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Abstract Oxygen and hydrogen stable isotope analyses of quartz and muscovite veins from the footwall of
the Raft River detachment shear zone (Utah) provide insight into the hydrology and fluid‐rock interactions
during ductile deformation. Samples were collected from veins containing 90%–100% quartz with orientations
either at a high angle or sub‐parallel to the surrounding quartzite mylonite foliation. Stable isotope analysis was
performed on 10 samples and compared with previous quartzite mylonite isotope data sets. The results indicate
that the fluid present during deformation of the shear zone was meteoric in origin, with a δ2H value of
approximately −100‰ and a δ18O value of approximately −13.7‰. Oxygen stable isotope O18O depletion
correlates with the muscovite content of the analyzed rocks. Many of the analyzed samples in this and other
studies show an apparent lack of equilibrium between the oxygen and hydrogen isotope systems, which can be
explained by hydrogen and oxygen isotope exchange at varying fluid‐rock ratios. Our results suggest that the
Raft River detachment shear zone had a low static fluid‐rock ratio (<0.1), yet experienced episodic influxes of
fluids through semi‐brittle structures. This fluid was then expelled out into the surrounding mylonite following
progressive shearing, causing further 18O‐depletion and fluid‐related embrittlement.

1. Introduction
Fluids play a major role in rock deformation and failure processes, especially under high temperature and stress
conditions found in mid‐ to lower‐crustal detachment shear zones (DSZs, e.g., Gottardi & Hughes, 2022;
Menegon et al., 2015; Spruzeniece & Piazolo, 2015; Stenvall et al., 2020; Wehrens et al., 2016). Fluids weaken
rocks under stress through multiple physio‐chemical mechanisms, such as pressure‐solution creep (e.g., Gratier
et al., 2013; Shimizu, 1995; Wassmann & Stőckhert, 2013), hydrolytic weakening (e.g., Griggs, 1967; Kro-
nenberg & Tullis, 1984; Okazaki et al., 2021; Pongrac et al., 2022; Stünitz et al., 2017), metamorphic reactions
and mass transport (e.g., Carter et al., 1990; Ferry, 1994; Hobbs et al., 2010; Labrousse et al., 2010; Whyte
et al., 2021), causing departure from experimentally derived failure laws (Figure 1).

The strength of the lithosphere is classically described by two empirically derived constitutive equations: the
Coulomb frictional failure for the upper crust and ductile flow laws for the lower crust. In this model, the rheology
of the cool, brittle upper crust follows Byerlee's law, which predicts a linear increase in strength with depth
(Byerlee, 1978; Figure 1). As depth increases, elevated temperature favors crystal plasticity and dynamic
recrystallization, and rocks eventually deform ductilely. Ductile behavior is modeled by flow laws that are
functions of differential stress, strain rate, temperature, grain size, fluid activity, and deformation mechanisms of
the rheologically significant mineral species (Brace & Kohlstedt, 1980; Kusznir & Park, 1987). However, there is
an apparent discrepancy between the strength predicted by failure laws derived largely from deformation ex-
periments, and rheological and mechanical studies of fault and shear zones: field studies demonstrate that fault
and shear zones are much weaker than described by either criterion (e.g., Behr & Platt, 2014 and references
therein). This rheological weakening in naturally deformed rocks is attributed to the aforementioned fluid‐driven
weakening mechanisms.

Because fluid‐related processes have such a strong weakening effect on the strength of the lithosphere, it is
therefore critical to understand fluid migration pathways and fluid‐rock‐deformation mechanisms. DSZs asso-
ciated with metamorphic core complexes provide excellent exposure of mid‐ to lower crustal rocks to study such
processes (e.g., Fricke et al., 1992; Gébelin et al., 2011, 2015; Gottardi & Hughes, 2022; Gottardi et al., 2011,
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2015, 2018; Morrison & Anderson, 1998; Mulch et al., 2007; Quilichini et al., 2015, 2016). Since DSZs evolve at
the brittle‐ductile transition (e.g., Behr & Platt, 2014), they provide a unique opportunity to investigate how fluids
permeate from the brittle upper crust to the ductile lower crust. In the upper crust, fluid flow is controlled by brittle
faulting and fracturing, which typically increases the porosity and permeability of the rock (e.g., McCaig, 1988;
Sibson, 1992; Wehrens et al., 2016). Faults have been shown to exhibit fault‐valve behavior or “seismic
pumping,” becoming highly permeable after seismic failure and channeling fluid discharge in the seismogenic
zone (Sibson, 1990, 1992). However, in the ductile regime, where rocks can heal and recrystallize, the mecha-
nisms of fluid penetration and circulation are conceptually challenging (e.g., Connolly & Podladchikov, 2004),
although some studies have shown that porosity may increase through high temperature plastic deformation
(Gilgannon et al., 2020), and creep cavitation (Fusseis et al., 2009; Menegon et al., 2015).

At high temperatures, fluid‐rock interactions can be investigated using stable isotope geochemistry (e.g.,
Baumgartner & Valley, 2001; Valley, 2001). Based on oxygen and hydrogen stable isotope geochemistry
combined with argon geochronology, syn‐kinematic fluids in DSZs have been attributed to a variety of sources,
including meteoric water (Bons & Gomez‐Rivas, 2020; Dusséaux et al., 2022; Fricke et al., 1992; Gébelin
et al., 2011, 2015; Gottardi et al., 2011, 2015, 2018; Ingebritsen & Manning, 2010; Methner et al., 2015; Mor-
rison, 1994; Morrison & Anderson, 1998; Mulch et al., 2004, 2007; Person et al., 2007; Quilichini et al., 2015,
2016; Wickham & Taylor, 1987), basinal brines (Roddy et al., 1988; Spencer & Welty, 1986), deep magmatic or
metamorphic sources (Axen, 1992; Kerrich & Rehrig, 1987; Smith et al., 1991), or mixing of multiple sources
(Quilichini et al., 2016; Spencer & Welty, 1986) (Figure 1). Yet, the stable isotope record of DSZs that have
experienced protracted fluid flow is often difficult to interpret (e.g., Gébelin et al., 2013; Gottardi et al., 2015;
Mulch et al., 2006), because despite being at “elevated temperatures” the ductile portion of detachment shear
zones is still a retrograde system, where the thermal driving force for reaction and equilibration is lacking, and
reaction progress is instead controlled by other factors such as the availability and composition of fluids (e.g.,
Gottardi et al., 2015). In particular, stable isotope data are strongly dependent on time‐integrated water‐rock ratios
(e.g., Baumgartner & Valley, 2001; Ohmoto & Rye, 1974; Taylor, 1978). At mid‐crustal levels, porosity and
permeability are relatively small (e.g., Saar & Manga, 2004); thus, water‐rock isotopic equilibrium is rock‐
dominated at low water‐rock ratios. Therefore, assuming water‐rock isotopic equilibrium, evolved meteoric
fluids will have oxygen isotope compositions that are indistinguishable from metamorphic fluids, and the country
rock will only show minor depletion in 18O (e.g., Taylor, 1978). In addition, owing to exhumation, rock uplift, and
associated changes in elevation and/or climate, the driving force and composition of the fluid entering the
detachment shear zone evolve over time (e.g., Gébelin et al., 2012; Methner et al., 2015). At low water‐rock ratios,
this can lead to either multiple populations of metamorphic minerals with different isotopic compositions or
progressive zoning/partial resetting of isotopic ratios within minerals. Finally, the detachment shear zone is a
dynamic zone that transitions from ductile to brittle regimes at depths where fluid‐rock exchange eventually
ceases, and minerals must adjust to syn‐kinematic changes in P–T–depth during exhumation of the detachment
shear zone (e.g., Mulch et al., 2005) leading to complex overprinting and mixed signals in the isotopic proxies.

Figure 1. Fluid‐rock‐deformation interaction in a detachment shear zone (modified from Gottardi and Hughes (2022)).
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In this study, we explore how fluids penetrate the brittle‐ductile transition, and how fluid‐rock ratios affect the
stable isotope record of DSZs. We focus our analysis on the Miocene Raft River DSZ (northwestern Utah), where
the ubiquitous presence of meteoric fluids during deformation is well documented (Gottardi et al., 2011, 2015;
Methner et al., 2015). We investigated the stable isotope composition of semi‐brittle structures (high angle,
transposed, and boudinaged quartz veins) as well as quartzite mylonite with varying muscovite content. Our
results suggest that crack‐seal events of semi‐brittle structures (veins) provided fluid pathways for meteoric fluids
to permeate the DSZ. 18O and 2H depletion of the quartzite mylonite correlates with muscovite content, sug-
gesting that fluid facilitated the growth of muscovite and that fluid flow and higher fluid‐rock ratios affected rocks
with the most favorable hydrological properties (higher porosity and permeability). Our findings demonstrate that
fluid flow in the Raft River DSZ was highly localized, which has an important consequence on our understanding
of fluid‐weakening processes and strain localization in the lithosphere.

2. The Raft River Detachment Shear Zone
The Raft River Mountains are a component of the larger Raft River‐Albion‐Grouse Creek metamorphic core
complex, located in northwestern Utah's portion of the Great Basin province and in the hinterland of the Sevier
Orogen (Figure 2; Compton, 1975). The Raft River Mountains were formed by orogenic collapse following
several Mesozoic to early Cenozoic episodes of crustal shortening and thickening (e.g., Wells, 1997). The Raft
River‐Albion‐Grouse Creek experienced two successive phases of extension and exhumation: a first episode from
73 to 42 Ma along the northwest‐verging Middle Mountain Shear Zone (Figure 2; Saltzer & Hodges, 1988; Wells
et al., 2000), and a second episode from ∼25 to 15 Ma along the east‐verging Raft River DSZ (RRDSZ, Figure 2;
Gottardi et al., 2015; Wells et al., 2000).

Only scattered klippen consisting of Paleozoic metasedimentary rocks remain of the hanging wall of the RRDSZ
(Compton, 1975; Wells, 1997, 2001; Wells et al., 1998). The footwall is composed of the Green Creek Complex
(Armstrong, 1968; Armstrong & Hills, 1967) consisting of ∼2.55 Ga gneissic monzogranite (Compton
et al., 1977) overlain by the Proterozoic Elba Quartzite, which is where the RRDSZ is localized (Compton, 1975;
Wells, 1997). The basement rocks below the Elba Quartzite show very little evidence of deformation, suggesting
that the rheological contrast between the quartzite and basement caused strain localization within the Elba
Quartzite (Gottardi & Teyssier, 2013; Malavieille, 1987; Sullivan, 2008; Wells, 2001).

Figure 2. Geological map and cross‐section of the Raft River Mountains and location of sampled sections (modified after
Wells (2001), Sullivan (2008), Gottardi and Teyssier (2013)).
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The thickness of the Elba Quartzite varies across the Raft River Mountains as a result of Miocene shearing,
ranging from ∼300 to 15 m from west to east (Wells et al., 2000). The Elba Quartzite displays a distinct stra-
tigraphy that contains a basal quartzite cobble metaconglomerate, an alternating sequence of white quartzite and
muscovite‐quartzite schists, a distinctive layer of red quartzite and pure quartzite and a sequence of alternating
feldspar‐rich quartzite, pure quartzite, and pebble‐gravel meta‐conglomerate (Gottardi et al., 2015; Sulli-
van, 2008; Wells et al., 1998). Near the bottom half of the RRDSZ (∼10–20 m above the contact with the
basement), the quartzite cliff makes a distinctive physiographic “notch.” The notch is characterized by a zone of
friable muscovite‐rich quartzite associated with talc, kyanite, and massive quartz veins, contrasting with the
quartzite (∼90% quartz, ∼10% muscovite) above and below (Gottardi et al., 2015).

The mylonitic fabric of the Elba Quartzite is consistent across the eastern Raft River Mountains. Mylonitic
foliation is defined by elongated muscovite folia, and shallowly dips toward the East, conforming to the gentle
domal shape of the metamorphic core complex (Compton, 1980; Gottardi & Teyssier, 2013; Sullivan, 2008;
Wells, 1997). Stretched muscovite grains on the foliation planes define the lineation and clearly indicate a top‐to‐
east sense of shear (Compton, 1980; Gottardi & Teyssier, 2013; Sullivan, 2008; Wells, 1997). Quartz micro-
structures and stable isotope geothermometry indicate that the Elba Quartzite deformed under greenschist‐facies
conditions during the Miocene (Gottardi & Teyssier, 2013; Gottardi et al., 2011, 2015).

Previous hydrogen and oxygen stable isotope analyses revealed the ubiquitous and protracted presence of fluids
during evolution of the RRDSZ (Gottardi et al., 2011, 2015; Methner et al., 2015). The hydrogen stable isotope
composition of synkinematic muscovite reveals that Eocene deformation along RRDSZ was characterized by low
δ2Hfluid of meteoric origin (δ2Hfluid < −126‰, Methner et al., 2015). Bulk hydrogen isotope analyses of fluid
inclusions in quartz and synkinematic muscovite demonstrate that Miocene deformation along the RRDSZ was
also associated with a low 2H/1H and 18O/16O of meteoric origin (−100‰ < δ2Hfluid < −70‰) (Gottardi
et al., 2011, 2015).

3. Methods
3.1. Samples

The quartz vein population of the Elba Quartzite mylonite was investigated along three vertical transects across
the RRDSZ (Figure 3), and representative oriented samples were collected for oxygen and hydrogen stable
isotope analysis (Table 1). Additionally, quartzite mylonite samples with varying amounts of muscovite (from 5%
to 20%) were collected across the “notch” area. Samples were prepared using conventional crushing and mineral
separation techniques. Samples were cut into small slabs and edges were trimmed off, then pulverized, sieved, and
washed. Mineral separates of quartz and muscovite were manually picked under a binocular microscope from the
500–250 μm grain size fraction to optically ensure mineral purity (e.g., no mineral inclusions). All stable isotope
analyses were conducted at the Stable Isotope Lab at the University of Texas, Austin.

3.2. Hydrogen Stable Isotope Geochemistry

Hydrogen was extracted from ∼2 mg of muscovite separates using the methods outlined by Sharp et al. (2001).
Mineral separates were powdered and loaded into silver capsules, and then pyrolized in a carbon reactor at
1450°C in a continuous flow of helium. Gasses derived are transferred to a ThermoElectron MAT 253 where δ2H
values are measured. Six standards were measured during the analyses: NBS‐22 (δ2H = −120‰), IAEA‐CH7
(δ2H = −100‰), USGS57 (δ2H = −92‰), USGS58 (δ2H = −28‰), internal talc standard (δ2H = −40‰),
and internal serpentine standard (δ2H = −126‰). δ2H values are reported relative to VSMOW. Error is ±2‰
(1σ), based on the reproducibility of standards from the analytical runs.

3.3. Oxygen Stable Isotope Geochemistry

Oxygen was extracted from ∼2 mg of quartz and muscovite separated by laser fluorination (Sharp, 1990).
Samples were individually heated by a MIR10‐30 laser in the presence of BrF5. Using a series of liquid nitrogen
traps, oxygen gas was cryogenically purified along a vacuum extraction system. Purified oxygen was collected on
5 Å sieve beads. Via heating, oxygen is injected into a dual bellows system where δ18O values were measured by a
ThermoElectron MAT 253 stable isotope ratio mass spectrometer. To ensure precision and accuracy, two stan-
dards, UWG‐2 (δ18O = +5.8‰) (Valley et al., 1995), a garnet standard, and Lausanne‐1 (δ18O = +18.1‰), an
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Figure 3. (a) Detailed geologic map of Clear Creek Canyon showing the location of the vertical transects (Section I, II, III)
where vein orientation was measured and vein samples were collected (modified from Sullivan (2008) and Gottardi
et al. (2015)). (b–f) Three types of veins were recognized in the field: high angle vein (b), low angle veins (c), and transposed
veins (d). Orientation analysis of the field data reveals the presence of 3 clusters of high‐angle veins (h). Low angle (i), and
transposed veins (j) have consistent orientation throughout the study area.
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internal quartz standard, were measured along with mineral separates. δ18O values are reported relative to
SMOW, where the δ18O value of NBS‐28 is +9.6‰. Error is ±0.08‰ (1σ), based on the reproducibility of
standards from the analytical run.

3.4. Fluid‐Rock Ratios

Water‐to‐rock ratio (W/R) is a primary mechanism determining the amount of isotopic alteration that occurs
within a mineral interacting with water (Ohmoto & Rye, 1974). Water‐to‐rock ratio is the weight ratio between
rock and water within the system (Taylor, 1978). As soon as water enters the system, hydrogen isotopes begin
equalizing between the rock and the water, leading to a large change in rock δ2H toward the water‐rock frac-
tionation (Taylor, 1978). It is not until there is a significant influx of water (typically a W/R > 0.1) that the rock
δ18O value becomes greatly affected. A rock‐dominated system will have a W/R of less than 1.0, whereas a water‐
dominated system will have a W/R greater than 1.0. By estimating the initial conditions of the system prior to
water influx, the W/R ratio can be estimated by comparing the plot of Equations 1 and 2 below (from Ohmoto and
Rye (1974)) against sample data.

δ18O f
r =

δ18Oi
r − ∆18Or−w + 89.79%

% O in mineral ∗ w
R ∗ δ18Oi

r

1 + 89.79%
% O in mineral ∗ w

R
+ ∆18Or−w (1)

δ2H f
r =

δ2Hi
r − ∆2Hr−w + 11.19%

% H in mineral ∗ w
R ∗ δ2Hi

r

1 + 11.19%
% H in mineral ∗ w

R
+ ∆2Hr−w (2)

where δ18Oi
r and δ2Hi

r, and δ18O f
r and δ2H f

r are the initial and final δ18O and δ2H composition of the rock,
respectively, and ∆18Or−w and ∆2Hr−w are the oxygen and hydrogen isotopic fractionation coefficients between
rock and water. Note that percentage H and O in the mineral is the weight percentage, and W/R represents the
water to rock ratio in weight.

Table 1
List of Representative Samples Selected for Oxygen and Hydrogen Stable Isotope Analysis

Sample # Elevation (m above basement) Description Muscovite content Locality Latitude Longitude

RR21‐53 81 High angle vein <5% III 41.959085 −113.320861

RR21‐60 74 High angle vein <5% I 41.921145 −112.619027

RR21‐47 58 High angle vein <5% III 41.958820 −113.320270

RR21‐45 50 Transposed vein 5%–10% III 41.958634 −113.320172

RR21‐40 40 High angle vein <5% III 41.958759 −113.320080

RR21‐18 32 Transposed vein 5%–10% II 41.957419 −113.326666

RR09‐19 25 Quartzite schist 20%–25% II 41.957563 −113.327137

RR09‐18 24 Quartzite schist 20%–25% II 41.957563 −113.327137

RR21‐11 24 Transposed vein 5%–10% II 41.957398 −113.327161

RR09‐15 24 Quartzite 10%–15% II 41.957563 −113.327137

RR09‐14 23 Quartzite 10%–15% II 41.957563 −113.327137

RR21‐37 21 Transposed vein 5%–10% II 42.023519 −112.845116

RR09‐13 21 Quartzite 10%–15% II 41.957563 −113.327137

RR09‐12 19 Quartzite 10%–15% II 41.957563 −113.327137

RR21‐69 19 Transposed vein 5%–10% I 41.955942 −113.349003

RR09‐11 18 Quartzite 8%–12% II 41.957563 −113.327137

RR09‐10 17 Quartzite 8%–12% II 41.957563 −113.327137

RR21‐01 6 Transposed vein 5%–10% II 41.957683 −113.325439

Note. See Figure 3 for localities on detailed geologic map. Latitude and longitude reported in UTM coordinate.
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4. Results
4.1. Structural Analysis

Field observations revealed the presence of three different types of quartz
veins that we refer to as (a) high angle veins, (b) low angle veins, and (c)
transposed veins (Table 2, Figure 3). High angle veins are the most abundant
and cut the mylonitic foliation at high angle (∼70 ± 10°) (Figure 3b). They
tend to be narrow (1–5 cm wide) and extend up to ∼1 m. Cluster analysis
performed in Orient (Vollmer, 2015, 2023) revealed the presence of three sets
of high angle veins (Table 2) striking at 22°, 194°, and 258° (Figure 3e). Low
angle veins have shallow dips and appear stretched parallel to the extension
direction (Figure 3c). These veins range in thickness from ∼0.5 to 5 cm and
extend up to ∼1 m. Low angle veins approximately strike east west

(252 ± 9°), and dip toward the north (20 ± 9°). The last type of veins is transposed subparallel to the foliation and
forms well‐developed boudins reaching up to ∼10 cm in thickness (Figure 3d). Some of these transposed veins are
stretched up to 1 m in the lineation direction. Transposed veins also strike approximately east‐west (∼234 ± 7°),
and dip gently toward the north (∼12 ± 7°).

4.2. Microstructural Analysis

4.2.1. High Angle Quartz Veins

The high angle quartz veins consist of large ribbon grains with moderate aspect ratios (1:3–1:8) that make up
∼80%–90% of the vein area of the thin sections (Figures 4a and 4b). The geometry of the ribbons ranges from
lozenge‐ to fish‐shape with a slight asymmetry that is compatible with the top‐to‐the‐east sense of shear within the
DSZ. Ribbons commonly display sweeping undulose extinction and contain abundant deformation lamellae
(Figures 4a and 4d). Evidence of minor dynamic recrystallization by dislocation creep, dominantly by subgrain
rotation, is recorded within large ribbons and also along ribbon boundaries as bands of recrystallized grains
(Figure 4b). Fluid inclusion planes are abundant within the ribbons (Figure 4b). Muscovite grains are scarce and
hardly visible, occurring as microscopic flakes (∼10–50 μm long, 1–10 μm thick) between quartz ribbons
(Figure 4g).

4.2.2. Low Angle Quartz Veins

The low angle quartz veins also contain large ribbon grains that are oriented sub‐parallel to the mylonitic foliation
(Figure 4c), giving a foliated texture to these samples. Ribbons also show undulose extinction and contain
deformation lamellae. Dynamic recrystallization by subgrain rotation is the dominant quartz deformation
mechanism. Recrystallized grains are more abundant than in high angle quartz veins, representing up to 40% of
the vein area of the thin sections. Some of the large ribbons show extensive recrystallization, forming relict grains
surrounded by dynamically recrystallized subgrains (Figure 4d). Muscovite grains are found in rare layers ori-
ented sub‐parallel to the foliation (Figure 4c), and commonly pin larger quartz grains. Muscovite grains are
generally long (∼100–250 μm) and thin (10–25 μm) and show little internal deformation (Figure 4h).

4.2.3. Transposed Quartz Veins

In the transposed veins, most of the grains have recrystallized by subgrain rotation (Figures 4e and 4f); ribbons
only occupy ∼10% of the vein area of the thin sections. Relict grains are abundant and are typically characterized
by undulose extinction and deformation of lamellae (Figure 4f). These samples have a well‐developed foliation
parallel to the mylonitic foliation in the host quartzite. Recrystallized grains form a secondary oblique foliation
oriented 20°–30° to the mylonitic foliation defining Type II S‐C fabrics (Lister & Snoke, 1984) consistent with a
top‐to‐the‐east sense of shear. Muscovite grains are large (>250 µm long, up to 100 μm thick) and abundant in the
transposed veins, where they typically form fish with tails oriented parallel to the mylonitic foliation. Internal
deformation of the muscovite fish occurs primarily by basal slip.

Table 2
Summary Table of the Average Strike and Dip of the Different Types of Veins
Measured in the Field

Vein type Strike Dip

High Angle Cluster 1 22 ± 6° 74 ± 10°

Cluster 2 194 ± 12° 65 ± 10°

Cluster 3 258 ± 9° 47 ± 6°

Low Angle 252 ± 9° 20 ± 9°

Transposed 234 ± 7° 12 ± 7°

Note. Averages are calculated based on maximum spherical eigenvalues with
a 95% confidence using Orient (Vollmer, 2015, 2023).
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4.3. Hydrogen Stable Isotopes

Only 5 of the vein samples contained muscovite, and muscovite hydrogen stable isotope data (δ2Hms) ranges from
−125 to −88‰ (Table 3, Figure 5). The highest δ2Hms value (−88‰, RR21‐45) is found toward the top of the
section, whereas the lowest value is found near the bottom (−125‰, RR21‐01). The quartzite mylonite shows
less negative hydrogen stable isotope data ranging from −87 to 77‰ (Table 3, Figure 5). Our results fall within
the range of δ2Hms (−125 to −72‰) previously reported by Gottardi et al. (2011, 2015).

The hydrogen stable isotope composition of fluid inclusions in quartz (δ2HFI) has previously been measured by
Gottardi et al. (2015), and ranges from −104 to −83‰ with no systematic variation with structural position
(Figure 5). Using the calibration of Suzuoki and Epstein (1976) and an exchange temperature of 400 ± 50°C, the
calculated fractionation between fluid and muscovite (Δ2HH2O‐ms) ranged from 23 to 38‰. At such temperatures,
fluid with a composition of −104‰ < δ2HH2O < −83‰ in equilibrium with muscovite would have produced
δ2Hms values as low as −127‰. The measured δ2Hms values fall within that range; therefore, muscovite either

Figure 4. Representative microstructures of the three types of veins found within the study area: (a) high angle veins, (b) low angle veins, and (c) transposed veins. (d) In
the high angle veins, quartz ribbons show incipient dislocation creep recrystallization by subgrain rotation (black arrows). Fluid inclusion planes (FIPs) are common. In
the low‐angle (e) and transposed (f) veins, respectively, progressive recrystallization by subgrain rotation produces a relic and recrystallized grain texture. Ribbons and
large relic grains are typically characterized by sweeping undulose extinction and deformation of lamellae (dl). (g) In the high angle veins, muscovite grains (ms) occur
as microscopic flakes (∼10–50 μm long, 1–10 μm thick) typically between quartz ribbons. (h) In the low angle veins, muscovite grains are larger (∼100–250 μm long,
10–25 μm thick), and begin to form layers conforming to the mylonitic foliation. (i) Muscovite grains are the largest (>250 μm long, up to 100 μm thick) and most
abundant in the transposed veins, where they typically form fish with tails oriented parallel to the mylonitic foliation. Thin sections were oriented perpendicular to the
mylonitic foliation and parallel to the mylonitic lineation. Photomicrographs taken in cross‐polarized light (a–i), and with the gypsum plate (d–f).
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neocrystallized from the fluid or recrystallized in the presence of the fluid that
was present during deformation, which is preserved in the fluid inclusions.

4.4. Oxygen Stable Isotopes

The δ18O value was measured in quartz in all samples and muscovite where
present (Table 3 and Figure 6). The quartz δ18O (δ18Oqtz) and muscovite δ18O
(δ18Oms) values range between 9.1 and 12.1‰ and 7.5 and 9.5‰, respec-
tively. The highest and lowest quartz δ18O values are found in transposed
veins (δ18Oqtz = 9.1‰ for RR21‐37 and δ18Oqtz = 12.1‰ for RR21‐45). The
high angle veins seem to show a slight trend toward lower δ18O with depth,
with δ18Oqtz = 11.0‰ (RR21‐53) at the top of the section, decreasing to
δ18Oqtz = 10.1‰ (RR21‐40) right above the notch. The lowest δ18Oqtz

(9.1‰) is measured in the notch (RR09‐69). The δ18O values of muscovite
also display a general trend toward lower values with depth, ranging from
8.7‰ near the top of the section (RR09‐45) to 7.5‰ near the bottom (RR21‐
01). The highest δ18Oms value (9.5‰) is measured in the notch (RR21‐69).

The quartz‐muscovite oxygen isotope fractionation (Δ18Oqtz‐ms) is tempera-
ture dependent and can be used to estimate the temperature of oxygen isotopic
exchange, using the Chacko et al. (1996) quartz‐muscovite geothermometer.
The Δ18Oqtz‐ms ranges from 2.6 to 3.7‰, suggesting an equilibrium tem-
perature ranging from 350 to 460°C (Table 3; Figure 7). Note that the only
samples containing enough muscovite and enabling temperature of equilib-
rium calculation are transposed veins; none of the high‐angle veins contained
enough muscovite to be measured.

4.5. Fluid‐Rock Ratio Models

Water‐to‐rock ratio (W/R) is a primary control determining the amount of
isotopic alteration that occurs within a mineral (Ohmoto & Rye, 1974; Tay-
lor, 1978). The combined results of oxygen and hydrogen stable isotope
analysis can be plotted on a fluid‐rock depletion model, showing δ2Hms

versus δ18Oqtz for different fluid‐rock ratios (Figure 8). Our results are plotted
along the Global Meteoric Water Line (δ2H = 8.0 × δ18O + 10‰). Using
Equations 1 and 2, we generate eight water‐depletion curves based on specific
original rock and fluid isotopic composition inputs to model the final
composition of muscovite and quartz at different fluid‐rock ratios (Figure 8).

Modeling parameters for the depletion models are summarized in Table 4. We use a temperature of equilibrium of
400°C, which has been previously determined as the mean temperature for the most equilibrated samples of this
study, as well as the average temperature defined in Gottardi et al. (2011, 2015).

The initial δ18Oqtz and δ2Hms values for the quartz and muscovite, respectively, were taken as the highest values
measured in the section, inferred as “protolithic” or representing the composition of the minerals before isotopic
exchange. We used δ2Hrock, initial 1 = −65‰ or δ2Hrock, initial 2 = −80‰, and δ18Orock, initial 1 = 12‰ or
δ18Orock, initial 2 = 14‰, as these values are the highest measured in Gottardi et al. (2015), and thus came into
contact with the least amount of fluid causing the least alteration from the initial isotopic state. This gives us
four possible starting compositions (black squares labeled a–d in Figure 8).

We then use two initial water compositions, one based on meteoric water composition, and one based on an evolved
fluid. In both cases, the initial water hydrogen isotope composition was chosen based on the composition of fluid
inclusions (δ2Hwater, initial 1 = −100‰), which likely represents pristine meteoric water (Gottardi et al., 2015). In
the first case, the initial water oxygen isotope composition was calculated based on δ2Hwater, initial 1 = −100‰
using the global meteoric water line (GMWL) equation (δ18Owater, initial 1 = −13.75‰) (solid and dashed dark blue
lines on Figure 8). Because of the differences in the extent of δ2H and δ18O isotope exchange observed in our
results, it is possible that the δ2H and δ18O composition of the initial fluid becomes decoupled along an extended
flow path, with δ2H remaining near its initial meteoric value and δ18O progressively shifting toward a rock‐like

Table 3
Oxygen Isotope Results of Quartz (δ18Oqtz) and Muscovite (δ18Oms),
Quartz‐Muscovite Oxygen Isotope Fractionation (Δ18Oqtz‐ms), Temperature
of Equilibrium Calculated Based on Chacko et al. (1996) Quartz‐Muscovite
Calibration, and Hydrogen Isotope Results of Muscovite (δ2Hms)

Sample δ18Oqtz (‰) δ18Oms (‰) Δ18O (‰) T (⁰C) δ2Hms (‰)

Transposed Quartz Veins

RR21‐01 10.1 7.5 2.6 460 −125

RR21‐11 11.5 8.3 3.2 390 −106

RR21‐18 11.5 7.8 3.7 350 −112

RR21‐37 12.1 9.5 2.6 460 −108

RR21‐45 12.1 8.7 3.4 370 −88

RR21‐69 9.1

High Angle Quartz Veins

RR21‐40 10.1

RR21‐47 10.6

RR21‐53 11.0

RR21‐60 10.7

Quartzite mylonite data from the notch

RR09‐10 10.8 10.1 0.7 −100

RR09‐11 11.0 10.1 0.9 −101

RR09‐12a 11.5 8.0 3.5 360 −83

RR09‐13 11.6 11.2 0.4 −77

RR09‐14 11.4 10.4 1.0 −86

RR09‐15 11.8 10.4 1.4 −77

RR09‐18a 12.4 8.3 4.1 310 −101

RR09‐19a 11.2 7.8 3.4 370 −110

Note. δ18O and δ2H values are reported relative to SMOW; error is ±0.08‰
(1σ) and ±2‰ (1σ) for oxygen and hydrogen, respectively, based on the
reproducibility of standards from the analytical runs. aIndicates samples with
>20% muscovite.

Geochemistry, Geophysics, Geosystems 10.1029/2023GC011340

GOTTARDI ET AL. 9 of 19

 15252027, 2024, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

C
011340 by A

uburn U
niversity Libraries, W

iley O
nline Library on [06/05/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



value with depth. Therefore, using the global meteoric water line to calculate initial δ18O of the interacting
fluid may not be adequate. For this reason, we also use a starting fluid composition of δ2Hwater, initial 2 = −100‰
but with a δ18O shifted toward a rock‐like value (δ18Owater, initial 2 = 0‰) (dashed and solid cyan lines on
Figure 8).

Finally, the Δ2Hrock‐water was calculated using the calibration of Suzuoki and Epstein (1976) (Δ2Hrock‐water =

−29.7‰), and the Δ18Orock‐water was calculated using the calibration of Sharp and Kirschner (1994)
(Δ18Orock‐water = 5.2‰). Rock weight percentages are simply the weight percentages of oxygen and hydrogen
within the stoichiometry of their respective minerals.

Figure 5. Compilation of δ2H values from this study and Gottardi et al. (2015).
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Our results, along with data from Gottardi et al. (2015) fall between our eight models at W/R smaller than 0.1
(Figure 8). The quartzite samples from the notch area fall very close to our model using input parameters of
δ2Hrock, initial 1 = −65‰ and δ18Orock, initial 1 = 12‰. Some of these samples indicated that they barely exchanged
with a fluid (W/R < 0.005). The quartzite mylonite from Gottardi et al. (2015) falls closer to the model using the
other input parameters (δ2Hrock, initial 2 = −80‰ and δ18Orock, initial 2 = 14‰, Figure 8), values that suggest a
“protolith” δ18O composition that was higher than in the notch area. These quartzite mylonites show interaction
with a fluid at low W/R (0.01 < W/R < 0.05). Quartz veins fall between our two models in a similar range of W/R
ratios (Figure 8). Initial δ18O water composition affects the “knee” of the curve—more evolved fluid composition
shifts the knee toward higher δ18O. The quartzite mylonites from Gottardi et al. (2015) may fit better between the
curves using the more evolved initial fluid composition. However, initial δ18O fluid composition does not appear
to make much of a difference in the W/R ratios. All of our results suggest that fluid‐rock exchange occurred in a
rock‐dominated system.

5. Discussion
In this discussion, we interpret our data in the context of other extensive stable isotope data sets from Gottardi
et al. (2015) collected in the same study area. Gottardi et al. (2015) analyzed 15 samples of quartzite mylonites

Figure 6. Compilation of δ18O values from this study and Gottardi et al. (2015).
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containing less than 10% muscovite, referred to in the following as muscovite‐poor quartzite mylonites. Our 8
quartzite mylonite samples collected in the notch area contained varying amounts of muscovite (∼5%–25%),
which we refer to as muscovite‐rich quartzite mylonites; 3 of these samples contained >20% muscovite (see
Table 2).

5.1. Fluid Source

Our results are in agreement with previous stable isotope investigations of the Raft River metamorphic core
complex that demonstrated that meteoric fluids characterized by low 2H/low 18O penetrated the brittle‐ductile
transition during Miocene shearing and exhumation of the RRDSZ (Gottardi et al., 2011, 2015; Methner
et al., 2015). The hydrogen stable isotope composition of muscovite measured in this study
(−125‰ < δ2Hms < −77‰, Table 3) falls within the range of other data sets for the same area
(−125‰ < δ2Hms < −72‰; Figure 5; Gottardi et al., 2011, 2015; Methner et al., 2015). At the temperature of
deformation previously estimated for the RRDSZ (400 ± 50°C; Gottardi et al., 2011, 2015), the fractionation
between muscovite and the water present would range from 23 to 38‰, yielding a hydrogen stable isotope
composition for the water as low as −101‰ (using the calibration of Suzuoki and Epstein (1976)). This δ2Hfluid is
compatible with the composition of fluid inclusions in quartz (−104‰ < δ2HFI < −83‰) previously measured
by Gottardi et al. (2015) along the same vertical profile. Such δ2Hfluid composition suggests that the fluid present
during deformation was meteoric in origin, with a composition of δ2Hfluid ≈ −100‰ corresponding to a
δ18Ofluid ≈ −13.75‰ (using the meteoric water line).

Figure 7. δ18O of quartz (δ18Oqtz) versus δ18O of muscovite (δ18Oms) values from quartz veins and mylonitic quartzite
analyzed in this study, as well as mylonitic quartzite data sets from Gottardi et al. (2015). Temperatures correspond to lines of
constant oxygen isotope fractionation using the Chacko et al. (1996) quartz‐muscovite geothermometer.
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5.2. Fluid‐Rock Exchange in the Quartzite Mylonite

The oxygen isotope composition of quartz and muscovite reveals the following trends. The muscovite‐poor
quartzite mylonites consistently exhibit the highest δ18Oqtz values across the RRDSZ
(11.7‰ < δ18Oqtz < 13.5‰, Table 3, Figure 6). This observation suggests that quartz in the muscovite‐poor
quartzite mylonites only experienced limited interaction with meteoric fluid. A similar trend is observed in the
muscovite although δ18Oms displays a larger range of values (9.4‰ < δ18Oms < 12.1‰). Consequently, in these
rocks, quartz‐muscovite oxygen isotope fractionation (Δ18Oqtz‐ms) exhibits a wide range of values
(0.9‰ < Δ18Oqtz‐ms < 3.3‰). The temperature of deformation for the RRDSZ has previously been estimated at
400 ± 50°C (Gottardi et al., 2011, 2015), which correlates to a Δ18Oqtz‐ms ranging from 2.7 to 3.6‰ using the
calibration of Chacko et al. (1996). If all muscovite‐poor samples had reached isotopic equilibrium, we would
expect the Δ18Oqtz‐ms to show similar values. However, only 3 out of the 15 samples of muscovite‐poor mylonite
fall within that range (Table 3). This disparity in Δ18Oqtz‐ms can be explained either by (a) different extents of
fluid‐rock interaction at various W/R ratios or (b) isotope exchange over different times, varying temperatures,
and/or with variable fluid compositions—that is, true disequilibrium.

If our isotopic fractionations represent different extents of equilibrium reactions with the same meteoric fluid at
various W/R ratios, then we assume the presence of spatial isotopic heterogeneity within the footwall of the
RRDSZ—certainly at the scale of sampling within outcrops and quite possibly at scales smaller than the sampling

Figure 8. Calculated muscovite δ2Hms and quartz δ18Oqtz composition modeled for different water‐rock ratios using a
temperature of 400°C. Measured δ2Hms and δ18Oqtz data is plotted for quartz veins and mylonites from this study and Gottardi
et al. (2015). The initial endmember isotope values are based on assuming “unaltered” muscovite isotopic composition
of δ2Hrock initial of −65‰ and −80‰ and δ18Orock, initial of 12 and 14‰, leading to four initial rock compositions
(a) δ2Hrock initial = −65‰ and δ18Orock, initial = 12‰, (b) δ2Hrock initial = −80‰ and δ18Orock, initial = 12‰,
(c) δ2Hrock initial = −65‰ and δ18Orock, initial = 14‰, (d) δ2Hrock initial = −80‰ and δ18Orock, initial = 14‰. We used
two initial water compositions to calculate our depletion curves, one strictly meteoric (δ2Hwater, initial 1 = −100‰,
δ18Owater, initial 1 = −13.75‰, solid and dashed dark blue line), and one evolved (δ2Hwater, initial 2 = −100‰,
δ18Owater, initial 2 = 0‰, solid and dashed cyan lines). See text for details and Table 4 for a summary of input parameters.
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volume of grain separates on which isotope measurements were made. In this
case, the variability of our results is a consequence of the scale of the isotope
measurement being larger than the scale of isotope exchange. That is, our
isotope measurements are sampling and probably mixing the spatial isotopic
heterogeneity, resulting from different proportions of mixing between
exchanged (veins and muscovite rich quartzites), partially exchanged
(quartzite and muscovite rich quartzite) and unexchanged (some samples of
quartzite mylonite) mineral volumes during measurement. Indeed, at low
fluid‐rock ratios, the system remains rock‐dominated, and limited fluid
availability prevents quartz and muscovite from exhibiting significant 18O
depletion, hence the preservation of the original isotopic composition. At high
fluid‐rock ratios, quartz and muscovite interact with a volume of fluid large
enough to be reflected in their lower δ18O values. Differences in fluid‐rock
ratio are further explored in Section 5.4. Alternatively, quartz and musco-
vite may not have reached isotopic equilibrium at the scale at which their
isotope composition is being measured. In this case, quartz and muscovite
exchanged differentially, either over different time scales, different temper-
ature ranges, or even with different generations of fluid.

Interestingly, muscovite‐rich quartzites (>20% muscovite) of the notch
show fractionation consistent with the deformation temperature (3.4‰ <
Δ18Oqtz‐ms < 4.1‰, Table 3; Figure 6), suggesting that they reached isotopic
equilibrium, whereas the fractionation in the muscovite‐poor quartzite is
much smaller (0.7‰ < Δ18Oqtz‐ms < 1.4‰, Table 3; Figure 6). This obser-

vation suggests that muscovite content may reflect the degree of isotopic equilibrium. The muscovite in the
quartzite mylonite formed either by influx of fluid rich in muscovite constituents or fluid‐assisted dissolution‐
precipitation and neo‐crystallized during deformation of RRDSZ (Gottardi & Teyssier, 2013; Gottardi
et al., 2011, 2015). The “notch” area has been interpreted to reflect a zone of strain localization (Gottardi &
Teyssier, 2013; Gottardi et al., 2015; Methner et al., 2015); therefore, muscovite‐rich quartzites collected from
that area may have experienced greater recrystallization through a combination of dissolution‐reprecipitation and
intracrystalline plastic deformation. Strain localization in the notch may have led to enhanced recrystallization
and greater isotope exchange in the muscovite‐rich quartzites, resulting in greater isotope homogeneity at the
scale of isotope measurements and more consistent measured isotope fractionations. Additionally, precipitation of
muscovite typically occurs in porous spaces at low stress sites. Therefore, it is possible that the amount of
muscovite observed in the notch mylonite reflects to some degree the original porosity of the quartzite before the
metamorphic event, that is, high muscovite content correlates with high porosity/permeability and vice versa.

5.3. Fluid‐Rock Exchange in the Quartz Veins

Three types of veins were sampled and analyzed in this study: veins cutting through the quartzite mylonite at a
high angle to the foliation, low‐angle veins, and veins transposed parallel to the foliation (Figure 3). Based on the
microstructural record of the veins (Figures 4a–4c), we infer that the low‐angle and transposed veins likely
originated as high angle veins but were transposed sub‐parallel to foliation by progressive shearing. The high‐
angle quartz veins contain little visible muscovite (Figure 4g), while the low‐angle and transposed veins
contain large muscovite folia (>250 μm long, up to 100 μm thick, Figures 4h and 4i) oriented sub‐parallel to the
foliation, suggesting that muscovite grain grew during progressive shearing. The quartz and muscovite δ18O of
low angle and transposed veins ranges from 10.2 to 12.1‰ and 7.5–9.5‰, respectively, which falls within the
range of the muscovite‐rich quartzite mylonites (Table 3, Figure 6). However, δ18Oms values in the veins tend to
be in the lower range of mylonite δ18Oms values, with the lowest δ18Oms value (7.5‰) measured in a transposed
vein collected near the bottom of the section (Figure 6). The high angle quartz veins, which lack muscovite, have
δ18Oqtz values as low as 9.1‰, the lowest δ18Oqtz value among all quartz samples (Table 3, Figure 6). Therefore,
it is reasonable that the high‐angle quartz veins encountered the most meteoric water, and the muscovite‐poor
quartz mylonite came into contact with the least meteoric fluid.

Based on these results, we propose the following model to explain our oxygen and hydrogen stable isotope data
sets. During progressive exhumation of the DSZ, high differential stress or increase in strain rate may cause strain

Table 4
Input Parameters Used in the Plot of Calculated δ2Hms and δ18Oqtz at
Different Fluid‐Rock Ratios Shown in Figure 8

Parameter Value Source

Temperature 400°C Gottardi et al. (2015)

Hydrogen

δ2Hrock, initial 1 −65‰ Gottardi et al. (2015)

δ2Hrock, initial 2 −80‰ Gottardi et al. (2015)

δ2Hwater, initial 1 −100‰ Gottardi et al. (2015)

δ2Hwater, initial 2 −100‰ Gottardi et al. (2015)

Δ2Hrock‐water −29.7‰ Suzuoki and Epstein (1976)

rock weight % H 0.51% Calculated

Oxygen

δ18Orock, initial 1 12‰ Gottardi et al. (2015)

δ18Orock, initial 2 14‰ Gottardi et al. (2015)

δ18Owater, initial 1 −13.75‰ Calculated from GMWL

δ18Owater, initial 2 0‰

Δ18Orock‐water 5.2‰ Sharp and Kirschner (1994)

rock weight % O 53.26% Calculated
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hardening and embrittlement, which eventually leads to brittle failure and formation of faults and fractures that
allow meteoric fluids to be pumped into the shear zone. During post‐rupture relaxation, fractures heal and trap the
meteoric fluid in high‐angle veins, where isotopic exchange is controlled by bulk crystal diffusion or hydro-
thermal growth. Deformation and shearing progressively transposed the high angle veins parallel to foliation, and
dissolution‐precipitation processes led to the growth of muscovite. Dislocation creep processes may cause the
fluids to be expelled from the veins into the neighboring quartzite by grain boundary sweeping. However, at this
stage the composition of the fluid may have evolved and be less 18O/2H depleted, and therefore not causing much
18O/2H depletion of the quartzite matrix, except in the notch, where high fluid availability is preserved in the
abundance of quartz veins present. This process may repeat as an increase in differential stress or accelerating
strain rate may cause strain hardening, embrittlement, and eventually brittle failure.

5.4. Fluid‐Rock Ratio and Implications for Fluid‐Rock Exchange

The isotopic record of DSZ is often difficult to reconcile due to the differences in isotopic exchange kinetics
between the different mineral species, which may obscure the isotopic record and affect the degree of equilibrium.
This often leads to apparent disequilibrium, especially in DSZ that are being exhumed—or retrograde—where the
main driving parameter for isotopic exchange—temperature—is progressively less efficient. Therefore, rather
than focusing on each isotopic system and its state of equilibrium, it is often more useful to look at the fluid‐rock
system as a whole to shed light on the degree of fluid‐rock interaction and isotopic equilibrium. We therefore use
the approach of Ohmoto and Rye (1974) and Taylor (1978) to investigate our oxygen and hydrogen systems in the
context of fluid‐rock interaction at different fluid‐rock ratios (Figure 8). The hydrogen and oxygen isotope
composition of the quartz veins investigated in this study primarily fall within a rock ratio ranging from 0.01 to
0.05, with one vein reaching ∼0.1 (Figure 8), suggesting that the fluid‐rock exchange was rock‐dominated. This
result therefore indicates that RRDSZ was not exposed to large volumes of meteoric fluids, which is consistent
with the model of meteoric fluid entrapment during brittle episodes discussed in Section 5.3. The muscovite‐rich
mylonites data set falls almost perfectly in the model using a δ18Orock‐initial of 12‰ and δ2Hrock‐initial of −65‰,
suggesting that these input parameters are valid (Figure 8). The muscovite‐rich mylonites showed a spread of low
W/R ratio values (0.005–0.05). The muscovite‐poor mylonites investigated by Gottardi et al. (2015) are clustered
in the 0.01–0.05 range (Figure 8). This could indicate differences in the initial amount of muscovite or different
starting conditions for the quartzite mylonite isotopic ratios, as when minerals interact with meteoric fluids, the
hydrogen isotopes may be affected by exchange with small volumes of water, while the oxygen does not show
meaningful changes in isotopic composition until W/R ratios of >0.05. As the Gottardi et al. (2015) data set
display higher δ18Oqtz, it likely means that the muscovite‐poor quartz mylonite started at a higher δ18Oqtz value
compared to the rest of the data.

5.5. Implications for Fluid Flow and Fluid Pathways in Detachment Shear Zones

The high angle veins found within the study area are extensional shear fractures or hybrid shear fractures. These
veins are oriented at a high angle to the mylonitic foliation, and two of the three identified sets are perpendicular to
the stretching lineation and the transport direction (Figure 3). Although these high angle veins cut through the
mylonitic lineation, the quartz fill inside the veins shows evidence of dynamic recrystallization by dislocation
creep, suggesting that these veins were deformed at depths where ductile deformation was still active, near the
brittle‐ductile transition (Figure 4). The presence of these veins at depths equivalent to the seismogenic zone
suggests that fluid pressure must have been near‐lithostatic or supralithostatic and that deviatoric stress remained
low in the footwall of the detachment shear zone (e.g., Reynolds & Lister, 1987; Sibson, 2020). Our stable isotope
analyses demonstrate that the fluid present at these depths was meteoric in origin, suggesting that the RRDSZ was
permeated by meteoric fluids characterized by low 2H/low 18O as it crossed the brittle‐ductile transition (Gottardi
et al., 2011, 2015; Methner et al., 2015).

Because the extensional veins formed under high fluid pressure, near‐lithostatic or supralithostatic, we suggest
that seismic pumping was the most likely mechanism to entrap meteoric fluids at such depths. During evolution of
the RRDSZ, an increase in strain rate or stress may have led to strain hardening, embrittlement, and ultimately
seismic rupture, causing dilatancy, increase in porosity/permeability, and opening pathways (faults and fractures)
used by meteoric fluid to penetrate the DSZ. During post‐rupture relaxation, fractures heal and trap the meteoric
fluid in high angle veins, where isotopic exchange is controlled by bulk crystal diffusion or hydrothermal growth.
The DSZ is still at depth favoring dislocation creep because quartz grains in the vein show evidence of subgrain
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rotation recrystallization. Under lower stress/slower strain rate, the DSZ returns to condition favoring ductile
deformation, and the high angle veins become progressively sheared, transposed, and eventually boudinaged
parallel to the foliation. This process may have been repeated several times as the DSZ crossed the brittle‐ductile
transition.

Fluid flow in large volume of rocks is controlled by permeability, which depends on the interconnectivity of
porous spaces (e.g., Putnis, 2021). Crystalline rocks have inherently low permeability; therefore, fluid flow is
primarily dependent on fracture permeability and is strongly influenced by the architecture, spacing, and con-
nectivity of the fault zones (Gottardi et al., 2013; Person et al., 2007; Savard et al., 2007). However, in the ductile
regime, where rocks can heal and recrystallize, fluid transport remains a conceptually challenging process (e.g.,
Connolly & Podladchikov, 2004). Recent studies demonstrate that creep‐driven porosity can be opened and
sustained in rocks at a high‐confining pressure during plastic deformation (Dimanov et al., 2007; Fusseis
et al., 2009; Gilgannon et al., 2020; Menegon et al., 2015). In order for surface (meteoric) fluids to reach the mid‐
crustal level where DSZ form, pathways connecting the brittle upper crust to the ductile DSZ must open. Our
results suggest that semi‐brittle structures such as the veins analyzed in this study may provide such pathways for
meteoric fluid to reach mid‐crustal depth. Once trapped in the veins, subsequent plastic deformation diffuses the
low 18O/low 2H fluid in the surrounding quartzite matrix by processes such as bulk diffusion, crack‐assisted
diffusion and solute sweeping during grain boundary movement (Kronenberg & Tullis, 1984).

6. Conclusion
In this study, we investigated the stable isotope composition of quartz veins and mylonites from the RRDSZ in
order to constrain fluid migration pathways and fluid‐rock exchange. Our findings are summarized as follows:

• Hydrogen isotope analyses revealed that the fluid that filled and precipitated in the quartz veins was meteoric
in origin. This fluid has a similar composition to the fluid that also permeated the quartzite mylonite.

• Differences in stable isotope depletion correlate with muscovite content. Muscovite forms by dissolution
precipitation when nucleation of new grains of muscovite occurs in space between quartz grains. Therefore,
the muscovite content may be related to the original porosity of the quartzite mylonite. Samples with the high
modal abundance of muscovite and highest porosity displayed the lowest δ18O and δ2H values.

• Fluid‐rock ratio depletion modeling suggests that the DSZ was rock‐dominated with the highest fluid‐rock
ratio of ∼0.1. We suggest that the fluid entered the system episodically through semi‐brittle structures
(veins) and was subsequently expelled out and into the surrounding mylonite with progressive shearing.

• Our results suggest that veins provided pathways for meteoric fluids to enter the shear zone, and that stable
isotope depletion patterns follow fluid availability and porosity of the mylonite.

Data Availability Statement
The data presented in this publication is available on EarthChem (Gottardi & Mire, 2024).
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