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Abstract

Deep fluids are important for the evolution and properties of the lower conti-
nental and arc crust in tectonically active settings. They comprise four com-
ponents: H,O, nonpolar gases, salts, and rock-derived solutes. Contrasting
behavior of H,O-gas and H,O-salt mixtures yields immiscibility and po-
tential separation of phases with different chemical properties. Equilibrium
thermodynamic modeling of fluid-rock interaction using simple ionic species
known from shallow-crustal systems yields solutions too dilute to be con-
sistent with experiments and resistivity surveys, especially if CO; is added.
Therefore, additional species must be present, and H, O-salt solutions likely
explain much of the evidence for fluid action in high-pressure settings. Atlow
salinity, H, O-rich fluids are powerful solvents for aluminosilicate rock com-
ponents that are dissolved as polymerized clusters. Addition of salts changes
solubility patterns, but aluminosilicate contents may remain high. Fluids
with X = 0.05 to 0.4 in equilibrium with model crustal rocks have bulk
conductivities of 107! to 100 S/m at porosity of 0.001. Such fluids are con-
sistent with observed conductivity anomalies and are capable of the mass
transfer seen in metamorphic rocks exhumed from the lower crust.
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1. INTRODUCTION

Fluids play an important role in the evolution and properties of the deep continental crust. Al-
though much is understood about their occurrence, chemistry, and flow at shallow depths, less
is known about fluids in deeper crustal settings. In the absence of constraints, assumptions about
lower-crustal fluids and their solutes have often been based on behavior at more familiar low-
pressure conditions. However, recent progress reveals that deep fluids differ fundamentally from
their shallow counterparts.

Evidence for the presence of fluids in the lower part of tectonically active continental and
arc crust comes from the rock record and geophysical observations. Rocks exhumed from depths
greater than ~15 km commonly contain evidence for the participation of a fluid phase in metamor-
phism and magmatism (Ague 2014, Etheridge et al. 1983, Ferry 1994). Rocks being transported
from the surface into the deeper crust are subjected to increasing temperature (7°) and pressure (P).
The mineral assemblages that evolve during tectonic burial contain progressively lower volatile
contents at thermodynamic equilibrium. For example, model basalt, pelite (fine-grained clay-rich
sediment), and ultramafic rock, which may initially contain 5-10 wt% H,O due to weathering,
alteration, or primary mineral constituents at Earth surface conditions, contain <1 wt% H,O at
lower-crustal metamorphic grades; other volatiles follow suit (e.g., Ague 2014, Fyfe et al. 1978,
Shaw 1956, Yardley et al. 1991). Direct evidence that these constituents are present in a free,
lower-crustal fluid phase comes from fluid inclusions trapped in the metamorphic minerals in
rocks exhumed from this environment (Crawford & Hollister 1986, Touret 2001, Yardley &
Bodnar 2014). Metasomatic changes in rock compositions also provide evidence of interaction
with fluids during metamorphism (e.g., Ague 1991, 1994a,b; Dipple & Ferry 1992; Yardley &
Bottrell 1992). Metamorphic veins are fractures that are in many cases filled by minerals precip-
itated from fluids, and they often record strong chemical interaction between the fluid and the
surrounding rock. Isotopic studies reveal fluid passage, in some cases in large volumes (Ferry 1994).
Finally, where metamorphism is attended by magmatism, as in volcanic arcs, the crystallization
of magmas in the deep crust leads to input of externally derived magmatic fluids into deep-crustal
metamorphic systems (e.g., Annen et al. 2006, Cashman et al. 2017).

Evidence from the rock record indicates chemical interactions in the geologic past, whereas
geophysical data can show where they are occurring today. Magnetotelluric results from a range
of tectonically active settings reveal the presence of deep-crustal conductive zones that have been
interpreted to indicate the presence of a free fluid phase (Hyndman & Shearer 1989, Shankland &
Ander 1983). Examples include areas of continental collision such as Tibet and New Zealand (Bai
etal. 2010, Chen et al. 1996, Li et al. 2003, Wannamaker et al. 2002, Wei et al. 2001), immature
to mature continental crust above subducting oceanic crust (Evans et al. 2014, Ichiki et al. 2009,
McGary et al. 2014, Mishina 2009, Ogawa et al. 2001, Wannamaker et al. 2014, Worzewski et al.
2011, and references therein), transform plate boundaries (Becken & Ritter 2012), and continental
rifts (Meqbel et al. 2014). In each case, conductive anomalies are identified at depths greater than
about 15 km but above the Moho. In areas of active magmatism, as in Tibet or continental arcs,
magmas may explain some of this signal; however, the high magmatic H,O contents that elevate
magmatic conductivity (Laumonier et al. 2017) also lead to deep saturation with a fluid phase,
so that both phases may contribute to observed conductivity. Regardless, many observations of
elevated conductivity are from regions where 7 is subsolidus. Of particular note is the consistent
observation in volcanic arc crust of a conductive anomaly at 20-30 km depth and some 30 km
trenchward from the volcanic front (Worzewski etal. 2011). Thermal models predict temperatures
in this region that are below wet crustal melting, so the presence of a conductive pore fluid is the
best explanation. The conductive anomalies extend below the Moho to the subducting slab. It is
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commonly assumed that such anomalies trace the path of fluids derived from the basalt-eclogite
transformation in the slab; however, itis worth noting that within the crust this region is also likely
undergoing active metamorphism, with attendant production of a fluid phase as devolatilization
reactions proceed.

Seismic data support the inference that fluids are present in tectonically active lower crust
based on resistivity. Slow earthquake phenomena such as episodic tremor and low-frequency
earthquakes (Beroza & Ide 2011) may be spatially correlated with crustal zones of low resistivity
in convergent margins (Aso et al. 2013, Kao et al. 2005) and the San Andreas fault (Shelly &
Hardebeck 2010). Similar correlations are observed in seismic velocity and attenuation and small-
earthquake distribution (Reyners & Eberhart-Phillips 2009). Fluids transmitted from the deep
crust may also play a role in the generation of major earthquakes at the base of the seismogenic
zone, such as the 1995 M7.2 Kobe earthquake at 18 km depth (Zhao et al. 1996, 2002).

The compositions and properties of deep fluids are in part controlled by the host rocks in
which they are confined, so interpretations of metasomatism, resistivity structure, or seismicity
require consideration of the chemical consequences of fluid-rock interactions. In this review, I
highlight recent advances that are leading to new understanding of these interactions in the lower
crust. Recent reviews of crustal fluids provide general background (Ague 2014, Yardley & Bodnar
2014); here the focus is on the chemical properties of these fluids and the solutes they carry in the
context of interactions with the mineral matrix that hosts them.

The term “crust” refers to continental, nonoceanic crust, regardless of maturity—a distinction
that allows consideration of processes affecting settings ranging from juvenile volcanic arcs to
more mature continents. In addition, the attention here is on crust undergoing active tectonism,
magmatism, and metamorphism. Stable continental interiors are not considered, though at least
local presence of deep-crustal fluids has been proposed (e.g., Hyndman & Shearer 1989), leading
to vigorous debate (Frost & Bucher 1994, Wannamaker 2000, Yardley & Valley 1997).

The deep crust is chemically and seismically distinct from the shallow crust, but there is no
distinct boundary (e.g., Rudnick & Gao 2003). Here I generally follow Holbrook et al. (1992)
in defining the deep crust as the region between the Conrad discontinuity and the Moho (i.e.,
their middle and lower crust). Most generally, I am interested in the crust below the brittle-
ductile transition, where low rock strength and plastic deformation yield a fundamentally different
hydrologic regime (Ague 2014, Connolly 2010, Manning & Ingebritsen 1999). Based on the
settings in which deep fluids are inferred, I examine the properties of fluids at a range of P and
T. The focus is on pressures of 0.5-1.5 GPa, the interval that approximates depths from ~15-
60 km for a reasonable spread of crustal densities. A wide range of temperatures may obtain within
the lower crust (e.g., Artemieva & Mooney 2001), from 300°C or less in nonmagmatic settings
to >800°C, well above the temperature of H,O-saturated melting of most crustal lithologies.
Higher pressures are attained during ultrahigh-P metamorphism in the deepest parts of continent-
continent convergence zones, but here I limit attention to the more pedestrian depths where
geophysical, petrologic, and geochemical data are converging to reveal an importantrole for fluids.

2. BULK PROPERTIES OF DEEP-CRUSTAL FLUIDS

Deep fluids are complex mixtures of four essential ingredients (Figure 1): H,O, gases (chiefly
CO,), salts (chiefly alkali chlorides), and host-rock oxide components (chiefly silicates and alu-
minosilicates). I begin by examining properties of H,O + gas =+ salt solutions, which generally
determine a deep fluid’s solvent properties (Figure 1). The chemical and physical interactions
between this solvent and its host rock yield modified fluid composition and properties, so I turn
in Section 3 to interactions between deep fluids and rock-forming minerals.
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(@) The deep-fluid tetrahedron. Deep fluids comprise four components: H, O, nonpolar gases, salts, and other material derived from
dissolution of rock-forming minerals. Shallow fluids are H, O rich, possessing very low solubility of gases and minerals; modest salinities
up to salt saturation may be attained. Consequently, shallow fluids in equilibrium with rock-forming minerals (b/ze) will plot very close
to the H, O apex and effectively lie on the basal face of the tetrahedron. Deep fluids have substantially higher concentrations of other
constituents in addition to H, O, owing to high salinity at salt saturation and complete mixing of H,O and most nonpolar gases. Where
equilibrated with rock-forming minerals (green), deep fluids will plot on a surface significantly elevated above the basal face of the
tetrahedron. (b)) Model of deep fluid at 800°C and 0.9 GPa, using H,O, CO;, and NaCl as solvent components. Panel modified from
Manning et al. (2013). One-, two-, and three-phase fields are shown in dark green, light green, and white, respectively. The central
triangle shows phase relations in the fluid in the absence of any solutes other than NaCl and CO;. A single H, O-CO;-NaCl fluid is
stable in the H,O-rich region but separates into two fluids, one NaCl rich and one CO; rich, as H,O concentration decreases with
addition of NaCl and CO; (coexisting compositions are shown with dashed lines). Dissolution of rock-forming minerals adds solutes, as
shown schematically in the bounding triangles. Since all deep fluids will coexist with rock-forming minerals, the most important
composition is that at rock-forming mineral saturation (red /ines). The topology of the red lines varies with mineral assemblage, P, and
T, but there are no deep-crustal conditions at which there is significant solubility of rock-forming minerals in CO, =+ halite.
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As in the shallow crust, the mostimportant component of deep fluids is H, O. Its polar geometry
and unique intermolecular interactions make it an especially powerful and mobile solvent at lower-
crustal conditions. Although the microscopic structure of H,O remains poorly known at high P,
a key difference relative to liquid water at ambient conditions is the distortion and diminishing
number of intermolecular hydrogen bonds with increasing P and T (Foustoukos & Mysen 2012,
Frantz et al. 1993, Sahle et al. 2013, Walrafen et al. 1996, Yoshii et al. 2001).

Nonpolar gas components may also be abundant in deep-crustal fluids. The most common
example is CO,. At oxygen fugacity (fO,) corresponding to quartz-fayalite-magnetite equilibrium
or higher, oxidized forms such as CO, predominate; however, CH4 may become prevalent (along
with H;) at lower fO,. CO and hydrocarbons typically occur only as minute constituents. Other
gases, including N,, are present in subordinate to trace concentrations.

The prevalence of CO; as the main nonpolar gas constituent led early workers to model deep-
crustal fluids as simple mixtures of H, O and CO,, or more complex mixtures of C-O—H gas species.
Most data came from the investigation of very-high-grade metamorphic rocks—granulites—which
require 7 in excess of ~700°C and activity of H,O (#11,0) substantially less than one. Assuming
the presence of a free fluid phase, the favored mechanism to reduce #11,0 was addition of CO,
(e.g., Newton 1980, Newton et al. 1980), based in part on observations of fluid inclusions rich in
this component. However, late relative ages of some inclusions and phase equilibrium arguments
raised serious problems for this model (e.g., Lamb & Valley 1987, 1988) and led many to con-
clude that only crustal melting could explain the observations. However, terranes recording the
transition to granulite-facies metamorphism indicate that #y;,0 is commonly in the range 0.3-0.5
(Newton et al. 2014), higher than is consistent with a melt but still requiring an additional fluid
component.

The problem of reduced H,O activity in a free lower-crustal fluid is at least in part resolved
by high concentrations of halogens. Direct evidence for saline deep fluids comes from the rock
record in the form of rare halide minerals, fluid inclusions, and high Cl contents of key high-grade
metamorphic minerals (Markl & Bucher 1998, Newton et al. 1998, Touret 1985, Trommsdorff
et al. 1985). Chlorine typically predominates (Yardley & Graham 2002), and the halogen anions
are accompanied by charge-balancing metal cations, most commonly alkalis—hence the common
reference to NaCl- and/or KCl-rich saline fluids or brines. It is important to note, however, that
at deep-crustal conditions these components exist in solution largely as dissociated ions, such as
Nat and CI~ (Aranovich & Newton 1996, 1997).

In the shallow crust, strongly nonlinear physical chemical properties arising from critical phe-
nomena in H, O and CO; can dominate the thermodynamic, transport, and solvent behavior of flu-
ids. In the deep crust, conditions are far removed from the one-component critical points of H, O,
CO,, and other pure fluids. This leads to smooth variations in properties of pure fluids, and com-
plete mixing in binary solutions of H, O with most other constituents (H; is an exception; Bali et al.
2013). However, as reviewed by Manning & Aranovich (2014), in the deep crust the properties of
mixtures of water and nonpolar gases differ greatly from those of water-salt mixtures. H, O activity
in H, O-NaCl and H, O-KCl fluids shows negative departures from ideal molecular mixing, consis-
tent with nearly ideal, fully dissociated molten salt behavior at lower-crustal conditions (Aranovich
& Newton 1996, 1997). In contrast, #11,0 in mixtures with nonpolar gases is greater than in ideal
mixtures (Ferry & Baumgartner 1987, Manning & Aranovich 2014, and references therein). This
has important consequences for water-gas-salt mixtures, for example, H, O-CO,-NaCl. The con-
trasting mixing properties along the respective binaries, coupled with minute mutual solubilities
of CO; and NaCl liquid, lead to an extensive region of immiscibility in the ternary at deep-crustal
conditions (Figure 15) (see Aranovich et al. 2010, Heinrich 2007, Liebscher 2010, and references
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therein). The immiscibility persists in the presence of other components; for examples and reviews
of general phase equilibria see Fyfe et al. (1978), Heinrich (2007), and Yardley & Bodnar (2014).

Variations in composition, P, and T cause changes in the fluid properties that govern in-
teractions with host rocks, including density, dielectric constant, self-dissociation behavior, and
conductivity. In view of the immiscibility described above, these are discussed below by starting
with H,O and then considering H,O-CO, and H,O-NaCl solutions as models.

2.1. Density

Knowledge of the P-V-T properties of H,O has long been limited by challenges associated with
experimental work at high P and 7. However, advances in diamond-cell technology and com-
puter simulation have produced new constraints that lend improved accuracy (e.g., Abramson &
Brown 2004; Pan et al. 2013, 2014; Sanchez-Valle et al. 2013). Figure 24 illustrates the varia-
tion in H,O density with temperature at a range of depths and along simple linear geotherms
of 10°C/km, 20°C/km, and 40°C/km, which model dP/dT associated with burial/exhumation
and heating/cooling in a range of settings. The density of liquid H,O at ambient conditions is
~1 g/cm’. Increasing temperature with depth at shallow-crustal conditions can yield decreases in
density well in excess of 50%. However, at deep-crustal conditions ranging from 0.5 to 1.5 GPa,
H,O density lies in a relatively narrow range of 0.6 to 1.2 g/cm?, and for a wide range of set-
tings will be within ~10% of 1 g/cm® (Figure 24). This is emphasized by 10°C/km and 20°C/km
geothermal gradients, which exhibit relatively little change over the interval of interest. The mod-
est density changes arise from the low compressibility and expansivity of H,O at depth, which in
turn derive from the strong interactions between H,O molecules in the fluid.

The low molecular weight of H,O means that addition of most other components, such as
CO; and alkali halides, will increase fluid density. The contrasting mixing properties of CO,
and NaCl with H,O yield different compressibility behavior within the lower crust. Figure 2¢
shows that, relative to volume at 0.5 GPa and 700°C, a fluid with CO, mole fraction (X) of 0.5
is more compressible than pure H,O, because of the diminishing consequences of the positive
volume of mixing between these two species. In contrast, H,O with 5 molal (22 wt%) NaCl is
less compressible than pure H, O, consistent with strong disruption of H, O structure by NaCl at
all P shown. In general, addition of nonpolar gases or alkali halides changes fluid compressibility
behavior only by a few percent over the pressure interval of the lower crust. Recent modeling,
first-principles simulations, and high-quality experimental results are providing new insights into
key related properties relevant to geophysical study of mixed fluids in the lower crust (Mantegazzi
et al. 2013, Mao et al. 2015, Sakuma & Ichiki 2016a, Sakuma et al. 2013, Sanchez-Valle et al.
2013).

2.2. Dielectric Constant

The dielectric constant is the ratio of a material’s permittivity to that of a vacuum, and along
with density it contributes to the solvent properties of H, O and more complex, mixed fluids. The
higher the dielectric constant, the more effectively solvent molecules shield oppositely charged
ions from the coulombic attractions that lead to ion pairing and mineral precipitation.

Until recently, a lack of experimental constraints on the dielectric constant of H,O at lower-
crustal conditions (>0.5 GPa) has been a major limitation in studying water-rock interaction in
this setting. The numerous formulations yielding high P-T" estimates agree well at low P where
constrained by experiment but yield strongly varying extrapolated values at lower-crustal condi-
tions. A significant recent advance has been new first-principles molecular dynamics simulations
(Pan etal. 2013), which yield robust constraints at high P and 7. This has led to a new formulation
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Variation in (#) the density and (b) the dielectric constant of H, O with temperature along 0.2, 0.5, 1.0, and 1.5 GPa isobars (b/ue) and
along linear geothermal gradients of 10°C/km, 20°C/km, and 40°C/km (red). Densities were calculated using Zhang & Duan (2005);
dielectric constants are from Sverjensky et al. (2014). (¢) Relative decrease in volume of H, O and mixed fluids with pressure from 0.50 to
1.5 GPa at 700°C. Data are from Duan & Zhang (2006) and Sakuma & Ichiki (2016a). (¢) Variation in dielectric constant of mixed fluids
with pressure at 700°C (Foustoukos 2016, Galvez et al. 2015). Gas species in C-O—H fluid vary with pressure at graphite saturation.

of dielectric constant to 6 GPa and 1,000°C (Sverjensky et al. 2014), which can now be used in
geochemical studies of aqueous fluids and their interactions with deep-crustal rocks. Additional

constraints were provided by Sakuma et al. (2013), although their values are consistently lower

than those from experiments at similar conditions.

Figure 2b shows that the dielectric constant of H,O in the lower crust is everywhere lower
than the value of 78 characteristic of ambient conditions. Values decrease with 7" along each isobar
and geotherm, while increasing slightly with isothermal increase in P. These patterns indicate that

temperature is the primary control on dielectric constant at lower-crustal conditions. The isobaric

www.annualyeviews.org o Fluids of the Lower Crust 73



Annu. Rev. Earth Planet. Sci. 2018.46:67-97. Downloaded from www.annualreviews.org
Access provided by University of California- Los Angeles UCLA on 06/03/18. For personal use only.

74

decline in the dielectric constant of H, O is consistent with a decreasing extent of hydrogen bonding
(Foustoukos & Mysen 2012, Yoshii et al. 2001).

Addition of components such as CO, and NaCl modifies the structure and solvent properties
of the fluid phase, and hence the dielectric constant. There are no direct measurements of di-
electric constant in mixed fluids at lower-crustal conditions, but recent developments now permit
estimation at conditions relevant to the deep crust. Galvez et al. (2015) used the approach of
Harvey & Prausnitz (1987) to derive the dielectric constant of mixed C-O-H fluids. Figure 2d
shows variation in the dielectric constant at 700°C and 0.5 to 1.5 GPa for a graphite-saturated
C-O-H fluid. The relative abundance of specific gas species in the fluid varies with pressure. The
dielectric constant of the fluid mixture is about 22% lower than that of pure H,O at 0.5 GPa,
but only 4% lower at 1.5 GPa. Mountain & Harvey (2015) noted that the Harvey & Prausnitz
(1987) method may overestimate dielectric constant in mixtures of nonpolar gases. For example, at
1,000 K and 1 GPa, their molecular dynamics calculations yield a dielectric constant of 2.8 for a
fluid with X¢o, = 0.5, as compared to 3.2 using the Harvey & Prausnitz model.

Foustoukos (2016) extended this approach to H, O-NaCl, using a simple empirical model based
on the solubility of quartz in H,O-NaCl brines (Newton & Manning 2000). Results indicate that,
for a 22 wt% NaCl solution (5 molal), the dielectric constant of the mixed fluid is similar to that
in a graphite-saturated C-O-H fluid (Figure 24).

2.3. H, O Self-Dissociation

Another key property of H,O at deep-crustal conditions is that it exhibits a substantially greater
tendency to dissociate to its constituent ions (Marshall & Franck 1981). That is, at equilibrium,
the reaction

H,O=H"+ OH" 1.

proceeds further to the right than at more familiar ambient and upper-crustal conditions, indicated
by greater values of the equilibrium constant K of Equation 1:

KI _ ﬂl_ﬁél()]_[—’ 2.
au,0
where # is activity of the subscripted species. Deep-crustal values of K; range from ~1071° to
~1077, as opposed to ~10~'* at ambient conditions. Although the equilibrium constant is 4-7
orders of magnitude greater in the deep crust, it is not so great that molecular H,O becomes
subordinate, as in an ionic fluid at extreme P and 7.
Neutral pH corresponds to the condition when H activity is equal to OH™ activity. Itis useful
for assessing the relative acidity or alkalinity of a fluid. From Equation 2, neutral pH (pH,,) is

1
pH, = -3 (logK; + logay,o0) . 3.

Figure 3a shows variation in pH, in pure H,O (#11,0 = 1) in the lower crust. Neutral pH
ranges from ~3.5 to 5, substantially lower than the more familiar value of 7 at ambient pressure
and temperature. Neutral pH decreases with increasing 7 (burial) along geotherms. Thus, self-
dissociation of water becomes more extensive with increasing depth. The opposite will hold for
cooling and decompression paths.

The lower values of pH,, at lower-crustal conditions are important for chemical processes of
water-rock interaction and for interpreting geophysical data. Low pH,, signals that, in contrast to
those in shallow-crustal environments, the concentrations of the H, O self-dissociation products
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(@) Variation in neutral pH in H, O with temperature along 0.2, 0.5, 1.0, and 1.5 GPa isobars (blue) and along linear geothermal
gradients of 10°C/km, 20°C/km, and 40°C/km (red). Curves were calculated using values of K from Sverjensky et al. (2014).

(&) Isobaric variations in conductivity with temperature of 0.1, 1, and 5 wt% NaCl solutions. (c) Isobaric variations in conductivity with
NaCl concentration at 700°C. Curves in panels # and ¢ were calculated using equations from Sinmyo & Keppler (2017); values at

>5.5 wt% in panel ¢ are extrapolated.

H* and OH™ are quite high in the deep crust. This suppresses extremes in pH that are found near
Earth’s surface because, at depth, higher concentrations of other ions are required to achieve the
same pH shift from neutrality. Note however that H* and OH™ concentrations are still sufficiently
low that the ionic strength of pure H, O is modest: For pH,, = 3.5, ionicstrengthis only 2 x 10737,
where ionic strength (I) quantifies the bulk effect of charged species and is calculated as

1= %Zlm,zlz 4.

In Equation 4, 7; and z; are molality and charge, respectively, of the ith solute ion. Because
charge is squared, more highly charged electrolytes will have greater effects on ionic strength.
In this article, I refers to true ionic strength, i.e., that arising solely from those solutes present
in ionic form. Ionic strength is used in the calculation of ion activity coefficients and is linked to
conductivity.

Neutral pH depends on H,O activity (Equation 3), so high concentrations of gas or salt are
expected to modify acid-base neutrality relative to H,O-rich fluids. However, even though salts
and polar gases have contrasting effects on #11,0, their effect on pH, is minor: Equation 3 shows
that, even if #y1,0 is as low as 0.1, pH,, is increased only by 0.5.

2.4. Conductivity

While the extent of self-dissociation in deep-crustal fluids is enhanced relative to shallow fluids,
pure H,O nevertheless remains a poor conductor at these conditions. Values are in the range
0.01-1 S/m (e.g., Holzapfel 1969, Marshall & Franck 1981). Because porosity is generally low,
explaining elevated bulk conductivity in the deep crust by the presence of a fluid phase requires
additional dissolved, conductive components.

Conductivities of mixtures of H,O and CO; (or other nonpolar gases) have not been measured
but can be expected to decline significantly with increasing gas concentration due to strong reduc-
tion in dielectric constant (e.g., Mountain & Harvey 2015). This expectation may break down at
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low CO; concentrations, where recent first-principles results suggest that carbonate and bicarbon-
ate ions predominate over molecular CO; (Pan & Galli 2016), which would increase conductivity.

Experimental attention to H,O and NaCl (or other metal halides) was long limited to upper-
crustal pressures (e.g., Nesbitt 1993; Quist & Marshall 1968, 1969); however, the conductivity
of H,0-NaCl solutions at lower-crustal conditions has recently been constrained, at least to
moderate salinity, by molecular dynamics and experiments (Sakuma & Ichiki 2016b, Sinmyo
& Keppler 2017). Figure 3b shows conductivities calculated based on the model of Sinmyo &
Keppler (2017). Results of Sakuma & Ichiki (2016b) are similar. At constant NaCl concentration,
conductivity depends only modestly on P and 7. However, at a given P and 7, conductivity rises
strongly with NaCl concentration (Figure 3c¢). Clearly, conductivity of deep-crustal fluids depends
much less on P and T than on the concentration of ionic solutes.

Foustoukos (2016) showed that the electrical conductivity of concentrated H, O-NaCl solutions
has a simple linear dependence on true ionic strength:

of=cl, 5.

where oy is the fluid conductivity in S/m and ¢ = 79.5 £ 0.4 kg S mol~' m~'. The relation is
applicable in the presence of other salts (e.g., KCI) and holds to Xi,c = 0.4. The ionic strengths
of such concentrated brines exceed 15 mol/kg H,O at deep-crustal conditions, suggesting fluid
conductivities >1,000 S/m.

3. SOLUTES IN H,O

3.1. Aqueous Ions

Molecular dynamics simulations at varying levels of theory, coupled with advances in diamond-
cell and synchrotron X-ray methods (e.g., Bassett et al. 1993, Chervin et al. 1995, Sanchez-Valle
2013, Schmidt & Chou 2012), are providing unprecedented insights into atomic-scale ion-water
interactions at deep-crustal conditions. Molecular dynamics simulations of dilute NaCl solutions
(Sakuma & Ichiki 2016a) reveal that increasing hydration numbers of Na™ and Cl~ with P are
offset by decreases with 7, leading to relatively little change along a geotherm of ~20°C/km. In
addition, the extent of dissociation of salt solutions increases with rising P and 7"(Jahn & Schmidt
2010, Pan & Galli 2016), consistent with inferences from in situ Raman spectroscopy (Frantz
1998, Frantz et al. 1994, Schmidt 2014). Recent results suggest that these general trends may
break down at the lowest temperatures (Schmidt & Manning 2017).

Despite the growing capabilities of experimental and simulation approaches for characterizing
the structure and energetics of ion-water interaction in simple systems, understanding of more
complex fluids in equilibrium with model or natural mineral assemblages still relies on thermo-
dynamic models of aqueous ions (Dolejs 2013). The Helgeson-Kirkham-Flowers (HKF) model is
most widely used (Helgeson & Kirkham 1976, Helgeson et al. 1981, Tanger & Helgeson 1988).
The HKF model provides ion properties dependent on the dielectric constant of H,O, but lack
of high-P constraints on this parameter historically limited its application to shallow-crustal con-
ditions (<0.5 GPa). Because H,O density is better quantified, empirical approaches relying on
density correlations (e.g., Anderson et al. 1991) have been used to explore fluid-rock interaction
in deeper settings (Dolejs & Manning 2010; Manning 1998, 2013). However, new constraints on
dielectric constant at high P, incorporated via the Deep Earth Water (DEW) model (Sverjensky
et al. 2014), now allow extension of the HKF model to the lower crust (and beyond). The DEW
model is used in this review to gain thermodynamic insight into the distribution of aqueous species
in deep, water-rich fluids.
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Figure 4

Isobaric variation in species concentrations and pH of NaCl solutions (#, #) with temperature (1 molal NaCl) and (¢, d) with NaCl
concentration (700°C). All calculations are at 1.0 GPa. Solution composition was calculated using EQ3 (Wolery 1992), thermodynamic
data from the Deep Earth Water (DEW) model (version 11.0.2) of Sverjensky et al. (2014), and the b-dot model for activity coefficients.

Figure 4 illustrates the behavior of NaCl solutions at 1 GPa. For a NaCl concentration of
1 molal (Figure 44,b), the solution is dominated by Na™ and Cl~ ions at all 7. However, rising
T produces an increasing tendency to form ion pairs in the solution, consistent with the isobaric
decline in dielectric constant (Figure 2b). The greater extent of ion pairing with chloride (NaCl
and HCI) relative to hydroxide (NaOH) causes the pH of NaCl solutions to be alkaline, and
alkalinity increases as the disparity in concentration of neutral chlorides relative to the neutral
hydroxide grows with temperature. Similar effects can be seen at a given P and 7 as total NaCl
concentration increases, e.g., at 700°C (Figure 4¢,d). Although there is an effect on pH, the overall
concentration of ion pairs is low; NaCl, along with other alkali halides, remains largely dissociated
as concentrations increase to salt saturation (Aranovich & Newton 1996, 1997).

3.2. Aqueous Silica and Polymerization

Tonic species are essential ingredients of all crustal fluids, deep or shallow. However, deep fluids
typically differ from their shallower counterparts in that they carry a greater load of neutral solutes.
This arises from higher solubility of oxide minerals coupled with elevated high-PT stability of
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(@) Solubility of quartz as a function of pressure and temperature at lower-crustal conditions. (4) Variation in species abundance as a
function of temperature and Si concentration at 1.0 GPa. Curves in panels # and » were calculated using unit activity coefficients and
thermodynamic data from Sverjensky et al. (2014) [Deep Earth Water (DEW) model version 11.0.2)], which include only monomer
and dimer forms of aqueous silica, molecular structures of which are shown in panel 4. At high temperature (e.g., 900°C), the DEW
model underpredicts quartz solubility determined experimentally (red circles in panel ) (Manning 1994, Hunt & Manning 2012), due to
increasing concentration of additional species such as the ring trimer. Panel # shows that rising Si concentration favors increasing
polymerization extent; however, the variation with temperature is at odds with bulk solubility measurements and critical mixing in the

Si0,-H,; O system.
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neutral aqueous hydrates, such as H4SiO4. Because SiO; is typically the most abundant rock-
forming oxide, the solubility of quartz provides a good guide to the role of P and 7 in mineral
solubility. The increasing solubility of quartz with Pand T'is illustrated in Figure 54, based chiefly
on experimental determinations (Anderson & Burnham 1965, Manning 1994, and references
therein). Similar patterns are seen for solubilities of other simple oxides (Audétat & Keppler 2005;
Becker et al. 1983; Caciagli & Manning 2003; Dolej$ & Manning 2010; Tropper & Manning
2005, 2007). However, none are as high as that of quartz, which means that silica is typically one
of the most abundant solute components of deep-crustal fluids.

A contribution to the high solubility of silica in H,O is its ability to polymerize. At low con-
centration and neutral pH, the dominant species of dissolved silica is monomeric orthosilicic acid
(H4Si04). The dissolution reaction may be written as

SiO; +2H,0 =H4SiO4.

quartz aqueous monomer
Equation 6 adequately describes quartz solubility in shallow settings at most conditions (e.g.,
Walther & Orville 1983). However, experimental phase equilibria and Raman spectroscopy at
high P and T reveal the presence of silica dimers (Newton & Manning 2002b, 2003; Zhang &

Frantz 2000; Zotov & Keppler 2000, 2002), which reflect combination of two monomers via
sharing of a bridging oxygen (Figure 5), and liberation of an H,O molecule:

2H,Si04 = HSi,O5 + H,0.
monomer dimer
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Polymerization of silica at near-ambient conditions is typically associated with high concentrations
at alkaline pH (e.g., Hunt et al. 2011). Appreciation of the role played by polymerization at high
P and T in near-neutral fluids has come about relatively recently.

Figure 5b shows the speciation of aqueous silica in H,O at 1.0 GPa and 500-800°C. The cal-
culations neglect deprotonated monomers (H3SiO47), which are negligible at these conditions.
Along each isotherm, the fraction of dissolved silica in the polymerized species increases to quartz
saturation. At constant pressure, rising temperature yields a decrease in the equilibrium constant
for Equation 7 in the DEW model (Sverjensky et al. 2014), which translates to a decreasing extent
of polymerization at a fixed Si concentration. However, this is offset by the rise in quartz solu-
bility with temperature (Anderson & Burnham 1965, Manning 1994), leading to a progressively
greater fraction of Si in dimers as temperature increases. Thus, Figure 55 shows that, at 500°C,
polymerization via dimer formation accounts for ~33% extra Si solubility at quartz saturation,
whereas at 800°C it accounts for ~47%.

The equilibrium constant for Equation 7 is uncertain. Values consistent with experimental
results of Newton & Manning (2002b) and Zotov & Keppler (2002) imply more extensive dimer
formation atany 7, and an increase with rising 7. The discrepancy arises from reliance of the DEW
model on interpretations of Mysen (2010), which imply trends different from those observed by
previous workers. Further experimental study is needed, but there is little doubt that a key feature
of aqueous silica at deep-crustal conditions is its strong propensity to polymerize.

A clue to resolution of the problem is the extent of silica polymerization near hydrous melting
of quartz, where solubility becomes so high that SiO, and H,O can form a supercritical mixture
in which the distinction between solutions and magmas is lost (Kennedy et al. 1962). Models of
quartz solubility that implicitly or explicitly account for polymerization only to dimers (Gerya
etal. 2005, Manning 1994, Sverjensky et al. 2014) begin to underpredict solubility as 7 rises above
800°C at high P. This signals the increasing abundance of more polymerized species such as the
ring trimer (Figure 5b) and higher oligomers (Newton & Manning 2008b). Hunt & Manning
(2012) showed that a model accounting simply for the formation of individual bridging oxygens
accurately predicts the melting curve and critical end point. Thus, Equation 7 is the first in a
series of progressive polymerization reactions leading to the stability of supercritical Si0,-H,O
mixtures that can range from unpolymerized to fully polymerized depending on H,O content
(e.g., Manning 2004, 2017).

3.3. Interaction Between H, O and Deep-Crustal Rocks

Thermodynamic data for aqueous species can be used to predict the fluid that would result from
equilibrium between pure H,O and mineral assemblages for model deep-crustal lithologies. As
an example, I take the mineral assemblage muscovite + K feldspar + quartz as a model for lower-
crustal pelite. Other likely minerals are initially neglected to highlight key features of the predicted
fluids.

Figure 6 shows model fluids as a function of 7"at 1 GPa and as a function of P at 650°C. The
conditions portrayed are below H,O-saturated melting (Huang & Wyllie 1974). The diagrams
show the calculated abundances of species with nonnegligible concentrations. The bulk solubility
and the individual concentrations of total Si and Al increase with both pressure and temperature.
In contrast, total K remains relatively constant with temperature but increases strongly with
pressure. At all conditions portrayed, silica is the most abundant rock-forming oxide dissolved in
H, O, and both monomer and dimer species are important. Potassium is chiefly present as K*
ions, with subordinate KOH ion pairs. Aluminum is predominantly H4AlO4~, with subordinate
neutral H3AlOs.
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Model deep fluids resulting from equilibration of initially pure H, O with muscovite 4+ K feldspar + quartz
(a—c) as a function of temperature at 1 GPa and (4—f) as a function of pressure at 650°C. Calculations are as
in Figure 4, with thermodynamic data for minerals from Berman (1988). Panels # and d show species
distributions (log molality): gray, Si species; red, K species; purple, Al species. In panels » and ¢, the y axes are
log bulk concentrations [molality for elements and ionic strength; wt% oxides for total dissolved solids

(TDS)]. Panels ¢ and f'show fluid pH and neutral pH.

As shown in Figure 6b,e, the ionic strength of H,O equilibrated with muscovite, K feldspar,
and quartz is essentially equivalent to the K* concentration, because this ion is the most abundant
in solution. The changes in ionic strength are consistent with variations in dielectric constant
(Figure 2b). Calculated total dissolved solids rise with both 7" and P. The pH (Figure 6c,f) is
everywhere significantly alkaline, which accounts for the abundance of Si and Al anions.

The system discussed above is highly simplified. Water equilibrated with natural rock com-
positions will contain element and species concentrations that vary with the assemblages and
compositions of metamorphic minerals, which change with P and 7. Galvez et al. (2015, 2016)
computed the composition of H,O equilibrated with pelite, basalt, and peridotite. Their results
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are consonant with those reached above. Of particular note are the alkalis. In H,O equilibrated
with pelite and basalt there is a strong rise in Na™ concentration with pressure, reaching a max-
imum at the albite = jadeite + quartz equilibrium and then declining at higher pressures. The
concentrations of K* are more strongly dependent on changes in mineral assemblage.

In general, interaction between model rocks and H,O free of CI, C, or S produces mild to
moderately alkaline pH; the large excursions from acid-base neutrality, as in ultramafic weath-
ering, are not characteristic of deep-crustal fluid-rock interaction. Ionic strength of basalt- and
ultramafic-equilibrated H, O is lower than that for pelite. Total dissolved solids rise with P and 7,
are generally low, and are dominated by silica.

4. TOWARD MORE COMPLETE MODELS OF DEEP FLUIDS

The models above are useful for preliminary insights, but they yield poor approximations of
actual deep-crustal fluids for several reasons. First, they are dilute, with low total dissolved solids,
whereas all evidence from fluid inclusions and other sources points to deep-crustal fluids having
much higher solute concentrations. Second, the activity of H,O is near one. At many conditions
in the deep crust, the presence of nearly pure H,O will trigger melting. If fluids are present,
the activity of H,O must be less than one, typically significantly. Here I examine mechanisms by
which solute load can be increased, and H, O activity decreased, in the generation of more realistic
deep-crustal fluids.

4.1. Carbon and Its Aqueous Species

Where the carbon content is set by interaction of H,O with calcite at high fO,, rising P and T
yield strong increases in C concentration (Caciagli & Manning 2003, Kelemen & Manning 2015);
the presence of alkali halides leads to even greater increases (Newton & Manning 2002a). In the
presence of other silicate minerals, pH is set by calcite solubility through soluble Ca and C species,
in many cases as ion pairs, such as CaHCOs ™" (inferred by Sverjensky et al. 2014).

The solubility of calcite in H,O is only ~3,000 ppm by weight at 700°C and 1 GPa (Caciagli &
Manning 2003). Fluids with tens of mole percent CO, must derive their carbon by other means (see
the sidebar titled Sources of Fluid Components). At these higher concentrations of CO», silicate

SOURCES OF FLUID COMPONENTS

A key problem for lower-crustal fluids remains the sources of chloride and gases such as CO,. Fluid-rock reactions
during carbonate metamorphism can produce CO,-rich fluid; however, carbonates are not typically present in
sufficient quantities to have more than a local effect. Commonly cited sources of chloride in deep-crustal fluids are
dissolution of chloride-bearing minerals and preferential partitioning of H,O relative to halide during hydration
reactions (Manning & Aranovich 2014, Yardley & Graham 2002). But Cl-bearing minerals are not especially
common, and the latter process requires very large extents of reaction to be effective; one possibility may be fluids
with very long travel paths, as may be indicated by the G anomaly. Two additional mechanisms are likely more
important than has previously been understood. First, there is growing appreciation of the importance of magmatic
inputs into the lower crust; stalled magmas become fluid saturated in the lower crust, and the fluid produced is
rich in low-solubility components CO, and Cl. In addition, immiscibility in the H, O-CO,-salt system (Figure 1)
means that, upon unmixing of a single fluid, the separate fluid phases become relatively enriched in salt and CO,
components.
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mineral solubility drops strongly due to the reduction in H, O activity and dielectric constant. CO,
acts as an inert diluent, causing quartz solubility to decline with H, O activity (Newton & Manning
2000, 2009; Shmulovich et al. 2006). This is because dissolved silica is a hydroxide species. In the
absence of any SiO,-CO, interaction, reduction in H,O activity shifts Equation 6 to the left,
decreasing quartz solubility and yielding a fluid that is comparatively low in dissolved solutes.
Similar results are seen for other silicate minerals (Shmulovich et al. 2001). In general, CO,-rich
fluids are poor solvents and contribute little to conductivity or metasomatic mass transfer of major
elements.

4.2. Chloride and Other Anions

As shown in Figure 1, chloride concentrations range from dilute to strongly concentrated brines.
Chloride has a profound effect on chemistry and properties of aqueous solutions (Eugster 1981,
Eugster & Baumgartner 1987, Eugster & Gunter 1981, Helgeson 1969, Yardley & Bodnar 2014).
Figure 7 shows the role of modest chlorinity on H,O-rock interaction, for the assemblage mus-
covite + K feldspar + quartz. At the lowest Cl concentrations, absolute and relative species
concentrations are similar to those in pure H,O (cf. Figure 6). However, this changes when
Cl concentration becomes subequal to K concentration. Because potassium is predominantly K*
and chlorine is predominantly Cl~, addition of Cl~ in excess of the K* generated by mineral
dissolution requires additional K from the mineral assemblage to balance the negative charge.
Hence, above about 0.01 molal Cli,,, the solution is dominated by K* and KCl, and other anions
decrease in concentration. The trends in total dissolved solids and pH are similar to those de-
termined experimentally at low P (Hauzenberger et al. 2001); however, solute concentrations are
much greater at high P. Mineral assemblage plays a role in pH control. For example, the presence
of kyanite instead of K feldspar decreases pH by ~0.3-0.5 units (Figure 7c).

Sulfide minerals are common in metamorphic rocks and provide a source for dissolved sulfur
species. Adding magnetite 4 pyrrhotite + pyrite to muscovite + K feldspar + quartz yields total
dissolved sulfur of 2.0 molal in chloride-free fluids at 700°C and 1 GPa. H,S and HSO,~ are the
dominant dissolved species, though the model does not account for S;~, which may be abundant
(Pokrovski & Dubrovinsky 2011). The pH is 5.3—less alkaline than in the sulfur-free system,
illustrating how the presence of additional anions pulls the pH toward neutrality. Increasing total
chloride does not change predominant species, but total S declines in response to the decreasing
pH.

Higher concentrations of alkali halides strongly affect mineral solubility in deep-crustal fluids
(Manning & Aranovich 2014). The electrolyte activity coefficient model employed in these calcu-
lations is valid only to ~3 molal. At higher salinity, experimental studies provide important insights
and show that mineral solubility in brines depends on mineral composition and structure. At fixed
lower-crustal P and 7, alkali halide salts are mostly dissociated (Aranovich & Newton 1996, 1997).
Quartz solubility generally decreases with rising salt concentration (Newton & Manning 2000);
however, the decline is less pronounced than for CO, (Newton & Manning 2009), and solubility
may actually increase slightly at the lowest concentrations of some salts (Shmulovich et al. 2006).
This could be due to changes in solvent properties (Shmulovich et al. 2001, 2006; Xie & Walther
1993) or complexing of salt components with silica (Evans 2007, Newton & Manning 2016). In
any case, the general decrease in quartz solubility for a given reduction in #41,0 by salt addition
is much less than that for CO, (Newton & Manning 2000, 2009, 2010). Thus, low-#11,0 brines
are better solvents for silica than low-zyy,0 fluids containing only CO,. Of coexisting fluids in the
H,0-CO;-salt system (Figure 1), the brine phase should therefore be expected to contain more
SiO; than the CO;-rich phase.
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Figure 7

Model deep fluids resulting from equilibration of H, O with muscovite + K feldspar + quartz at 700°C and
1.0 GPa as a function of ClI concentration. Calculations are as in Figure 4. (2) Species distributions (log
molality), with colors as in Figure 6 except for green, which represents Cl species; (b) log bulk concentrations
and log conductivity [molality for elements and ionic strength; wt% oxides for total dissolved solids (TDS);
S/m for conductivity (o, using the model of Foustoukos 2016)]; (¢) fluid pH and neutral pH. Also shown in
panel ¢ is the pH variation if kyanite is substituted for K feldspar in the assemblage (red dashed line). The
equation of Foustoukos (2016) for fluid conductivity is strictly applicable to salt my,cy > 0.6; it is used here
to facilitate comparison with changing salinity. Other simple methods yield lower values of o¢ at low salinity.

Shimojuku et al. (2012, 2014) determined electrical conductivity of H,O-NaCl solutions in
quartzite at an effective porosity of ~0.2-0.3. Their measured conductivities are lower than ex-
pected from Sakuma & Ichiki’s (2016b) and Sinmyo & Keppler’s (2017) models, once porosity is
taken into account. Lower conductivity could arise from the SiO,-NaCl complexing proposed by
Newton & Manning (2016).
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Makhluf et al. (2016) showed that the solubility of albite in H,O-NaCl also declines with rising
salt concentration. However, in contrast to those of quartz and albite, the solubilities of other oxide
minerals in H;O-NaCl (e.g., corundum or wollastonite) at a given high P and 7T initially increase
with salt concentration to modest mole fractions, reach a maximum, and then decline (Newton &
Manning 2006, 2008a). Garnet is common in the lower crust. Newton & Manning (2007) showed
that the solubility of grossular (Ca;Al;Si;O1,) in NaCl at 800°C and 10 kbar is higher than in pure
H, O at all NaCl mole fractions, and that it dissolves congruently to produce a salt-rich solution
with molar Ca/Al = 3/2. Evidently the Al concentration of lower-crustal brines can be quite high.
Solubility patterns imply that the solute species are complex mixtures of metal-chloride ions (e.g.,
CaCl") and sodium aluminosilicate species (Newton & Manning 2010).

Minerals with more strongly ionic character have higher solubility than oxide minerals. For
example, at fixed P and 7, the solubilities of calcite (CaCOj3), anhydrite (CaSOy), fluorite (CaF>),
and apatite [Cas(POy);] increase exponentially with increasing NaCl to a maximum at halite
saturation (Manning & Aranovich 2014, Newton & Manning 2010). Inferred solutes are Ca
chlorides and Na-anion pairs.

In general, saline fluids in the deep crust produce lower quartz solubility than pure H, O, though
itis elevated relative to H,O-CO,. Other oxides exhibit surprising increases in solubility with salt
concentration, and the solubilities of carbonates, sulfates, and phosphates are high to extreme.
Thus, at all deep-crustal conditions, highly saline solutions contain substantially more solutes
derived from their host rocks (Figure 1); that is, they are more effective agents of metasomatic
mass transfer.

4.3. Aluminosilicate Polymerization

The tendency of solute silica to polymerize has important implications for other cations, especially
aluminum. Aluminum readily substitutes for Si in the rock-forming silicate minerals and combines
with silica to form polymerized networks in silicate melts. It has a similar role in deep-crustal
aqueous solutes in that it displays a strong capacity to combine with silica to generate a range of
oligomeric structures. As with Si, highly polymerized Alis known atambient conditions at extremes
in pH where Al concentration may be high. At high P and 7, Al concentration in corundum-
saturated H, O is modest (Tropper & Manning 2007), and alumina does not detectibly polymerize
with itself (Mookherjee et al. 2014). However, Al interactions with silica are extensive at deep-
crustal conditions and lead to dramatically higher aqueous Al concentrations (Manning 2007).

The effects of this polymerization are profound but poorly quantified. The key to understand-
ing their importance for deep-crustal fluids is to compare predicted solubilities, as in the examples
above, to those observed experimentally. In the absence of aluminosilicate polymerization, as in
near-neutral shallow-crustal fluids, Al solubility in H,O is generally quite low. At saturation with
aluminous minerals such as corundum (Al, Os3) and and/or sillimanite (Al,SiOs), increasing aque-
ous Si concentration yields no change or a decrease in Al concentration. However, in experiments
at 1 GPa and 700°C, Manning (2007) found that Al concentrations in H,O equilibrated with
kyanite + corundum were greater than predicted assuming no Si-Al interaction. The excess Al
solubility (by a factor of about five) is a consequence of aluminosilicate polymerization. In general,
Al-Si interaction via polymerization leads to an increase in Al solubility with Si concentration,
such that it reaches a maximum at quartz saturation. This helps explain common observations of
Al-rich minerals in deep-crustal veins and leads to the surprising conclusion that, unlike in shallow
systems, Al may be one of the most abundant solutes in deep fluids.

Further evidence comes from the results of Manning etal. (2010), who determined the solubility
of albite + paragonite + quartz at 350-620°C and 10 kbar (Figure 8). Measured solubilities
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Comparison of predicted and experimentally determined solubilities of albite + paragonite + quartz at

1.0 GPa. Panel modified from Manning et al. (2010). Red circles show experimental measurements; the red
line indicates solubility predicted considering only ionic solutes, neutral monomers and ion pairs, and the
silica dimer. Divergence of measured bulk solubility from calculated values signals the presence of
polymerized Al-Si species not taken into account in the model. The data show that the abundance of
polymerized species grows with rising temperature until the solidus is reached at 635°C (gray dashed line;
uncertainty indicated by gray band), above which a hydrous silicate liquid is stable. The predicted
composition of polymerized species (clusters) at the solidus (635°C) is shown in the inset. Polymerized
clusters constitute 81% (7.5 wt%) of total dissolved solids (TDS).

agree with those predicted at 350°C to ~500°C, confirming that simple ions, monomers, and
ion pairs of species accurately reproduce observations. However, from 500°C to 620°C, observed
solubilities are greater than those derived from models using unpolymerized solutes (Figure 8).
The discrepancy grows with 7 to the melting point. The divergence between predicted and
observed composition is due to a growing concentration of Al-Si polymeric clusters excluded
from the calculations because of the absence of thermodynamic data. In fact, these species are the
most abundant solutes at these conditions. For example, at the wet solidus, the concentration of
polymerized clusters is 7.5 wt%, or 81% of the total solute load of 9.2 wt%. Most such species
must be Si-Al, Si-Na, and Si-Al-Na oxide clusters. Preliminary indications based on electrical
conductivity measurements suggest that the polymerized species are mostly neutral complexes
(Guo etal. 2015). Aluminum and sodium have subequal concentrations on a molar basis.

The concentrations of polymerized solutes in H,O becomes so high at elevated P and 7 that
complete miscibility between silicate melts and H, O may be attained (Manning 2004, 2017). The
supercritical fluids thus produced tend to be stable at the higher pressures of the upper mantle;
however, key chemical systems in which complete miscibility may be accessible at lower-crustal
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conditions include quartz-H,O and albite-H,O (Hayden & Manning 2011, Kennedy et al. 1962,
Makhluf et al. 2016, Shen & Keppler 1997). In each case, addition of CO, and/or salt destabi-
lizes the supercritical fluid and causes phase separation (Cruz & Manning 2015, Makhluf et al.
2016).

5. DEEP FLUIDS AND CRUSTAL MELTING

Both CO, and salts suppress lower-crustal melting by virtue of the reduction in H,O activ-
ity; however, for the same molar concentration, salts do so to a greater degree than CO;. This
arises from the different activity-concentration relations along the two binary joins (Manning &
Aranovich 2014, Newton et al. 1998). At 1.0 GPa, H, O-saturated melting of simple granite occurs
at ~640°C. Addition of 50 mol% CO; raises melting 7"to 710°C, whereas the same concentration
of NaCl + KCl yields melting at 845°C (Aranovich et al. 2013). Thus, in the presence of salt-rich
solutions, melting by the common mechanism of biotite dehydration is suppressed below 800°C
at lower-crustal pressures (Aranovich & Newton 1998, Newton et al. 2014).

Emerging models of magmatic systems in tectonically active crust highlight the importance
of magmas stalling at different crustal levels, where they may degas, and assimilate or melt sur-
rounding crust (e.g., Annen et al. 2006, Cashman et al. 2017). The contributions of degassed
components to crustal metamorphic fluids, and the complex mixing/unmixing they could induce,
have received insufficient attention. They may be critical to evaluating the deep-crustal fluid-rock
interaction in many settings.

6. RECONCILING MODELS AND OBSERVATIONS

Vein assemblages in metamorphic rocks exhumed from the lower crust have long posed a dilemma.
The components forming the vein minerals must be soluble in the fracture-filling fluid to explain
the requisite material transport. Veins filled solely by quartz are easily explained by high Si solubil-
ity. However, refractory Al-rich silicates like kyanite, staurolite, and garnet are common accessories
(e.g., Ague 1995). It is difficult to explain with current thermodynamic models the precipitation of
such Al-rich minerals because Al solubility in pure H,O and chloride solutions, as in the examples
discussed above, is low at the conditions explored. However, incorporation of Al via aluminosili-
cate polymers readily explains aluminous vein minerals. Generally, Al is more soluble than many
monovalent and divalent cations, at least in low-Cl solutions, and aluminosilicate vein minerals
should in fact be expected in metamorphic rocks exhumed from >0.5 GPa.

Whereas the veins in metamorphic rocks provide insight into fluid-rock interaction in the
geologic past, resistivity surveys give information on zones of currently active lower-crustal meta-
morphism. Anomalies commonly interpreted to indicate the presence of a fluid phase may reach
bulk conductivities of 0.05 to 1 S/m. Can such conductivity anomalies be reconciled with theo-
retical and experimental fluid compositions discussed above?

Figure 9 shows conductivity at lower-crustal depths, highlighting the range of high observed
bulk conductivity found in many studies, including the G anomaly (Worzewski et al. 2011). The
bulk conductivity of a model crustal rock composed of muscovite + K feldspar + quartz can be
calculated from the ionic strength predicted by the DEW model and Equation 5. The calculation
employed a 15°C/km linear geotherm, rock density of 2,800 kg/m?, and the cube model for bulk
conductivity (Waff 1974). Calculation of bulk conductivity requires as input the porosity of lower-
crustal rocks during metamorphism, which is neither constant nor known with certainty. Previous
analyses of bulk conductivity commonly used porosity as the main independent variable, but the
values considered vary by orders of magnitude and in many cases are assumed to be at least 0.01.
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Conductivity-depth relations for model deep-crustal fluids. The light green field shows the range of bulk
conductivity associated with lower-crustal anomalies in a range of settings. The depth-conductivity range of
the G anomaly (e.g., Worzewski et al. 2011) is shown in dark green. Lines show bulk conductivity (o) along
a 15°C/km geothermal gradient (density = 2,800 kg/m?), as derived from calculated ionic strength I
(Equation 5) based on equilibration of H> O with the model mineral assemblage, as in Figure 6, and
converting fluid to bulk conductivity using the cube model for rock porosity (¢) of 0.001. Solid red lines
denote fluids with 0, 0.1, and 3.0 molal total Cl X1 = 0, 0.002, 0.05, respectively, neglecting other solutes)
equilibrated with model pelite comprising muscovite + K feldspar + quartz. Short-dashed lines correspond
to o at 0.1 molal total Cl total fluid in model basalt (diopside + albite + clinozoisite + quartz; purple) and
ultramafic (talc + forsterite; /ight blue) assemblages. Long-dashed red lines were derived by considering only
H,O-NaCl solutions; at these high salinities, contributions from other dissolved solutes are negligible. The
dark yellow line shows the melting curve of a model simple granite, which increases in temperature with
rising salt content (Aranovich et al. 2013); conductivity isopleths are terminated at the solidus for clarity,
illustrating the boundary between crust in which bulk conductivity can be explained by the presence of saline
fluid alone and that in which melt and saline fluid may both contribute. The queried red line at X¢; = 0
shows the possible effect of charged polymerized solutes on bulk conductivity assuming 50% of species are
monovalent.

Such high porosities are more likely associated with dynamic expulsion of metamorphic fluid (e.g.,
Connolly 1997, 2010; Thompson & Connolly 1990). Lower porosity values should be used where
fluids are present but not being actively expelled, the likely scenario for conductivity surveys.
Estimates of porosity in this case are 10~ or less (e.g., Ague 2014, Connolly 2010, Skelton et al.
2000). The upper value is used here for illustration.

The conductivity of a Cl-free fluid rises with depth (and 7) but remains well below the values
indicated by conductivity anomalies over the depth interval of interest (Figure 9). Of the many
models relating ionic strength to conductivity, the recent one of Foustoukos (2016) is used here.
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Though strictly applicable to chloride solutions, itis employed even for Cl-free solutions for three
reasons: (#) for consistency with calculations in chloride solutions below; (b) because it returns
higher (and in the present context more conservative) conductivity than other simple models; and
(¢c) because errors should be small at the scale of conductivity portrayed. In the presence of Cl-free
H,O, this bulk composition will melt at 41 km depth along the modeled geotherm (Huang &
Whyllie 1974). It is likely that the solubility of aluminosilicate complexes will increase dramatically
within 50°C (~3 km) of the solidus. If the increase is similar to the albite-paragonite-quartz system
(Manning et al. 2010), then ~7 wt% excess total dissolved solids can be expected as polymerized
aluminosilicate species not accounted for in the DEW model. Some of this solute must be ionized.
However, even if half of all excess alkalis and Al are present in monovalent species, the resulting
conductivity would rise only to 0.007 S/m (Figure 9).

Adding Cl so that Clioe1 = 0.1 molal (equivalent to KCl mole fraction of 0.002) yields elevated
solubility and raises conductivity to an approximately depth-independent value of ~0.005 S/m.
Most of the ionic strength is due to Kt and CI~, but other ions contribute to a subordinate degree.
"This can be seen by comparing the conductivities of model pelite with model basalt and ultramafic
at the same bulk Cl,,, (Figure 9). The slightly different bulk conductivities and trends with depth
arise from the differing concentrations of cations in the chloride solution. Yet, regardless of rock
composition or crustal level, the bulk conductivity remains <0.01 S/m at this porosity.

Figure 9 shows that increasing Cly,, above ~1 molal yields bulk conductivity within the range
of anomalies observed in tectonically active lower crust. At these salinities, there is effectively no
dependence on depth or temperature, and additional solutes other than K* and Cl~ contribute
<1% to the conductivity (Figure 7). Thus, only bulk salt content is relevant. Conductivities for
more concentrated solutions at the same porosity are also shown. If CO; is present, it will decrease
conductivity, but compositions along the brine limb of the solvus possess CO; concentrations that
are insufficient to change the conclusions. Although the focus in this is example is the G anomaly,
it is important to note that the effect of high salinity at higher temperature is to suppress melting
(Aranovich etal. 2013). Figure 9 illustrates the change in solidus temperature that attends increas-
ing salinity in the coexisting fluid. High conductivity in deep environments in which temperature
is greater than that of H,O-saturated melting (e.g., some portions of the Tibetan crust) is often
attributed to the presence of a silicate melt. However, this observation could also be explained by
the presence of an alkali-chloride solution, which reduces H,O activity sufficiently to keep the
rocks from melting (Figure 9).

A requirement of bulk conductivity models is that the conductive phase is interconnected,
which in the case of lower-crustal fluids necessitates grain-boundary or edge wetting (e.g., Waff
1974). This is readily achieved for saline fluids, but not for CO,-rich fluids (e.g., Gibert etal. 1998).
Results of resistivity surveys also imply that lower-crustal fluids are present for extended times.
While individual outcrops may suggest very short durations of fluid flow, when averaged over
the scale of resolution of magnetotelluric data, it is plausible that fluids are continuously present
in such volumes on timescales of 10° years or more (Ague 2014). Thus, the results summarized
in Figure 9 offer compelling evidence that geophysical and geochemical data are converging to
reveal the presence and composition of fluids in areas of active lower-crustal metamorphism.

SUMMARY POINTS

1. Deep fluids are distinct from their shallow counterparts in that they are composed of less
H, O and more salts, gases, and rock solutes; consequently, the activity of H,O in the
fluid phase is never one, and in many cases may be substantially lower than one.
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2. A miscibility gap in the H,O-salt-gas ternary system can cause separation into two fluid
phases with different chemical and physical properties. Differences in wetting properties
cause CO,-rich fluids to be overrepresented in fluid inclusions, while salt-rich fluid
inclusions are rare. Yet salt-rich fluids control the chemistry of fluid-rock interaction.

3. Deep fluids are relatively incompressible, and their dielectric constant is reduced by
addition of CO, and salt. Neutral pH is typically <4.5, with a maximum increase of ~0.5
in CO;- or salt-rich solutions. Conductivity variations are controlled primarily by salt
concentration; there is little change with P and T for a given salinity.

4. Rising P and T increase the bulk solubility of typical crustal rocks in H,O. Chloride
further enhances solubility, but CO; has the opposite effect. H, O-salt fluids alone have
slightly alkaline pH at high P and 7, as does H, O equilibrated with rock-forming miner-
als. However, progressive increase in salinity in the presence of minerals yields decreasing
pH; deep saline fluids can be neutral to mildly acidic depending on the composition of
their host.

5. Silica is the most abundant solute in H,O-rich fluids, due in part to its ability to poly-
merize. Al-Si interactions raise Al solubility significantly. Current thermodynamic data
are insufficient to capture many of these effects, leading models to underpredict total
dissolved aluminosilicate—by up to 80% by weight—in the deep crust, especially near
fluid-saturated melting conditions. Extensive polymerization promotes critical mixing of
H,O-silicate systems.

6. Deep fluid conductivity is low in H,O- or CO,-rich fluids; however, the bulk conduc-
tivities associated with deep-crustal resistivity anomalies are readily produced by salty
solutions of even modest salinity and reasonable porosities.

FUTURE ISSUES

1. New quantitative thermodynamic models and data on more complex, polymerized solutes
hold the key for improving our understanding of the chemistry of deep-crustal fluids.

2. It is critical to exploit or develop geochemical tools for investigating the nature of the
liberation of magmatic fluids and their interaction with metamorphic fluids and rocks in
the deep crust.

3. The conceptual models of crustal fluids currently deployed by petrologists and geo-
physicists are in conflict. The former typically envision dynamic, rapid expulsion from
an otherwise largely dry crust, whereas the latter provide data that seem to imply the
steady-state presence of fluid in important metamorphic settings. Lowering time- and
volume-averaged porosity can reduce the disparity. Thus, at a minimum, better under-
standing of hydrologic parameters and their dynamics, especially porosity and perme-
ability, are central to making progress on this problem.

4. While it is now clear that fluids of moderate salinity can explain some conductivity
anomalies, the sources of salinity (and other constituents such as CO;) remain largely
unknown.
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