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Abstract

In addition to a number of epithermal ore deposits, some porphyry-type ore deposits are also hosted by ash-flow calderas.
Spatial correlation between ash-flow calderas and these deposits is observed in several parts of the world, but temporal
correlation between the mineralization and the episode of caldera formation remains unclear, especially because geochrono-
logical data indicate that the mineralization may date to several million years before or after caldera formation. Because caldera
collapse represents only a very short event in a long time-scale evolution between a silicic magma chamber and its host rocks,
we have developed a thermo-mechanical model of upper crustal and magmatic system behavior during the pre- and post-caldera
formation stages. Major petrophysical properties of ash-flow caldera related rocks are incorporated into the model, which
accounts for brittle—elasto-ductile rheology and heat transfer, and reproduces fault initiation and various caldera collapse
scenarios. Large-scale mechanisms of initiation of thermal and structural traps for epithermal ore deposits are described. In
particular, we found that the outer sides of caldera border faults are associated with both anomalous heat-transfer and a high
fracture density. The finite size of the insulating intracaldera units forces the accumulated heat excess to be laterally transferred
across the border faults. In most cases, the model predicts “Y-shaped” fault geometry, which is surprisingly similar to that of
mineralized faults in the field. Variations in lithostatic pressure on the magma chamber roof and in the vicinity of the border
faults can reach 10 to 20 MPa, with deep overpressured zones close to the inner edge of the chamber corners. Despite the fac
that hydrothermal convection and fluid geochemistry are not included in the model, these thermal and mechanical results are
believed to constrain the conditions for mineralization processes. Our results show that in the presence of regional extension,
the development of caldera border faults may be suppressed to the advantage of deep-seated fractures, clustered above th
central part of the magma chamber, thus favoring conditions for the formation of porphyry-type ore deposits. Finally, we
demonstrate that well before the eruption, the gradual emplacement of a hot and large silicic magma chamber may create
significant extensional stress in the brittle upper crust, resulting in breakup and pre-eruptive normal faulting and thus allowing
for conditions of pre-caldera mineralizatio®. 2000 Elsevier Science B.V. All rights reserved.
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with metals from an underlying magma chamber, are how and why favorable traps for minerals and ore
absorbed by the meteoric water participating in the deposits can be created in ash-flow caldera settings.
hydrothermal circulation (Hedenquist and Lowen- We present some thermal and mechanical processes
stern, 1994). Field observations indicate that a large that lead to enhanced “trapping” capabilities of the
number of epithermal ore deposits are spatially related outer sides of the border faults. The presence and
to ash-flow caldera settings (e.g. White and Heden- location of major faults (such as border faults) are
quist, 1990; Lipman, 1992; Rytuba, 1994; Kilest shown to be strongly dependent on magma chamber
al., 1999). geometry, in addition to being controlled by the regio-
The existence of a genetic link between caldera nal stress regime. The geometry of major faults
systems and ore deposits is not, however, fully appears to be more sensitive to temperature-depen-
accepted because of a number of mis-correlations in dent rheology. Depending on the evolution of the
the time domain, with caldera formation being sepa- extensional stress regime, ore deposits can switch
rated from the mineralization stages by as much as from being epithermal type to porphyry type. Our
several million years (see examples in Table 1). results also describe how conjugate faults joining at
Contrary to the statistically close relationship between depth (“Y-shaped” faults) are created at caldera
caldera settings and ore deposits, this observation mayborders. The second objective deals with temporal
raise doubts concerning the existence of a genetic link relationships: we show that the border faults of ash-
(McKee, 1979). Several examples of temporal misfits flow calderas can be initiated long before eruption
spanning a few million years between mineralization (and thus before caldera collapse) by certain thermo-
stages and caldera collapse can be quoted: the Cerranechanical processes that may occur during magma
La Joya district (Redwood, 1987) was formed about reservoir settlement within the shallow crust. Hence,
10 m.y. before development of the neighboring Sole- mineralization that precedes caldera formation may in
dad caldera; south of the Valles caldera, New Mexico, fact be compatible with the “genetic link” concept,
the Cochiti gold district is dated as being about 5 m.y. implying that simple geochronological data alone
older than caldera collapse at 1.13 Ma (Goff and are not sufficient to discriminate whether ore deposit
Gardner, 1994). In the case of the Lake City caldera formation and caldera collapse are closely related or
in Colorado, major ore-bearing veins were emplaced not. Our calculations also show that long-term or
within the forming caldera during resurgent doming quasi steady-state anomalous stress/pressure varia-
and granitic intrusion, but minor quartz-pyrite veins tions and heat transfer processes need to be considered
also appeared 2 m.y. before caldera collapse (Slack,during a study of mineralization timing.
1980, and other examples in Table 1). In general, Although our interpretations are constrained by
mineralization stages partially coincide with caldera several field examples, the reader should bear in
formation and subsequent subsidence, as for themind that mineralization cannot be modeled without
epithermal deposits in the Toquima caldera complex, taking into account both thermal and mechanical
Nevada (Sander and Einaudi, 1990), although processes (this study) and also hydrodynamic and
regional faults are also known to reactivate adjacent chemical interactions between the hot mineralized
caldera border faults, thus leading to “post-minera- fluids and their fractured host rocks. Unfortunately,
lization” independent of the dynamic behavior of the formation of thermal and structural traps for ore
the caldera (e.g. tectonic control in the Pongkor deposits has not been sufficiently studied and
area, Milesi et al., 1999). Despite certain minerali- understood yet, to support the creation of a complete
zation phases being coeval with caldera collapse, afour-fold coupled model. For example, fluid circula-
genetic link between ore deposits and neighboring tion can be largely controlled by poorly constrained
calderas is not yet well established. It should be permeability variations in the fractured host matrix.
noted that the overall evolution of the “caldera- On the other hand, some authors claim that the
host rock” system has not usually been taken into presence of strong (e.g. fault induced) pressure gradi-
sufficient consideration during the study of miner- ents can completely overprint and dilute the effect of
alization timing. the permeable matrix on the fluid pathways
The first objective of this study is to demonstrate (Y. Podladchikov, personal communication).
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2. Mineralization within caldera settings

Once formed, ash-flow (or ignimbrite) calderas can
clearly provide favorable conditions for mineraliza-
tion: the underlying silicic magma chamber may be
sufficiently hot to maintain a strong circulation of
hydrothermal fluids within the permeable ash-flow
units. Intracaldera rocks have very different physical
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of ash-flow calderas, we adopted an approach aimed
at understanding large-scale thermo-mechanical
processes responsible for initiating thermal and struc-
tural traps for ore deposits. To achieve this, we took
into consideration “caldera-scale” factors (i.e. the
“host rock-fault-ignimbrite” system together with
the magma chamber) as well as external parameters
such as the regional stress field and thermal regimes of

properties from those of adjacent units (see Section 3), the crust. Inherently, we assumed in this study that ore
some of which are able to favor particular fluid—rock deposit formation is favored in areas where fracture
interactions. For example, because intracaldera rocksdensity is the highest and where particular heat and
are highly porous at the surface, meteoric water mass exchanges are likely to take place. Hydrothermal
commonly becomes involved in the whole convecting convection and fluid geochemistry were not
system (Criss et al.,, 1991), leading to an efficient included although we accept that mineralization
mixing of fluids from different sources. Moreover, processes cannot be studied in detail without consid-
caldera border faults and fractures provide the ering a fully coupled model (thermal, mechanical,
possibility of vertical hydrothermal flow. hydrodynamical and chemical).

Despite such favorable geological features, ash-
flow calderas are not necessarily mineralized. In
some cases, neighboring calderas, apparently3. Thermo-mechanical processes in ash-flow
formed under similar conditions appear either calderas
barren or mineralized, such as the Los Frailes
and Rodalquilar-Lomilla calderas in southeastern Calderas associated with explosive ash-flow erup-
Spain, (Rytuba et al.,, 1990; Cunningham et al., tions have been studied for several decades (e.g.
1990). In addition, when the regional tectonic regime Williams, 1941; Smith and Bailey, 1968; Lipman,
changes in a volcanic area, caldera-related ore depos-1997) and the formation scenario of ash-flow calderas
its can evolve from the epithermal type to the by some form of roof collapse is now well accepted.
porphyry type, as demonstrated in the Philippines Different source mechanisms for caldera collapse are
before the Late Miocene (Mitchell and Balce, 1990). nevertheless plausible: external overload (ash-flow
It is not uncommon to find both epithermal- and units) breaking the cover from above, overpressure
porphyry-type ore deposits only a few kilometers within the magma chamber initiating fractures in the
apart, especially in areas having undergone regional cover from below, or some kind of suction effect
extension, significant erosion or volcanism (see the following eruption (Roche et al., 2000). Whatever
example in Fig. 1 adapted from Semple et al. the invoked mechanism, the number and probable
(1998), where a graben coexists with two circular location of weak zones within ash-flow calderas has
structures, each being differently mineralized). In only been studied using rather simplified rheological
Romania, different types of ore deposits in clusters laws and hypotheses on magma chamber geometry
are well documented by Mitchell (1996). Another (Marti et al., 1994; De Natale et al., 1997; Gudmuns-
case, probably due to strong erosion and subsequentson, 1998). In these and similar recent studies, fault
uplift, is observed in the Minas Conga district, Peru, localization has not been resolved, and the thermal
where high-sulfidation epithermal ore deposits and effects on the rheological behavior of caldera-related
porphyry-copper deposits lie only a few kilometers rocks have not been included (see howevefrgles
apart around a large(= 20x 20 kn?) volcano- al., 1991, where magma reservoir geometry remains
tectonic depression (Llosa et al., 1996). Hence, regio- fixed). In our numerical simulations of caldera forma-
nal tectonics might play a major role in the emplace- tion and evolution presented below, stress distribution
ment processes and the type of mineralization and fault initiation are resolved, and temperature-
associated with caldera settings. dependent rheology as well as the petrophysical prop-

In order to illuminate the mineralization potential erties of ash-flow caldera-related rocks are taken into



Table 1

Examples of mineralized ash-flow calderas

Country/state Caldera/deposit Age of Diameter d* Chronology of Mineralization Ages (Ma) of Pre/Syn or Ref.
caldera (km) (km) magmatic events mineralization post- caldera
(Ma) mineralization
Low sulfidation epithermal ore deposits
BOLIVIA Soledad/La Joya 5.4 2214 0.13 15 Ma: dacitic intrusions and mineralization Au-Ag-Cu- 15 Pre Redwood (1987)
Pb-Zn
8.8 Ma: rhyolitic domes along ring fracture
5.4 Ma: caldera collapse and Soledad Tuffs
Porco 12 53 0.4 12 Ma: Porco Tuff; 9—6 Ma: Los Frailes Ag-Zn— 8.6 Post Cunningham et al.
Pb-Sn (1994)
8.6 Ma: centered Huayana Porco Stocks
8.6 Ma: ring dykes with mineralization
=N]] Tavua/Emperor 4.0-5.0 X6 0.8-1.8 5 Ma: extrusion of shoshonitic volcanics; subsidenceAu—Ag-Te unknown: up to 8 Anderson and Eaton
and formation of an inner caldera, “Turtle” then stages during (1990); Ahmad and
“Morrisson” Pool formations waning stages of Walshe (1990)
the Morrisson
volcanism
INDONESIA Pongkor 5.7-2.05 86 0.3 15.3-9.4 Ma: intermittent volcanism Au-Ag 2.05 Post Marcoux et al. (1996)
Milési et al. (1999)
5.7—-2.0 Ma: major volcano-magmatic episode
including ignimbritic caldera cross-cut by mineralized
veins
Citorek/Cirotan 3.6 60 9.5 Ma: rhyodacite ignimbrite; then older dacitic andAu—Ag— 1.7 Post Milesi et al. (1994)
andesitic intrusions (Mn)
4.5-Ma: late stock of microdiorite. Mineralization
hosted by later fractures
JAPAN Takatama 9 15 0.8 9 Ma: caldera formation, resurgent rhyolitic dome Au-Ag 7.8 Post Seki (1993);
7.8 Ma: mineralization; 7.5 Ma: andesite eruption
PERU Cerro Sagollan/ 2.4 x4 0.8 2.4 Ma: explosive volcanism: Atunsulla Tuff Ag-Au 19 Post Noble and McKee
Nevado Portugueza (1982)
1.9 Ma: rhyodacite dome, slight resurgence and
mineralization; hydrothermal activity before and after
2.4Ma
Julcani 10 7.5%6.5 Dacitic and rhyodacitic domes and flows, datation of Ag—Bi—Pb— Post Petersen et al. (1977)
mineralization on adularia sericite Cu-W-Au
USA, CO Creede 26.6 24 2.0 San Juan volcanic field: voluminous ash-flow tuffs Pb—Ag— 26-24 Syn-Post Bethke and Lipman
between 30 and 26 Ma. Cluster of ash-flow calderas Zn—-Au (1987); Lipman (1997)
with associated mineralization
Lake City 225 15¢ 10 >1.0? Nested within the Uncompahgre caldera (28 Ma) Pb—Ag—Au 27.5-185 Pre—Syn-Post Slack (1980);
Resurgent doming. Quartz-latite flow dome
18.5 Ma: emplacement of rhyolitic intrusions
USA, NM Bursum/Mogollon 29-28 48 30 1.0 Rhyolitic flows while subsidence continues Pb-Zn-Ag 17-18 Post " Radle(1984)
26-23 Ma: fracture rhyolitic volcanism, resurgent
uplift (L1000 m), and bimodal volcanism.
USA, NM Valles/Cochiti 1.1 2% 20 13 0.1 Ma: Jemez volcanic field; several calderas ~ Au—Ag—Mo 6; 0.6 Pre and Post Goff and Gardner
since 1.75—-Ma; then resurgence, small volumes of (1994)
rhyolitic domes and flows, from 1.0 to 0.1-Ma
USA, UT Mount Belknap 19 1% 13 Marysvale volcanic field; 21-Ma: domes and flows U-Mo 13-10 Post Cunningham and

(east); 20—Ma: eruptions migrated southwest;

Steven (1979)
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Table 1 ¢ontinued

Country/state Caldera/deposit Age of Diameter d* Chronology of Mineralization Ages (Ma) of Pre/Syn or Ref.
caldera (km) (km) magmatic events mineralization post- caldera
(Ma) mineralization
High sulfidation epithermal ore deposits
CHILE El Indio 13.7 8x3.5 0.7-25 13.7—Ma: andesitic unit surrounding El Indio Au-Cu— 13.4-8.6 Post Jannas et al. (1990)
Ag-As
13.4-8.6 Ma: altered ignimbrites and tuffs which host
the mineralization
RUSSIA, Uzon Upper Pleist. 187 >1.0? Series of explosive eruptions: ignimbrites then calderaAs—Sb—Hg— Still active Still active Karpov and Naboko
(Kamchatka) collapse; 12 ka: dacite extrusion. Contrasting (Au—Ag) (1990)
magmatism from Pleist. to Holoc.
SPAIN Rodalquilar 111 8x5 1.0 15—7 Ma: Capo de Gata volcanic field Pb-Zn- 11.3-9.5 Pre—Post Arribas et al. (1995a);
and Lomilla Au-Ag Rytuba et al. (1990)
11.0-10.0 X1 0.1 11.2 Ma: Precaldera dacite domes, then eruption of the
Cinto ash-flow Tuffs; resurgence. Eruption of Lazaras
ash-flow Tuffs and collapse of the embedded Lomilla
caldera
USA, CO Summitville 29.5 1% 8 >0.5? San Juan volcanic field; caldera filled with ash-flow Au-Ag-Cu 224 Post Gray and Coolbaugh
tuffs (30—28 Ma) then with andesite (26.6 Ma) (1994)
Important post-caldera activity (between 29 and
20 Ma): porphyritic rhyodacitic and rhyolitic lavas;
granitic stocks; porphyry intrusion at depth
Porphyry-type ore deposits
RUSSIA, Chegem-Eldjurta 2.8 1511 >2.0? Caldera filled with rhyolitic to dacitic welded tuff; W-Mo 4.3 and after Pre—Post (?) Lipman et al. (1993);
(Caucasus intrusion of a granodiorite porphyry. The exposed Gazis et al. (1995)
Mountains) Eldjurta granite and Chegem caldera could belong to
the same batholith at depth.
USA, AZ Silver Bell 73-69 >8 Postcollapse andesitic flows; late ring-fault; intrusionsCu Syn-Post (?) Lipman (1984);
host the mineralization Lipman and Sawyer
(1985)
USA, NM Questa 26-18 >15 Continuous magmatism? cluster of small magma Mo Post Lipman (1984);

chambers; slow cooling; underplating?

Lipman (1992)

& Thickness of deposits; some information on the pre/syn/post caldera mineralization ages are deduced from field observations.
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a) Tolukuma area, Central b) Cross-section of the
Province, Papua New Guinea Tolukuma vein system
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Fig. 1. Simplified sketch of the Tolukuma gold deposit, Papua New Guinea, after Semple et al. (1998). (a) Regional setting, showing the graben
and two circular structures. The epithermal gold deposit is located at the outer edge of one circular structure. Note the presence of a porphyry-
type deposit within the other, about 20 km away. (b) Cross-section of a mineralized vein, with gold grades increasing with depth. Note the “Y-
shape” of this fault system.

consideration. The roles of magma chamber aspectcomputations, thanks to the ability of the adopted
ratios and regional stress regimes have also beennumerical algorithm to reproduce brittle localization

investigated. (see below). Magma is assumed to be evacuated from
a shallow silicic magma chamber (2—5 km depth)
3.1. Mechanical model and numerical procedure through a central vent (constant chamber overpres-

sure). The magma is then transformed into low
In our previous study (Burov and Guillou-Frottier, density and low thermal conductivity ignimbrites
1999), hereafter noted “BG”, we developed an analy- (ash-flow units) within the forming caldera (Fig. 2).
tical and numerical thermo-mechanical model of The explosive eruption is not modeled, but accounted
caldera formation, based on brittle—elasto-ductile for by equivalent material outflow from the chamber
rheology, that accounts for contrasting thermal to the caldera. This simplification is justified by the
conductivities of caldera-related rocks. During our factthatwe are only interested in the long-term evolu-
experiments, the magma chamber aspect ratiostion of the system. The calculations provide stress and
(width to thickness) were varied from 1 to 15, which thermal regimes versus time around the magma cham-
enabled us to establish critical aspect ratios at which ber and its vicinity, prediction of fault location and
caldera collapse and border faulting may be initiated. geometry, and directions of the potential brittle failure
It is a fully two-dimensional (no axial symmetry) zones around the magma reservoir. Details
model that allows for asymmetric behavior. Faults concerning the numerical procedure (PARAVOZ
are not a priori defined but are created during code (Poliakov et al., 1993) derived from a FLAC
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ignimbrites
(mechanical load + thermal insulator)
| | A | |
v v v v
| 2 to 5 km roof d rheology of
1 4 overpressure %} 4 the upper crust

MAGMA CHAMBER ||/

D rheology of
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L 20 km

Fig. 2. Sketch of the thermo-mechanical model (described in Burov and Guillou-Frottier, 1999) showing initial and boundary conditions.
Dynamic equations of motion and heat equations are simultaneously solved for the whole domain (see Appendix B). Solutions are given in
terms of stress distribution (second invariant of the shear stress), fault localization (accumulated plastic strain), directions of ptitential bri
failure, and temperature field.

algorithm (Cundall, 1989), boundary and initial 3.2. Location and geometry of caldera-related faults
conditions, and numerical model set-up can be
found in the BG paper. The basic hypotheses are The cumulative thickness of intracaldera units
described in Appendix A. commonly exceeds 1km (see Table 1). For large
We consider two different scenarios. (1) Caldera and shallow silicic magma chambers, such normal
collapse assuming an existing magma chamber with loads on the magma chamber roof trigger faulting of
a pre-defined rectangular chamber geometry. For the cover above the edges of the reservoir. In our
most experiments, we assumed a steady-statemodel, “large and shallow” means magma chambers
geotherm and no heat transport during the collapse located a few kilometres below the surface, typically
stage, although some were carried out in the fully 2-5km, and a reservoir diameter of about 10—15 km.
coupled thermo-mechanical mode. (2) A fully Because in ash-flow calderas, the depth of silicic
coupled thermo-mechanical model taking into magma chambers does not vary as much as their
account the final stages of chamber emplacement diameters, we used a fixed depth of 2.5 km for all
within the upper crust, surface uplift and subsequent the experiments.
subsidence, although no magma eruption was The assumed geometry and the rheological and
imposed. In this second scenario, we implicitly lithological properties are summarized in Fig. 2. A
assume a light, i.e. gravitationally unstable, magmatic two-layer structure was assumed for the crust. The
body which settles at shallow levels. Magma ascent material leaving the magma chamber through the
continues until either (a) gravitational equilibrium central vent creates a positive load on the caldera
with the surroundings is reached, (b) the magma roof and acts as a thermal insulator when deposited.
chamber is faced with a strong rheological barrier, In the experiments with a rectangular magma cham-
or (c) the thermal energy stored in the body is capable ber, we used an overpressured (10 MPa) reservoir
of maintaining the magma and its direct vicinity hot with a varying caldera aspect ratio (diameter/depth
and sufficiently weak (or any combination of the to magma chamber rooB)/d). As shown in the BG
three). Although other ascent mechanisms could paper, initialization of border faults is essentially
have been considered, this one was selected becauseontrolled by the value ob/d, with D/d > 5 being
it allows us to investigate the effects of the final stage sufficient for the formation of symmetrical border
of magma chamber emplacement. Results from this faults.
second scenario are described in Section 4. Some of Figs. 3 and 4 summarize the results of the first set of
the results obtained from simple analytical analyses experiments assuming a steady-state geotherm and a
and from a series of numerical experiments, explained rectangular magma chamber. During the uplift stage
in the BG paper, are presented below. (Fig. 3), overpressure in the magma chamber results in
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STAGE I: UPLIFT
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Fig. 3. Bottom: Caldera uplift stage resulting in failure of the magma chamber roof and formation of border faults. Due to the elongated shape of
the magma chamber, stresses are concentrated at the sides and primary inclined faults are created. Arrows correspond to velocity vectors. Toy
Zones of potential failure predict the distribution of micro fractures. The potential fracture density is most marked at the outer edge of the
subvertical fault, as well as near the rounded edges of the magma chamber.
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Fig. 4. Summary of the results obtained from the numerical simulations when no regional extension is applied. The number and location of the
major faults are recorded as a function of the magma chamber aspeddhdti@iameter over thickness). In these calculations, the magma
chamber roof is at a depth of 2.5 km below the surface.
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flexural uplift of the caldera roof causing bending fault on one side of the caldera and a “Y-shaped” fault
stress to be concentrated along the vertical sides ofon the other (Fig. 5). The “Y-shaped” border fault
the roof. This results in strain localization, brittle fail- geometries are also deduced from field and drilling
ure and border faulting (Burov and Guillou-Frottier, data of mineralized veins in low-sulfidation epither-
1999). Two groups of faults are predicted by the mal ore deposits (Fig. 1b).
model: inclined primary and subvertical secondary  In a series of other calculations, regional extension
faults (top of Fig. 3). Inclined border faults are was applied to the model, which had a significant
initiated during the flexural stage, whereas subvertical effect on stress distribution. Assuming a constant
faults are formed when the magma is extruded onto regional extension of 10 mm/yr, we observe that
the roof surface, causing overloading and subsidence.caldera border faults are not fully developed because
Pressure gradients are also enhanced during subsideeper and more numerous faults, centered over the
dence, which favors fluid pumping through fractured magma chamber roof, are more easily triggered. Fig. 6
and faulted zones (see Section 4). shows these two cases, with and without regional
The results of these experiments (Fig. 4) demon- extension, for identical magma chamber geometries
strate that the number and location of faults clearly and other conditions. With time, the number of
depend on the magma chamber aspect ratio. It is fractures around the central cluster increases, and
shown that for a magma chamber aspect r&ibl the fractured zones propagate towards the edges of
(diameter over thickness, wherkl =2d in our the reservoir. Consequently, regional extension
model) lower than 2.4, no border faults appear within caldera settings tends to favor conditions for
because the external load is easily balanced by the deep-seated and intrusion-centered ore deposits.
strength of the underlying crust. Thanks to the numer-
ical algorithm adopted, without a prescribed geome- 3 3 Heat refraction around faults
try, we were able to reproduce asymmetrical faulting
behavior (aspect ratio equal to 2.4). When a larger Ash-flow calderas represent specific geological
magma chamber aspect ratio was considered, internalsystems such as sedimentary basins, where thermally
embedded faults are created (see Fig. 4 fgH insulating rocks are embedded in thermally conduc-
greater than 7). It is thus shown that magma chamber tive fractured rocks (thermal conductiviti&sandk;,
geometry controls the mechanism of collapse. For respectively). Ash-flow units are known to have a low
example, the so-called “trap-door” and “piston-like” conductivity (Sorey et al., 1991; Clauser and
collapse mechanisms (e.g. Lipman, 1997) have beenHuenges, 1995; Corrado et al., 1998), whereas frac-
successfully simulated with realistic hypotheses for tured rocks, generally enriched with quartz, are
crustal rheology and physical rock properties. More- undoubtedly more conductive than their host rocks
over, the presence of internal embedded faults above (conductivity k). It follows that lateral contrasts in
certain large magma chambers suggests that ourthermal conductivities occur within ash-flow calderas
scenario is also a plausible mechanism for the genesis(i.e. in dimensionless valueg, < k, =1 < k). As
of “nested calderas” (Burov and Guillou-Frottier, analytical modeling of steady-state heat refraction
1999). around the caldera border faults is described in the
It is noteworthy that secondary inclined faults are BG paper, we develop below a more complete analy-
commonly initiated at the outer caldera edges, evenin sis of heat refraction around conductive faults,
the case of the one single-side faulted cover (when whether caldera-related or not, in order to concentrate
D/H = 2.4). Such structures (subvertical and adjacent on the specific heat refraction effects within ash-flow
inclined faults) are commonly observed in the field caldera settings (Fig. 7). The first case (a) considers a
(Buchanan, 1981). Hereafter, these structures will be conductive fault embedded in “normal” host rocks;
called “Y-shaped” faults. Subvertical faults on both the second case (b) considers a fault separating two
sides of the system are associated with a subsequensemi-infinite media, insulating on the left (thermal
“plate-like” subsidence, whereas the related inclined conductivity k; < 1), and “normal” conductivity on
faults could account for scarp retreat events. the right (thermal conductivityk, = 1); the third
However, in some cases, we observe a single inclined case (c) corresponds to the caldera case, where the
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Fig. 5. Snapshot of caldera formation during a thermo-mechanical experiment with high resolution (top). Central top figure shows the case of a
fully coupled experiment, where hot magma interacts with its surroundings (see Burov and Guillou-Frottier, 1999 for details). The asymme-

trical behavior is evidenced by the “Y-shaped” fault on the left, whereas a single inclined fault is obtained on the right. This type of border
faulting process can lead to the so-called “trap-door collapse” mechanisms.
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Fig. 6. Fault localization for a given magma chamber aspect ratio of 2.5, without (top) and with (bottom) regional extension. Border faults are
well defined in the top figure (showing accumulated plastic strain, i.e. fault localization), whereas they almost disappear in the presence of a
regional extension (bottom figure, showing second invariant of shear stress).
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0 mulated heat within the insulating medium of finite
size (intracaldera units) causes, at depth, a lateral heat
transfer from the centre of the caldera outwards. A
positive and deep-seated heat flow anomaly is thus
observed near the outer edge of the caldera-related
fault, contrary to the two previous cases. Note that
the fault width in Fig. 8 is exaggerated to emphasize
the differences between these heat transfer mechan-
isms. Fig. 9 shows vertical profiles of heat flow varia-
tion with depth along the outer right side of the fault.
Note the positive and localized anomaly of the third
case (“+”in Fig. 9).

The results show that in the caldera case (c), a
thermal anomaly (vertical heat flow excess) develops
at depth along the outer sides of the conducting fault
(Fig. 8c). Since a fixed temperature condition is
present at the surface, the heat that accumulated
within the poorly conductive intracaldera rocks of
finite size cannot distort the isotherm much. Rather,
the excess heat is easily transferred laterally at depth,
and for relatively large fault widths, i.e. efficient heat
conductors (Burov and Guillou-Frottier, 1999).

One single conducting fault embedded in host rocks

a)

Insulating rocks

b)

Host rocks

Conducting faults (k)

Ash-flow units
(insulating)

i

Host rocks

Host rocks

Fig. 7. Sketch of the three models used for studying heat refraction

effects around faults: (a) a single fault embedded in an infinite plate
of “normal” conductivity; (b) same as the previous case but the
medium on the left is insulating; (c) the insulating medium is of

finite size (caldera case) and the embedding medium (plate) is

However, it is shown in the BG paper that this anom-
aly is primarily controlled by the conductivity of the
intracaldera unitsk;, which can be ten times lower

than that of the faulted rocks. In the first two cases,
the infinite media surrounding the fault have a dimin-
ishing effect on any strong heat refraction, allowing
the fault to “pump” any excess heat.

infinite.

insulating medium is of finite size. Boundary condi-
tions and analytical solutions of the steady-state heat
equation are described in Appendix A. Briefly, the 3 4 Thermo-mechanical coupling and favored areas
results simply show that the different configurations
led to different heat transfer mechanisms, the most In the previous numerical modeling (Figs. 3—-6),
important effect for this study being due to the finite thermal effects were not taken into consideration,
size of the caldera. such as heat diffusion from the magma reservoir or
Fig. 8 shows that lateral heat transfer is induced by heat refraction due to the presence of both insulating
the presence of a conductive fault, although a negative ignimbrites and conductive fractured rocks. Some
heat flow anomaly is observed at the outer edges of theinteresting new features appeared when these
faults in case (a). The highly conductive fault distorts processes were added to the numerical code. Although
the isotherms with depth, with a consequent decreasethe location of the border faults was not significantly
in temperature gradients inside and outside the fault. changed, their geometry was affected by temperature-
In case (b), the fault is again adjacent to lower conduc- dependent rheology. The insulating cover tends to
tivity rocks, but the insulating medium on the left side heat the underlying system and thus raise the
raises the isotherms, allowing for the heat excess to beisotherms. It follows that the brittle—ductile transition
transmitted laterally across the fault. The medium on (BDT) zone, which is commonly assumed to represent
the right shows a positive anomaly (temperature the 300—408C temperature range, is also uplifted and
gradients and heat fluxes greater than 1), which exhibits a sigmoid shape in the vicinity of the magma
decreases regularly with depth. In case (c), the accu-reservoir, as suggested by Hill et al. (1998) for the
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Fig. 8. Results from analytical solutions developed in Appendix A for the three cases of Fig. 7. Top, middle and bottom rows correspond to
cases (a), (b), and (c), respectively. Note the positive anomaly at depth for the caldera-related fault (case c).
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Fig. 9. Details of the vertical heat flow profiles at the outer edge of
the conducting fault for the three cases of Fig. 7. Note the anom-
alous positive heat anomaly at depth, for case (c).

Long Valley Caldera in California. Our model
shows, however, two additional features: (1) the
BDT is marked by a subhorizontal fracture zone in
the middle of the cover, thus delineating a “mechan-
ical magma chamber”; (2) lateral border faults are
inward-dipping at the surface but outward-dipping at
depth. As emphasized in the BG paper, the location
and geometry of these faults (inclined border faults
and subhorizontal faults) is almost identical to the
earthquake distribution recorded by Jones and
Stewart (1997) at the Rabaul caldera, Papua New
Guinea. In addition, the density of second-order
cracks appears to be highest at the outer sides of
the subvertical border faults, thus enhancing their
structural “trapping” capabilities (see also the
constant temperature case in Fig. 3, where potential
brittle failure zones are concentrated at the caldera
borders).
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3.5. Variations in lithostatic pressure and fluid This leads to concentrated faulting and pressure varia-
circulation during the syn- and post-collapse stages tions in the central areas. In this case, the most inten-
sive fracturing and fluid circulation will be
Without regional extensionAs can be seen in  concentrated in the central vent zone, thus favoring
Fig. 10, non-lithostatic pressure variations on the porphyry-type mineralization.
magma chamber roof and in the vicinity of the border
faults can reach 10—-20 MPa, with deep overpressured
zones close to the inner edge of the chamber corner4, Formation of pre-collapse mineralization traps
and shallow underpressured zones in the vicinity of
the inner sides of the faults. Consequently, the fluidis A number of ore deposits hosted in ash-flow
likely to be pumped from the upper outer zones of the calderas predate the caldera collapse, as shown in
faults (A') to the upper inner zones (C and A), as well Table 1. As stated above, we believe that mineraliza-
as from the roof/chamber interface zone (B) towards tion depends firstly on the presence of thermal and
the deep outer zone (B Without considering the  structural traps. Fluid—rock interactions cannot lead
potential fracture density, one could also propose a to mineral deposition outside particular zones where
fluid flow from the deep inner zone (B) towards the heat and mass exchanges can occur.
upper inner zone (A), as well as from Ao (B'). Ithas been shown thatthe insulating intracaldera units
However, fluid flow paths and intensity are condi- tend to increase lateral heat transfer towards the border
tioned by fracture density, which is likely to be high- faults. Along the outer sides of the border faults, a
est in the upper parts of the outer zong ik between combination of thermally anomalous areas and a high
the inclined and vertical fault (C), and in the lower fracture density improves the “trapping” capabilities of
inner part (B) of the fault (Figs. 3 and 5). Thus, zones these zones. However, before explosive eruption and
A’, C and B should be most favorable for intensive caldera collapse, and thus pre-deposition of a thick insu-
flow and heat exchanges and, consequently, for miner- lating cover, no blanketing effect exists, and there is no
alization. reason a priori for preferential mineralization in the
With regional extensiarin the presence of far-field  vicinity of the rounded edges of the magma chamber.
extension (Fig. 6), the border faulting associated with Nevertheless, field data and geochronological data seem
flexure of the chamber roof is attenuated by the stress. to indicate that pre-collapse mineralization stages do
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Fig. 10. Caldera collapse stage (bottom) and associated non-lithostatic pressure distribution (top). Black and white areas correspond, respec-
tively, to overpressured and underpressured zones, meaning that fluid tends to flow from black to white areas. Fives zones are deliheated (A, A
B, B/, C) depending on their positions with respect to faulted zones (see inset) and depth. Fluid trapping capabilities are explained in the text.
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occur in some large ash-flow calderas. Fig. 11 shows a presence of faults during an early stage of magmatic
series of geochronological data taken from the literature evolution, before the caldera formed. In this case, the
concerning mineralized ash-flow calderas, plotted heat source would be the magma itself, but some expla-
against the caldera area. Both porphyry-type and nation is required for pre-collapse faulting of the over-
epithermal deposits have been included in this plot in lying crust. This plot suggests that pre-collapse faulting
order to emphasize the existence of pre-collapse miner-of the crust would only occur for large magmatic bodies,
alization within ash-flow caldera settings, whatever the thus creating sufficiently high stressesinthe upper brittle
type of deposit. According to Fig. 11, it seems that small crust, whereas small magma chambers would cool
calderas do not contain pre-collapse mineralization. One before the reservoir settled within the upper crust.

could argue that pre-collapse mineralization needs the A new mechanism acting prior to the eruption
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Fig. 11. Geochronological data taken from 16 mineralized ash-flow calderas. No pre-collapse mineralization is documented for small calderas,

whereas several large ash-flow calderas show pre-collapse mineralization. According to this plot, the content of which is not exhaustive, caldera
size may play a role in pre-collapse mineralization processes.
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phase could explain pre-caldera mineralization. When Consequently, this result has very important implica-
large and hot silicic magma chambers settle at shallow tions for magma chamber settlement for it shows that
crustal levels, the hot magma significantly disturbs the the gravity is not the only controlling force for locking
thermal regime of the crust, and thus its stable strati- magma chambers within the upper crust (Ryan, 1987).
fied rheology. The magma chamber roof is deformed It supports recent ideas concerning the active role of
and the BDT zone is raised around the reservoir, deli- tectonic regimes in the emplacement depths of
neating the “thermo-mechanical geometry” of the magmas (Watanabe et al., 1999).
magma chamber. It follows that the upper crust Fig. 12 shows that the viscous stress created by a
forms a thinned brittle layer above the reservoir, buoyant magma chamber can resultin brittle failure in
which becomes more and more elongated. Fracturesthe upper crust associated with extension and upward
and cracks are thus more easily initiated within this bending resulting from stress-induced flow (Fig. 12,
layer. bottom). The brittle strength of the rocks is low during
The second set of experiments was intended to extension, meaning that the crust may be easily
investigate a number of phenomena that can precedebroken, and that surface normal faults can appear
magma chamber emplacement and caldera collapsewell before the final emplacement of the chamber
The detailed investigation of possible emplacement near the surface. It is possible that these faults may
mechanisms is largely beyond the scope of this serve as hydrothermal fluid channels, thus explaining
study and would require in itself an individual appearance of pre-caldera mineralization, as it might
study. For this reason, we decided to focus our analy- be the case for the Martha Hill gold-silver deposit,
sis to the thermo-mechanical consequences of empla-Waihi, New Zealand (B. Brathwaite, personal
cement and thus only consider a simplified communication; Brathwaite and McKay, 1989). The
hypothetical situation, in which an initial spherical distance between the primary normal faults is largely
magma chamber, deeper than its final emplacementcontrolled by the effective thickness of the brittle
depth, ascends under positive buoyancy forces (e.g.layer and to a lesser degree by the size of the
Chandrasekhar, 1981). In reality, the chamber may be magma chambers itself. However, during the later
emplaced in a different way, but it is clear that any stages when the upper crustal layer and magma cham-
density changes in the already formed magma body ber cool down and subside, a second group of faults
will result in stress exertion on the surrounding rock. (Fig. 12, top) may appear, this time corresponding to
Depending on the density contrast and the mechanicalthe chamber borders.
resistance of this rock, the chamber should deform or  In all cases, we observe strong pressure gradients
move up and down to minimize the stress difference. from the center of the chamber roof towards the
With time, heat diffusion from the reservoir to the borders, as well as fault-induced pressure gradients.
surrounding crust has two major consequences. TheActive faults may be associated with high local pres-
first is weakening of the magma chamber envelope, sure due to shearing on fault surfaces. The internal
facilitating vertical movement of the magma body and fault geometry defines the direction of pressure gradi-
the second is cooling of the reservoir leading to a ents associated with the fault (see the “valve effect”
higher magma viscosity at the boundaries and thus described by Sibson, 1987). The pressure is higher
greater resistance to vertical displacement. We along the narrow parts of the fault and lower along
performed several series of calculations with large its wider parts; lithostatic pressure increases with
reservoirs, which show that the minimal emplacement depth and thus should be added to or subtracted
depth of sufficiently hot magmas (around 80) is from the valve effect. Nevertheless, the inclined
limited to 2-5km by the near-surface thermo- downward-widening faults, as shown in Fig. 12,
mechanical barrier at BDT, whatever the positive may pump fluids downwards and outwards, whereas
density contrast is. It is noteworthy that most silicic the vertical faults may pump them upwards,
magma chambers below ash-flow calderas seem tothus forming a kind of a circulation loop through
have settled within this depth range. This result the “Y-shaped” double fault system. As mentioned
suggests that silicic magma chambers may have aearlier, fluid paths cannot be realistically predicted
positive density contrast with the host rock. without coupling the mechanical solution with
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Fig. 12. Emplacement of a magma chamber resulting in surface bulging and pre-volcanic faulting followed by subsidence.

fluid-flow solution through a permeable matrix. structures in the vicinity of the rounded edges of the
However, the highly variable parameters of such a reservoir, thus creating “pre-eruptive” border faults
matrix would be difficult to define, and some within the brittle part of the upper crust. In addition
authors have shown that fault-induced pressure to these “pre-eruptive” border faults, we observe the
gradients may dominate over other mechanisms formation of a subhorizontal fault, corresponding to
(Y. Podladchikov, personal communication). Our the horizontal portion of the BDT zone (above the
approach, based on the calculation of pressure magma chamber roof), and thus representing another
gradients and the prediction of crack concentration possible fluid pathway. This “pre-cutting” of the
zones, may provide a reasonable first approxima- upper crust may favor a particular style of collapse
tion. once explosive eruption occurs. It may also promote
Despite the absence of surface loads (no eruption in preferential pathways subsequently followed by
these simulations), the magmatic overpressure tendshydrothermal fluids.
to focus the shear stress and the major deformation The major result here is related to the pre-existence
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of structural traps before eruption and thus before seems to successfully reproduce the basic principles
caldera formation. At that time, the heat source is of the thermo-mechanical processes associated with
clearly present because the magma has not cooledcaldera settings.
sufficiently to be frozen by the surroundings. It According to our results, the conditions for epither-
follows from these experiments that thermal and mal gold mineralization (high and low sulfidation) can
structural traps can be formed long before caldera switch to those for porphyry mineralization under the
collapse. Numerous field examples show that influence of regional extension. In subduction-related
eruptions of several rhyodacite domes along border volcanic settings, this regional change is very likely to
faults predate caldera collapse (see Table 1). Theseoccur because the amount of retrograde motion of
pre-caldera eruptions could indeed be facilitated by subduction zones as well as the dip angle of subducted
pre-collapse faults, allowing highly silicic and viscous slabs can undergo marked changes over a few
magma to escape easily to the surface. million years (Garfunkel et al., 1986; Sillitoe, 1989;
Guillou-Frottier et al., 1995).
The most intriguing result of our modeling remains
5. Discussion and conclusion the “pre-cutting” of the upper crust when silicic
magma chambers settle at shallow depths. It seems
Several authors have investigated the mineral that faulting conditions for caldera collapse might
potential of ash-flow calderas, but the genetic link be conditioned by the pre-eruptive history of the
between the ore deposits and caldera formation magmatic system. The amount of overpressure
remains controversial. Field observations over several needed to lead to the development of pre-eruptive
decades have shown that ash-flow caldera featuresfaults should be easily reached with large and
(e.g. the presence of ignimbrites and ring faults) repre- voluminous magma reservoirs. In consequence, pre-
sent a kind of exploration guide for mining geologists. collapse mineralization would only occur for large
However, it is often difficult to recognize ash-flow caldera areas, as suggested in Fig. 11.
caldera signatures in the field because of intensive Another surprising phenomenon is a juxtaposi-
erosion probably related to the proximity of subduc- tion of some low/high sulfidation ore deposits
tion zones. Our results have shown that the location with porphyry-type ore deposits (e.g. Sillitoe,
and distribution of traps for ore deposits strongly 1994; Arribas et al., 1995b). Erosion would be the
depend on large-scale factors, such as magma cham-driving mechanism, enabling deep mineralization to
ber geometry and regional tectonics. Therefore, it “telescope” ore deposits forming at the surface.
seems useful to incorporate these large-scale factorsimplicitly, the deep mineralization brought to the
and the long-term evolution of calderas into mineral surface is either pre or syn with respect to the shal-
exploration strategies. lower ore deposits. Erosion has been demonstrated
Favorable areas, i.e. the outer sides of the borderto act as a major process affecting — in a subtle
faults, have been described in terms of steady-stateway — both the thermal and the mechanical
heat refraction effects, density of potential brittle fail- regimes of the crust (e.g. England and Richardson,
ure, and thus potential hydrothermal fluid pathways. 1980; Avouac and Burov, 1996), although it is not
Our study evidently lacks fluid dynamics within such clear whether erosion would tend to favor or inhibit
systems, and fluid geochemistry in the presence of an mineralization potential. Our results on potential
anomalous thermal field. As such an approach would fracture distribution and subsequent potential fluid
need to take into account so many other parameterspathways (Section 3.5 and Fig. 10) suggest that
(fluid properties and compositions, rock porosities and shallow and deep mineralization located above
permeabilities, etc.), we decided to first restrict this magma chamber corners could telescope if the
new thermo-mechanical modeling to a simple and potential failure zones above the magma
unresolved problem. Despite the absence of fluids, chamber borders were not eroded. Such complex
“Y-shaped” border faults of ash-flow calderas have interactions between caldera evolution over a few
been obtained and because these geometries aren.y. combined with a high erosion rate must be
common in mining districts, our modeling approach investigated in the future.
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—X2>0 A4
;%2 (Ad)
For the third case, one condition is missing for
Appendix A. Heat refraction around conductive solving the heat equation: we have imposed a final
faults condition at the surface and at the center of the
caldera:

To compute the thermal field in the three cases of oT
Fig. 5, we have solved the heat diffusion equation in lim ki(—>(x =0,z=0=1 (A5)
steady-state using a Cartesian geometry. In the three®* z
cases, the following dimensionless boundary condi- where a is the inner radius of the caldera (i.e. the
tions apply: (1) a fixed temperatur@+ 0) isimposed  horizontal distance from the center of the caldera to
at the surfacez= 0); (2) a constant heat flon< 1) is the inner side of the border fault). This condition is
imposed away from the fault (ak— *oo); (3) valid only for large calderas. Isotherms are thus
temperature increases with depth. For the third caselocally disturbed by the fault, but the constant heat
(caldera-related faults), the same constant heat flow flow is recovered at the center of the caldera, as
value (= 1) is assumed to be recovered at the center soon as caldera size is sufficient. For a representative
of the calderaX= 0). This condition is equivalent to a conductivity ratioki/k; = 4, and for a caldera size
“large caldera” hypothesis, meaning that heat refrac- equal to 4 4 = 2), the error is less than 3%.
tion effects are restricted to the direct vicinity of the Solutions for temperature distribution, vertical
fault. By continuity of temperature and horizontal gradient and vertical heat flow are expressed with
heat flow through the vertical interfaces (fault Fourier series. In the case where the host rocks
sides), an analytical solution is obtained for the ther- surround a single fault (case a), temperature outside
mal field. Various fault widths and conductivity the fault can be written as:
values have been tested (see details for the third

case in the BG paper). T(X2) = an eXp(— /X)) SINGR2) + > o, SiN(gn2)
The steady-state heat equation in Cartesian geome- m m
try writes: (AB)

whereq,, are wave numbers, and whexganda, are

the Fourier coefficients to be determined. In the three
cases, and within each area of Fig. 5, the wave number
g is determined with the first boundary condition and
condition (A4):

_@m+ Dm
T(x, z=0)=0 A2 T3

AT(x,2 =0 (A1)

whereT is the temperatures the horizontal distance
and z the depth. At the surface, temperature equals
zero whatever the medium considered:

(A7)
Farther away from the fault, at— = oo, tempera- In the following, the Fourier series are written as:

ture must tend to 1 fore— 1, a consequence of the 1 ;) = Y gj A F(X) + A A8
vanishing heat flow perturbation. This condition can .2 % n2)(Om 109 m (A9)
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whered,, andA\ , are the unknown Fourier coefficients.
The second terms (with Greek symbols) correspond to
constant gradients within the intracaldera units (case T(x,2) =
¢) and at the outer sides of the faults (cases a and b).

By definition, the constant heat flow condition (A3),
whenx — *oo, is recovered with:

f(x) = exp(—qm|X)) and with
8(—1)" y 1 (A9)
™ @@2m+ 172 Tk

wherek; corresponds to thermal conductivity of the
medium k,, or k., or k). For the intracaldera units

357
host rocks:
D SinGm2) (b f () + Br). with
f(X) = eXFx—qm|X|)
="
Pm = m2(2m + 1)2 and
(A12)

b —_—kfsinl'< ﬂ)exp( w)
m = k, sz sz am

Case b a single fault separating host rocks from a

(case c), the same heat flow is recovered at the centersemi-infinite insulating medium.

and at the surface of the caldera with:

f(x) = coshgX) and with

A10
_ sk o
™ om2m+ 12 7 k

To summarize, when continuity of temperature and
horizontal heat flow through the vertical interfaces
is applied, all Fourier coefficients can be deter-
mined. Analytical solutions for the three cases
follow:

Case a:a single fault embedded within “normal”
rocks.

fault:

T(x2) = D SinOn2)(@nmf (X) + am), with
f(x) = coshgmx),
8(—1™

“m = 20om+ 12

(A1)

wherew is the fault width and for a fault centered
atx=0.

insulating mediungleft side):

T(x,2) = ) singn2)(@nfXx) + ap). with

(A13)
f(¥) = exp(gmX)
fault (middle medium, centered at= 0):
T(x.2) = ) sinOn2)(by f(x) + Br). with
" (A14)
f(X) = sinh(gyX)
host rockg(right side):
T(x.2) = D sinan2)(Cnf() + ym). with
" (A15)
f(x) = exp(—gmX)
Some coefficients are easily obtained:
;o 8=D" 1
W= Zomi 1Pk o
(A16)

;. 8-1n" 1

Ym= 2om+ 12 K

and by continuity, the other coefficients can be
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written as: and complex geometrical structures. This method
/ / belongs to the so-called Fast Lagrangian Analysis of
bl, = K K Ym~ *m , Continua family (FLAC") (Cundall and Board,
(_f + —f)cosh(qmﬂ) + 23inh<qmﬂ> 1988; Cundall, 1989) of large strain fully explicit
Kr ki 2 2 time-marching numerical algorithms based on the

Lagrangian “moving grid” method. The latter enables

;o 1k / the solution of Newton’s equation of motion in large
&m =3 K (XPGrW) + )by strain mode holding a locally symmetric small strain
formulation commonly used in continuum mechanics.
; ks ; The major advantage of the FLACmethod is its
tm="75 E(exp(qmw) + Db, and ability to reproduce initialization and evolution of

non-predefined faults, which is crucial given the
W ) W aims of the present study. This algorithm and its appli-
(sz) — sinh (Qm§>] cation to caldera modeling are described in detail in
(A17) Burov and Guillou-Frottier (1999).
The plasto-elasto-viscous finite element Paravoz
Case c the caldera case, where the insulating code (e.g. Poliakov et al., 1993) solves Newton equa-
medium is of finite size. tions of motion in continuum mechanics formulation
The solution is similar to the previous ones, except using the FLAC method:
the imposed symmetry at the center of the caldera ov. 90
. . . i ij
yields a cosfg,x) term in the series. The reader Pt T o
should refer to the BG paper for the complete solution. %

B = vYm+ b’m[— %cosh

—pg =0 (B1)

wherev is the velocity,g the acceleration due to grav-
ity and p the density. The FLAE method uses small
strain equations for large strain problems because the
numerical mesh moves with the material, and at each
time step the new positions of the mesh grid nodes are
calculated from the current velocity field and updated
in a large strain mode accounting for stress rotation.
Solution for velocities at mesh points is used to calcu-
late element strains;. These strains are employed in
the constitutive relations yielding element stressgs

Appendix B. Numerical model and rheological
assumptions

Fig. 2 presents the set-up for the different numerical
models, for which we adopted a FLAGhased
(Cundall, 1989) finite-element code called “Paravoz”
(Poliakov et al., 1993). Paravoz allows for mixed brit-
tle, elastic, viscous and non-Newtonian temperature,
stress and strain rate-dependent power-law rheology

Table 2

Parameters of dislocation creep for lithospheric rocks and minerals (The values correspond to the lower limits of the rock strength (Brace and
Kohlstedt, 1980; Carter and Tsenn, 1987; Tsenn and Carter, 1987; Kirby and Kronenberg, 1987). The elastic moduli used for all materials
throughout this paper ar& (Young's modulus)= 0.8 GPa and/ (Poisson'’s ratio}= 0.25. The brittle properties are represented by Mohr-
Coulomb plasticity with friction angle 3Gand cohesion 20 MPa (Gerbault et al., 1998))

Mineral/rock A" (Pa"s™h H* (kJ mol™?) n
Quarzite (dry) B¢ 10712 190 3
Diorite (dry) 5.01x 107 212 2.4
Diabase (dry) 6.3x 10 %° 276 3.05
Olivine/dunite (dry) *x107 520 3

Dislocation climb at
o, — 03 < 200 MPa

Olivine (Dorn’s dislocation &= goexpg—H"(1— (01 — (T3)/0'0)2/RT]
glide) ato; — o3 = 200 MPa whereéy = 5.7x 10" s7%, g = 85x 10° MPg H* = 535 kJ mol !
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and equivalent force ovi/ot, which provide input for (diffusive) part: the former is calculated automatically
the next calculation cycle. For elastic and brittle mate- when solving the equations of motion, whereas the

rials the constitutive relations have a linear form: latter is computed using a separate procedure. The
B size of the mesh elements was betweerxSD n¥
& = Adij Ao B2 and 250¢ 250 nt.

with A, A being the constitutive parameter matrixes
(Table 2). For a ductile rheology, these relations
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& = Ac" oy (B3)
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