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.20 0.21 0.20 0.21 0.20 0.21 

Al % ERR† 0.37 0.37 0.37 0.37 0.38 0.37 0.38 0.37 0.38 0.38 0.38 0.37 0.38 

Ca % ERR† 55.67 68.10 30.39 -1247.00 13.01 136.98 13.23 12.27 14.78 8.66 10.92 13.41 10.16 

Cl % ERR†   182.50 63.43 -61.08 52.98 184.30 -263.98 191.77 111.39 93.43 422.84 36.00 51.36 109.77 

 K % ERR† 0.58 0.59 0.62 0.57 0.62 0.58 0.65 0.66 0.66 0.66 0.67 0.65 0.66 

Ba % ERR†  19.16 12.02 20.64 14.94 23.81 17.58 81.92 604.15 62.45 208.17 -144.70 -109.29 1195.82 

 RELDIST 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 254.89 494.69 0.00 0.00 0.00 

 BEAMCUR 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 

 ABSBCUR 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 

NOTES: grm# --- groundmass; %ERR† --- percent error; K-RAW* --- cations raw data. 
 

 

 

 



 

130 

 

 
TABLE 4.4. CONTINUED 

 

Alteration  Weakly argillic alteration Intermediate argillic alteration   

Mineral Sanidine Plagioclase   

Sample B09_1 
 

A09_25 
 

  

Notes: rim grm# rim  core  core rim  rim  rim  rim  rim  rim    

Grain-spot 12-21 9-1 5-1 5-2 22-2 22-3 22-4 22-5 22-6 22-7 22-8   

F 0.00 0.01 0.00 0.02 0.02 0.00 0.01 0.00 0.00 0.01 0.00   

Na2O 3.19 3.19 11.44 11.44 11.13 11.57 11.73 11.12 11.47 11.58 11.66   

MgO 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.00   

FeO 0.09 0.06 0.29 0.07 0.02 0.06 0.03 0.06 0.05 0.06 0.04   

MnO 0.00 0.00 0.00 0.06 0.00 0.04 0.02 0.01 0.05 0.00 0.00   

TiO2 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00   

SiO2 68.00 67.26 66.01 66.33 70.33 71.43 71.13 69.81 70.60 72.31 69.73   

Al2O3 18.60 18.50 19.27 19.40 21.28 20.70 20.95 21.62 21.07 20.67 20.61   

CaO 0.13 0.14 0.09 0.13 0.25 0.01 0.09 0.51 0.07 0.03 0.07   

Cl 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.02 0.00 0.00 0.01   

K2O 11.82 11.86 0.10 0.23 0.14 0.05 0.05 0.09 0.09 0.07 0.05   

BaO 0.02 0.00 0.00 0.07 0.01 0.01 0.01 0.00 0.03 0.00 0.00   

 O 0.00 -0.01 0.00 -0.01 -0.01 0.00 -0.01 0.00 0.00 0.00 0.00   

TOTAL 101.85 101.04 97.20 97.78 103.19 103.88 104.04 103.24 103.43 104.71 102.17   

 F K-RAW* -0.01 0.00 -0.01 0.00 0.00 -0.01 0.00 0.00 -0.01 0.00 -0.01   

Na K-RAW* 0.26 0.26 0.96 0.96 0.94 0.98 0.99 0.94 0.97 0.98 0.98   

Mg K-RAW* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

Fe K-RAW* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

Mn K-RAW* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

Ti K-RAW* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

Si K-RAW* 1.02 1.01 0.96 0.97 1.02 1.04 1.04 1.02 1.03 1.06 1.02   

Al K-RAW* 0.53 0.53 0.53 0.53 0.59 0.57 0.58 0.60 0.58 0.57 0.57   

Ca K-RAW* 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.03 0.00 0.00 0.00   

Cl K-RAW* 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.01 -0.02 0.00 0.01   

 K K-RAW* 0.79 0.79 0.01 0.02 0.01 0.00 0.00 0.01 0.01 0.00 0.00   

Ba K-RAW* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

 F % ERR†   -72.16 534.37 -44.90 413.82 276.89 -63.88 550.76 -796.85 -121.87 777.82 -79.69   

Na % ERR†   1.37 1.36 0.69 0.69 0.70 0.69 0.68 0.70 0.69 0.69 0.68   

Mg % ERR†   -22.81 -30.47 357.07 79.66 260.00 -124.87 55.73 -109.01 -62.29 -410.00 -37.76   

Fe % ERR† 21.66 30.44 7.29 25.59 82.91 27.90 64.42 29.90 34.39 31.41 40.59   

Mn % ERR†   -110.22 -538.51 -225.39 33.95 -160.99 56.93 140.31 177.95 46.77 -104.84 -139.19   

Ti % ERR† 80.27 55.64 -74.74 -604.98 98.33 573.91 112.92 -87.16 -195.07 -61.63 -160.35   

Si % ERR† 0.20 0.21 0.21 0.21 0.20 0.20 0.20 0.21 0.20 0.20 0.21   

Al % ERR† 0.38 0.38 0.38 0.37 0.36 0.36 0.36 0.35 0.36 0.36 0.36   

Ca % ERR† 12.28 11.74 15.59 11.40 7.37 126.88 15.75 4.20 21.60 49.53 21.34   

Cl % ERR†   670.82 202.48 -1813.80 41.54 512.34 -1022.20 -148.80 59.30 -42.08 -187.41 65.70   

 K % ERR† 0.66 0.66 11.19 5.97 9.09 22.82 20.50 13.25 13.18 16.68 21.76   

Ba % ERR†  247.39 -80.83 -378.59 66.29 600.00 409.61 412.31 -80.83 147.90 -41.10 -239.16   

 RELDIST 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

 BEAMCUR 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21   

 ABSBCUR 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   

NOTES: grm# --- groundmass; %ERR† --- percent error; K-RAW* --- cations raw data. 
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TABLE 4.5. LASER FUSION DATA, SANIDINE FROM SESIA IGNIMBRITE 

 

A-09-20, Sanidine, J=0.0015765±0.06%, D=1.005±0.001, NM-226E,  Lab#=59153 
 

Run ID ID 40Ar/39Ar 37Ar/39Ar 37Ar/39Ar 39ArK (x 10-15 mol) K/Ca    40Ar*(%)     Age(Ma)       ±1s  (Ma)     

59153-02A 02A 100.2    0.0148 0.0148 1.200 34.4   98.5 260.97  0.97  

59153-04B 04B 101.0    0.0082 0.0082 3.618 62.5   99.4 264.96  0.47  

59153-03B 03B 101.5    0.0096 0.0096 5.182 53.0   99.3 265.95  0.48  

59153-03A 03A 103.7    0.0126 0.0126 2.280 40.4   97.4 266.52  0.87  

59153-08B 08B 102.0    0.0182 0.0182 1.637 28.1   99.2 267.00  0.73  

59153-02C 02C 101.7    0.0082 0.0082 4.099 62.5   99.5 267.13  0.43  

59153-14B 14B 102.1    0.0078 0.0078 1.544 65.2   99.5 267.78  0.79  

59153-14A 14A 102.8    0.0057 0.0057 3.485 88.7   99.1 268.50  0.57  

59153-06C 06C 103.0    0.0121 0.0121 2.623 42.1   99.2 269.39  0.63  

59153-03C 03C 102.7    0.0110 0.0110 3.555 46.3   99.5 269.42  0.50  

59153-07A 07A 102.8    0.0072 0.0072 2.514 70.5   99.5 269.52  0.63  

59153-08C 08C 103.3    0.0087 0.0087 3.006 58.6   99.1 269.89  0.61  

59153-13B 13B 103.2    0.0076 0.0076 1.592 67.1   99.2 269.98  0.71  

59153-13C 13C 103.3    0.0013 0.0013 1.721 396.2   99.3 270.57  0.64  

59153-14C 14C 103.1    0.0079 0.0079 2.399 64.8   99.7 270.88  0.61  

59153-13D 13D 103.9    0.0078 0.0078 2.882 65.0   99.0 270.97  0.58  

59153-04C 04C 103.3    0.0094 0.0094 4.061 54.4   99.7 271.41  0.56  

59153-06B 06B 103.9    0.0098 0.0098 2.958 51.9   99.3 271.74  0.74  

59153-10A 10A 104.0    0.0068 0.0068 3.329 75.1   99.5 272.49  0.60  

59153-05C 05C 104.0    0.0114 0.0114 1.734 44.8   99.7 273.09  0.78  

59153-02D 02D 104.0    0.0059 0.0059 4.565 86.3   99.7 273.14  0.49  

59153-06D 06D 104.7    0.0123 0.0123 1.650 41.5   99.3 273.62  0.91  

59153-03D 03D 104.5    0.0081 0.0081 1.964 62.7   99.6 273.96  0.75  

59153-12B 12B 104.3    0.0106 0.0106 1.742 48.2   99.7 273.98  0.85  

59153-11C 11C 104.8    0.0093 0.0093 3.538 55.0   99.6 274.79  0.60  

59153-09B 09B 105.0    0.0051 0.0051 1.405 99.5   99.6 275.16  0.84  

59153-09C 09C 104.7    0.0052 0.0052 1.964 97.9   99.8 275.19  0.72  

59153-05D 05D 105.3    0.0118 0.0118 1.408 43.3   99.6 275.84  0.81  

59153-10B 10B 105.2    0.0109 0.0109 2.527 46.8   99.8 276.47  0.66  

59153-08D 08D 105.9    0.0090 0.0090 5.831 56.7   99.6 277.34  0.45  

59153-10C 10C 105.6    0.0115 0.0115 4.916 44.5   99.9 277.48  0.45  

59153-12D 12D 105.7    0.0218 0.0218 1.338 23.4   99.9 277.59  0.83  

59153-12C 12C 105.9    0.0203 0.0203 1.177 25.1   100.0 278.45  0.96  

59153-01D 01D 106.8    0.0147 0.0147 5.801 34.7   99.9 280.49  0.58  

Mean age ± 2σ   n=56 n=56  56.6  ±107.6    271.5   1.3   
 

Notes:  Error quoted for individual analyses include analytical error only, without interfering reaction of J uncertainties. Mean age is weighted mean age of Taylor (1982). Mean age error 
is weighted error).  of the mean (Taylor, 1982), multiplied by the root of the MSWD where MSWD>1, and also  incorporates uncertainty in J factors and irradiation correction 
uncertainties. Decay constants and isotopic abundances after Steiger and Jäger (1977). # symbol preceding sample ID denotes analyses excluded from mean age calculations. Ages 
calculated relative to FC-2 Fish Canyon Tuff sanidine interlaboratory standard at  28.02 Ma Decay Constant (LambdaK (total)) =  5.543e-10/a 
Correction factors: (39Ar/37Ar)Ca = 0.0007 ± 5e-05;     (36Ar/37Ar)Ca = 0.00028 ± 2e-05;    (38Ar/39Ar)K = 0.013;    (40Ar/39Ar)K = 0.01 ± 0.002. 
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TABLE 5.  CONTINUED 
 

A-09-28, Sanidine, J=0.0015772±0.06%, D=1.005±0.001, NM-226E,  Lab#=59154 
 

Run ID ID 40Ar/39Ar 37Ar/39Ar 37Ar/39Ar 39ArK (x 10-15 mol) K/Ca    40Ar*(%)     Age(Ma)       ±1s  (Ma)     

59154-02A 02A 95.99   -0.0003 5.294  1.143 1000.000 98.4 250.43  0.91  

59154-02B 02B 98.25   0.0110 2.600  3.785 46.6   99.2 257.98  0.50  

59154-02C 02C 100.4    0.0078 2.958  1.840 65.6   99.1 263.13  0.79  

59154-11C 11C 101.1    0.0037 1.913  2.070 137.5   99.4 265.44  0.72  

59154-05C 05C 101.7    0.0072 1.993  4.077 71.1   99.4 266.93  0.56  

59154-10A 10A 102.5    0.0048 2.691  2.208 105.2   99.2 268.33  0.73  

59154-06A 06A 103.0    0.0047 3.955  1.500 109.2   98.9 268.72  0.89  

59154-08C 08C 102.5    0.0034 1.336  2.249 148.7   99.6 269.37  0.71  

59154-06C 06C 102.7    0.0123 0.9554 2.818 41.4   99.7 270.07  0.52  

59154-09C 09C 102.8    0.0105 1.130  2.880 48.6   99.7 270.20  0.71  

59154-09D 09D 102.8    0.0001 0.7365 1.045 6499.4   99.8 270.48  0.86  

59154-05B 05B 102.8    0.0116 0.7636 1.148 43.9   99.8 270.62  0.89  

59154-06B 06B 102.9    0.0054 0.8158 2.398 95.1   99.8 270.62  0.74  

59154-12A 12A 103.6    0.0034 3.004  2.939 149.3   99.1 270.91  0.57  

59154-04B 04B 103.0    0.0106 0.5621 3.078 47.9   99.8 271.23  0.51  

59154-01B 01B 103.4    0.0276 1.719  1.847 18.5   99.5 271.28  0.84  

59154-13D 13D 104.1    -0.0040 2.486  1.246 1000.000 99.3 272.33  0.86  

59154-13C 13C 104.1    0.0087 2.269  2.361 58.3   99.4 272.56  0.66  

59154-12C 12C 104.0    0.0006 0.9471 1.225 821.6   99.7 273.31  0.90  

59154-03A 03A 105.3    0.0035 3.806  1.224 145.3   98.9 274.44  0.89  

59154-07A 07A 104.7    0.0141 1.601  1.362 36.1   99.5 274.61  0.84  

59154-08D 08D 104.7    0.0034 1.098  3.070 151.8   99.7 274.86  0.53  

59154-03B 03B 104.9    0.0085 1.352  1.899 59.9   99.6 275.33  0.83  

59154-10C 10C 104.6    0.0083 -0.2062 1.119 61.3   100.1 275.69  0.87  

59154-12D 12D 105.2    0.0027 1.745  1.616 188.4   99.5 275.74  0.83  

59154-03C 03C 105.4    0.0135 1.325  2.309 37.9   99.6 276.45  0.65  

59154-07B 07B 105.3    0.0120 0.5572 2.930 42.4   99.8 276.87  0.62  

59154-06D 06D 105.5    0.0060 0.7287 1.353 84.6   99.8 277.08  0.92  

59154-11D 11D 105.5    0.0064 0.7033 2.514 80.2   99.8 277.18  0.63  

59154-04D 04D 105.5    0.0048 0.4100 1.951 105.4   99.9 277.29  0.78  

59154-07D 07D 105.8    0.0046 0.5929 2.407 110.4   99.8 277.97  0.64  

59154-12B 12B 106.2    -0.0001 1.789  1.236 1000.000 99.5 278.09  0.95  

59154-03D 03D 106.3    0.0029 1.368  1.788 175.5   99.6 278.62  0.76  

59154-01C 01C 105.9    0.0322 0.1410 1.464 15.9   100.0 278.65  0.83  

59154-01D 01D 106.8    0.0176 0.6217 3.167 28.9   99.8 280.29  0.56  

Mean age ± 2σ   n=52 MSWD=58.79     252.2  ±1789.9   89.9 271.5   1.7   
 

Notes:  Error quoted for individual analyses include analytical error only, without interfering reaction of J uncertainties. Mean age is weighted mean age of Taylor (1982). Mean age error 
is weighted error).  of the mean (Taylor, 1982), multiplied by the root of the MSWD where MSWD>1, and also  incorporates uncertainty in J factors and irradiation correction 
uncertainties. Decay constants and isotopic abundances after Steiger and Jäger (1977). # symbol preceding sample ID denotes analyses excluded from mean age calculations. Ages 
calculated relative to FC-2 Fish Canyon Tuff sanidine interlaboratory standard at  28.02 Ma Decay Constant (LambdaK (total)) =  5.543e-10/a 
Correction factors: (39Ar/37Ar)Ca = 0.0007 ± 5e-05;     (36Ar/37Ar)Ca = 0.00028 ± 2e-05;    (38Ar/39Ar)K = 0.013;    (40Ar/39Ar)K = 0.01 ± 0.002. 
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Chapter V: Conclusions and perspectives 

This PhD dissertation work has been developed in the conceptual framework that Prof. 

Sinigoi, my mentor, and Dean Quick, from Southern Methodist University, have been investigating 

for the past 20 years. The study area comprises the Ivrea-Verbano Zone and Serie dei Laghi of 

northwest Italy, a renowned Sesia fossil section where hypotheses on the lithosphere’s processes 

can be tested in order to constrain our knowledge on caldera formation and on its fate. The working 

group was aware of detailed field work in this region, and they have facilitated me to spend a total 

of 4 months with Dr. Lipman (USGS) in the San Juan volcanic field. Dr. Lipman, who represents 

the state of the art in recognizing caldera systems, has taught me how to interpret the rock and how 

to think about large scale events. All this scientific ferment has allowed me to accomplish the 

presented research. In this dissertation provide are addressed mechanics of magmatic systems that 

eventually cause explosive super-eruptions, such study appears useful to understand the general 

magmatic flare-up, and in particular  to give an important evolutive constraints about the spread 

Early Permian acid magmatism along Eurasia-Gondwana boundary.  

We report evidence for a Permian caldera associated with a renowned section through the 

continental crust. Correlation of ages of volcanic and middle to deep crustal plutonic rocks suggests 

that they constitute an unprecedented exposure of a sub caldera magmatic plumbing system to a 

depth of 25 km, and points to a cause and effect link between intrusion of mantle-derived basalt in 

the deep crust, and large-scale, Silicic volcanism (Quick et al., 2009). 

Although only part of the caldera are exposed, exposed volume of intracaldera deposits 

document that he caldera forming event was > VEI 8 (Newhall and Self, 1982), erupting a single 

unit rhyolite in composition. Mega blocks of intracaldera ignimbrite together with large volume of 

blocks volcanic rocks inside the caldera fill suggests that the collapse happened in a mature 

volcanic field, likely carving another caldera. The remnants of pre-caldera volcanic rocks suggest 

that the bulk composition were dominated by  high silica dacite, while the most Mg-rich terms had 

been limited to minor volumes of andesi-basalts. 

 Collectively, the characteristics of the caldera and of the volcanic field suggest similarity to  

sin-extensive calderas formed during the transition from compressional to an extensional tectonic 

setting. The presence of other Early Permian calderas inferred at the margin of the Adria plate in the 

Alps (Bakos et al., 1990; Marocchi et al., 2008), together with evidences of a previous collapse 

nearby Sesia caldera, suggest that Sesia caldera was likely part of a caldera cluster.  

The structure of the caldera fill present an “inverse Christmas tree” geometry of landslides 

breccias wedging out from caldera wall together with a welding zonation between lithic rich versus 
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lithic poor zones of the caldera fill, similar to what described in Grizzly Peak caldera (Fridrich et 

al., 1991). 

After caldera forming event, granite intruded directly the caldera fill. The granite intrusion is 

the top of a batholith, wherein there are no striking evidences of remnants of caldera floor (Zezza, 

1977). The observed structure may be common in mature volcanic fields where multiple collapses 

happened. A possible scenario is during multiple collapses the floor is transposed downward, 

although further investigations are needed on rocks at the roots of Valle Mosso batholith to test this 

hypothesis. On the base of variable thickness on the caldera fill and preferential erosion atop, we 

suggest that intrusion of the granite caused a moderate uplift of the caldera focused in the western 

area. 

The compositions of Sesia caldera volcanic rocks are compatible with  hybridization of 

mantle derived melts and melts segregated from country rocks, moreover comparison of the caldera 

forming eruption with rocks of the underlying granitic batholith don’t evidences a striking parental 

relationship with the upper zone (Upper Valle Mosso) and open problematic which needs further 

isotopic investigations.  

Two stage of hydrothermal alteration are documented in Sesia caldera fill, one at higher 

temperature related to emplacement of the aplitic granite with relative gas phase, and another to a 

lower temperature that followed. Hydrothermal circulation caused depletion of silica and incipient 

K2O metasomatism of the rock. The distribution of quartz veins and silicification areas suggest that 

the deposition affected preferentially boundary between porous intracaldera ignimbrite and less 

porous materials as large landslides, caldera wall and contact between granite and the caldera fill. 

The absence of these phenomena in the granite, suggest that the contact with the granite acted as a 

boundary for the circulation of the hydrothermal fluids that circulated mainly in the caldera fill. 

 

Perspectives:  

We argue that a main issue is how much granite there was underlying the caldera at the time of the 

collapse and how much was consolidated. To answer to those questions we suggest to (1) 

determinate high precision U/Pb zircon ages on Sesia caldera ignimbrite and on the pluton 

underneath, to investigate how much of the pluton was consolidate at the time of eruption; (2) to 

measure on single phases the Strontium isotopes together with a detailed mineral chemistry both of 

caldera forming event either than in the underlying batholith pluton, to investigate if there was 

differences in the crustal component; (3) to constrain with thermo-barometry on country rocks the 

depth at the roots of the batholith underlying the caldera (Valle Mosso) to evaluate its thickness. 
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We suggest that a detailed study of petrology of metamorphic rocks at the roots of the batholith 

underlying the caldera is needed to test the hypothesis that caldera floor in mature volcanic field can 

be transposed downward at roots of granitic batholiths. 

We suggest our understanding of hydrothermal circulation will be possible: (1) increasing 

the dataset of oxygen isotopes on Sesia ignimbrite samples from incipient thermo-metamorphism 

and from mineralized areas; (2)  measuring oxygen isotopes on quartz veins, to investigate if the 

system was open or closed; (3) measuring oxygen isotopes on crystal separate from country rocks 

of the lower crust, to investigate the oxygen isotopic composition in a anatectic melts; (4) dating 

with high precision laser fusion single crystals 
39

Ar/
40

Ar ages Sesia ignimbrite and post-caldera 

ignimbrite from areas of different alteration, to built a dataset that will permit to constrain both the 

age of Caldera collapse and timing of hydrothermal alteration. 
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RIASSUNTO 

Questa tesi di dottorato è focalizzata sui meccanismi dei sistemi magmatici che possono 

causare super-eruzioni, e ha come oggetto una sezione fossile che comprende le zone Ivrea-Verbano 

e la zona Serie dei Laghi (Italia, Nord-Ovest).  La sezione fossile del Sesia è un’area in cui un’unica 

esposizione permette di testare le varie ipotesi formulate dalla comunità scientifica circa  questi 

processi, al fine di porre dei vincoli alla formazione di super-caldere.  

In particolare questo studio è essere utile per comprendere i meccanismi che causano i 

“magmatic flare up”, ma anche per dare condizioni al contorno sulla evoluzione del esteso 

magmatismo acido che si è sviluppato lungo il limite Laurasia/Godwana nel Permico inferiore. 

Questa ricerca presenta evidenze di una caldera di età Permiana che espone il sistema 

magmatico fino alla profondità di 25 km. La correlazione delle età delle rocce vulcaniche e 

plutoniche della crosta media ed inferiore, mette in luce come queste costituiscano l’esposizione di 

un sistema magmatico che ha alimentato una caldera, e evidenzia la relazione cause-effetto tra 

l’intrusione di fusi basaltici derivanti dal mantello e il vulcanesimo acido. 

In questo lavoro è stata  mappata l’area della caldera per valutarne la struttura e ricostruirne 

la  storia eruttiva. L’eruzione associata al collasso della caldera è stata di VEI > a 8 (Newhall and 

Self, 1982) e caratterizzata da una unica unità eruttiva a composizione riolitica. La presenza nelle 

frane intracaldera (momento del collasso), di mega-blocchi di ignimbrite intracaldera e di un grande 

volume di blocchi di vulcaniti suggerisce che il collasso della caldera sia avvenuto in un campo 

vulcanico maturo, probabilmente  tagliando il bordo di una caldera precedente. Quanto preservato 

del campo vulcanico pre-caldera suggerisce che il maggior volume di lave eruttate rappresentato da 

dacite alte in silice e che i termini meno evoluti siano lave intermedie. 

Le caratteristiche della caldera e del campo vulcanico sono simili a caldere formatesi 

durante la transizione da un regime tettonico compressionale ad uno estensionale-transpressivo. La 

presenza di altre caldere fossili nelle alpi (Bakos et al., 1990; Marocchi et al., 2008) assieme con 

l’osservazione che altri collassi di caldere sono avvenuti nella vicino alla caldera del Sesia, 

suggeriscono che la caldera del Sesia non sia stata isolata, ma fosse parte di un gruppo di caldere. 

Il lavoro documenta una struttura interna della caldera simile a quella descritta per la caldera 

Grizzly Peak Colorado, USA (Fridrich et al., 1991) dove le frane escono come cunei dal “caldera 

wall” con una geometria simile ad un “albero di natale rovesciato” insieme ad una zonazione tra 

zone ricche di litici a zone di ignimbrite con pochi litici. 

Dopo il collasso, il riempimento della caldera è stato intruso direttamente da granito senza 

alcune evidenze di “caldera floor”. L’intrusione è la parte alta di un batolite granitico, nel quale non 
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ci sono evidenze macroscopiche di resti del “caldera floor” (Zezza, 1977). In base ai dati presentati 

suggeriamo che un possibile scenario sia che il “caldera floor” sia stato trasposto in basso sotto il 

plutone granitico.  Quest’ipotesi dovrà essere verificata con studi successivi focalizzati sulle rocce 

che affiorano alle radici del plutone granitico. 

Inferiamo che la caldera ha subito un limitata sollevamento dovuto all’intrusione del granito, 

sulla base della variazione dello spessore del riempimento della caldera e dell’erosione 

preferenziale associata osservata nelle sezioni meno potenti. 

Inoltre suggeriamo che la composizione delle rocce della caldera del Sesia sia compatibile 

con una ibridazione tra  fusi basaltici derivanti dal mantello e una o più componenti anatettiche.  

 La comparazione dell’eruzione che ha causato il collasso della caldera con le rocce del 

plutone sottostante non mette in luce una parentela con la zona superiore (Upper Valle Mosso); si 

aprono quindi nuove problematiche che richiedono ulteriori studi isotopici. 

Abbiamo documentato due stadi di alterazione idrotermale nel riempimento della caldera del 

Sesia, uno a più alta temperatura ed uno seguente a più bassa temperatura. Si può osservare che la 

circolazione idrotermale ha causato impoverimento di silice e un inizio di metasomatismo della 

roccia. La disposizione areale delle vene di quarzo e delle zone di silicificazione indicano che la 

deposizione ha interessato i confini tra materiali a differente porosità, in particolare tra la porosa 

ignimbrite intracaldera e materiali meno porosi come le rocce del “caldera wall” (grandi frane 

intracaldera ed il granito che ha intruso la caldera). Non abbiamo osservato alcuni dei fenomeni 

associati alla circolazione idrotermale nel granito che intrude il riempimento della caldera, perciò 

riteniamo che il contatto sia stato un importante confine alla circolazione dei fluidi idrotermali che  

circolavano principalmente nel riempimento della caldera. 
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