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Abstract

New insights on the circulatioof fluids around magmatic frusions have been obtained
through couplechydrothermal numerical modelling th&tkes into accoun) a continuous
variationof permeability with depth, ii) the period oftrusion emplacement, iii) the physical
likelihood of ore deposition using a rested rock alteration index, aniy) the so-far
unexplored pluton floor, and th@mparing the results againgell-constrained natural cases
showing different emplacement depthggh permeability zones (cracked thermal aureoles),
faults and plutonic apexes. We show that emplacement depth is a key physical parameter
controlling the extent andeometries of advective heat disgtion zones, and that shallow
apexes strongly modify the fluid-flow patteby acting as a focus for convective fluids and
mineralization zones. We also shtwat the coolingphase is not thenain convective phase

for large plutons commonly associated with long-lived magmplacement; major advective
heat dissipation and mineral deposition zones may also develop batboriring the hottest
phase of the emplacement, i.e. beforagma crystallization. The comparison withtural
cases shows that we successfully reprodicespace and time, the physical conditions
required for mineral deposition. In particular, exg®nal detachment is able to restrain and
modify classical fluid-flow pterns induced by coeval intrasi. Finally, even though lacking
chemical arguments, we conclude that catiea induced by granite emplacement plays a
majorrole in the genesis of granite-related Au deposits. Moreover, the formation of this type
of deposit isfavoured and controlled by the presenceadfactured thermal aureole around

the intrusion.

Keywords: Hydrothermal processes, numericaddelling, magmatic intrusion, permeability-

depth curve, mineralizatn, rock alteration index.



1.  Introduction

Despite extensive studies of the hydrodyre@maround intrusions the circulation of
hot and variably pressurized fluid in the uppermost kilometres of the crust is still not easily
predictable. This is because rock and flpiperties can show large time- and/or depth-
dependent variations around such geologicalesyst For example, the complexity of such
systems is confirmed by work on the reactiohsnetamorphic mineraland distribution of
stable light isotopes around natural aure@fesry and Dipple, 1992; Nabelek and Labotka,
1993; Dipple and Ferry, 1996; Ferry et al. 1988yry et al., 2002; Rwsetti et al., 2007).
Controversial 1D models derived from sometledse studies have difilty in tracing peri-
plutonic transient flowpatterns in detail.

A pluton’s host rock has a permeabilitygbhold above which heat dissipation during
the system’s cooling is achieved by fluid achken rather than conduction. The value of this
threshold for homogenous countryck spans an interval of 10- 10 m? (Norton and
Knapp 1977; Norton and Knight 1977; Geradsal. 1998; Cui et al. 2001), which is easily
reached at a few kilometres depth (e.g. brgsen and Manning, 1999). Hot plutons also
create density gradients in theuotry rock, along with long-lived (>£0years with rapid
magma emplacement) large-scakgional flows (Cathles 1977; Norton and Knight 1977;
Cook et al. 1997). Consequently, it has been stgdethat the heated fluids are responsible
for the development of large convection cellguend the intrusion; Norton and Knight (1977)
have even quantified a very large amount oidflinvolved in convection cells far from the
pluton. Moreover, magmatic brines expulsed from the intrusion will increase fluid salinities
and thus enhance buoyancy forces. Howeter,production of magmatic and metamorphic
fluids constitutes a pressurengn force that interacts witbuoyancy forces; for example,
Hanson (1992, 1995) and Manning and Ingebrit€E909) show thatbelow the critical
permeability threshold of 18 m?, fluid-production forces igger supra-hydrostatic fluid
pressures and dominatensity-driven forces.

The last 15 years have seen the developofeatseries of improved numerical models
concerning the physics and chemistry of 2D and 3D hydrothermal systems (e.g. Hayba and
Ingebritsen, 1997; Wilcock, 199&ontaine et al., 2001; Cowm et al., 2006; Kuhn et al.,
2006). The most elaborated numerical codes mzlude the possibility of simulating multi-

component, multi-phase flow with non-lineafluid properties and time-dependent



permeabilities, within a three-dimensional geamée.g. Clauser, 200Xu et al., 2004; Kipp
et al., 2008).

Regional metamorphic fluid flownd large-scale structurese(ifolds, faults, regional
cleavage, etc.) are considered to be the first-order controls on a bulk flow pattern, with
plutons acting only as sewd-order perturbations (e.§tern et al.,, 1992Wing and Ferry,
2002). Nevertheless, it is precisely the secomtoperturbations (i.eanomalies) of fluid-
flow patterns that are assumed to be imporiactors during ore-depogienesis. It has been
demonstrated, ever since the pioneering workefLaunay (1913), that magmatic intrusions
play an active role in the gesitional processes of ore arav materials (e.g. Sillitoe, 1991;
Thompson and Newberry, 2000; Lang and BaRe1; Cerny et al., 200%arr et al., 2008).
The role of an intrusion in ore depositiovill vary according to deposit type. We can
distinguish, for example, i) a strong roleharacterized by a genetic chemical and
mineralogical link between the intrusion anck tbre (e.g. Ni-Cu sulpde deposits within
mafic-ultramafic magmas; Arndt et al., 2005), &y intermediate role, where it is well-
established that part of the mineralizing dlslis magma derived (e.g. Au-Cu-Mo porphyries;
Seedorf et al., 2005), and iii)lenited and/or indirect rolevhere chemical arguments for a
magmatic connection ardacking or equivocal—for exanmglnon-porphyry itrusion-related
Au-Sn deposits show very subtle links wittagmatic fluids (Thompson et al., 1999). Indeed,
even if Baker and Lang (2001) suggest a pradamnt magmatic origin for some of these ore
deposits, the signature of the ore-formifigids is commonly difficult to establish
unequivocally. In this respect, heat transéerd fluid flows aroundmagmatic intrusions
appear to be of major importance in studying temporal features of intrusion-related ore
deposits (e.g. Cathles, 1982iesner and Geiger, 2007).

For the present study, we re-examined fluakflpatterns around speciintrusions in
order to delineate the moswitaurable zones for ore depositias defined by dynamic criteria.
Our numerical simulations (using coupled transiheat and fluid-flow equations) deal only
with fluid convection triggered by the emplacemh of a heat source (i.e. a pluton). By
excluding fluid production and solute transport, @esigned our models to highlight and test
for significant points and hypotheses generadiyored in previous work. Since we use a
pressure-temperature field whetepths are between 1 and 15&ma temperatures are below
450 °C, fluid properties of put&uid water can be assumed.

First of all, we developed five theoreticabdels (M1 to M5) to explore the fluid-flow
pattern immediately below thetrasion (see also Carr et a&008), close to the floor zone,

since it stands to reason that the floor zowtkiwa thermally equilibrated crust will not be a
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horizontal mirror image of theoof zone. Moreover, because we consider the magma ascent
through a dyke-propagation mechanism (Clenars Mawer, 1992), the thermal structure of
crust below the pluton will presumably be less disturbed than in a diapiric-type ascent.
Secondly, because our theoreticaldels are scaled to simuldéege plutons within a 24-km-
thick continental crust, we applied the peahility-depth curve of Manning and Ingebritsen
(1999) (Fig. 1A), rather than a uniform, lagd or stochastic pemability model (Norton and
Knight, 1977; Gerdes et al., 1998); the introduttof a depth-dependepermeability model
could have an important impact on the flfliolw patterns. Thirdly, we have attempted to
evaluate the ore-deposition paiahusing an improved versiasf the Rock Alteration Index
(RAI) concept as defined by Phillips (1991) anddiby others (Zhao et al., 1998; Gow et al.,
2002; Harcouét, 2005), and then comparing oesults to a selecth of natural well-
constrained intrusion-related mineral depogi®dels M6 to M11). Fourthly, earlier fluid-
flow models (see references above) only nledethe cooling phase without taking account
of either the emplacement phase (heatingopgrior the crystallization phase (a quasi-
isothermal period); even thoudhis assumption may be valid for small shallow intrusions
(emplacement of less than 100,000 years; Rettoral., 2000), melt production and pluton
emplacement can occur over several million ge@.g. by stacking of sills) in collision
settings with no mantle contribution (Annext al.,, 2006). Such dation estimates and
emplacement mechanisms are currently deba®dor example in the Michaut and Jaupart
(2006) study, where latent heate@se due to crystahtion leads to catastrophic heating of
the magma pile and may last 1 Myr. Cegsently, in the present study, we modelled
sequential emplacement and subsequent coolingler tw depict the flai-flow patterns from
the stage of incipient pluton inflation to thait thermal re-equilibration into the crust. The
possible effects of the intrusion shape, #mplacement depth and the role of stocks and
permeable zones (such as fractures anddoits) were evaluated and related to the

hydrodynamics, the duration of thgdrothermal system andetimineralization potential.

2. Intrusion-related ore deposits: tested natural examples
As mentioned above, several well-constraingdusion-related ore angw-material deposits
were selected for depicting the influencewvafrious factors on the hydrodynamics of such
systems (Fig. 1).

The Boboras pluton (318 + 5 Ma) and assecdi@rues gold deposit located within the

internal zone of the Spanish Hercynian belt of Galicia (Fig. 1B) were selected to test the role



of a fractured thermal aureole associated witteep-seated intrusion (data from Gloaguen et
al., 2003; Gloaguen, 2006). The age of the gold raligtion is uncertain (potential regional
thermal resetting), but the structural controld #8nid inclusions argue strongly for a coeval
genetic link between the granite emplacaetmand the mineralizing event. The host
mica schist is strongly veined (partlymeralized) within the thermal aureole.

Fluid expulsion from the pluton may have caused hydraulic fracturing within the
thermal aureole, which would then form glipermeability zone. Note that the Brues gold
deposit is located in the roof zone around thehson edge of the pluton and above a root
zone. The deposit is characteristic of a dsegted intrusion-related Sn-W Province gold
deposit as defined by Thompson et(4b99) and Lang and Baker (2001).

Natural examples of intrusion-related ateposits associated with plutonic apexes
were also selected to depict the potemntidé of apexes. The Scheelite dome gold deposit
(Fig. 1C) is a well-establishezhse of an intrusion-relatedldaleposit around and co-genetic
with an apical granitic stécin a Sn-W Province (Bakemd Lang, 2001; Stephens et al.,
2004; Mair et al., 2006). As witthe Boboras pluton, the tmeal aureole at the apex is
intensely fractured and veined. The emplaceréttie intrusion and mineralization occurred
between 94 and 92 Ma.

For a typical porphyry-type mineralization ¢FFilC), we selected the famous Grasberg
Cu-Au porphyry in the Irian-Jaya fold and thrbsit (Pollard et al2005). The emplacement,
from the first intrusive phade the last mineralizing everdccurred between 3.4 and 3.0 Ma.
The Kucing Liar Cu-Au skarn (3.Ma) along the Indenberg thrust,aseval with an incipient
intrusive phase of the Grasberg complex.ewimodelling the Schetd dome and Grasberg
deposits, we applied a realistic size.(ll€*2.5 km) for the main underlying plutonic body
(i.e. the upper arstal ‘batholith’).

Being a high permeability zone, a detachmieniit may play an important role in
channelling mineralizing fluid during an extémsal regime. We were thus interested in
exploring the fluid-flow pattern around ptrs emplaced during low-angle extensional
faulting. The geometries and structures @ khonte Capanne plutoncha Crocetta deposit
along the Elba central detachment is a well-taised example of such a system (Fig. 1D,
data compiled from Bouillin et al., 1993; Mari et al.,, 2003; Rossetti et al., 2007). La
Crocetta is an important economic concerdratof ceramic raw materials resulting from
strong hydrothermal alteration associatedhwthe emplacement of the Monte Capanne
pluton. The emplacement and the sericitizationaaCrocetta occurred between 7 and 6.8 Ma.



It is noteworthy that the hydrothermal adfjvand mineralizatiorat all the tested
deposits occurred within 2 Myr of magma engelaent. Moreover, with the exception of the
Grasberg porphyry system, timeineralizing fluids were nobf pure magmatic origin, but

reflect a mixing otifferent sources.

3. Hydrothermal modelling: the governing equations and parameters

The mass conservation equation ddituid of variable density ithin a fluid-saturated porous
medium (rock matrix) without an internal fluid source is

w/
W

T UU& (1)

where /is the porosity, s the fluid densityt the time andu the fluid velocity vector (see
Table 1 for units). The fluid is assumed e incompressible with a constant chemical
composition, and its density is temperature depat. Darcy’s law was ad to describe the
fluid velocity field:

N N @
where K is the intrinsic permeabilityy the dynamic fluid viscosityp the fluid pressure, and
g& the gravitational acceleration vector. Tpermeability was varied with depth, using
Manning and Ingebritsés (1999) equation:

log(K) 14 3.2log(2) (3)
whereZ is depth expressed in km.

The fluid density variestiearly with temperature:

t L1 L, T T, 4)
where &is the fluid density at room temperatufg and £ the volumetric coefficient of
thermal expansion of the fluid.

Based on an analytical approximationr fthe relationship ofviscosity with
temperature T (Kestin et all978; Rabinowicz et al., 1998),eHluid dynamic viscosity is
given by:

§2478 .

P 2.41410° "10° o (5)
whereT is in K and An Pa.s. As illustrated by Claus@006) any pressuidependence of the

viscosity can be ignored when compared with temperature dependendieat transport is



achieved by both conduction and advectiomaiporous medium, and is described for an

incompressible, one-component, single fluid phase by:

sW . & &&

Q eq(©_w1 Q‘,T CLU.T (6)

where Q is the heat source provided by the plut&, is the volumetric heat capacity

(CL.= &Cp, with Cp being the specific heat capacity) afidq and ¢ are the weighted
average volumetric heaaipacity and equivalent thermal doictivity, respectively, as defined

in saturated porous media:
Cy /4YCp; (1 1) (Cp, (7

wheref ands are subscripts for fluid and countrycko The equivalent #rmal conductivity is
written as:

o ¢ @ N (8)
where ; and sare the thermal conductivities thfe fluid and the country rock.

Fluid flow and heat transport are coupléuiough the fluid’s desity and viscosity
(Equations 4 and 5). Variations fluid density with tempexture affect both Darcy's law
(through the buoyancy term) and the heaation (through variations 6ty F see Equation
7), so that local density changes can affeetflbw field. Among the lcosen fluid properties,
density, viscosity, heat capacity and thermalidiectivity vary only withtemperature, since

pressure-dependence terms can be ignored for the first approximation.

4.  Defining a Restricted Rock Alteration Index

Coupling the heat and fluidelv equations was computed merically using temperature-
dependent properties and depth-dependent peiiealn order to gain some insight into
how mineralization patterns can deduced from the thermal amdlocity fields, one can start
from the initial work of Phillips (1991). In sit, fluids carrying dissolved chemical species
move through a permeable matix fracture network. Irmany geological situations, the
controlling factor is the rate at which the reatsan solution can be delivered to the reaction
site by advection and diffusion. As initraldemonstrated by Wood and Hewett (1982), the
dissolution/precipitation of angaeous mineral is mainly depemiieon advection, diffusive
processes being negligible whéarge-scale processes (iftuid circulation over a large
timescale) are considered.



As in buoyancy-driven convective flows, theifl pressure gradient is small, and the
mineral dissolution/precipitation rate deperms the scalar product of the fluid velocity
vector by the temperature gradigfar more details see Phillips, 199Zhao et al., 1998;
Raffensperger and Vlassopoulos, 1999; Zbaal., 2001, 2003; Heouét, 2005; Harcouét-
Menou et al., 2009). This scalar is called the Ralt&ration Index (RAI) and in the case of a

single fluid componentan be written:
RAI [U™T 9)
When several fluid components are coasidl, the RAI expression (according to

Phillips, 1991) should be multiplied by the pdrtikerivative of the mrmeral concentrations
with temperature. Since minérsolubility is assumed to increase with temperature, Phillips

(1991) deduced that it ~’(T is positive (resp. negative), then mineral dissolution (resp.

precipitation) occurs. Since RAI urfis defined in Equation 9) is K.swe interpret negative
RAI values as local cooling rates of the duand positive values as local heating rates.
During regional metamorphism, a pluton givese to intense second-order fluid-flow
perturbation within the sloweregional fluid flow (Stern etl, 1992); for active regional
metamorphism, a Darcy velocity of ¥ m.s* is considered to be an average value
(Ingebritsen and Manning, 1999). ing contact metamorphism, Darcy velocities, from time-
integrated fluxes based on mineral reactiand stable isotope studies, range frorl s’
to 10** m.s* (Ferry et al., 2002). Hydrothermal nurival models of contact or regional
metamorphism predict Darcy velocities ranging fron? 10.s' to 10™ m.s* (Cook et al.,
1997; Gerdes et al., 1998; Oliver et al., 2006hus, in order todecipher the pluton
contribution to fluid flow, a resicted fluid-velocity condition  >10%° m.s') was added to
the RAI. This restricted RAI (Bl) is defined by:

1 if RAI 0Oand u!'10®ms!?

RZAl  @® (10)
© if RAI'Ooru 10¥ms!?

This definition corresponds to a parametich is valid at a given time step.

To look at its temporal variatiosince fluid velocities can exceed*fan.s! for only
short periods of time one computes a kindtiofe-integrated R2Al (TR2Al) which shows
temporal variations of the R2Al for a givéime period. Areas with a 100% (resp. 50%) value
correspond to zones where the R2Al equaldufing all (resp. halbf) the specified time

period.



5. Model construction: geometry, timing, boundary conditions and rock
properties
5.1 Geometry

We constructed our models based on theorefidatiples and also on selected well-known
natural cases (M1 to M11, Fig). The theoretical models (Mo M5) were performed along

the Manning and Ingebritsen (1998pth-permeability curv@.he basic model geometry was

a rectangle, 2.5 km thick and 10 km wide, and the emplacement depths extended from 3 to
16.5 km (Figs. 1 and 2).

The natural case models (M6 to M11, FR). were adapted to selected natural
examples (Fig. 1B, C, and D). The modellegtphs range from 25 to 31 km? in size and their
roofs lie within a depth range of 8 to 10 km.rFRee continental crust, we used a 2D model
geometry 47 km wide and 24 km deep (Fig.T2)e geometries of the pluton apexes, fractured

aureoles and surrounding faudtise described in Figure 2.

5.2 Timing

Our transient models were designed tketanto account the time of emplacement and
crystallization before cooling (see Introdion). The total duratio of the numerical
experiments is 20 Myr broken down as follows:

i) 0 to 7 Myr. The initial imposed (a prniy thermal state evolves by adjusting the
thermal and pressure fields to théeefive boundary conditions and material’s
temperature-dependent properties;

i) 7 Myr. Steady-state is considered ahieved since the temperature field no
longer evolves significantly and aegyed fluid velocities are around fam/s;

i) 7 to 10 Myr. The duration of emplacement and crystallization, represented by a
time-varying heat source, lasts 3 Myrdaincludes two distinct phases — the
heating period and the ctgdlization period, during which magma temperature
is presumed to remain constant (udihg the effect oflatent heat of
crystallization). This time-varying heat source is set at 500 miMyith a
condition that the magma temperatures do not exceed 700 °C. As soon as the
magma temperature reaches 700 °C, tbat Isource is turned off. This high

heat production value has no physical niegusince it is only used to increase
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the magma temperature for a given tiperiod. To avoid sharp temperature
differences, the beginning of the heating period is multiplied by a smoothing
function.
The maximum temperature within the intrusion remains constant until the end
of the emplacement-crystallization periodl@ Myr, which is here termed the
hottest phase for the bulk model.

iv) 10 to 20 Myr. The subsequent cooling phase lasts 10 Myr, after which thermal
equilibrium is re-established.

5.3 Boundary conditions and rock properties

The model’'s upper boundary represents the flat surface topography, which is permeable and
maintained at 20 °C ¢J. The bottom is located a4 km depth with the temperature fixed at
700 °C. The lateral boundarieseaassumed to be impermeable and thermally insulated. The
initial temperature profile serted into the model is:

T 20 0.024*z (11)
whereT is the temperature in °C ardhe depth in m.

For simplification, the host rock is assed to be a homogeneous saturated porous
medium (constant porosity = 5%) with a depiependent permeability (Equation 3), whereas
the intrusion has the physical characteristicgrahite (Table 1). As nggma is considered as
impermeable material (Gerdes et al. 1998),fixed the permeability of the intruded body at
10%*m?2 during the emplacement period from 7L&Myr. Before and after emplacement, the
pluton permeability follows thdepth-permeability curve.

Faults (Figs. 1 and 2) are modelled wétltonstant permeability (K value of o),
whilst fractured aureoles around the plutoe aonsidered as transient permeable zones
activated (K value of I8 m? from 9.5 to 12 Myr. Before and after this time span, the
permeability of the aureole zone follows the depth-permeability curve.

Our 2D models include a single homogenougdfiphase (pure water) so as to enable
comparison with published models. Finally, teipled models are built using a commercial
finite-element code (Comsol Multiphysics™), which has been tested with various other

configurations alreadgublished (see below).
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6.  Fluid-flow patterns: results and discussion
6.1 Benchmark

The example shown in Figure 3 is taken frontdgs et al. (1998) who resolve the transient
hydrothermal circulation during pluton cooling/e reproduced their work after fitting the
most probable bottom thermal boundary conditiond & can be seen (Fig. 3) that the results
of this model match those from the publisistaddy. We also reprodudeesults obtained by
Rabinowicz et al. (1998), in which higher pemabilities were involvedidentical unsteady-
and steady-state convectivpatterns were obtained with a rectangular box with
permeabilities of 18 m2 and 5 18> m2, respectively. Surface heat-flow values and variations

were also recovered for these two last cases.

6.2  Spatio-temporal evolution of the flud-flow pattern and heat transfer

Just before the emplacement, at 6.9 Myr, heatsfer by advection is negligible since fluid
velocities are less than 1bm.s’. As outlined in Section 5.2, a hydrostatic and a nearly
steady-state thermal regimes are established.

To estimate the efficiency of the thedmadvection, we computed a local Peclet
number(Pe), which compares thermal advection to thermal diffusion (Fig. 4). The critical
Peclet number above which the influencéneét advection becomes significant is 1.

Early during the magma emplacement (e.@ Btyr on Fig. 4), the fluid flow patterns
obtained within the pluton roof area corresptmthose observed during the cooling phase in
previous studies (e.g. Norton akdight 1977): fluids inside # host rock migrate toward the
upper corners of the pluton and create two ection cells above the intrusion. The cell on
the left side is anticlockwise (Fig. 4), and tbatthe right side is clockwise. The pluton floor
zone is characterized by a convergent flumflfrom both deep and shallow zones. Thus
convection cells around the pluton may begered very early, eveat the initiation of
magma injection.

For shallow intrusions, the streamlines asatherms are disturdeby a second-order
convective instability above the pluton roof (MAdaM2 in Fig. 4a). This is well expressed in
Figure 5, where the horizontal component of tlné velocity shifts from a positive to a
negative value through four convective haliseThese second-orderrmoeective cells depend
on the pluton’s length and emplacement depth, and may be important when considering
mineralization potential. Moreover, mapping tRe number for shallow to intermediate

plutons indicates thatdaective heat dissipatiois still dominant 1Dyears after the hottest
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phase. The main convective discharge zoppears to be the area above plutons and
represents the most advective zone (Fig. 4).NFbto M4, this major discharge zone records
the fluid velocity maxima, i.e. up to an/s at the hottest phase of M1.

As to be expected, the extent of the advective zonefamdaximum values for all
emplacement depths are greatesimduthe hottest phase (i.e. 10 Myfhis constitutes an
important difference with models testing prithe pluton’s cooling phase (e.g. Norton and
Knight, 1977). Moreover, since maximum buoyariorces occur at the hottest phase and
around the pluton borders for all the modelsedyent buoyant fluids at the pluton contact
yield the highesPe along the pluton’s lateral bordeasid corners (e.g. M4 in Fig. 4b). For
intermediate to deep plutons (M3 to M3%phen discharge zoneasbove pluton are not
established through time, the maximum fluid #ties are still encountered along the pluton
borders. Consequently, although the heat teansfonly conductive for deep-seated plutons
(M5 in Fig. 4b), abnormal fluid velocities miglacally be reached along the pluton borders.

6.3 Influence of emplacement depth

For shallow intrusions (model M1 in Fig. 4ahe notes four convective cells (Fig. 5), as
against none for the very deep intrusions (MB)addition, maximum fluid velocities in the
models decrease with increasing emplacemenhdafpthe pluton. Also the formation of an
apical discharge zone above the pluton isaive until the emplacemedepth is around 10
km (i.e. M4 in Fig. 4b). Thée distribution (Fig. 4) shows thdahe extent of the advective
heat zone does not decrease with emplacement depths between 2 and 10 km. It is also
noteworthy that the advective heat transfenezas not restrictedround the pluton with
increasing emplacement depth (M1 to M4 ig.H), suggesting that supra-crustal plutons
emplaced at depths above 10 km are abledoca extensive advective heat dissipation up to
the surface. Converseli?e maxima decrease with incréag emplacement depth (from 24.5
in M1 to 12 in M4).

All these features are cleanglated to variations in the host-rock permeability, which
is depth-dependent in our models. As thdrmmansfer in M5 is only achieved through
conduction, a permeability threshold below 7367 (around 10 km, see Fig. 1A) is
indicated for thermal advection. Another cegsence of the permigiity decrease with

emplacement depth is the redoatiof the thermal advective zoleeated beneath the pluton.
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6.4  Apex effects
To study the effects of added plutonic apexasdels M3, M7 and M9, all with the same

emplacement depth (8 km), were comparednduthe intrusion emplacement phase (Fig. 4).
No significant apex effect was observed whire apex is located ithe deep zone of host
rock (M7 in Fig. 4b). In contst, where the apex extends into the shallow zone of the host
rock (M9 in Fig. 4b) it disturbs the moventeof the fluid around main intrusive body by
relocating convective cells and dischargees along and above the apex itself.

As we have considered the magma itself tabhémpermeable zone, the fluids rise and
accumulate at the highest point of the madmdy (which is commonly a stock); we relate
this to the fact that the permeability is highethe shallow zones (near the highest point of
the magma morphology). As apexes reach exgend into the shallow zones, effective
advection is initiated along the apex borddusing the magma emplacement phase and before
the hottest phase (e.g. M9 at 8 Myr in Fig. 4b).

7.  Probable mineralization patterns vs. natural cases

To study the effects of frasted aureoles and faults, therefore, we show ttAd Batterns
(Equation 10) of models M1 to M4 and M7 kigure 6. Also, for the tested natural cases of
well-known ore deposits (M6, M8, M10 and 1¥) we depict the evolution of the
mineralization potential from the phase of pient magma emplacement to that of cooling,
and show the distribution of the R calculated from 7 td0.5 Myr in Figures 7 and 8.

7.1 Potential mineralization zones for model outputs

Like thePe and streamline distribuths (Fig. 4), favourableRIs were found around and/or
above the pluton during the hottest phase. Wibeption of very shallow plutons, such as
M1, no significant favourable mineral depositioone is seen below the pluton floor. With
increasing emplacement depth, the apical abw/e the pluton remains the most favourable
for mineralization, whilst the favourable z@nécated around pluton borders and corners
decrease and disappear (Fig. 6). The molidlsand M2 show high-potential mineralization
zones located along narrow discharge zones theatopographic surfac These result from
second-order convection cellsvaéoping above the shallowyibns (see earlier). Figure 4
shows that these narrow adveetzones produce thermal bulges where the fluids reach the

surface at temperatures ranging from 150 to “IO0We interpret thse shallow focused
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mineralizing zones as low-temperature hydrotied systems possibly responsible for the F-
Ba (xPb,Zn) mineralization cheateristic of late-orogenic gnite emplacement, or for the
strong alterationdading to kaolinite depas. For M3 and M4, the shallow high-potential
deposition zones above the plutons appeaealistic at first glance. This point will be

discussed later.

7.2  Effects of fractured aureoles

Model M6, based on the Brués intrusion-related gold deposit, is emplaced at 9.3 km, i.e.
intermediate between M3 and M4, whereaxlel M8, based on the Scheelite dome intrusion-
related gold deposit, i® be compared to M7. The mastportant difference between M6,

M8 and the theoretical models is the presenita fractured thermal aureole that acts as a
high-permeability zone. These highly permeable zoned’ (@) were activated late during

the magma emplacement, at 9.5 Myr, i.e. SyHars before #hhottest phase.

The models show that highly permeable fuaetl aureoles are able to pump and focus
the fluid flow and thus restrain and decre#fse extent of the favourdbzones (Fig. 7). In
model M6, the upper corners of the pluton are ohthe most probable mineralization sites
during the hottest phase. This is in agreement with the location of the Brues gold deposit at
the upper north corner of the Boboras plutorg(AiB). The focus and pumping of fluid into
the permeable zone is also responsibletlie good agreement between the Scheelite dome
gold deposit and model M8 (Figs. 1C andThe development of a cracked thermal aureole
around the stock induced the formation of stnieted and narrow probable mineralization
zone along the borders of the stock (M8 ig.Ff). Conversely to M6, the cracked thermal
aureole of M8 is able to cancel out the &agyobable mineralization zone which developed
from the pluton to the surface in M7 (M8 vs.7MFigs. 6 and 7). This illustrates the large-
scale key role played by small-scale heterogesgpermeability structures in enhancing and

depleting the potential for ore deposition.

7.3  Effects of apexes

At an emplacement depth of 8 km, a shapex asserts a slight control over theAR
distribution (M3 vs. M7 in Fig6); additional corners and inclined edges enable the probable
mineralization zones to be closer to the @iutA long apex, reaching into the shallow zone

where the permeability is higher than™£m?, relocates the positive’® zone around it
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(compare M3 in Fig. 6 and M10 in Fig. 8); the tof the apex acts as small shallow intrusion
and plays a role in localizing @obable mineralization zone foee the hottest phase of the
magmatic system.

Comparisons with natural porphyries (dlge Grasberg Cu-Au porphyry, Fig. 1C) are
quite difficult because our models do not sinteilthe production of nganatic water and the
ore is mostly hosted within the magmatic agdowever, the well-established alteration halos
(Lowell and Guilbert, 1970) within Cu-ppinyry host rocks may well correspond to the
positive RAI distribution shown in M10 (Fig. 8).

7.4  Effects of faults

Faults, in our models, were activated (K =16 for the entire duration of the experiment
(i.e. 20 Myr). In model M10 (Fig. 8) the fau#t mineralized from & 10.5 Myr, although its
presence does not drastically change th&l Bistribution around thepex, which appears to
be the major control.

In model M11, the probable mineralizatiaone emerges at the hottest phase both
within the fault and abovéhe pluton (Fig. 8). After 5.£0yr of cooling, the favourable
mineralization zone disappears (Fig. 8). A¢ tiottest phase, the favourable zone above the
pluton appears at the surface nda fault where the host-rogeermeability is higher than
that of the fault. The pluton roof in M11 énplaced at 5 km, i.e. treeen those of M2 and
M3. Comparison between M2, M3 at the hsttphase (Fig. 6) on the one hand, and M11
(Fig. 8) on the other, showsaththe flat-lying fault has anajor effect on the fluid-flow
patterns and resulting?RI distribution. In fact the falt cancels the development of a
potential mineralization zone around the plytprevents the development of second-order
convection cells as in M2 (Figs. 4a and &)d restrains the poteritidischarge near the
surface. A very good agreement was found with@nocetta deposit iElba (Fig. 1D) where
the Elba central detachment fault is a very efficient advective drain. Due to its low dip, this
fault is able to pump and accelerate the fludidlepth and make them circulate along the
horizontal branch of the pluton-induced com@t cells. Detachments are thus able to
delocalize and strongly modifstassical fluid-flow patternsxduced by coeval intrusion.

7.5 Validity of the modelled mineralization patterns
The calculated results only agpto situations in which mineral solubility depends on

temperature with solubility decreasing witbaleasing temperature. Qualitatively, in time and
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space, the chemistry of the ore-forming psxaffects application of our results in the
following way. If the temperature dependencenaheral solubility is unusually low, ore
deposition might not occur even regions of elevated TRI. Alternatively, if there are
regions where the temperature dependence pénali solubility is unusually high (such as
near the fluid critical point, for example),ett ore deposition may occur even in regions of
low TR?A.

One other main point to be considered ie Hignificance and reality of the near-surface
favourable mineralization zone developed abtwe pluton at the hottest phase, which is
particularly relevant for the intermediatplutons (e.g. M3, M4; Fig. 6). First, we
approximated a homogenous crust with a poaerdlepth-dependent permeability variation
(Equation 3), which is an approximation thdbes not take into account the potential
permeability barriers encountered in many orogédryidrothermal systems (e.g. Sibson et al.,
1988). Secondly, the 2RI is a physical parameter thdbes not take into account solute
transport and chemical reaction (see above)ttiase two reasons alone, great care has to be
taken in any interpretation. We nevertlsslethink that the near-surface potential
mineralization zone observed in our modelaas totally unreasonable. Furthermore, it could
well correspond to a system of geothermal hoings associated with deep heat sources, or
more generally to alteration zones where laageunts of hot fluids arefficiently cooled
(Hall et al., 1974).

7.6  Modelled pluton development vs. agef mineralization and genetic link

Because of the inherent simpition in transient numerical modelling, short geological time
spans can be difficult to access. This assumption is particularly valid for the Kucing Liar
skarn (along the Indenberg fault) and theskerg Cu-Au porphyry (& 1C) which formed
over a 4.10 year time span. As an analogue, model M10 at 8 Myr (Fig. 8) shows that the
Indenberg fault and the porplyywere both potential favourkbzones before, during and
after the hottest phase. The R applied to the porphyry system model (M10, Fig. 8b)
shows an asymmetric distrilbon of maxima around the top of the apex, and located in
between the fault and the apex. This suggeststhie high-potential meralization zones are
restricted to the top of the apex, with theeder zones remaining barren or low potential.

We also show that, leaving geochemipabcesses aside, a pure physical parameter
such as BAl applied to models ofranite-related gold deposits @vind M8; Fig. 7) correctly
reproduces the ore deposition relative to theqgol in both time and space. It would appear
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that intrusion-induced fluidconvection is a key physicalostrol to explan the spatial
distribution of ore around the magmatic body. Tisi#nhanced by cracked thermal aureoles
developed around the intrusion (Fig. 7a). §anite-related gold depits (M6, M8; Fig. 7b),
time-integrated BAl maxima correspond to the plutonrners and inclined flanks of the
apex. These time-integrated favourable mafieation patterns are very close to those
obtained at the hottest phasejich argues strongly for the key thermal role played by the
intruded magmas in this type gbld deposit. This is also castent with the short time lag of

2 Myr spanning the granite emplacement andntireeralization events at the Scheelite dome
(see earlier).

As emphasized in the introduction, fluitklusion studies do not provide strong
chemical arguments for a genetic link betwgesnite and mineralization. Based on this lack
of chemical evidence (e.g. no brines in fluidlusions), granite is commonly only interpreted
as a rheological and structural trap with no diigenetic relationship with the associated ore
deposition; and this dpite the radiometric time spantleen granite crystallization and
mineralization being less than 2 Myr. Our modg&tew that, from a ptsical point of view,
hydrothermal convection created by magma emplacement is able to develop probable
mineralization zones. The role of the intrusion is then clearly genetic for this kind of deep-
seated granite-related Au deposit, with mihégposition possibly begnalmost coeval with
the hottest phase of intrusion.

Finally, the TRAI distribution applied to the detachment system (M11; Fig. 8b) shows
very restrained maxima near the surface andinvite fault. This time-integrated pattern is
fully acquired precisely at the hest phase. Therefore, as wghanite-related gold deposits,
our models argue for a strong genetic link betwié® La Crocetta raw-material deposits and

the Monte Capanne pluton emplacement beneath the Ebla detachment.

8.  Concluding remarks:

Our models are simple physical models thabulate neither multiphase fluids, chemical
diffusion, topography, nor productiari magmatic waters. Nevertless, the originality of our
modelling relative to earlier whk is that: i) we applied aontinuous variation of crust
permeability with depth; ii) the models aransient and account for the emplacement period
of the intrusion; iii) we tested for the phigal favourability of oe deposition; iv) we
compared our models with well-constrainetunal examples at different emplacement depths

18



and with the contribution of high permeabilitpres such as cracked thermal aureoles and

faults; and v) we expled the pluton floor zone.

Our main results are that:

1.

Fluid-circulation and mineralization fiarns are strongly dependent on the
emplacement depth of the pluton. Desgated plutons emplaced below 10 km
(permeability threshold of 7.28 m? and not connected to high-permeability zones do
not induce advective heat disation. If the pluton emplacement is above 4.5 km, then
a permeability threshold of & m? is reached and second-order convection cells may
create additional focused discharge zowhere mineralization can be expected.

With the exception of very shallow plutoriee pluton floor zonés not favourable for
mineral deposition.

Pluton apexes strongly moditiie fluid-flow pattern by fousing convective fluids and
mineralization zones around them. In miieed porphyry systems, the focusing of
convective fluids around the top of the gnaatic stock might possibly be favourably
combined with the production of magmatic water to trigger ore formation.

The cooling phase is not the main convetiihase for large plutons associated with
long-lived magma emplacement. Majodvactive heat dissipation and mineral-
deposition zones may also develop somesthafore and during the hottest phase of
emplacement, before the magma cools. Tikian important clue for interpreting
absolute dating results (intrusion glacement and cooling ages) obtained on
intrusion-related ore deposits.

Detachment faults are able to delocalemed strongly modifyclassical fluid-flow
patterns induced by a coeval intrusion. Bsfenal systems do not require lithostatic
fluid overpressure to develop dilatant silikgly to drain and/or trap mineralization.
This result implies that it isurprising that very few gnt ore deposits are recognized
in a context of detachment faults asated with metamorphic core complexes.
Favourable physical conditions for minkrdeposition develop around mid-crust
plutons over a short time span bracketinghb#test phase of inision. We conclude
that, even though chemical processes asergbfrom our models, fluid convections
induced by granite emplacement (involving fiastal cooling rates) plays a key role in
the genesis of granite-related Au depoditereover, the formadin of this type of
deposit is favoured and controlled by theesence of a fractured thermal aureole

around the intrusion.
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Table 1: Units and symbols of the parametard variables used in this study. The thermal
conductivity and specific heat capig of the fluid, the host ik and the intruded body are
temperature-dependent withspective ambient temperaturalues equal to 0.6 W-hK™ and
4200 J.kg.K* for the fluid, 3 W.rit.K™* and 880 J.k§.K™* for the host rock, and 2.5 W.m

! K*and 790 J.kd.K™* for the intruded body.
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Figure Captions

Figure 1: Compilation of the geometry, emplaeatdepth (ED) and geological context for
different tested case studies (see text favlagy and details). A: Emplacement depth of
models M1 to M5 along théepth-permeability curve usdd this study (modified from
Manning and Ingebritsen, 1999). Aditrusions are 10 km widend 2.5 km thick (see Fig. 2).

The permeability threshdlof free convection (It m?) established from the literature is
shown in very pale grey. B: Synthetic sketdhthe Boborés pluton and associated Brues gold
deposit, Hercynian belt, Galicia, Spain (model M&).Natural examples of intrusion-related

ore deposits associated wiptutonic apexes. ED and dimensions (10 km x 2.5 km) of the
main plutonic body (i.e. the upper crustal bathdlare realistic approximations. Models M7
and M8 are based on the Scheelite dome gold deposit; the ED of the stock roof and
mineralization (i.e. 7 km) is shallower than M6. M8 includes a fractured aureole, absent in
M7. Models M9 and M10 represt typical cases of a porpgytype mineralization; the
selected example is the famous Grasberg Gupérphyry in the Irian-3a fold and thrust

belt. Different hypothesis were tested: M9 with@aults, M10 with faults. D: Geometries and
structures of the Monte Capanne pluton andCkacetta raw-material deposit along the Elba
central detachment used for modelling flflimv around plutons emplaced during low-angle

extensional faulting (M11).

Figure 2: Simplified forms and boundary conaiits for the different models; M1 to M5
represent theoretical models with differamplacement depths, and M6 to M11 represent
models of tested natural cases, ED: emplacerdepth of the intrusion roof. See text for

detailed comments.

Figure 3: Benchmark test of our transieaupled hydro-thermal modelling. Model M1 of
Gerdes et al., (1998) at time°@ars is shown in the middMhilst the bottom figure, with a
fixed heat flux condition at the base, reproduoeth the thermal and fluid-velocity patterns,

as well as the velocity values.

Figure 4: Hydrodynamics and illustian of local Peclet numbePg values in different
models at different time periods. The@aled areas show the advective zomes>(1) around
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each plutonRe = 1 in blue, with increasing valuésom blue through green and yellow to
red); thePe maximum is indicated. The streamlines are in black and labelled isotherms in red.

Maximal and minimal fluid-velocity valuef®r the bulk modeare also indicated.

Figure 5: Horizontal component tife fluid velocity along horantal cross-sections above the
pluton at the hottest phase of intrusion (i.e MyJ; see location of th cross-section on Fig.
2). Each fluid-velocity high and low alongethx axis represents a convective cell. The
shallowest plutons (M1, M2) show four cautive cells while no significant variation was
noted for the deepest pluton M5.

Figure 6: Application of BAl around plutons with differentlepths of emplacement at the
hottest phase of intrusion (i.e. 10 Myr). Gregas are favourable zanef mineral deposition

corresponding to fAl = 1.

Figure 7: a) Focused snapshots during the wagrand the cooling phases of plutons (hottest
phase at 10 Myr) associated with a fracturesrttal aureole (M6) and with the aureole and

an apex (M8). These are simplified numerical models of the Brues and Scheelite dome
granite-related gold deposits, respectively (Bige 1 for the geological context). Grey areas

are favourable zones of minemeposition corresponding to’R = 1. b) Time-integrated

R?Al (TR?AI) from 7 to 10.5 Myr for M6 and M8.

Figure 8: a) Same as Figurefar plutons with a high-angldip fault (M10) and with an
associated detachment fault (M11). Thesesamlified numerical mods of the Grasberg
porphyry and the Crocetta raw-material depaditsve the Elba detachmte respectively (see
Fig. 1 for the geological context). b) Time-integratéAIRTR?Al) from 7 to 10.5 Myr for

M10 and M11.
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Parameter Unit Symbol

Fluid velocity m.s u
Permeability m?2 K
Dynamic viscosity Pa.s M
Fluid density Kg.n It
Fluid pressure Pa p
Gravitational acceleration m.s? g

m z
Depth

km z
Volumetric coefficient of thermal expansipn K* BY;

Weighted average vahetric heat capacity J.m3K* Ceq

Specific heat capacity Jkg' k! G
Thermal conductivity W.K?

Equivalent thermal conductivity W.mtK?! eq
General heat source Win Q

Volumetric heat capacity of moving fluid | J.meK* C_
Temperature K,°C T

Porosity, (5% in pluton and host rocks) /
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