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Abstract — Magmas are unlikely to be an “ortho-magmatic” source of copper and gold in iron
oxide-copper-gold deposits, although data are not sufficient to confirm this inference as yet.
Current hypotheses positing ortho-magmatic sources deserve critical examination, because
iron oxide-copper-gold deposits display: (1) no consistent local spatial relationships with
coeval magmatic rocks; (2) no relationships between the size and grades of their metal
inventories and the composition and configuration of regionally or locally associated bodies
of coeval magmatic rocks; (3) no stable or radiogenic isotope signature unequivocally
indicating an ortho-magmatic source of copper and gold; (4) suites of anomalous elements
that do not uniquely characterise any specific magma type; (5) a unique association with
geological provinces that contain sodic-calcic alteration; (6) a unique association with a host
lithological assemblage which does not contain reduced carbon minerals; or which contains
such minerals in minor amounts only, at the regional scale; and (7) complex fluid inclusion
chemistries that indicate that two or more fluids have been involved in ore genesis. Where
coeval magmatic rocks are closely associated, for example, Olympic Dam, they do not display
textures indicative of magmatic volatile phase separation and loss.

Copper and gold in porphyry copper deposits likewise may not have an ortho-magmatic
source. Porphyry copper deposits of the SW USA, the SW Pacific arcs, and Chile, display
characteristics (2), (3), (4), and (6). Characteristic (6) is marked: the deposits only occur in
host lithological assemblages that either do not contain, or which contain very minor,
carbonaceous or graphitic rocks, for example, shale or schist, or carbonate, or greywacke, or
quartzitic greywacke, at the regional scale.

A modified para-magmatic metal source hypothesis is proposed to account for the
characteristics noted. The elements of the hypothesis are: (1) a magma stock is emplaced
across a fault or fault sets that comprises part of, or is linked to, a major, seismically active
system; (2) the fault is subject to repetitive high slip rates during the seismic activity; (3)
strain damage within the crystallised shell of the stock is greatest near the fault; (4) fluid
pressures in the fault periodically range from sub-hydrostatic to lithostatic during the seismic
cycles; (5) at a lithostatic pauiq at a depth of 8km or so, rocks in the stock adjacent to the fault
are brittle at temperatures up to those of an intermediate magma on its liquidus during
episodes of high strain rates or where stress regimes are favourable (e.g. Fournier, 1999, Fig
3; Sibson, 2000, Fig 4) (6) fluid is episodically pumped into the solidified part of the stock
from a fluid reservoir within the fault, with fluid flow greatest in the zone of strain damage
adjacent to the fault; (7) steep thermal gradients, and the thermal reservoir represented by the
cooling stock contribute to the fluid pumping; (8) the injected packets of fluid ascend either
under ductile conditions within the hot rocks near the interior of the magmatic body; or
episodically under brittle conditions in the interior and in the sub-solidus shell of the
magmatic body when strain rates are high; (9) the ascending packets of fluid reach their two
phase region within or above the upper parts of the magmatic body ( e.g. Hedenquist et al.
(1998), Fournier (1999); Meinert et al (2003); (10) precipitation of ore minerals occurs in this
region and at lower temperatures, (11) metals are sourced from rocks in the fluid flow paths,
and from trapped tiny bubbles of “ortho-magmatic” fluid in flow paths of the fluids injected
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into the stock; and (12) metals initially transported are controlled by initial fluid salinities and
oxidation states.

The speculative hypothesis, clearly requiring further research, may help to account for (a) the
association of porphyry copper deposits and iron oxide-copper-gold deposits with lithological
assemblages predominantly free of reduced carbon at the regional scale; (b) an absence of
evidence for magmatic volatile phase saturation and loss from the ore-associated magmatic
rocks in the porphyry copper and iron oxide-copper-gold systems considered here; (¢) vein
orientations in porphyry copper deposits inconsistent with volatile-saturated magma
depressurisation events (e.g. Burnham (1979); (d) faults and fault sets comprising parts of
regional scale faults associated with ore-bearing or ore-proximal magmatic rocks; (e)
porphyry copper deposits situated on the margins of the concealed parent stocks of the ore-
associated intrusive bodies, rather than on their apices; (f) no correlation between metal
grades and contents of the deposits and the size and configuration of an associated coeval
body of magmatic rock; (g) “magmatic” oxygen and hydrogen isotope signatures of the
“magmatic” volatile phase; (h) Sm/Nd systematics, and Pb and other isotope signatures which
indicate a component within mineralisation and within the inferred source intrusion with
crustal affinities; and (e) lack of robust primary geochemical, mineralogical, and textural
indicators that differentiate mineralisation-associated magmatic rocks from barren magmatic
rocks, even within mineralised districts.

This speculative hypothesis is presented in an attempt to resolve the great question facing
exploration geoscientists in their hunt for intrusion centred ore deposits: what are the relations
between regional scale fault systems, magmas, host lithological assemblage oxidation state,
and the intrusion centred ore deposits? The current ortho-magmatic hypothesis of ore genesis
is currently too limited to resolve these questions, and it fails to satisfactorily account for the
structural and lithological associations of iron oxide copper gold deposits and many porphyry
copper deposits.
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Why I Don't Like Magmas as "Direct” Metal
Sources.....

A qualitative examination of empirical evidence and
a tentative model: a reconnaissance look

Ishihara Granites Symposium July, 2003 M
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+ Definitions
*  Orthomagmatic vs Paramagmatic?

-  The Evidence: A Tour

< Iron Oxide Copper Gold
< Intrusion Associated Copper (-Gold)

% Intrusion Associated Gold

Ishihara Granites Symposium July, 2003
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-  The Evidence: A Tour

D)

0’0

Host Lithological Assemblage Redox
Structural Associations
Isotopes - Briefest of Looks

A Tentative Model
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- Orthomagmatic:

*  Paramagmatic:

Ishihara Granites Symposium July, 2003 D
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Host Lithological Assemblage

<+ Assemblage hosting the ore deposit
AND its associated magmatic body

<+ Greater than several km thick;
extends 5 or more km beyond the ore deposit
and associated magmatic body

< Extensiveness enough to constrain
pH, fO2,2504-HS.. .. in any hydrothermal
fluid in adjacent large faults

Ishihara Granites Symposium July, 2003
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- Deposits Discussed

Iron Oxide Copper Gold (IOCG)
Intrusion Associated Copper, Copper-6Gold (IAC)

Intrusion Associated Gold (TAG) e

a
v

(,\

»
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* Host Lithological Assemblage

=  For IOCG, IAC:

» felsic, intermediate volcanic or
intrusive, felsic gneiss, quartzite,
arenite, shale, limestone,.. ..

% an absence or rarity of
reduced carbon

% non silicate iron minerals predominantly
as non-sulphide forms ?

Remember, we are describing SHALLOW
CRUST.. .. i. e. the top 5 to 8km or so

Ishihara Granites Symposium July, 2003 ”
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* Host Lithological Assemblage Y

2\
tj/

= For IAG i&.’;

N

< Similar, BUT also greywacke,
metagreywacke, metasiltstone.

% widespread reduced carbon in one or
more lithological units >> 1000's metres
thick

% non silicate iron minerals predominantly
as sulphide forms ?

L)

>

Remember, we are describing SHALLOW
CRUST.. .. i. e. the top 5 to 8km or so
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Schematic Sections

Porphyry Copper Deposits
South West U.S.A
(after Norton, 1982)
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Chimborazo

8l Zaldivar

Escondida

- : 2 s Behn et al., 2001
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Behn et al., 2001
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El Salvador

Potrerillos

_ ' : Behn et al., 2001
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Ernest Henry
TMTI Signature
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Olympic Dam

MESOPROTEROZOIC
I Undifferentiated basement -
largely concealed by Pandurra Fm.
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= Hiltaba Suite, granitoid intrusives
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Ladolam, PNG
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Porgera, PNG

Ishihara Symposium
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- QOther IAG

%  SW Pacific Arcs,
% Alaska Gold Belf,

s Archaean Gold ........

Ishihara Granites Symposium July, 2003
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« TIntrusives Association

= For IOCG and IAC

s TOCG: No consistent LOCAL
relations

% IOCG: Small and Lage, Felsic to Mafic

% TOCG: No evidence in gravimetric datal
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Ernest Henry
Bouguer Gravity
Signhature
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Chimborazo

8l Zaldivar

Escondida

- : 2 s Behn et al., 2001
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Copaguiri
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Behn et al., 2001
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El Salvador

Potrerillos

5 : : Behn et al., 2001
Ishihara Granites Symposium July, 2003 m

© Geoscience Australia, 2004




Haynes, D.W., Magmas as Direct Metal Sources? Ishihara Symposium

Geochemistry and Isotope Signatures

= For IOCG and IAC

<% IOCG: Geochemistry: Mixed
Provenance

% TOCG: Positive Eu

<+ TAC: Re/Os: Grasberg: Cu, Au source is
intrusive, and crustal sources. (Mathur et al.,
2002)

< ALL: S isotopes: sulphur sources are various
rocks, incl "country rocks". O and H isotopes either
magma or hot, sub-solidus "magma” under high R/W,

Ishihara Granites Symposium July, 2003 ”
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- Geochemistry and Isotope Sighatures

= For IOCG

< Ag, As, Au, B, Baq, Bi, Cq, Co, Cu, Eu, F,
Fe, Hg, K, LREE, Mn, Mo, O, P, Pb, S,
Se, Si, Te, Th,U, W, Zn

% No Zr, Nb. Low: Mg.

Ishihara Granites Symposium July, 2003 M
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- Geochemistry and Isotope Sighatures

= For IOCG and IAC

4

L)

% Sulphur Isotopes:

< Limited Reduced S Reservoir

% XM > X5--

< No or Little Fractionation Effect!

< Reflects "magma” OR “country rock”

Ishihara Granites Symposium July, 2003 M
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Reduced Sulphur Deficit

Redox: IOCG
50,-- + 8H20 + 8Fe** —>

4Fe203 + 14H* + H2S

Disproportionation: IAC
4502 + 4H20 —

H2S + 3H* + 3HSO4-

If M >> XS5--,

little fractionation in fluid
flow path (~ 14 per mill at
300C in El Salvador)

Ishihara Granites Symposium July, 2003 ”
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Reduced Sulphur Deficit
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- Structural Association

= For IOCG,IACG, and TAG

< Regional Scale Faults and Associated
fault sets

% Demonstrated for IAC and TAG, less
so for IOCG

Ishihara Granites Symposium July, 2003 M
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- Structural Association

= For IOCG, TIAC, and IAG

< Regional Scale Faults and Associated
fault sets

% Demonstrated for IAC and AIG, less
so for IOCG

% " Barren" intrusives with identical U 4
primary mineralogy and texures
mostly remote from large faults?

Ishihara Granites Symposium July, 2003
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- Structural Association

= For IOCG,IACG, and TAG

<+ Close association with major faults
with several episodes of activity

% Vein arrays of several generations

% Vein arrays relatable to major faults
and far-field stress regimes.

<+ No relation of vein arrays to "Burnham-
type” MVP fracturing events

Ishihara Granites Symposium July, 2003
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-  Textures and Fabrics of Associated Intrusive

= For IOCG,IACG, and TAG

J/

< Phaneritic, porphyritic, seriate-to hiatal
textured

< No aplitic rocks: not observed for IOCG
and not for most IAG or TAC

/

<+ Dykes are simple, phaneritic uniform to
porphyritic to seriate texture

Ishihara Granites Symposium July, 2003 M
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-  Textures and Fabrics of Associated Intrusive

= ForIACG, and IAG

% "Macro” marialitic cavities NOT present

% Two domain textures (cf Mole Granite
(Candela)) NEVER observed in Chile &
SW USA IAC(6)

< "Primary"” mineralogy and textures
identical: mineralised & barren !

Ishihara Granites Symposium July, 2003 ”

© Geoscience Australia, 2004



Haynes, D.W., Magmas as Direct Metal Sources? Ishihara Symposium

A Tentative Model

"Magmatists” Need to Explain:

Host lithological assemblage oxidation state controll
Structural association!

Re/Os, Pb, 3534, Sm/Nd indicating
mixed magmatic rock & shallow crustal rocks!

Identical 'primary-mineralogy, texture, and
geochemistry of "barren” and "mineralised”

"Magmatic textured” systems, e.g. Timbarra,
Lightning Creek tiny, or extremely low grade,
or barren of Cu, Aul

Ishihara Granites Symposium July, 2003 ”
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A Tentative Model

Magma emplaced across or next to
major contractional or strike slip fault

Depth 5 to 10 km or sol
Fluid filled compartments in fault

Cycling from sub-hydrostatic to supra-lithostatic P
(say lithostatic P+ 20 MPa)

Fluid P increase (expansion) also driven by heating
from adjacent intrusive

Ishihara Granites Symposium July, 2003 M
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A Tentative Model

In slip events, high strain rate/damage in adjacent shell
of magma driven to brittle behaviour, at T~ 600-700
CA(see Fournier, 1999 Fig 3; Sibson 2000 Fig 4)

Fluid at supra-lithostatic P in extension fractures &
fault promotes brittle behaviour in "magma” shell

Fluid at supra-lithostatic P driven into "magma” shell and
adjacent viscous‘interior which is at lithostatic P.

Ishihara Granites Symposium July, 2003 ”
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A Tentative Model

Fluid migrates upwards in solid shell of the "magma”“
during episodically brittle conditions & under ductile
conditions in adjacent viscous interior

Strong thermal/density gradients in fluid path
drives migration info the "magma” during the fault slip
events

Ishihara Granites Symposium July, 2003
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A Tentative 'Model’

1: Cooling magma next to
contractional fault

2: Extension veins in
strain damage zone

3: Fluid P
supralithostatic in fault
& veins

4: Fluid driven into
magma (where Pfluid is
lithostatic)

5: Magma then acts as a
fluid pump .. ..

[EEE Suprasolidus Interior

Dextral Strike Slip-Contractional Fault

Fluid at Supralithostatic Pressure

Zone of Shear Fracture-Crush Breccia

Felsic or Intermediate Intrusive

Magnetite-Stable (Copper) or Carbon Stable (Gold) Country Rocks
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A Tentative Model

Fluid ascends to ~ 3 to 5 km depth in shell of
"magma” and adjacent viscous interior.. .. ..

Fluid.intersects two phase fluid region at T ~ 550C,
generates "magmatic” appearing fluids, one gas rich,
other very saline.. .. ..

Fluid collects metals & gases from the tiny tfrapped bubbles
of MVP & primary mineral phases on its way "up”

Initial fO2, 2S04, >Cl in inflow determines size of metal
reservoir in "magma” as it migrates through "magma”

DHD
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A Tentative Model

Possible local magma remelting & generation of
“remelt” textures on flank of "magma“, e.g. Lightning Creek

Salinity of fluid increasing through loss of water
to wall rocks in *magma”“

Initial fO2 in fluids controlled by magma, either
above or below solidus, but subsequently by inflow
fluid as R/W decreases in fluid flow path

Ishihara Granites Symposium July, 2003
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A Tentative Model

Bisulphide predominant external fluid, and
magnetite-stable magma: weak early Cu; major Au:
Porgera, Lihir, .. .. ..

Bisulphide predominant external fluid, and
magma “"below” QFM: major Au

Sulphate predominant external fluid, and
magnetite-stable magma: major Cu, Au

Et cetera.. .. ..

Ishihara Granites Symposium July, 2003 M
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A Tentative Model

Potentially fertile magmas distributed randomly
above the zone-of mantle-lower crust partial melting
in"the tectonic unit of interest

The ones that make it, though, are those which hit
the "wet spots” near and at the surface

The wet spots are where faults/joint arrays/lithological
contacts are capable as acting as fluid reservoirs with
fluid P > lithostatic at episodic intervals

Ishihara Granites Symposium July, 2003 ”
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Mine
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A Tentative Model

Albite in prograde, deep flow paths (deep veins
at El Salvador & deep alteration at Yerington)

K-spar in retrograde flow paths (at and near top
of intrusive body)

Fluid recharge zones evident in detailed
aeromagnetic data ?

Ishihara Granites Symposium July, 2003 D
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El Salvador

Potrerillos

Behn et al., 2001
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]
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Hot Spring
Saline Lake AT Saline Lake

Ernest Henry, _act -
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Stress difference (0,—6;) —>>

<t— Depth

Slope depends on coefficient of friction
(generally 0.6 to 0.8) and fluid pressure

a Decreasing strain rate
and/or more silicic

Plastic

Increasing strain rate

and/or more mafic
Brittle A =1.0

({ ——r—ere—— e e —— e ——,—— - ——— -

Plastic

Lithostatic P, and finite cohesive strength
A=1)
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Conclusion

"Magma" is the heat pump & and is principal
metal source for TAC & TAG.

"Magma" host assemblage is principal metal source
for IOCG

Hotter and differentiated "magmas” better heat pumps
and better metal sources

Ishihara Granites Symposium July, 2003 M
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Conclusion

Regional scale contractional faults provide much if
not most of the "water”.

Host assemblage of magma largely-constrains
fO2, £504--, and hence metal ratios in resulting ore deposit

"Magma” initially constrains fO2, pH, £S04, .. then
injected water "takes over" with increase in W/R

Ore deposit where magma intersects a contractional fault
in a stress regime that causes injection of "water” from the
fault zone at ~ 5 to 10km depth

Ishihara Granites Symposium July, 2003 ”
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Notes Added: Post Symposium

Regional scale contractional faults must also inject
"water”into magma in the suprasolidus state as well.. ..

This "water” either adds methane/reduced sulphur or
oxidised sulphur, as sulphate, to the magma or hot rock.. ..

Magmas are-not fertile.if they.are not "juiced up”
by the fluid reservoir-in.the contractional fault.. ..

Metallogeny of magma dependent on fO2/£504/ £HS in
the fluid injected into the melt... & hence redox of host
lithological succession

Largely suprasolidus mineralisation if fluids injected
suprasolidus, mineralisation largely subsolidus if fluids
injected subsolidus. Latter scenario generates bigger &
better deposits
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