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INTRODUCTION
Large caldera-forming eruptions rank among 

the most violent geologic events. Geophysical 
studies (e.g., Weiland et al., 1995) and petro-
chemical studies of eruptive products and shal-
low intrusions (e.g., Hildreth, 2004) indicate 
that 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. However, our under-
standing of the processes involved has been 
limited by the lack of a crustal section expos-
ing rocks deeper than ~5 km beneath a caldera. 
In this paper we report evidence for a ≥13-km-
diameter Permian caldera in northwest Italy 
situated atop a crustal section comprising the 
Ivrea-Verbano Zone and Serie dei Laghi (Fig. 1; 
Fountain, 1976). New data indicate that volca-
nism 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 profi les and magmatic processes 
beneath active calderas.

GEOLOGIC SETTING
The Ivrea-Verbano Zone and Serie dei Laghi 

(Fig. 1) are the deep crustal and the middle to 
upper crustal components, respectively, of a 
section through the pre-Alpine crust of north-
west Italy (Fountain, 1976; Handy and Zingg, 
1991; Henk et al., 1997; Rutter et al., 1999; 
for a dissenting view see Boriani and Giobbi, 
2004). Within the Ivrea-Verbano Zone, para-
gneiss of the Kinzigite Formation was intruded 
by gabbro and diorite of the Mafi c Complex 
while in the lower crust (Rivalenti et al., 1980; 
Quick et al., 1994). Geobarometry (Demarchi 
et al., 1998) indicates that the roof of the intru-
sion, which corresponds to its eastern contact 
with the Kinzigite Formation, equilibrated at a 
depth of 15–20 km, and that equilibration pres-
sures increase monotonically toward the Insub-
ric Line, where rocks equilibrated at depths of 

~25 km. Heat from the Mafi c Complex induced 
partial melting in the Kinzigite Formation (Bar-
boza and Bergantz, 2000), producing melts that 
crystallized as granitic rocks. East of the Ivrea-
Verbano Zone, the Serie dei Laghi comprises 
orthogneiss, paragneiss, and two-mica schist 
intruded by Permian granitic plutons grouped as 
the Graniti dei Laghi (Boriani et al., 1988).

The Ivrea-Verbano Zone and Serie dei Laghi 
are juxtaposed by the CMB (Cossato- Mergozzo-
Brissago) Line north of Figure 1, a ductile 
shear zone along which motion had ceased 
by 285–275 Ma (Mulch et al., 2002; Rutter 
et al., 2007). In Figure 1, the eastern limit of 
the Ivrea-Verbano Zone corresponds to Alpine 
faults and a contact along which granite intrudes 
the Kinzigite Formation (Quick et al., 2003). 
Subvertical strike-slip faults of the Cremosina 
Line have total right-lateral displacement of 
~12 km (Boriani and Sacchi, 1973), splitting a 
large granitic pluton into two bodies, mapped as 
the Roccapietra and Valle Mosso Granites, and 
placing volcanic rocks in close proximity to the 
Ivrea-Verbano Zone (Fig. 1).

Volcanic rocks in the Sesia Valley are mostly 
rhyolite, although minor basalt, andesite, and 
dacite are present. These rocks comprise lava 
fl ows, massive porphyry, ignimbrites, and frag-
ment-rich tuff intermixed with a spectacular 
megabreccia containing gigantic inclusions of 
schist and volcanic rock in a matrix of welded 
tuff (Fig. 2). Distribution of megabreccia, its 
intimate involvement in the volcanic stratigra-
phy (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 fi lls with volcanic ash mixed with land-
slide 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 caldera boundary 
west of the Sesia Valley based on the presence 
of megabreccia and welded tuff with inclusions 
of schist, the distribution of which indicates a 
minimum northeast-southwest caldera dimen-
sion of ~13 km.

The volcanic rocks were described by Zezza 
et al. (1984) as intruded by the Valle Mosso 
(also known as Biellese) Granite based on fi ne-
grained granophyre at the contact and micro-
granite and pegmatitic dikes in the volcanic 
rocks. Zezza et al. (1984) identifi ed an epizo-
nal facies with heterogeneous granophyric to 
medium-grained texture and miarolitic cavi-
ties, and a mesozonal facies consisting of more 
uniform, medium- to coarse-grained rocks. In 
Figure 1, the epizonal and mesozonal facies are 
shown as upper and lower Valle Mosso Gran-
ite, respectively.

GEOCHRONOLOGY
New sensitive high-resolution ion micro-

probe (SHRIMP) zircon ages for volcanic and 
granitic rocks are reported in Figures 1 and 3. 
Errors are reported as 2σ standard deviations 
unless otherwise stated.

Age determinations were attempted for fi ve 
volcanic samples following exclusion of a few 
inherited cores. Sample R6, an andesitic-basalt 
fl ow interlayered with rhyolite at deep levels  
of the exposed volcanic section, yielded a 
concordia age of 288 ± 2 Ma (Fig. 3A). R16, 
collected from a megabreccia block of dense 
rhyolite porphyry devoid of inclusions, yielded 
another concordia age of 285 ± 2 Ma (Fig. 3B). 
The remaining volcanic samples, R4, R9, and 
IVR2, were problematic. Following exclusion 
of grains based on Pb loss, or high common Pb, 
the remaining zircons in each of these rocks 
were dispersed along the concordia from ca. 
295 to ca. 275 Ma, a range too great to allow 
calculation of a single concordia age (see the 
GSA Data Repository1).
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ABSTRACT
We report evidence for a ≥13-km-diameter Permian caldera associated with a renowned 

section through the continental crust comprising the Ivrea-Verbano Zone and Serie dei 
Laghi of northwest Italy. Correlation of ages of volcanic and middle to deep crustal plu-
tonic rocks suggests that they constitute an unprecedented exposure of a subcaldera mag-
matic 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.

1GSA Data Repository item 2009141, analytical 
techniques, tables, diagrams, and detailed analysis of 
geochronologic data, and an explanation of the con-
struction of the model crustal section and synthetic 
seismic profi les, is available online at www.geoso-
ciety.org/pubs/ft2009.htm, or on request from edit-
ing@geosociety.org or Documents Secretary, GSA, 
P.O. Box 9140, Boulder, CO 80301, USA.

 on September 10, 2010geology.gsapubs.orgDownloaded from 

http://geology.gsapubs.org/


604 GEOLOGY, July 2009

Insight into the origin of these dispersed 
ages is provided by R4, a rhyolite with inclu-
sions of glomerophyric feldspar ≤2 mm. The 
sample yielded magmatically zoned, stubby, 
and elongate zircon populations, having dis-
tinct age peaks on a cumulative probability 
plot with weighted 206Pb/238U average ages of 
289 ± 3 and 282 ± 3 Ma (Fig. 3C), and distinct 
Th/U <0.55 and >0.55 (see the Data Reposi-
tory). Age spreads up to 10 Ma in single sam-
ples from silicic volcanic provinces have been 
attributed to the presence of zircon antecrysts 
produced in early phases of related magma-
tism (e.g., Charlier et al., 2004; Bryan et al., 
2008), and we conclude that the eruption age 
of R4 is best approximated by the ca. 282 Ma 
age, and that the ca. 289 Ma age dates an older, 
deeper magmatic component entrained in the 
R4 magma during its ascent. Based on simi-
lar age distributions in cumulative probability 

plots for IVR2 and R9 (Fig. 3D), we con-
clude that the ages in these samples are also 
explained by eruption between 285 and 280 Ma 
of a magma entraining older, ca. 290 Ma, 
zircon  antecrysts.

Granitic rocks were collected at progressively 
deeper crustal levels, with CC and CSB sampled 
near the intrusive contact with the volcanic 
rocks, RP sampled near the base of the Rocca-
pietra Granite, and RS and AS sampled from 
granitic bodies within the Kinzigite Formation. 
CC and CSB yielded concordia ages of 275 ± 4 
and 278 ± 5 Ma (Fig. 3E), respectively, simi-
lar within error to the younger ages inferred for 
volcanic samples R4, R9, and R16 and a con-
ventional zircon intercept age of 281.8 ± 1.5 Ma 
measured by Schaltegger and Brack (2007) on 
the Montorfano Granite, 12 km north of the 
area of Figure 1. RP yielded a concordia age 
of 289 ± 3 Ma (Fig. 3F). Zircon analyses in RS 

are dominated by Pb loss, defi ning a regression 
line with an upper intercept anchored by three 
concordant analyses at 284 ± 2 Ma (Fig. 3G), 
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 indentifi ed in the 
rhyolites. Sample AS returned a poorly con-
strained upper intercept age of 274 +13/–11 Ma, 
which has errors too large to relate uniquely to 
the other data.

DISCUSSION
The geochronology of deep crustal rocks of 

the southern Ivrea-Verbano Zone was reviewed 
in detail by Peressini et al. (2007). The most 
signifi cant magmatic event, a major pulse of 
mantle-derived melt into the deep crust, is dated 
by SHRIMP, conventional, and Pb-Pb evapora-
tion zircon ages of mafi c to intermediate plu-
tonic rocks in the Upper Mafi c Complex, most 
of which range from 289 ± 3 to 286 ± 6 Ma 
(Fig. 1). Individual SHRIMP spot ages at deeper 
levels of the Mafi c Complex range from older 
than 310 to younger than 250 Ma (Fig. 1), 
refl ecting continuous recrystallization of zir-
cons during a prolonged period of slow cooling 
and deformation in the deep crust punctuated by 
repeated intrusive events.

Our data indicate that volcanism and forma-
tion of granitic plutons occurred within a 5–10 
Ma interval similar to Early Permian volcanic 
activity elsewhere in the Alps (Schaltegger 
and Brack, 2007; Marocchi et al., 2008), and 
within the time frame for volcanic activity 
in large silicic complexes (e.g., Bryan et al., 
2008) and growth of zoned granitic plutons 
(Coleman et al., 2004). Ages for volcanic 
and granitic rocks in the range of 289 ± 2 to 
284 ± 2 Ma correlate well with ages for the 
Upper Mafi c Complex, indicating that volca-
nism and granitic plutonism were coincident 
with and probably triggered by intrusion of 
mantle-derived mafi c melt in the deep crust. 
Post-284 Ma volcanism and granitic pluto-

Figure 2. Sesia Valley Megabreccia. Student 
points to contact between inclusion of maroon 
rhyolite and light-gray matrix of welded tuff. 
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nism suggest that crustal melting continued for 
several million years after the Mafi c Complex 
had largely crystallized. 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 diffi cult to explain in terms of completely 
unrelated events given the spatial proximity of 
the rocks, and we conclude that this magmatic 
system is a “golden spike” that tied together 
the Serie dei Laghi and Ivrea-Verbano Zone as 
a single crustal section by the Early Permian.

Figure 4 presents a model crustal section 
constructed by palinspastic restoration of 
Alpine and Mesozoic deformation (see the 
Data Repository). Our result is similar to that 
of 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 Mafi c Com-
plex, a result consistent with their formation 
within a single magmatic system. Synthetic 
seismic profi les calculated using measured 

velocities for Ivrea-Verbano Zone and Serie 
dei Laghi rocks (Khazanehdari et al., 2000) 
indicate that, 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 signifi -
cant S wave low-velocity zones are present 
at any crustal level. We estimate the effect of 
residual melt in the Roccapietra Granite and 
the Mafi c Complex shortly after the caldera-
forming event by assuming 7% residual inter-
stitial melt and velocity reductions of 1 and 
2% per % melt for P and S waves. Resulting 
low-velocity zones (Fig. 4) are similar in scale 
and depth to those detected beneath young cal-
deras such as Campi Flegrei (Guidarelli et al., 
2006), suggesting that rocks in the Sesia Val-
ley 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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Figure 4. Palinspastic reconstruction of Early 
Permian Ivrea Verbano–Serie dei Laghi crust 
shortly after caldera formation. Faults in cal-
dera fl oor are schematic. Units as in Figure 
1. P wave and S wave velocities (Vp ,Vs) cal-
culated along profi le A-A′ for subsolidus and 
hypersolidus conditions are compared to S 
wave velocity profi le beneath Campi Flegrei 
Caldera (Guidarelli et al., 2006). CMB—Cos-
sato-Mergozzo-Brissago Line.
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CONCLUSIONS
Intrusion of the upper Mafi c Complex at 

depths ≥15 km induced anatexis in the continen-
tal crust, generating silicic melts that fed granites 
and erupted as rhyolites for ~10 Ma from ca. 289 
to ca. 280 Ma ago. Collectively, these rocks con-
stitute an unprecedented reference section for 
the geometry and processes within the magmatic 
plumbing systems of large silicic calderas, and 
validate the hypothesis that the large-scale silicic 
volcanism is driven by the intrusion of mantle-
derived magma in the deep crust.

ACKNOWLEDGMENTS
Financial support was provided by MIUR 

(Ministero dell’Istruzione dell’Universita e della 
Ricerca) Project PRIN 2007 and University of 
Trieste Project GR-2005 to Peressini, and logisti-
cal support was provided by Graziella Gull. This 
manuscript was improved by reviews by E. Stein, 
U. Schaltegger, and D. Hill.

REFERENCES CITED
Barboza, S.A., and Bergantz, G.W., 2000, Meta-

morphism and anatexis in the Mafi c Complex 
Contact Aureole, Ivrea Zone, northern Italy: 
Journal of Petrology, v. 41, p. 1307–1327, doi: 
10.1093/petrology/41.8.1307.

Boriani, A., and Giobbi, E., 2004, Does the basement 
of western southern Alps display a tilted sec-
tion through the continental crust? A review 
and discussion: Periodico di Mineralogia, 
v. 73, p. 5–22.

Boriani, A., and Sacchi, R., 1973, Geology of the 
junction between the Ivrea-Verbano and 
Strona-Ceneri Zones: Memorie dell’Istituto di 
Geologia e Mineralogia Università di Padova, 
v. 28, 36 p.

Boriani, A., Burlini, L., Caironi, V., Giobbi Origoni, 
E., Sassi, A., and Sesana, E., 1988, Geologi-
cal and petrological studies on the Hercynian 
plutonism of Serie dei Laghi—Geological map 
of its occurrence between Valsesia and Lago 
Maggiore (N-Italy): Rendiconti della Società 
Italiana di Mineralogia e Petrologia, v. 43, 
p. 367–384.

Bryan, S.E., Ferrari, L., Reiners, P.W., Allen, C.M., 
Petrone, C.M., Ramos-Rosique, A., and Camp-
bell, I.H., 2008, New insights into crustal con-
tributions to large-volume rhyolite generation 
in the mid-Tertiary Sierra Madre Occidental 
Province, Mexico, revealed by U-Pb geochro-
nology: Journal of Petrology, v. 49, p. 47–77, 
doi: 10.1093/petrology/egm070.

Charlier, B.L.A., Wilson, C.J.N., Lowenstern, J.B., 
Blake, S., Van Calsteren, P.W., and Davidson, 
J.P., 2004, Magma generation at a large, hyper-
active silicic volcano (Taupo, New Zealand) 
revealed by U-Th and U-Pb systematic in zir-
cons: Journal of Petrology, v. 46, p. 3–32, doi: 
10.1093/petrology/egh060.

Coleman, D.S., Gray, W., and Glazner, A.F., 2004, 
Rethinking the emplacement and evolution of 
zoned plutons: Geochronologic evidence for 
incremental assembly of the Tuolumne Intru-
sive Suite, California: Geology, v. 32, p. 433–
436, doi: 10.1130/G20220.1.

Demarchi, G., Quick, J.E., Sinigoi, S., and Mayer, 
A., 1998, Pressure gradient and original orien-
tation of a lower-crustal intrusion in the Ivrea-
Verbano Zone, northern Italy: Journal of Geol-
ogy, v. 106, p. 609–622.

Fountain, D.M., 1976, The Ivrea-Verbano and 
Strona-Ceneri Zones, northern Italy: A cross-
section of the continental crust—New evi-
dence from seismic velocities of rock samples: 
Tectonophysics, v. 33, p. 145–165, doi: 
10.1016/0040-1951(76)90054-8.

 Garuti, G., Bea, F., Zaccarini, F., and Montero, P., 
2001, Age, geochemistry and petrogenesis of 
the ultramafi c pipes in the Ivrea Zone, NW 
Italy: Journal of Petrology, v. 42, p. 433–457, 
doi: 10.1093/petrology/42.2.433.

Govi, M., 1977, Carta geologica del distretto vul-
canico ad oriente della bassa Valsesia: Pavia, 
Italy, Centro studi problemi dell’orogeno delle 
Alpi Occidentali, Consiglio Nazionale delle 
Ricerche, scale 1:25 000.

Guidarelli, M., Zille, A., Sarao, A., Natale, M., 
Nunziata, C., and Panza, G.F., 2006, Shear-
wave velocity models and seismic sources in 
Campanian volcanic areas: Vesuvio and Campi 
Flegrei, in Dobran, F., ed., Vesuvius: Elsevier 
B.V., p. 287–309.

Handy, M.R., and Zingg, A., 1991, The tectonic and 
rheological evolution of an attenuated cross 
section of the continental crust; Ivrea crustal 
section, southern Alps, northwestern Italy 
and southern Switzerland: Geological Society 
of America Bulletin, v. 103, p. 236–253, doi: 
10.1130/0016-7606(1991)103<0236:TTAREO>
2.3.CO;2.

Henk, A., Franz, L., Teufel, S., and Oncken, O., 
1997, Magmatic underplating, extension, and 
crustal reequilibration; insights from a cross 
section through the Ivrea Zone and Strona-Ce-
neri Zone, northern Italy: Journal of Geology, 
v. 105, p. 367–377.

Hildreth, W., 2004, Volcanological perspectives on 
Long Valley, Mammoth Mountain, and Mono 
Craters: Several contiguous but discrete sys-
tems: Journal of Volcanology and Geothermal 
Research, v. 136, p. 169–198, doi: 10.1016/j.
jvolgeores.2004.05.019.

Khazanehdari, J., Rutter, E.H., and Brodie, K.H., 
2000, High-pressure-high-temperature seismic 
velocity structure of the midcrustal and lower 
crustal rocks of the Ivrea-Verbano Zone and 
Serie dei Laghi, NW Italy: Journal of Geo-
physical Research, v. 105, p. 13,843–13,858, 
doi: 10.1029/2000JB900025.

Lipman, P.W., 1997, Subsidence of ash-fl ow calde-
ras: Relation to caldera size and magma-cham-
ber geometry: Bulletin of Volcanology, v. 59, 
p. 198–218, doi: 10.1007/s004450050186.

Marocchi, M., Morelli, C., Mair, V., Klotzli, U., and 
Bargossi, G.M., 2008, Evolution of large silicic 
magma systems: New U-Pb zircon data on the 
NW Permian Athesian Volcanic Group (South-
ern Alps, Italy): Journal of Geology, v. 116, 
p. 480–498, doi: 10.1086/590135.

Mulch, A., Rosenau, M., Dörr, W., and Handy, M.R., 
2002, The age and structure of dikes along 
the tectonic contact of the Ivrea-Verbano and 
Strona-Ceneri zones (southern Alps, Northern 
Italy, Switzerland): Schweizerische Miner-
alogische und Petrographische Mitteilungen, 
v. 82, p. 55–76.

Peressini, G., Quick, J.E., Sinigoi, S., Hofmann, 
A.W., and Fanning, M., 2007, Duration of a 
large mafi c intrusion and heat transfer in the 
lower crust: A SHRIMP U/Pb zircon study in 
the Ivrea-Verbano Zone (Western Alps, Italy): 
Journal of Petrology, v. 48, p. 1185–1218, doi: 
10.1093/petrology/egm014.

 Pin, C., 1986, Datation U-Pb sur zircons à 285 
M.a. du complexe gabbro-dioritique du Val 

 Sesia-Val Mastallone et âge tardi-hercynien du 
métamorphisme granulitique de la zone Ivrea-
Verbano (Italie): Paris, Académie des Sciences 
Comptes Rendus, v. 303, p. 827–830.

Quick, J.E., Sinigoi, S., and Mayer, A., 1994, Em-
placement dynamics of a large mafi c intrusion 
in the lower crust, Ivrea-Verbano Zone, northern 
Italy: Journal of Geophysical Research, v. 99, 
p. 21,559–21,573, doi: 10.1029/94JB00113.

Quick, J.E., Sinigoi, S., Snoke, A.W., Kalakay, T.J., 
Mayer, A., and Peressini, G., 2003, Geologic 
map of the southern Ivrea-Verbano Zone, 
northwestern Italy: U.S. Geological Survey 
Geologic Investigations Series Map I-2776, 
scale 1:25,000, 22 p.

Rivalenti, G., Garuti, G., Rossi, A., Siena, F., and 
Sinigoi, S., 1980, Existence of different perido-
tite types and of a layered igneous complex in 
the Ivrea Zone of the Western Alps: Journal of 
Petrology, v. 22, p. 127–153.

Rutter, E., Khazanehdari, J., Brodie, K.H., Blundell, 
D.J., and Waltham, D.A., 1999, Synthetic seis-
mic refl ection profi le through the Ivrea zone–Se-
rie dei Laghi continental crustal section, north-
western Italy: Geology, v. 27, p. 79–82, doi: 
10.1130/0091-7613(1999)027<0079:SSRPTT>
2.3.CO;2.

Rutter, E., Brodie, K., James, T., and Burlini, L., 
2007, Large-scale folding in the upper part 
of the Ivrea-Verbano zone, NW Italy: Jour-
nal of Structural Geology, v. 29, p. 1–17, doi: 
10.1016/j.jsg.2006.08.013.

Schaltegger, U., and Brack, P., 2007, Crustal-scale 
magmatic systems during intracontinental 
strike-slip tectonics: U, Pb and Hf isotopic con-
straints from Permian magmatic rocks of the 
Southern Alps: International Journal of Earth 
Sciences, v. 96, p. 1131–1151, doi: 10.1007/
s00531-006-0165-8.

 Vavra, G., Schmid, R., and Gebauer, D., 1999, Inter-
nal morphology, habit and U-Th-Pb microanal-
ysis of amphibolite-to-granulite facies zircons: 
Geochronology of the Ivrea Zone (Southern 
Alps): Contributions to Mineralogy and Pe-
trology, v. 134, p. 380–404, doi: 10.1007/
s004100050492.

Weiland, C.M., Steck, L.K., Dawson, P.B., and Ko-
rneev, V.A., 1995, Nonlinear teleseismic to-
mography at Long Valley caldera, using three-
dimensional minimum travel time ray tracing: 
Journal of Geophysical Research, v. 100, 
p. 20,379–20,390, doi: 10.1029/95JB01147.

Wright, J.E., and Shervais, J.W., 1980, Emplacement 
age of the Balmuccia lherzolite massif, N. W. 
Italy: International Geological Congress, 26th, 
Paris, Abstracts, v. 2, p. 804.

Zezza, U., Meloni, S., and Oddone, M., 1984, Rare-
earth and large-ion-lithophile element fraction-
ation in late Hercynian granite massif of the Bi-
ellese Area (southern Alps, Italy): Rendiconti 
della Società Italiana di Mineralogia e Petrolo-
gia, v. 39, p. 509–521.

Zingg, A., 1983, The Ivrea and Strona-Ceneri zones 
(Southern Alps, Ticino and N-Italy)—A review: 
Schweizerische Mineralogische und Petrogra-
phische Mitteilungen, v. 63, p. 361–392.

Manuscript received 5 January 2009
Revised manuscript received 14 February 2009
Manuscript accepted 18 February 2009

Printed in USA

 on September 10, 2010geology.gsapubs.orgDownloaded from 

http://geology.gsapubs.org/

