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Porphyry-Copper Ore Shells Form at
Stable Pressure-Temperature Fronts
Within Dynamic Fluid Plumes

P. Weis,™* T. Driesner,* C. A. Heinrich*?

Porphyry-type ore deposits are major resources of copper and gold, precipitated from fluids
expelled by crustal magma chambers. The metals are typically concentrated in confined ore
shells within vertically extensive vein networks, formed through hydraulic fracturing of rock by
ascending fluids. Numerical modeling shows that dynamic permeability responses to magmatic
fluid expulsion can stabilize a front of metal precipitation at the boundary between lithostatically
pressured up-flow of hot magmatic fluids and hydrostatically pressured convection of cooler
meteoric fluids. The balance between focused heat advection and lateral cooling controls the most
important economic characteristics, including size, shape, and ore grade. This self-sustaining
process may extend to epithermal gold deposits, venting at active volcanoes, and regions with

the potential for geothermal energy production.

world’s premier metal resources, supplying
most of the copper, molybdenum, and a
substantial part of gold production (/). They
form in response to focused expulsion of metal-
bearing saline fluids from large chambers of cool-
ing hydrous magma (2). A restricted zone of
ore-mineral precipitation within a more extensive
plume of fluid up-flow is thought to be the key to
economic metal accumulation (3). The ore typ-
ically forms well-defined bodies of bell-like or
cylindrical shape, centered on dike- or stocklike
porphyry intrusions at some distance above cu-
polas in the roof of magma chambers (Fig. 1)
(4, 4-7). Geological observations and fluid inclu-
sion data indicate physical and chemical pro-
cesses of a dynamic flow system that resemble
volcanic systems at the verge of eruption (8, 9).
The top of the ore shell is commonly abrupt
and coincides with the top of a dense vein net-
work (/), indicating that fluid pressures were
sufficient to induce hydraulic fracturing. The core
within and below the ore shell is veined but bar-
ren and commonly hosts fluid inclusions with
intermediate density, interpreted to represent a hot
(>600°C), near-lithostatically pressured single-
phase fluid that ascended from the subjacent
magma chamber (7). On ascent, this primary mag-

Porphyry-type ore deposits are among the
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matic fluid separates into a low-salinity vapor
and a high-salinity liquid phase, recorded by ubiq-
uitous vapor and brine inclusions in all porphyry
deposits (/, 7). The physical mechanism creating
a zone of localized chemical precipitation during
the lifetime of the system is key to metal en-
richment to economic grades but remains elusive.

Here, we present numerical simulations of the
physical hydrology of porphyry systems that link
the expulsion of saline magmatic fluids with the
transient evolution of rock permeability and the
dynamics of two-phase fluid flow (/0). The ge-
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ometric configuration of our model is a two-
dimensional (2D) representation of a 10- by 3-km
magma chamber of elliptical shape with a cupola
in the roof at 5 km depth (Fig. 2A). It has been
constructed to resemble the dimensions of the
Yerington porphyry system (Fig. 1B), which shows
the most complete and best mapped exposure
from a deep source pluton to the paleosurface.
We compute the expulsion rates to be propor-
tional to the rate of magma crystallization and
release saline magmatic fluids through the cupola
zone of a 3D magma chamber (10) (fig. S1).

Our model is based on published constitutive
relationships and empirical parameterizations of
the effects of brittle, ductile, and elastic rock me-
chanics on crustal permeability in a continuum
porous-media approach (Fig. 2) (/0). The model
links a critically stressed crust with an average
depth-dependent permeability profile (/1, 12).
Superimposed on this background behavior,
permeability closes at temperatures above the
brittle-ductile transition (/3, /4) and opens at
fluid pressures exceeding a criterion for rock fail-
ure (/5), which varies from near-hydrostatic for
brittle rock to near-lithostatic for ductile rock
(Fig. 2). The model generates a dynamic hydro-
thermal system with varying domains of brittle
and ductile rock behavior, solely from these ini-
tial conditions and geologically realistic descrip-
tions of material properties.

The simulations demonstrate a self-sustaining
mechanism that can stabilize a front of copper
precipitation in porphyry deposits, which is con-
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Fig. 1. Characteristic ore shells and vein densities of porphyry-style deposits. (A) Bingham Canyon, Utah,
USA (6, 7). (B) Yerington, Nevada, USA (5). (C) Batu Hijau, Indonesia (4). Figures are simplified from
published field observations and reconstructed geology.
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sistent with their characteristic zoning patterns.
The interplay of permeability, heat advection, and
nonlinear fluid properties establishes a vertically
extensive up-flow zone of magmatic fluids (Fig. 3).
It is characterized by a hot inner part with
near-lithostatic pressures, which is overlain and
surrounded by cooler parts with meteoric water
convecting under hydrostatic conditions. A self-
sealing rim of low permeability develops in re-
sponse to the opposing permeability effects of the
two fluid regimes. In the inner part, high tem-
peratures above the brittle-ductile transition are
maintained by the continuous supply of hot mag-
matic fluid, lowering permeability and keeping
fluid pressures high. From outside, convection of
meteoric fluids removes heat and shapes the sides
of the plume. Their subvertical orientation is the
result of an interplay of fluid and rock at tem-
peratures between 350° and 400°C, at which the
brittle-ductile transition starts (/6) and strong gra-
dients in fluid properties tend to maximize verti-
cal, advective heat transport (/7, 18). Heat transfer
from the inner part of the plume to the convecting
meteoric fluids on the sides is mainly by con-
duction through the low-permeability transition
zone. Toward the upper part of the plume, me-
teoric convection becomes more intense in re-
sponse to the increase in permeability of the host
rock along the depth-dependent background
profile (Fig. 2D) and leads to formation of the
rounded top of the high-pressure, high-temperature
part of the plume (Fig. 3A).

During volatile expulsion, magmatic fluids move
through the hot plume in rapid overpressure-
permeability waves (Fig. 3). At the injection loca-
tion above the cupola, permeability is insufficient
to accommodate the supply of magmatic volatiles
at pressures below the failure criterion, which leads
to wavelike behavior when applying an incremen-
tal hydrofracturing model that relates permeability
changes to the amount of overpressure (70, 19).
Even though our model does not explicitly include
permeability anisotropy, a vertical movement of
the overpressure-permeability waves develops
naturally because the strongest (lithostatic) fluid
pressure gradient is oriented vertically (movie S1).
Inside the plume, the fluid-phase state fluctuates
between single-phase fluid of intermediate den-
sity and high-pressure phase separation into vapor
and liquid (Fig. 4A). Oscillatory patterns of quartz
dissolution and precipitation have been inter-
preted to reflect pressure oscillations in several
deposits (20). In parts of the plume, fluids become
halite saturated, explaining correlations of salini-
ties with sodiunvpotassium ratios of brine in-
clusions, which reveal that ore fluids were at
least temporarily halite saturated in some por-
phyry deposits (27).

The location, shape, and thermal and pressure
structure of the plume remained essentially stable
over 50,000 years while fluids drained from the
crystallizing magma chamber (fig. S3). Condi-
tions in the upper parts closely resemble those
inferred for porphyry copper ore deposition: When
a magmatic fluid pulse crosses the transition zone
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Fig. 2. Model configuration. (A) The mesh consists of ~9000 triangular elements with the finest
resolution (50 m) above the magma chamber. The box in the center marks the location of the 4- by 5.5-km
excerpt in Figs. 3A and 4. (B) The crust is assumed to be near-critically stressed (12); differential stress
increases with depth (left axis). The stress field is not varied in our model but responds to thermal
conditions so as to mimic the transition from brittle to ductile rock (13), exemplified with a schematic
temperature gradient reaching magmatic temperatures (right axis). (C) Failure pressure defines a stress-
state—dependent criterion for rock failure (15). Fluid pressures exceeding failure pressure will hydro-
fracture the rock (red). Ductile creep dominates at elevated temperatures and fluid pressures below this
failure criterion (blue). (D) Background permeability follows a depth-dependent profile for average
continental crust (11). Permeability opens incrementally during hydrofracturing (black arrow) and is
reduced to the background value after overpressure release. At temperatures above the brittle—ductile
transition, permeability closes, mimicking the loss of interconnected pore space due to increased ductile
behavior (white arrow) (14). Elevated fluid pressures counteract this thermal effect, ensuring that hy-
drofracturing always starts from the background value whenever fluid pressure reaches the stress-state—

dependent failure criterion (gray dots) (fig. S2) (10).

between the magmatic and meteoric fluid regimes,
pressure drops from above lithostatic to hydro-
static, and temperature decreases from above
500°C to below 350°C within about 200 m (Fig. 3,
C and D).

To explore the first-order chemical conse-
quences of this physical process, we defined
proxies for copper ore precipitation and quartz
vein densities. Experimental data and fluid inclu-
sion studies show that solubilities of copper drop
sharply over the pressure and temperature gra-
dients that emerge at the simulated transition
zone (9, 22). A copper-enrichment potential for
each rock volume was therefore computed by
integrating all steps of fluid throughput in which
a packet of magmatic fluid cooled through the
temperature interval from 450° to 350°C, assum-
ing 100% precipitation, and normalizing this in-
tegral to the copper content of the fluid released
by a unit volume of source magma (Fig. 4B).
Enrichment by a factor of 1000 can be achieved,
corresponding to a maximum ore grade of about
2.5 weight percent if a concentration of 500 parts
per million extractable copper in the source fluid

is assumed (/0). This proxy provides an upper
limit for the natural process, considering that cop-
per extraction at the source may not be complete,
and deposition in the ore shell may be somewhat
dispersed in a heterogeneously fractured rock
mass. The predicted ore shells, coinciding with the
areas of sharp gradients in pressure and temper-
ature within the central zone of greatest up-flow,
closely resemble the bell-shape of many porphyry
ore shells, including their characteristic sharp var-
iations of ore grade near the top and the more
gradual decrease down their limbs (Fig. 1A).

A proxy for quartz vein-volume can be cal-
culated by integrating all steps of permeability
increase, converting it into a pore space increase
by using a cubic law relation (/0). We did not
model chemical precipitation but assumed that this
space would be filled by quartz, which makes
this proxy an upper limit for actual vein density.
The modeled patterns of the vein-volume poten-
tial exhibit the characteristic relation to the ore
shells as seen in natural systems (Figs. 1 and 4B).
High vein density overlaps with predicted copper
enrichment near the sharp top and upper flanks of
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the magmatic plume are too high for ore mineralization (barren core), until
a sharp drop along a near-stationary front creates the environment for
porphyry-type ore formation, followed by further cooling to epithermal

for observations showing that copper deposition is
texturally later than the main mass of vein quartz
(7) and with indications that early quartz veining
with related potassic alteration acted on shorter
time scales (24). As the fluid supply slowly decreases
with the crystallization of the pluton, the magmatic
fluid plume gradually retreats (fig. S3), controlling
the vertical extent of the ore shell (Fig. 4B).

To test the sensitivity of the results to geologic
factors, we modified the simulation configuration,
first by varying permeability (Fig. 4C). Increas-
ing background permeability by one order of
magnitude results in a narrower and vertically
more extensive enrichment zone. The downward
limbs start to merge and may eventually result in
a near-cylindrical ore body comparable with the
one at Yerington (Fig. 1B). In a second variation,
with a source pluton of half the size but identical
geometry in our 2D profile (/0), the resultant
copper-enrichment and vein-volume potentials
are reduced but show the same patterns and as-
pect ratios (Fig. 4, B and D).

These variations suggest that the width of the
barren core develops independently from the
width of the injection zone of the cupola (600 m)
and that the host rock permeability has a stronger
effect on narrowing this zone than does a reduced
fluid supply rate. The width and height of the up-
flow result from self-organization of the system.
The vertical extent of the high-permeability pro-
file is especially remarkable. Higher background
permeabilities result in a more effective cooling by
more vigorous external convection, and magmatic
fluids can be expelled faster, eventually resulting in
a stronger focusing effect. This explains why ore
bodies are typically centered on porphyry stocks,
without showing a correlation between deposit size
and the dimension of these small intrusions (/).

The time scale of ore formation is between
50,000 and 100,000 years, which is in good agree-
ment with geochronology (25) and earlier modeling
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studies (/4). The resulting fluid production rate
of a few tens of kilograms per second is at the
lower end of active volcanic systems that have
been proposed to resemble ore-forming systems
(26). The mechanism of fluid extraction from
the magma, however, remains a major unknown
in the model. Fluids may accumulate within the
chamber beneath an impermeable carapace at
the cupola and get episodically ejected together
with magma by repeated porphyry-dike injec-
tions, which have been observed in many depos-
its (1, 5, 23).

In the hydrostatically pressured region above
the porphyry ore shell, pulses of magmatic va-
por episodically condense into the surround-
ing fluids and mix in variable proportions. This
100° to 400°C area is at conditions near the boil-
ing curve of saline liquid and switches between
a single-phase liquid state (as in Fig. 4A) and a
continuous two-phase zone with locally restricted,
vapor-dominated fluid lenses rising to the sur-
face. Predicted temperature and pressure condi-
tions are characteristic for acid alteration that
overlaps with the tops of some porphyry depos-
its (/) and provide a physical link to epithermal
gold mineralization (Fig. 3D) (27). These vein
deposits often show evidence for episodic boil-
ing events, and gold precipitation is confined to
thin layers (28), possibly correlating with mi-
nor admixing of magmatic fluid pulses in the
simulations.

The self-stabilizing process of focused fluid
release from large magma chambers also sheds
new light on the hydrological dynamics of active
volcanoes and sources of geothermal energy. Ex-

cess degassing, whereby the amount of released
volatiles exceeds the original volatile content of
the erupted magma and volcanic conduit, requires
fluid focusing from a large degassing magma
chamber into a small area of venting (29). Quan-
tifying the influence of the brittle-ductile transition
on fluid flow is important for the characterization
of high-enthalpy geothermal systems (/4). On
the other hand, cooler enhanced geothermal sys-
tems are produced through creating permeability
by stimulating fluid overpressure, which is simi-
lar to vein formation in our porphyry model (30).
More generally, our study supports the interpre-
tation of permeability as a dynamic parameter that
is determined by an intimate interplay of fluid
properties, heat advection, and rock mechanics.
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Apatite “He/*He and (U-Th)/He
Evidence for an Ancient Grand Canyon

R. M. Flowers™* and K. A. Farley?

The Grand Canyon is one of the most dramatic features on Earth, yet when and why it was carved
have been controversial topics for more than 150 years.. Here, we présent apatite *He/>He
thermochronometry data from the Grand Canyon basement that tightly constrain the near-surface
cooling history associatedwith canyon incision. “He/*He spectra for eastern Grand Canyon
apatites of differing He date, radiation damage, and U-Th zonation yield a self-consistent cooling
history that substantially validates the He diffusion kinetic model applied here. Similar data for
the western Grand Canyon provide evidence that it was excavated to within a few hundred meters
of modern depths by ~70 million years ago (Ma), in contrast to the conventional model in
which the entire canyon was carved since 5 to 6 Ma.

(Arizona, United States) (Fig. 1) inspires
questions about why rivers sometimes
carve canyons, how drainage systems and land-

The very existence of the Grand Canyon
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scapes evolve, and how these processes relate
to continental elevation gain. The prevailing view
is that canyon carving occurred after 5 to 6 mil-
lion years ago (Ma), when detritus derived from
the upstream reaches of the Colorado River sys-
tem first appeared in Grand Wash Trough at the
river’s western exit from the Colorado Plateau
(I-3). Many consider the absence of such diag-
nostic deposits before 6 Ma as evidence that the
Grand Canyon was not yet excavated (4, 5),
with most recent debate focused on how river

integration occurred (5-7). This interpretation
assumes that establishment of the integrated
Colorado River drainage requires coeval canyon
carving.

However, a puzzling array of data hints that
the canyon’s origin is more complex and could
predate integration. Direct geochronologic con-
straints demanding post—6 Ma formation of the
entire canyon do not exist. Dated volcanic rocks
drape the western Grand Canyon <75 m above
modern river level (8), constraining only the
most recent ~8% of the total ~1000 m of can-

.yon incision at this location. For the eastern

canyon, dated basalts, travertines, and alluvi-
um are <0.5 Ma and <200 m above river level
(4, 9-11) and resolve <20% of total incision.
Speleothem dates may extend this record (12),
but their interpretation as incision constraints is
debated because it relies on unproven paleo-
hydraulic assumptions (4, 13). A western canyon
speleothem date 290 m above river level suggests
that the lower ~30% of western canyon carving
occurred after ~3.9 Ma (12). Thus, the upper
~70% of the western Grand Canyon lacks any
direct geochronologic constraint on when it was
carved. In the eastern part of the canyon, 2.19- to
3.72-Ma speleothems located ~900 m above the
river (/2) imply that the majority of the 1500 m
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