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Magnetotelluric (MT) imaging results from mineral provinces in Australia and in the United States
show an apparent spatial relationship between crustal-scale electrical conductivity anomalies and major
magmatic-hydrothermal iron oxide-apatite/iron oxide-copper-gold (IOA-IOCG) deposits. Although these
observations have driven substantial interest in the use of MT data to image ancient fluid pathways,
the exact cause of these anomalies has been unclear. Here, we interpret the conductors to be the

result of graphite precipitation from CO;-rich magmatic fluids during cooling. These fluids would have
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exsolved from mafic magmas at mid- to lower-crustal depths; saline magmatic fluids that could drive
mineralization were likely derived from related, more evolved intrusions at shallower crustal levels. In our
model, the conductivity anomalies then mark zones that once were the deep roots of ancient magmatic-
hydrothermal mineral systems.

Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The mineral systems approach to resource exploration has
arisen as a novel method to vector towards ore deposits. This
paradigm aims to integrate disparate geoscientific data in order to
formulate a model of lithospheric architecture and history that can
be used to identify locations that were once conducive to deposit
formation (e.g., McCuaig and Hronsky, 2014).

Magnetotelluric (MT) imaging has emerged as a key tool in
the mineral systems framework, particularly due to observed spa-
tial relationships between lithosphere-scale electrical conductivity
anomalies and iron oxide-apatite (IOA) and iron oxide-copper-gold
(IOCG) deposits. The premier examples of such correlations have
come from the Olympic Dam region (Heinson et al., 2006, 2018)
and the Cloncurry District (Jiang et al., 2019; Wang et al., 2018)
in Australia as well as from the Southeast Missouri Iron Province
(SMIP) in the United States (Fig. 1; e.g., McCafferty et al., 2019).
At the mineral-province scale, MT imaging reveals highly con-
ductive (> 10! S/m), steeply dipping pipe- or sheet-like anoma-
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lies at mid-lower crustal depths as well as moderately conductive
(~ 1072 S/m) “fingers” that extend into the upper crust beneath
individual deposits (e.g., Fig. 1).

Presently intracratonic, Mesoproterozoic-aged I0A-IOCG de-
posits in the Olympic Dam region and in the SMIP are viewed as
magmatic-hydrothermal in origin. Genetic models invoke mantle-
derived magmatism in an extensional setting (back-arc, orogenic
collapse, or intraplate rift) to provide heat and fluids, as well as
possibly metals, into the system (e.g., Day et al., 2016; McCafferty
et al., 2019; Skirrow et al., 2018; see also Fig. 1C); mixing of these
magmatic fluids with near-surface fluids (meteoric waters or basi-
nal brines) in the upper crust is inferred to have driven deposit
formation (e.g., Barton, 2014; Schlegel et al., 2020). In this context,
the co-located electrical conductivity anomalies have loosely been
interpreted as the signature of metasomatism along crustal-scale
magmatic fluid pathways (e.g., Heinson et al, 2018); however,
a physically rigorous explanation of these apparently associated
conductors is lacking. Here, we suggest that these conductivity
anomalies are specifically the result of graphite precipitation from
CO,-rich magmatic fluids. We propose a quantitative genetic model
that links these crustal-scale anomalies to the formation of the
I0OA-IOCG deposits, and in doing so we underscore the value of MT
imaging in the mineral systems framework.

0012-821X/Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Geophysical images from the Southeast Missouri Iron Province (SMIP), USA. (A-B) Depth slice (at 35 km depth) and cross section (roughly across the axis of extension
in the SMIP; cf. DeLucia et al, 2019) through a new MT-derived electrical conductivity model (details of the inversion methodology are provided in the Supplemental
Materials). Inverted triangles denote iron oxide-apatite (I0A) and iron oxide-copper-gold (IOCG) deposits. Note the moderately conductive (~10~2 S/m) “finger” that extends
into the uppermost crust beneath one of these deposits in the cross section. (C) Cross section through the magnetic susceptibility model of McCafferty et al. (2019). The
high susceptibility body in this image has been previously interpreted as the signature of a trans-crustal intrusive system. (D) Discrimination diagram that demonstrates the
spatial relationships between imaged conductivity (A-B) and susceptibility (C). Values are sampled on a 2.5 km x2.5 km horizontal grid across the region shown in (A) at 1

km intervals from 10-40 km depth.
2. Conductivity mechanisms

Most explanations for crustal electrical conductivity anomalies
imply specific physicochemical conditions that do not match infer-
ences for the Olympic Dam region and the SMIP. Here, we demon-
strate that graphite is the only reasonable explanation, and indeed
the best explanation, for the crustal-scale conductivity anomalies
observed in these regions.

2.1. Free fluids

Although often invoked in tectonically active domains, deep
saline fluids are implausible in the ancient intracratonic settings
in which these deposits are located. Fluids associated with original
tectonomagmatism would have been consumed by retrograde hy-
dration reactions on a time scale of ~ 10 Ma (e.g., Manning, 2018;
Yardley and Valley, 1997; see also Yardley and Bodnar, 2014). As
these regions have not experienced regional tectonism in >1 Ga,
there is no modern source for deep fluid delivery into the mid-
lower crust, and we consider it highly unlikely that meteoric fluids
would percolate to such great depths under presumably lithostatic
pressure gradients.

2.2. Metallic sulfides and oxides

Metallic sulfides (e.g., pyrite, pyrrhotite) are electrically con-
ductive (~ 103 — 10° S/m; Keller, 1966); however, we discount
such phases given the available geometric and tectonic constraints.
Metasedimentary pyrite has been shown to be partly responsi-
ble for conductivity anomalies in paleo-subduction settings (Jones
et al., 1997), but Olympic Dam and the SMIP are not located
within suture zones. Subvertical, crustal-scale sulfide zones are
problematic explanations in any other tectonic setting, as unrea-
sonably large amounts (> 10 wt%; Nelson and Van Voorhis, 1983)
of intrusion-related sulfides throughout the mid-lower crust would
be required to explain the observed anomalies. Although lower-
crustal sulfide-rich intrusive bodies are recognized in the surface
rock record (e.g., in the Ivrea Zone, northern Italy; Fiorentini et al.,

2018), only locally within those intrusions does the sulfide content
become high enough that a bulk conductivity anomaly (> 107!
S/m) would be expected (cf. Vukmanovic et al., 2019; Nelson and
Van Voorhis, 1983). Therefore, we consider it highly unlikely that
sulfides alone can explain the observed high conductivity values in
the Olympic Dam region and in the SMIP.

Metallic oxides (e.g., magnetite, ilmenite) are similarly elec-
trically conductive (~ 10° — 103 S/m; Keller, 1966), and labora-
tory experiments indicate that they can become interconnected at
moderate volume fractions (~ 5%) to produce a bulk conductivity
anomaly (Dai et al., 2019). However, these phases also often have
very high magnetic susceptibilities (cf. Hunt et al., 1995). Conduc-
tive zones beneath the SMIP are associated with domains of low
magnetic susceptibility (Fig. 1D), so such phases cannot be the
cause of the observed high conductivity values.

In both of these cases, relatively high volume fractions (>
10~2—-10"1) of the conductive phase at spatial scales ranging from
10s of microns (Dai et al., 2019) to 10s of meters (Nelson and Van
Voorhis, 1983) are needed to enhance bulk electrical conductiv-
ity. This requirement is due to the characteristic equant habit of
metallic sulfides and oxides. Only at such high concentrations can
these minerals form a texturally interconnected network that can
produce a conductivity anomaly.

2.3. Silicate minerals

Electrical conduction in silicate minerals is thermally activated,
so these phases are incapable of producing a major electrical con-
ductivity anomaly at the cold crustal temperatures in these stable
Precambrian domains. Lower-crustal temperatures are < 600 °C at
present in the SMIP (e.g., Schutt et al., 2018); at these temper-
atures, intrinsic semiconduction in potentially volumetrically sig-
nificant silicates (e.g., feldspars, amphiboles, epidote) would pro-
duce bulk conductivity values < 1072 S/m (e.g., Hu et al,, 2013,
2017, 2018). Extrinsic, volatile-mediated semiconduction in either
micas (e.g., phlogopite) or nominally anhydrous minerals (e.g.,
feldspars, pyroxenes) would similarly only produce bulk conduc-
tivity values of ~ 1072 S/m at these cold temperatures (e.g.,
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Yang et al., 2012; Li et al., 2017). Although lower-crustal tempera-
tures in the Olympic Dam region may be somewhat higher than
in the SMIP (e.g., Heinson et al., 2018), we nevertheless consider it
unlikely that networks of volatile-bearing silicates can explain con-
ductivity values > 10! S/m within stable Precambrian crust, as
such values would require temperatures > 700 — 800 °C through-
out the mid-lower crust.

2.4. Grain size reduction

Silicate mineral grain size diminution within high-strain shear
zones enhances electrical conductivity, as ionic transport is much
more efficient along grain boundaries than within grain interiors,
and grain boundaries dominate bulk behavior at small (< 1 mm)
grain sizes (e.g., Han et al,, 2021; Pommier et al., 2018). However,
the degree of conductivity enhancement depends upon temper-
ature. Crustal conductivity values > 10! S/m at grain sizes of
1 — 100 pm (as would be expected for typical mid-lower crustal
mylonitic shear zones; e.g., Okudaira et al., 2017; Waters-Tormey
and Tikoff, 2007) generally require temperatures > 800°C (e.g.,
Han et al.,, 2021), which is unreasonable for the Olympic Dam re-
gion and the SMIP (as discussed in Section 2.3).

2.5. Graphite

Given the above considerations, graphite is the only plausible
cause of these conductivity anomalies, as this phase is highly con-
ductive (~108 S/m; Keller, 1966) and can become readily intercon-
nected at very small volume fractions due to its sheet-like habit
(e.g., Glover, 1996) in order to produce a major bulk conductiv-
ity anomaly. Graphite has in fact been widely invoked in a range
of settings to explain observed electrical conductivity anomalies
(e.g., Evans, 2012; Glover and Adam, 2008; Haak et al., 1997). For
example, graphite is often used to explain crustal conductors in
paleo-subduction settings, where biogenic carbon has been recrys-
tallized to interconnected graphite in deformed metasedimentary
rocks (e.g., Boerner et al., 1996). However, this genetic model is in-
compatible with tectonic inferences for the Olympic Dam region
and the SMIP. Instead, we view graphite here as having precipi-
tated from a CO;-rich magmatically derived fluid. Such an inter-
pretation has been qualitatively discussed previously to various
extents (e.g., Monteiro Santos et al., 2002; Selway, 2014), includ-
ing in the context of mineral systems (e.g., Heinson et al., 2006;
Wannamaker and Doerner, 2002); however, its importance as a sig-
nature of tectonomagmatism has not been widely appreciated, and
a rigorous quantitative justification for this interpretation has been
critically lacking.

There are several mechanisms by which graphite may precip-
itate from magmatic fluids. In cooling rocks that contain titano-
magnetite, the oxyexsolution reaction 6Fe;TiO4 + CO; = 2Fe304
+ 6FeTiO3 + C (Frost et al., 1989), where the CO; is derived from a
magmatic fluid, is one possible means to form graphite. However,
conductivity anomalies in the SMIP are spatially associated with
domains of low magnetic susceptibility (Fig. 1D); this relationship
suggests that there is little magnetite in the conductive zones that
could have facilitated this reaction. Fluid-rock hydration reactions
can also drive graphite precipitation (e.g., Rumble, 2014). Such re-
actions, however, are often self-limiting because the wall rock gen-
erally cannot serve as an infinite sink for water (e.g., Luque et al.,
2014). Instead, we consider graphite precipitation via carbon sat-
uration in a cooling CO;-rich fluid to be the most likely scenario,
as this mechanism does not impose any petrologic requirements
upon the system and as such reactions can facilitate the precipita-
tion of large amounts of graphite (e.g., Huizenga, 2011). This mode
of graphite deposition has been well studied (e.g., Huizenga, 2011;
Luque et al., 2014; and references therein) and is in fact thought
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Fig. 2. Conceptual model for hydrothermal graphite precipitation beneath magmatic-
hydrothermal I0A-IOCG deposits in an extensional setting (possibly with some com-
ponent of lateral translation; e.g., DeLucia et al., 2019). Mantle-derived melts stall
in the lower crust and exsolve a CO,-rich fluid; as this magmatic fluid cools, it
precipitates graphite. At higher crustal levels, magmatic fluids derived from more
evolved melts, produced by crustal assimilation and fractional crystallization (AFC)
and crustal anatexis, drive mineralization via mixing with a near-surface fluid (e.g.,
Barton, 2014).

to be common in the crust (Rumble, 2014). Consequently, we con-
sider hydrothermal graphite precipitation from a cooling CO,-rich
magmatic fluid to in fact be a natural explanation for these con-
ductivity anomalies.

3. Model for graphite precipitation

In our conceptual model (Fig. 2), graphite precipitates from mi-
grating CO-rich fluids that are carried into the crust by mantle-
derived melts in an extensional setting. Although carbon could
be scavenged from local metasedimentary rocks, we consider the
mantle as the key quantifiable source for carbon, as genetic models
for these I0A-IOCG deposits invoke mantle-derived melts to estab-
lish the magmatic-hydrothermal system (McCafferty et al., 2019;
Skirrow et al., 2018) and as carbon isotopes from the SMIP support
the input of mantle-derived carbon (Johnson et al.,, 2016). In our
model, graphite largely precipitates at mid- to lower-crustal levels
from fluids that are exsolved from stalled mafic melts; at upper-
crustal levels, fluids derived from related, more evolved melts drive
I0A-IOCG mineralization via mixing with near-surface fluids.

In order to evaluate whether our conceptual model can explain
the MT observations, we calculate the amplitude of the electrical
conductivity anomaly that would be produced given the available
carbon budget and physicochemical constraints. We summarize the
three main steps of this calculation below; additional details are
provided in the Supplemental Materials.

3.1. Carbon budget

First, we estimate the absolute amount of carbon that is mo-
bilized from the mantle during magmatism. Estimates of carbon
content in the upper mantle are ~ 30 — 1000 ppmw C (e.g., Lee
et al., 2019); we conservatively assume an average content of 30
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Fig. 3. Calculated relative amount of C that can be dissolved in the fluid at C saturation for a fixed fo,, expressed as log unit offset from the FMQ buffer. The maximum
relative amount of C that can be dissolved in the fluid before graphite saturation is ~ 33.3 mol%, corresponding to nearly pure CO,. Decreasing C content indicates that

graphite precipitates out of the fluid. The arrow shows the hypothetical P/T path (25°C/km) discussed in the text.

ppmw C. Because CO; is highly incompatible, we make a sim-
plifying assumption that this full amount of C will be removed
from the mantle, regardless of the degree of partial melting (e.g.,
Moore and Bodnar, 2019). Geodynamic modeling studies suggest
an ~ 1000 — 4000 km? mantle source volume per kilometer of rift
length (e.g., Schmeling, 2010). Taking the lower bound, we esti-
mate that 8.24 x 10'2 mol C is mobilized per kilometer along the
axis of extension during mantle melting. We further conservatively
assume that 10% of this available C (8.24 x 10'! mol C) will be re-
leased into the mid-lower crust via expulsion from stalled melts,
while the remainder is transported with melt into near-surface
volcanic systems.

3.2. Graphite precipitation

Next, we calculate the relative amount of carbon that would
precipitate from the magmatic fluid under changing pressure (P)
and temperature (T) conditions. We model this fluid with the sys-
tem C-O-H. Although the exsolved magmatic fluid would likely be
saline, immiscibility at high P/T yields two separate fluids, a CO;-
rich fluid and a hypersaline brine, that would evolve separately
(e.g., Manning, 2018; Yardley and Bodnar, 2014). The C-O-H fluid
is therefore a useful approximation for our purposes here. We use
the GFluid spreadsheet (Zhang and Duan, 2010), modified to use
the fayalite-magnetite-quartz (FMQ) oxygen fugacity (fo,) buffer
of Ballhaus et al. (1991), to calculate the maximum relative amount
of C at saturation (i.e., fluid C activity is unity) that can be retained
in the fluid as a function of P/T. In these calculations, we assume
that the wall rock serves as a sink for Oy so that the fluid is held at
constant fo, during graphite precipitation. (If O, instead remains
in the fluid, then fluid fo, will increase during graphite precipita-
tion, and the net graphite precipitation potential will then be less
than with constant fluid fo,; Huizenga, 2011. However, the wall
rock is expected to buffer the fluid to constant fo,; Selverstone,
2005.)

The results of these calculations are shown in Fig. 3. In these
plots, the fractional difference between any two points gives the
relative amount of C that is precipitated out of (or dissolved into)
the fluid under changing P/T conditions. The fluid becomes satu-
rated in C with decreasing T and will then precipitate graphite,
which leads to the C decrease in the fluid shown in these plots.
We assume a hypothetical P/T path (arrow in Fig. 3) represent-
ing fluid migration out of the lower crust to higher crustal lev-
els, with the fluid cooling along an approximate average crustal
geotherm during tectonomagmatism. (Although magmatic intru-
sions will modulate the crustal thermal field, we expect that this
path will generally capture the average P/T changes experienced

during fluid flow. Furthermore, although migrating fluids will ad-
vect heat to some extent, they generally shed much of that heat
to reach thermal equilibrium with the rocks through which they
pass; e.g., Ague, 2014.) We further assume that the mantle source
region sets fluid fo, to ~FMQ; this value is reasonable for the
upper mantle, even in subduction-modified settings (Frost and Mc-
Cammon, 2008). Igneous zircon-hosted iron oxide inclusions from
the SMIP also provide supporting evidence that redox conditions of
ore-stage magmas were near FMQ (Watts and Mercer, 2020). (The
IOA-IOCG deposits themselves are more oxidized due, at least in
part, to fluid mixing.) For this assumed P/T path, 96% of the C in
the magmatic fluid is precipitated as graphite.

3.3. Resulting conductivity anomaly

Finally, we evaluate the magnitude of the conductivity anomaly
that would be produced by graphite precipitation from the mag-
matic fluid. Combining our absolute C budget estimate (Section 3.1)
with our calculated relative amount of C precipitated along the as-
sumed P/T path (Section 3.2), we conclude that 7.89 x 10! mol
C is precipitated as graphite during magmatic fluid migration. We
assume that the graphite is distributed over an area of 100 km
across the axis of extension (based on the region of maximum
surface deformation during extension from geodynamic modeling
studies; e.g., Schmeling, 2010) by 10 km in depth (reflecting the
arrow in Fig. 3), per kilometer along the axis of extension. This
would produce a bulk graphite volume fraction of 4.16 x 107,
Although the precipitated graphite would likely be concentrated
along discrete permeable fluid pathways (either tectonically con-
trolled or created by fluid overpressurization), this value reflects an
overall bulk-average volume fraction across this model domain. In
order to evaluate the expected magnitude of the resulting electrical
conductivity anomaly, we then compare this value to various two-
component mixing laws between electrically resistive rock-forming
silicate minerals and electrically conductive graphite in Fig. 4.

The key curves in Fig. 4 are the Hashin-Shtrikman (HS) bounds,
which provide the most general upper and lower limits on the bulk
electrical conductivity of a two-component mixture (Hashin and
Shtrikman, 1962; see also Schmeling, 1986). The upper conductiv-
ity bound reflects a system in which the more conductive phase (in
this case, graphite) is texturally well connected, whereas the lower
conductivity bound reflects a geometry in which the more conduc-
tive phase is poorly connected. The other mixing laws shown in
Fig. 4 reflect specific textural geometries of the two phases, with
curves plotting near the upper HS conductivity bound reflecting
geometries in which the more conductive phase is generally inter-
connected. In comparing our calculated volume fraction to these
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Fig. 4. Calculated electrical conductivity as a function of graphite volume frac-
tion for various two-component mixing laws (Schmeling, 1986; graphite: 10% S/m,
Keller, 1966; crystalline silicate crust: 10~# S/m). Vertical dotted/dashed lines de-
note graphite volume fractions discussed in the text. Mixing laws near the upper
Hashin-Shtrikman (HS) conductivity bound reflect systems in which the conductive
phase is well interconnected; mixing laws near the lower HS conductivity bound
reflect systems in which the conductive phase is poorly interconnected.

mixing laws, the degree of textural interconnection is the crucial
factor that dictates whether such small amounts of graphite will
enhance bulk electrical conductivity. As Fig. 4 demonstrates, if the
precipitated graphite in our model is indeed well connected, such
that it is characterized by the upper conductivity bound, then our
calculated bulk-average graphite volume fraction of 4.16 x 10~
(and even bulk volume fractions an order of magnitude less than
this value) will produce a conductivity anomaly comparable to
what is observed beneath these I0A-IOCG deposits (~ 10° S/m).

The graphite will indeed likely be well connected when pre-
cipitated from a mobile fluid along permeable pathways. Although
CO;-rich fluids themselves are not expected to be readily mobile
due to poor grain-boundary wetting (e.g., Manning, 2018), their
mobility will be greatly enhanced by the additional presence of
saline fluids (e.g., Newton and Tsunogae, 2014; Touret et al., 2019)
that are common in magmatic systems (e.g., Pirajno, 2021; Yard-
ley and Bodnar, 2014). Therefore, the related exsolved magmatic
saline fluid in our model that results from fluid immiscibility (see
Section 3.2) will promote mobility of the CO,-rich fluid and, con-
sequently, interconnection of the precipitated graphite. (Regardless
of the coexistence of saline fluids, observations of passive CO; de-
gassing in extensional settings indicates that such CO,-rich fluids
are nevertheless mobile via some mechanism through the crust;
Tamburello et al., 2018.) Syngenetic shearing of tectonically con-
trolled fluid pathways could act to further promote interconnection
(e.g., Jodicke et al., 2004).

4. Discussion
4.1. Implications for regional mineral exploration

Our purposefully conservative calculations here validate the in-
ference that electrical conductivity anomalies, in the correct tec-
tonic setting, may demarcate zones of crustal-scale magmatic fluid
flow. However, there are many ways to produce a conductivity
anomaly (as discussed in Section 2), and not all anomalies will be
linked to ore mineralization. Complementary geological, geochemi-
cal, and geophysical observations are needed to determine whether
hydrothermal graphite precipitation may be a reasonable interpre-
tation for a given feature in an MT image that could then provide a
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link to a prospective magmatic or magmatic-hydrothermal mineral
system.

It is crucial to note that these conductors are specifically asso-
ciated with the roots of a potential mineral system in our model
and therefore may be only indirectly related to ore mineralization.
Although CO;-rich fluids may play a key role in transporting met-
als from the mantle into the crust (Blanks et al.,, 2020) and may
be important in producing alteration patterns within IOA-IOCG de-
posits (e.g., Pirajno, 2021), we lack direct evidence that can link
the deep CO;-rich fluids in our model to ore-forming processes
operating at higher crustal levels. Consequently, the fluids that pre-
cipitate graphite in our model are not necessarily the same fluids
that carry metals into the mineral system. Indeed, the magmatic
fluids that precipitate graphite are almost certainly not directly the
same as those that drive ore mineralization; formation of mineral
deposits at upper crustal depths is likely the result of mixing be-
tween more evolved magmatic fluids, derived from more evolved
melts, and near-surface fluids (Fig. 2; Barton, 2014; Schlegel et
al., 2020). Consequently, in our model, graphite precipitation and
mineral deposit formation are two independent components of
a single mineral system. When combined with other datasets to
constrain tectonic setting, MT-imaged conductivity anomalies may
then be indicative of a paleo-tectonomagmatic system that could
have driven ore mineralization at upper crustal levels.

Furthermore, as graphite precipitation and mineral deposit for-
mation occur in disparate crustal intervals within the overall min-
eral system, there should be no expectation that the graphite
that causes these mid-lower crustal conductivity anomalies will be
significantly exposed in the upper crust, at the deposit or even
regional district scale. Although this mismatch in crustal levels
presents a challenge in validating our model, examination of ex-
posed lower crustal sections may provide valuable insights in as-
sessing the role of hydrothermal graphite precipitation in mineral
systems (see Section 4.4).

4.2. Redox requirements and implications

Although we have purposefully made conservative estimates in
our C budget calculations, our results are dependent upon the re-
dox conditions of the magmatic fluid. The C mol% isopleths in
Fig. 3 change significantly when moving away from the FMQ buffer.
The distribution of these isopleths determines both the depth at
which graphite will precipitate from the fluid (based on P/T con-
ditions through the crust) and how much cooling is required to
precipitate a fixed amount of graphite (more reduced conditions
require more cooling for the same C precipitation). However, if the
fluid fo, were to deviate significantly from FMQ, even precipitat-
ing just 3% of the available C (1 mol% of fluid C) still results in
a significant bulk conductivity anomaly (~ 10~! S/m, compared to
~10~* S/m crystalline crustal background; Fig. 4), as long as the
graphite is texturally interconnected. (Similarly, if fluid fo, were
to increase during graphite precipitation due to violation of our
assumptions in Section 3.2, an order of magnitude less graphite
would still yield a bulk conductivity anomaly comparable to what
is observed in Fig. 1.)

The highest amplitude portions of the observed anomalies be-
neath Olympic Dam and in the SMIP generally appear to be re-
stricted to a certain depth range (e.g., Fig. 1; Heinson et al., 2018).
Although it has been suggested that the tops of these conductors
reflect the brittle-ductile transition at the time of mineral system
formation (e.g., Heinson et al.,, 2018), we consider it more likely
that this pattern reflects the spatial location of P/T conditions that
were most conducive for graphite precipitation from the magmatic
fluid—i.e., in Fig. 3, the P/T field over which the fluid C content
drops rapidly from ~ 30 to ~ 1 mol%. If the redox conditions of
the magmatic fluid can be estimated, then the depth range of these



B.S. Murphy, .M. Huizenga and P.A. Bedrosian

conductors may provide constraints on paleo P/T conditions during
fluid flow with implications for mineral exploration efforts. Alter-
natively, if paleo P/T conditions can be independently constrained,
then the depth extent of these features may provide insights into
magmatic redox conditions.

4.3. Graphite volume fractions and the scale of interconnection

In order to produce a bulk electrical conductivity anomaly com-
parable to observations, the small (4.16 x 10~8) bulk-average vol-
ume fraction of graphite that we calculate here must be intercon-
nected across our model domain. Laboratory experiments indicate
that graphite volume fractions as high as ~ 1072 — 10~! are in-
sufficient to enhance bulk electrical conductivity due to poor in-
terconnection of the conductive phase (e.g., Hashim et al., 2013;
Jodicke et al., 2007; Wang et al., 2013; Zhang and Yoshino, 2017).
However, such experiments have often focused on biogenic car-
bon in metasedimentary rocks and graphite in synthetic crystal
aggregates; few laboratory observations have been made specifi-
cally on rocks containing fluid-precipitated graphite. Where labora-
tory experiments indicate low electrical conductivity (< 10~3 S/m)
for rocks that do contain hydrothermal graphite, the low val-
ues are suggested to be an artifact due to disruption of the
graphite electrical connection during rock exhumation (e.g., Kat-
sube and Mareschal, 1993). Laboratory observations of increasing
electrical conductivity with increasing pressure in metamorphic
rocks containing small amounts (< 10~2 volume fraction) of fluid-
precipitated graphite (Mathez et al., 1995; Shankland et al., 1997)
suggest that small volume fractions of this conductive phase can
indeed contribute to enhanced electrical conductivity under realis-
tic crustal physicochemical conditions.

A key complication in comparing laboratory experiments to
geophysical imaging results, however, is the intrinsic mismatch
between observation scales. Laboratory experiments at the hand-
sample scale (~ 10s of cm) struggle to capture the bulk crustal
properties that would be expected when averaging over the large
scales (~ 10s of m to several km) at which geophysical imaging
techniques such as MT aggregate information (e.g., Bahr, 1997).
For example, in the MT images of the SMIP shown in Fig. 1, the
nominal horizontal cell size in the inversion is 2.5 km by 2.5
km (see the Supplemental Materials). In this case, electrical con-
ductivity information is inherently bulk averaged over that length
scale (at a minimum; regularization, survey design, and variable
electromagnetic diffusion further increase this averaging length
scale). Consequently, within such large averaging volumes, the ac-
tual distribution of graphite is unconstrained. Fig. 5 demonstrates
the equivalence between homogeneously low and heterogeneously
high graphite concentrations to yield the same observed bulk elec-
trical conductivity value within a given averaging volume. For ex-
ample, the same bulk-average electrical conductivity (~ 2.7 x 10°
S/m) would arise for either the entire averaging volume contain-
ing a graphite volume fraction of 416x10~% or for a fraction of
4.16 x 107 of the total averaging volume containing veins of pure
(volume fraction 10°) graphite (these are endmembers of the thick
dotted line in Fig. 5). Near-surface electrical observations of the
spatial distribution of graphite in exposed mid-lower crustal rocks
in Norway (Engvik et al., 2021) and Sri Lanka (Wickramasinghe et
al., 2018) confirm that zones of graphite enrichment (> 10~ vol-
ume fraction, with electrical conductivity > 10~! S/m) are highly
heterogeneously distributed, but variably laterally connected, at the
scale of 100s of meters to 10s of kilometers.

In our model, we envision graphite deposition occurring along
discrete permeable fluid-flow pathways. Sections of the crust along
these pathways would then be enriched in graphite compared to
our calculated overall bulk-average graphite volume fraction (likely
by orders of magnitude), whereas sections of the crust outside of
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Fig. 5. Bulk mixing relationship between the fraction of the total geophysical aver-
aging volume that is enriched in the conductive phase (in this case, graphite) and
the concentration of the conductive phase within those enrichment zones. Diagonal
lines of constant bulk-average volume fraction demonstrate the equivalence of vari-
ous distributions of the conductive phase within the geophysical averaging volume.
Thick dotted and dashed lines denote the bulk volume fractions calculated and dis-
cussed in Sections 3.3 and 4.2 (and also shown in Fig. 4). Thin solid lines are labeled
with the equivalent electrical conductivity value that would be expected for the re-
sulting constant bulk-averaged graphite volume fraction, assuming the graphite is
well connected and can be described by the upper Hashin-Shtrikman (HS) conduc-
tivity bound.

these pathways would be largely devoid of graphite. Large-scale
electrical interconnection of discrete, graphite-enriched permeable
pathways would likely be characterized by the upper HS conduc-
tivity bound, as we expect these pathways to be texturally well
connected at large scales given that they facilitate fluid flow. Con-
sequently, despite the aforementioned ambiguities in laboratory
observations, we consider it likely that the small overall bulk-
average volume fraction of fluid-precipitated graphite that we cal-
culate in Section 3.3 will texturally be characterized by the upper
HS conductivity bound at the large scales at which geophysical
observations aggregate information. We then expect the resulting
bulk-average conductivity values to match MT observations.

4.4. Potential analogs in the surface rock record

Along the permeable fluid pathways in our model, we envi-
sion graphite precipitating either as grain-boundary films or in a
crustal-scale network of graphite veins. Grain-boundary graphite
films have long been recognized in mid-lower crustal rocks (e.g.,
Frost et al., 1989; Mareschal et al., 1992); however, laboratory ex-
periments are inconsistent in demonstrating the effects of such
films in enhancing bulk electrical conductivity. Older laboratory ex-
periments have provided evidence that graphite films do enhance
bulk conductivity to some extent when held at mid-crustal pres-
sures that would keep graphite networks interconnected (Mathez
et al., 1995; Shankland et al., 1997), and experiments with vapor-
deposited graphite films similarly support an enhancement of con-
ductivity at low volume fractions (Roberts et al., 1999). However,
newer laboratory experiments indicate that thin (< 1 pm) graphite
films are unstable at high temperatures (> 700°C; Yoshino and
Noritake, 2011) and over long time scales (> 10s of ka). Given
these competing laboratory results, we conclude that cooling
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and crustal “fossilization” could promote the stability of thicker
(> 1 pm) grain-boundary films, and the persistence of an associ-
ated conductivity anomaly, over long geologic time scales. Because
there is no evidence for major post-ore tectonomagmatism in ei-
ther the Olympic Dam region or the SMIP, and because mid-lower
crustal temperatures in these regions are generally < 700°C at
present (see Section 2.3), we consider grain-boundary films to be a
feasible textural model for the occurrence of graphite in these do-
mains, particularly within ancient fluid-flow pathways where thick
(> 1 pm) grain-boundary films would be expected.

However, we consider it more likely that the graphite in these
regions occurs within interconnected vein networks, as this mode
of occurrence is widely recognized in the rock record (e.g., Luque
et al,, 2014). In particular, the Sri Lankan vein graphite deposits
(e.g., Touret et al., 2019) may provide an analog for what lies
beneath the Olympic Dam region and the SMIP. The Sri Lankan
graphite is inferred to have formed from mantle-derived carbon-
rich fluids, similar to what we envision here within these mineral
systems. The Sri Lankan deposits contain large volumes of graphitic
carbon; based on local geologic mapping (Erdosh, 1970) and near-
surface electrical observations (Wickramasinghe et al., 2018), volu-
metric ratios of graphite to country rock are ~ 10~ in the vicinity
of vein deposits, roughly two orders of magnitude greater than the
volume fraction we calculate in our model. However, graphite veins
are irregularly distributed along the ~ 500 km corridor in which
they are found in Sri Lanka (e.g., Touret et al., 2019). When aver-
aged over larger areas, the bulk volume fraction of graphite may be
comparable to that predicted by our model, particularly given the
conservative assumptions underlying our calculations. Given these
considerations, we view the Sri Lankan graphite veins as a promis-
ing analog for the occurrence of graphite beneath Olympic Dam
and the SMIP.

Although our calculations in Section 3 apply most directly
to high conductivity anomalies in the mid-lower crust, observed
moderately conductive “fingers” in the upper crust (e.g., Fig. 1;
Heinson et al., 2018) can perhaps also be explained by hydrother-
mal graphite precipitation. The Borrowdale graphite deposit in the
UK. (e.g., Luque et al., 2014) may be a reasonable analog for
these conductive features. At Borrowdale, upper-crustal magmas
assimilated large volumes of crustal carbon. Magmatic exsolution
and consequent overpressurization of carbon-rich fluids, with re-
dox conditions at or just above the FMQ buffer, caused brecciation
of the host rock; graphite was then precipitated from these fluids
during pervasive wall-rock hydration reactions. Although there is
no evidence for the magmatic remobilization of crustal carbon in
either the Olympic Dam region or the SMIP, evolved upper-crustal
magmatic fluids in these regions could have still carried enough
mantle-derived carbon at the appropriate redox conditions to pre-
cipitate graphite via hydration reactions at shallow depths (i.e.,
during propylitic alteration of the country rock immediately below
the I0A-IOCG deposits) and to thereby yield a moderate conduc-
tivity (~ 10~2 S/m) anomaly at such depths. These upper-crustal
“fingers” may be further enhanced or alternatively explained by
sulfide vein mineralization or hydrothermal clays associated with
wall-rock alteration (e.g., Delayre et al., 2020).

4.5. Application to other mineral systems

The viability of using electrically conductive hydrothermal
graphite to identify the roots of magmatic-hydrothermal mineral
systems more broadly will be dictated by the redox requirements
for graphite precipitation. Although graphite will readily precipi-
tate from a fluid with redox conditions near (within one log unit
of) or below the FMQ buffer, graphite is not expected to precipi-
tate from a fluid at more than two log units above the FMQ buffer
(e.g., Huizenga, 2011). Consequently, hydrothermal graphite pre-
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cipitation is unlikely in porphyry copper systems, as the magmas
and associated mid-lower crustal magmatic fluids are generally
highly oxidized with respect to FMQ (e.g., Lee and Tang, 2020).
Hydrothermal graphite will likely only be present in mineral sys-
tems characterized by magmatic redox conditions near FMQ.

Similarly, our model may not apply to all I0OA-IOCG systems,
as such deposits form through many different mechanisms in a
range of tectonic settings (e.g., Barton, 2014; Schlegel et al., 2020).
Not all IOA-IOCG formation mechanisms involve the mobilization
of deep CO,-rich fluids that could precipitate graphite, and other
conductivity mechanisms (cf. Section 2) may explain observations,
depending on tectonic setting. For example, a major conductivity
anomaly is observed beneath the Ernest Henry I0OCG deposit in
the Cloncurry District, Australia (Jiang et al., 2019; Wang et al,,
2018). That deposit likely formed, at least partially, in an orogenic
setting (e.g., Barton, 2014), so underthrust conductive metasedi-
mentary units (e.g., Boerner et al, 1996; Jones et al., 1997) may
provide an alternative explanation for the observed anomaly.

Although we have specifically argued for mantle-derived car-
bon in our model, it is nevertheless possible that remobilization
and reprecipitation of crustal carbon through mechanisms similar
to those that we have argued for here (e.g., Luque et al.,, 2014) may
also produce a regional-scale conductivity anomaly. Magmatic as-
similation of carbonaceous material and subsequent exsolution of
carbon-rich fluids may ultimately drive hydrothermal graphite pre-
cipitation that could yield a conductivity anomaly within a mineral
system. Additionally, because crustal carbon can act as a reducing
agent during magmatic assimilation, hydrothermal graphite precip-
itation from fluids associated with such hybridized magmas may
be a useful geophysical tracer for studying systems in which mag-
matic redox processes are key for mineral system evolution (e.g., in
certain reduced gold systems, such as gold porphyries and possibly
Carlin-type/-like systems; Johnson et al., 2020).

5. Conclusions

We have quantitatively demonstrated that graphite precipita-
tion from CO,-rich magmatically derived fluids is the best expla-
nation for the crustal-scale electrical conductivity anomalies ob-
served beneath the Olympic Dam region and the SMIP. Further-
more, hydrothermal graphite is a natural explanation for these
anomalies, as graphite will readily precipitate from carbon-bearing
fluids throughout the crustal column either via cooling or via hy-
dration reactions, under reasonable fluid redox constraints. The
physicochemical principles upon which our model is based can
consequently be readily extended to other magmatic-hydrothermal
mineral systems, provided that there is a source of carbon (either
from the mantle or from the crust) and that the magmatic fluid
redox conditions are appropriate for graphite precipitation. Hy-
drothermal graphite may then be a useful electrically conductive
indicator of ancient crustal-scale fluid flow and a valuable crustal-
scale vector in exploring for magmatic-hydrothermal ore deposits.
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