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Diffusion Creep of Sodic Amphibole-Bearing Blueschist
Limited by Microboudinage
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, Luiz F. G. Morales™? (), and

IStructural Geology and Tectonics Group, Department of Earth Sciences, Geological Institute, ETH Ziirich, Ziirich,
Switzerland, *Scientific Center for Optical and Electron Microscopy (ScopeM), ETH Ziirich, Ziirich, Switzerland

Abstract To investigate the mechanical and microstructural properties of mafic blueschists, we conducted
deformation experiments on powdered natural blueschist aggregates using the general shear geometry in the
Griggs apparatus. Experiments were performed at ~1.0 GPa and temperatures ranging from 650 to 700°C.

The blueschist starting material consists primarily of sodic amphibole and epidote, with minor amounts of
quartz, titanite, albite, and white mica. Strain rate stepping experiments provided mechanical data with stress
exponents ranging from 1.8 to 2.2. Microstructural analysis of the deformed samples show that the blueschist
aggregates were deforming by microboudinage of the sodic amphibole, with a chemically new sodic-calcic
amphibole diffused into the boudin neck. Based on these results, we interpret the samples to have deformed

by diffusion creep of the sodic-calcic amphibole, which was rate-limited by diffusion into the boudin neck.

We developed a microboudinage diffusion creep flow law using a least square regression, with parameters of
A=243ell1 MPa"pm s, n=2.0 + 0.3, m = 1.0, and Q = 384 + 15 kJ/mol. Extrapolation of the flow law to
the blueschist stability field suggests viscosities that are higher than metasedimentary rocks (quartz dislocation
creep flow law) and lower than eclogitic rocks (omphacite dislocation creep flow law) consistent with field
observations. We also show that this type of deformation mechanism matches observations of natural rocks in
paleosubduction zone environments, supporting the application of this flow law to estimate amphibole rheology
in modern subduction zones.

Plain Language Summary We conducted deformation experiments on samples of metamorphosed
oceanic crust called blueschist, which is a rock abundant in sodium-rich amphibole and epidote. These rocks
and minerals occur at high pressures (~1 GPa) and low temperatures (~400°C) within the earth, primarily
along the subduction zone interface. By conducting deformation experiments we can characterize and quantify
the microstructural and mechanical properties of our samples. We find sodic amphibole, the most abundant
mineral in our samples, deforms by a process called microboudinage, where the sodic amphibole fractures

and new material simultaneously diffuses into the fracture, allowing the sample to accommodate strain. Using
existing theory on microboudinage and the mechanical data from our deformation experiments, we develop a
mechanical relationship (e.g., flow law) that can be extrapolated to geologic conditions to provide constraints
on blueschist deformation along the subduction zone interface. To support the extrapolation of our flow law, we
show that microboudinage has been widely observed in naturally deformed amphiboles from paleosubduction
zone environments.

1. Introduction

Deformed mafic blueschists, which represent metamorphosed oceanic crust, are widespread in high pressure-low
temperature terranes around the world, and are hallmarks of modern subduction (Ernst, 1973; Maruyama
etal., 1996). Because mafic oceanic crustal rocks are commonly subducted, understanding the deformation mech-
anisms and rheological properties of blueschists is important for studying a range of subduction processes, such
as interplate coupling (Agard et al., 2018; Conrad et al., 2004; Pacheco et al., 1993; Uyeda & Kanamori, 1979;
Yafiez & Cembrano, 2004), fluid and mass transfer (Bebout & Penniston-Dorland, 2016), interface seismic
velocity structure (Abers, 2005; Hirose et al., 2008; Tewksbery-Christle et al., 2021), megathrust and intra-
slab earthquakes (Incel et al., 2017; Mufioz-Montecinos, Angiboust, & Garcia-Casco, 2021; Mufioz-Montecinos,
Angiboust, Garcia-Casco, Glodny, & Bebout, 2021; Okazaki & Hirth, 2016), slow slip and tremor processes
(e.g., Audet & Kim, 2016; Audet & Schaeffer, 2018; Behr & Biirgmann, 2021; Fagerang & Sibson, 2010), and
the overall strength of the subduction interface (Behr et al., 2022; Tulley et al., 2020).
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One of the most abundant minerals in mafic blueschists is sodic amphibole, but its mechanical properties are not
well understood. While some studies have focused on seismic anisotropy (Kim et al., 2013, 2015; Ko & Jung, 2015;
Park & Jung, 2022; Park et al., 2020) and blueschist dehydration through eclogitization (Incel et al., 2017), few have
explored the viscous flow properties of blueschist and sodic amphibole. Microanalytical and experimental work on
amphiboles show a wide range of deformation mechanisms are possible from dislocation glide (Skrotzki, 1992),
dislocation creep (Elyazadeh et al., 2018; Hacker & Christie, 1990; Reynard et al., 1989), diffusion creep (Getsinger
& Hirth, 2014), cataclasis (Hacker & Christie, 1990; Muiioz-Montecinos et al., 2023; Nyman et al., 1992), semibrit-
tle flow (Okazaki & Hirth, 2020), and reaction-driven creep (Condit & Mahan, 2018; Lee et al., 2022), but the
conditions under which each mechanism should dominate in both nature and the laboratory are unknown.

Here we investigate the mechanical and microstructural properties of a powdered natural blueschist through defor-
mation experiments using a Griggs apparatus. We demonstrate through combined mechanical and microstructural
data that the blueschist deformed primarily by diffusion creep rate-limited by the process of microboudinage in
amphibole, and we present a flow law that can be extrapolated to natural rocks that exhibit similar microphysical
processes. We explore comparisons to natural blueschists and discuss implications for rheological properties of
the subduction zone interface.

2. Methods
2.1. Starting Material

Samples were prepared by crushing a naturally foliated blueschist from the Condrey Mountain Window, CA,
USA (Helper, 1986; Tewksbury-Christle et al., 2021). The starting material primarily contains sodic amphibole,
epidote, titanite, and quartz with minor amounts of albite, white mica, and calcite. The crushed powder has a
grain size range of ~30-150 pm.

2.2. Experimental Procedures

Experiments were conducted in the Griggs apparatus in the Rock Physics and Mechanics Laboratory at ETH
Ziirich. All experiments were conducted in the general shear geometry, where grooved alumina shear pistons
are cut at 45° to each other forming the shear geometry (Figure 1). Sample powder was placed between the two
shear pistons and jacketed with a Pt sleeve where Ni foil was inserted between the alumina shear pistons and the
Pt jacket. The assembly is weld-sealed using Pt cups at the ends of the shear pistons. All assemblies used a solid
salt confining medium of NaCl with a K-type thermocouple. Three hydrostatic experiments were conducted
at ~1.0 GPa, two at 700°C for 12 and 24 hr and one at 750°C for 48 hr. Five strain rate stepping experiments
were conducted with three to five different strain rate steps where each deformation step reached a mechanical
steady state. All strain rate stepping experiments were conducted at temperatures of 650, 675, and 700°C at
1.05 + 0.1 GPa confining pressure with shear strain rates from ~5 x 1077 to ~5 x 1075 s~1. One constant rate
experiment was conducted at a shear strain rate of 1.2 X 107> s~! at 675°C and 1.0 GPa for comparison with the
strain rate stepping experiment at 675°C. To preserve the microstructures, the temperature was lowered to 200°C
at a rate of 4°C/s and then lowered to room pressure and temperature while maintaining a differential stress of a
few hundred megapascals to suppress decompression cracking.

2.3. Post-Experiment Analysis Methods

After each experiment, samples were impregnated in epoxy and cut in half perpendicular to the shear plane
and parallel to the shear direction. One half is used to make a thin section polished to a thickness of ~30 pm.
Cross-polarized light and scanning electron microscope (SEM) back-scattered electron (BSE) images were used
to examine hydrostatic and deformation microstructures as well as mineral identification. Energy-dispersive
X-ray spectroscopy (EDS) was also used for mineral identification. SEM-BSE images were used to measure the
amphibole microboudin neck spacing for the deformation experiments and estimate mineral modal abundance.
Electron backscatter diffraction (EBSD) was used to determine intragranular deformation and amphibole crys-
tallographic preferred orientations (CPO). EBSD maps were acquired with a FEI/Thermofisher Quanta 200 F
SEM equipped with EDAX EBSD camera and TEAM software at ScopeM at ETH Ziirich, using a 20 keV
accelerating voltage, beam current of 8 nA, ~18 mm working distance, with maps ~200 pm X 200 pm in size
with a step size of 100-200 nm. Post-processing data cleaning included standardization of confidence index (CI)
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Figure 1. Illustration of the (a) solid salt assembly and (b) the cross-sectional view perpendicular to the shear plane of the
jacketed sample prior to deformation. Modified from Holyoke and Kronenberg (2010) and Tokle, Hirth, and Stunitz (2023).

and neighbor CI correlation on OIM 8.5. Orientation distribution functions (ODFs) and plotting of pole figures
were performed via the MTEX toolbox 5.8.1 for Matlab (Hielscher & Schaeben, 2008). ODFs were calculated
assuming a halfwidth of 10° (bandwidth of 28 in spherical harmonic coefficients). For those calculations, only
orientation data with CI > 0.1 were considered. Pole figures are plotted using the experiment shear planes in the
E-W position with a dextral shear sense. Quantitative major element data was collected for amphibole, epidote,
titanite, and albite using the JEOL JXA-8230 electron probe microanalyzer (EPMA) at ETH Ziirich (conditions
and standards listed in Supporting Information S1).

2.4. Data Processing

The Griggs apparatus uses an external load cell to measure the force applied to the sample column. The displace-
ment of the ¢, piston is measured using a linear variable differential transducer, where experimental data are
recorded at a sampling rate of 1 Hz. ¢, piston displacement is corrected for apparatus compliance while the force
is corrected for friction and sample thinning. Shear stresses and shear strain rates were converted to equivalent
stress (aeqv = 27 where 7 is shear stress) and equivalent strain rate (éeqy = L. where y is shear strain rate) follow-

Wk

ing Paterson and Olgaard (2000). See Supporting Information S1 for the program information used to process the
mechanical data. All experimental data are summarized in Table 1.

3. Results
3.1. Mechanical Data

All experiments achieved a mechanical steady state (Figure 2). The first deformation step in every deformation
experiment shows strain weakening where a mechanical steady state is reached at a shear strain between 1.0
and 1.7. Strain weakening is not observed in any subsequent deformation steps except for the third deformation
step in experiment LT036. All strain rate stepping experiments were deformed to a shear strain of ~2.2 except
LTO036, which deformed to a shear strain of ~3.5 (Figure 2). Plotting the steady state mechanical data in log stress
versus log strain rate space, the five deformation experiments have stress exponents ranging between 1.8 and 2.2
(Figure 3a). The two 675°C experiments and the two 650°C strain rate stepping experiments show good mechan-
ical reproducibility (Figures 2b, 2c, and 3).

3.2. Microstructures
3.2.1. Hydrostatically Annealed Samples

Three hydrostatic experiments were conducted to characterize the microstructure prior to deformation. In the
hydrostatically annealed samples, grains are randomly oriented and mineral phases are homogeneously distrib-
uted at the sample scale (Figure 4). Due to the high aspect ratio of the amphibole grains, there are regions locally
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Figure 2. Plots of shear strain versus shear stress for the constant rate and strain rate stepping experiments. Regions highlighted in black represent the mechanical

steady state.

where amphibole grains align (see bottom right region of Figure 4b); however, the local alignment is random
relative to the o, orientation (Figure 4b). Grain crushing is observed in all mineral phases as a result of pressur-
izing and compacting the starting powder. Microboudinage is not observed in the hydrostatic samples (Figure 4).
Hydrostatic sample LT047 has a relatively strong initial crystallographic preferred orientation (CPO), with (100)
maxima subparallel to the pole of the shear plane, a weak girdle of (001) poles distributed along the shear plane
and a more uniform distribution of the poles to (010) interpreted to occur due to rigid body rotation during
pressurization (Figure 4c). The two 700°C hydrostatic samples show a metamorphic reaction of the starting
mineral assemblage, notable by chemical zonation within the amphibole and the crystallization of albite, where
the reaction is further progressed in the 24-hr sample (Figure 4; see Section 3.3). Albite grains that crystallize as
part of the metamorphic reaction are a few microns in size while albite that originates from the starting powder
have grain sizes >20 pm (Figure 4). EBSD analyses of the hydrostatic samples show indexing of albite, indicating
it is not amorphous at deformation conditions (Figure S1 in Supporting Information S1). Microstructures from
a 48-hr hydrostatic sample conducted at 750°C and 1.0 GPa shows nearly all of the sodic amphibole and titan-
ite have been replaced by sodic-calcic amphibole and ilmenite (Figure S1 in Supporting Information S1; see
Section 3.3). Based on the change in microstructures and mineral assemblage in the 750°C sample, the maximum
temperature of our deformation experiments is limited to 700°C. Estimated mineral abundance for the hydrostatic
samples are plotted in Figure 4d.

107 ' ' 10
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© . © . .
@ 10°F n=22037 @10” =
£ 1 £
@ ©
= 1 =
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Figure 3. Plots of equivalent stress versus equivalent strain rate (a) showing the stress exponent fits for each strain rate
stepping experiment and (b) a comparison between the flow law and the mechanical data. In (a), & represents the average
microboudin neck length in microns calculated using the arithmetic mean. (a) Stress exponent values and 1o uncertainty are
calculated using the Matlab function robustfit, where (0.1) is “+0.1.” The dashed lines in (b) represent the uncertainty in the
flow law based on the uncertainty in n (2.0 + 0.3).
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Figure 4. SEM-BSE photomicrographs of hydrostatic experiments that were annealed for (a) 12 hr and (b) 24 hr at 700°C and (c) 48 hr at 750°C at 1 GPa. Blue arrows
show chemical zonation in amphibole, red arrows show regions of albite as a reaction product, and green arrows show the similar greyscale color between quartz and
albite in the back-scattered electron (BSE) photomicrographs. (d) Pie charts showing the estimated phase abundance calculated from the BSE images in (a—c). Due to
their low abundance white micas and calcite are listed as Accessory phases. () Amphibole pole figures of hydrostatic experiment LT047 with maxima displayed to the
bottom right of each pole figure (multiples of uniform distribution—MUD). The phase map of the region used to calculate the amphibole CPO is shown in Figure S1 of
the Supporting Information S1. The shear plane is parallel to the horizontal plane of each photomicrograph. Amp—amphibole, Qz—quartz, Ab—albite, Ep—Epidote,
Ttn—titanite, [Im—ilmenite, Cal—calcite, Wm—white mica.

3.2.2. Deformed Samples

All deformed samples develop an S-C-C’ foliation at the sample scale with amphibole and titanite defining the S-
and C-planes (Figures 5 and 6). The foliation varies in orientation from sub-parallel to the shear plane to ~25° anti-
thetic to the shear direction, where antithetic refers to rotations opposite the shearing direction with the shear plane

Figure 5. Plane polarized light photomicrograph of the central portion of deformed sample LT036 (700°C) where the purple line outlines the sample-piston interface.
The yellow color filling the crack in the bottom right is epoxy used for thin section preparation. Amp—amphibole, Qz—quartz, Ab—albite, Ep—Epidote, Ttn—titanite.
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A

X uniform

Figure 6. SEM-BSE photomicrographs showing deformation microstructures and representative amphibole pole figures.

(a) Red arrows show examples of amphibole microboudinage and blue arrows show examples of albite in the microboudin
necks. (b) Close-up photomicrograph of amphibole microboudinage from the central region in (a) just above the “Ep” label.
(c) Amphibole pole figures for deformed sample LT048 (700°C), with maxima displayed to the bottom right of each pole
figure (multiples of uniform distribution—MUD). The shear plane is parallel to the horizontal plane of each photomicrograph
with a dextral shear sense for both the photomicrographs and CPO. Amp—amphibole, Qz—quartz, Ab—albite, Ep—Epidote,
Ttn—titanite, [Im—ilmenite.

representing 0° (Figures 5 and 6). Variation in the foliation is due to amphibole grains wrapping around rigid epidote
and quartz grains (Figures 5 and 6). C’-shear bands develop in all samples at ~30° synthetic to the shear direction and
range from one hundred to several hundred microns in length and in some cases extend through most of the sample
(Figures 5 and 7). C’-shear bands are defined by localized deformation of sodic-calcic amphibole, albite, ilmenite,
and small rigidly rotating sodic amphibole grains (Figure 7). Shear offset in minerals such as epidote, albite, and
amphibole show the C’-shear bands have a shear sense consistent with the experiments shearing direction (Figure 7).

Deformation at the sample scale is ductile, however, there is a range of deformation microstructures observed
within the different minerals. Epidote, titanite, and quartz do not accommodate plastic strain (Figures 5-7).
Epidote shows fractures that commonly span the length of the grains and are filled with either quartz or albite
(Figures 5, 6a, and 7; Figure S2 in Supporting Information S1). Fracturing in epidote also leads to moderate grain
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Figure 7. SEM-BSE photomicrograph highlighting C’-shear bands. Yellow arrows outline the orientation and shear direction for several C’-shear bands. Purple
arrows highlight the different amount of strain accumulation between quartz and albite even though they look similar in BSE. Brightness and contrast were modified to
emphasize amphibole microstructures, as a result titanite and ilmenite are both white and difficult to distinguish. The shear plane is parallel to the horizontal plane of
the photomicrograph with a dextral shear sense. Amp—amphibole, Qz—quartz, Ab—albite, Ep—Epidote, Ttn—titanite, Wm—white mica.

size reduction in some places (Figures 5 and 7). Amphibole, albite, and ilmenite accommodate plastic strain
within the samples with amphibole accommodating the majority of the strain due to its greater abundance. Albite
and ilmenite grains are isolated and do not form interconnected layers (Figures 6—8). Albite is commonly found
in strain shadows of large epidote and quartz grains as well as in C’-shear bands. Large albite grains are distin-
guishable from quartz in BSE photomicrographs as they accommodate a significant amount of strain relative to
quartz (purple arrows in Figure 7).

Amphibole grains show microboudinage where the original sodic amphibole fractures, primarily along the (001)
plane, and a compositionally new sodic-calcic amphibole fills the fracture forming a microboudin neck. The
majority of fractures involving microboudinage cut across the whole grain (Figures 6-8). Many microboudin
necks contain both sodic-calcic amphibole and albite, with either a mixed/intergrowth texture (blue arrows in
Figure 8a) or an unmixed texture (blue arrows in Figure 6a). Microboudin necks range in length from ~0.5 to
~10 pm. Microboudinage in amphibole is more abundant in the high strain sample (LT036, y = 3.47) in compari-
son to the lower strain samples (y ~ 2.2) (Figure S3 in Supporting Information S1). In all samples there are regions
where microboudinage is heterogeneous, where some amphibole grains show a significant amount of microbou-
dins (e.g., high strain regions) next to grains with little to no microboudins (e.g., low strain regions), regardless
of grain orientation (Figure 6a). There are also regions in all samples that exhibit homogenous microboudinage,
where the amount of microboudins (e.g., strain) is more uniform (Figure 7). There is no systematic relationship
between the spacing of microboudins within a sodic amphibole grain, and no obvious correlation between the
initial grain size of sodic amphibole and microboudin neck length (Figure 6). Grains with higher aspect ratios
typically have more microboudins than grains with lower aspect ratios (Figures 6 and 7).

Correlation between a BSE photomicrograph and a grain reference orientation deviation (GROD) angle map
from the same region shows microboudinage causes sharp changes in crystal orientation relative to the grain aver-
age orientation. This change in grain orientation results in low and high angle grain boundaries at microboudin
necks (Figure 8). The GROD map also shows most sodic amphibole grains have little to no internal deformation
away from microboudin necks, however, there are a few sodic amphibole grains that show gradational changes
in misorientation that do not correlate with microboudinage (star in Figure 8). The CPO of the deformed amphi-
bole in sample LT051 shows strong maxima (Figure 6¢). In comparison to the hydrostatic amphibole CPO, the
deformed amphibole shows a stronger (010) and (001) maximum (Figures 4e and 6¢). Note that the calculated
CPO of the deformed samples is a bulk measurement of both the sodic and sodic-calcic amphiboles.
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Figure 8. SEM-derived images of microboudinage in amphibole from (a) BSE photomicrograph and (b) internal strain based
on a grain reference orientation deviation map of the same area. (b) Non-indexed regions and/or phases that are not amphibole
are shaded black. Note, there is some minor distortion between the two images due to the tilt correction from the EBSD
mapping. High angle grain boundaries are defined with a threshold of >10° of misorientation. The star symbol represents

an amphibole grain with no microboudinage but shows a gradual change in misorientation. The blue, purple, and red arrows
show examples of microboudinage in amphibole and their corresponding misorientation. The shear plane is parallel to the
horizontal plane of each photomicrograph with a dextral shear sense. Na-Amp—sodic amphibole, Na-Ca-Amp—sodic-calcic
amphibole, Ab—albite, Ep—epidote, [Im—ilmenite, Ttn—titanite.

3.3. Metamorphic Reaction

The metamorphic reaction within the samples involves sodic amphibole and titanite and produces sodic-calcic
amphibole, albite, and ilmenite (Equation 1).

Nag(Mg, Fe)3Alzsis(OH)2 + CaTiSi05 >

(Na, Ca)(Mg, Fe); Al,SisO22(OH), + NaAlSi;Os + FeTiOs 1)

As noted in Sections 3.2.1 and 3.2.2, the reaction occurs in both the hydrostatic and deformed samples. Micro-
structurally, quartz, white mica, and calcite show no reaction textures, therefore they are assumed to not be
involved in the reaction (Figures 4 and 7). [lmenite is always found at the rim of a titanite grain until the titanite
has been consumed and a cluster of small (~1-2 pm) ilmenite grains remain (Figures 4b and 6). Albite crystal-
lizes as small grains, ranging from the submicron-scale to several microns, in both the hydrostatic and deformed
samples in a mixed/intergrowth texture with the sodic amphibole (Figures 4, 6, and 8). In the 24-hr 700°C
hydrostatic sample, albite crystallization is not homogeneous; some areas show notable amounts of albite crys-
tallization while other areas show almost no albite crystallization even though the amphibole abundance is the
same (Figure 4b). In the deformed samples, albite crystallization is more homogeneous and largely crystallizes
in or near microboudin necks (Figure 8a), but there are cases where albite crystallizes within sodic amphibole
grains unrelated to the process of microboudinage or the development of fractures (Figure 6a). The difference in
albite crystallization between the 24-hr hydrostatic experiment and the deformed samples is the progress of the
reaction. Based on the 12-hr 700°C hydrostatic experiment, we assume that the starting powder has ~2% albite
prior to the onset of the reaction (Figure 4d). If the 48-hr 750°C hydrostatic experiment represents a sample
where the reaction is near complete, then there is an ~15% increase in the modal abundance in albite as a result
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Figure 9. Diagrams showing the estimated modal abundance from four
deformed samples based on SEM-BSE photomicrographs, where each
photomicrograph is ~250 X 250 pm in size. Due to their low abundance white
micas and calcite are listed as Accessory phases. Italicized red numbers refer
to the total time the samples were at peak pressure and temperature conditions
(see Table 1).

of the reaction (Figure 4d). For the deformed samples conducted at 650 and
675°C, the modal abundance of albite ranges between 2% and 4% while at
700°C the modal abundance increases to 7%—12% (Figure 9). While there
is an overall increase in albite within our deformed samples, there is a nota-
ble amount of titanite and sodic amphibole remaining suggesting the reac-
tion is not complete prior to quenching. While the volume percent of albite
increases within our samples over the duration of the experiments, we do not
think this affects our mechanical results or interpretations because the albite
does not create any significant interconnected weak layers within the samples
(Figures 6 and 7). Amphibole phase diagrams show the chemical variation
between the starting material (CMW blueschist), the hydrostatic sample, and
the original sodic amphibole and the new sodic-calcic amphibole from the
deformed samples (Figure 10). Microprobe data used to create these plots are
listed in Supporting Information S1.

4. Flow Law for Microboudinage

Based on the similar stress exponent values from the strain rate stepping
experiments, n = 2.0, and the amphibole microboudinage microstructures we
interpret these samples as deforming by diffusion creep rate-limited by diffu-
sion into the microboudin necks during microboudinage. The processes of
microboudinage and diffusion act in parallel, where no void space is created.
Therefore, as a microboudin neck widens, new material is simultaneously
diffused into the microboudin neck, making this a diffusion-controlled
mechanism. A theoretical framework for microboudinage as a deformation
mechanism was derived by Lehner and Bataille (1984), which we utilize to
create a flow law representative of our experimental samples. For a material
that deforms by microboudinage, Lehner and Bataille (1984) determined that
the diffusion-controlled rate of mass transfer, rip, equals,

B o’ VZCPDO'"

np = )
"= TOERTS

Lehner and Bataille (1984) also show that the stress exponent in Equation 2 is n = 2.0 when o, # 62 = o3 (see
Equations 60 and 61 in Lehner & Bataille, 1984), which is very similar to the stress exponents determined by our
strain rate stepping experiments (Figure 2). The displacement rate can be calculated by dividing Equation 2 by

the density of the solid phase, p®,

dx _ prf,c,,Da"

gx _F o570 3)
dt ~ p2ERTS

which can then be converted into a strain rate, ¢, by dividing Equation 3 by the thickness (th) of the deforming
zone (e.g., the experimental shear zone thickness) yielding,

—_s
. p'V,c,Do" 1

—. 4)
p2ERTS th

Equation 4 can be simplified by expanding the diffusivity term (e.g., D = D, exp(%)) and by condensing a

number of parameters into A, (A =

P V;cp D,
pS2ERT

). This results in a simplified flow law, Equation 5, consistent with

previous diffusion creep flow laws (Hirth & Kohlstedt, 2003; Rutter & Brodie, 2004). However, in Equation 5,
6 is used instead of d to signify the diffusional length scale as the microboudin neck length instead of grain size.
See Table 2 for definition of all symbols and their values.

=4 () ©)
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Figure 10. Phase diagrams overlaid with electron microprobe point analyses showing the compositional variations of
amphibole used in this study. In the legend, CMW refers to the original Condrey Mountain Window sodic amphibole that
was not brought to experimental temperature and pressures. Hydrostatic refers to the sodic amphibole within the two 700°C
hydrostatic experiments, while Def Original Amph and Def New Amph refers to the original sodic amphibole and the new
sodic-calcic amphibole, respectively within deformed samples LT036 (700°C) and LT044 (650°C). a.p.f.u. is defined as the
atoms per formula unit. Data for these plots are found in Tables S1 and S2. Electron microprobe point analyses on titanite,
epidote, and albite are found in Table S3.

For microboudinage, the diffusion length scale is defined as the microboudin neck length (see Figure 3 in Lehner
& Bataille, 1984). For each deformation experiment at least 150 microboudin neck lengths were measured in each
sample using SEM-BSE photomicrographs (Figure 11a). Based on the resolution of the BSE photomicrographs,
we assume the smallest measurable microboudin neck length is 0.5 pm. Figure 11 shows examples of meas-
ured microboudin neck lengths and the microboudin neck length histograms for the deformation experiments,
respectively. We assume the average microboudin neck length is constant for all deformation steps for a given
strain rate stepping experiment, which is supported by the similar mechanical data and average microboudin
neck length for the constant and strain rate stepping experiments conducted at 675°C (Figures 2b and 11). The
average microboudin neck lengths are listed in Table 1. Based on the similarities of our deformation micro-
structures and the stress exponent values to the theoretical analysis by Lehner and Bataille (1984), we assume
the diffusion length scale exponent equals 1.0. Using the mechanical data and average microboudin neck length
measurements, we determine the remaining flow law parameters using a robust fit least squares regression,
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Table 2 where A = 2.43e11 MPa™ pm s~!, n = 2.0 + 0.3, and Q = 384 + 15 kJ/
List of Symbols and Descriptions mol with uncertainties representing one standard deviation. Figure 2b shows
- Differential stress (MPa) there is a good fit between the experimental data and the flow law. Figure S4

. Density of the fluid (ke/m® in Supporting Information S1 compares flow laws with different flow law
i ensity of the fluid (ke/m") parameters based on the uncertainties determined by the least squares regres-
ps Density of the solid phase (kg/m?)

sion (see Table S4 for different flow law parameters).
Molar volume of the reference state in the solid phase (m?mol)

C Solute concentration . .
P 5. Discussion
D Diffusivity (m?/s)
D, Diffusivity at reference state (m%s) We have shown that our experimentally deformed blueschist samples
deformed primarily by microboudinage in amphibole. Below we discuss

n Stress exponent . .

Voune's modulus (MP comparisons between our experimentally deformed samples and naturally
E LB ER (1) deformed blueschists, the role of microboudinage as a deformation mecha-
R Gas constant (8.314 J/K~!/mol ") nism as well as the extrapolation of our flow law to geologic conditions and
T Temperature (K) its implications for subduction zone rheology.
4] Average boudin length (pm)

€ Strain rate (s7!) X . . .
5.1. Comparison to Natural Blueschist and Amphibole Microstructures
Activation enthalpy (kJ/mol)

Microboudinage has been well described in naturally deformed rocks as
early as the late 1960s and 1970s (Draper, 1978; Misch, 1969, 1970). Amphi-
boles are one of the most common minerals that deform by microboudi-
o Diffusion controlled rate of mass transfer (kg/m?/s) nage (Draper, 1978; Masuda et al., 2011; Misch, 1969, 1970; Schroeder
& John, 2004), while this process has also been reported in pyroxene

(Draper, 1978; Misch, 1970), feldspar (Gates & Glover, 1989; Grasemann

et al., 1999; Ji & Li, 2021), epidote (Misch, 1969), tourmaline (Li et al., 2020; Mulch et al., 2006), biotite

(Little et al., 2002) and rutile needles (Mitra, 1976; Nachlas et al., 2018). Sodic amphibole also deforms by

rigid body rotation in our samples, as emphasized by the strong foliation developed at shear strains as low as

A Material parameter for creep (MPa™" pm s~!)

dx/dt Displacement rate (m/s)

~1.5 (Figure 6). Rigid body rotation has also been interpreted to occur in naturally (Aspiroz et al., 2007; Berger
& Stunitz, 1996; Elyaszaheh et al., 2018; Tatham et al., 2008) and experimentally (Kim & Jung, 2019; Park
et al., 2020) deformed amphiboles. Sodic-calcic amphibole deforms by diffusion creep and is the strain accom-
modating phase along with albite within the C’-shear bands (Figure 7). Albite is commonly found in pressure
shadows of large epidote and quartz grains as well as C’-shear bands and is interpreted to deform by a diffusion

O Ol s e . s s s s e
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Figure 11. (a) BSE photomicrograph showing examples of microboudin neck length measurements used to calculate the average microboudin neck length spacing.
(b—g) Histograms of microboudin neck length measurements for each deformation experiment with the arithmetic mean, geometric mean, and mode represented by
the vertical lines. b refers to the number of microboudins measured in each sample. Blue arrow in (a) shows a microboudin with a distance less than 0.5 pm that is not
measured.
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creep mechanism. Diffusion creep in albite has been observed in rocks from paleosubduction zones in Japan
and the Central Alps (Condit et al., 2022; Ujiie et al., 2022). While there are a few amphibole grains that show
evidence of internal strain through grain misorientation unrelated to microboudinage, this is rare (Figure 8).
Additionally, based on the BSE-SEM photomicrograph and the corresponding GROD map, the small grains
with low internal misorientation are interpreted to be the result of microboudinage and brittle fracturing of the
sodic amphibole and not related to dynamic recrystallization (Figure 8). Dislocation-related deformation mecha-
nisms are interpreted to not contribute to amphibole deformation or deformation in any other mineral within our
samples. Epidote in naturally deformed blueschists typically behaves as either rigid rotating grains or by fractur-
ing and cataclasis (Kotowski & Behr, 2019; Misch, 1969), consistent with our deformed samples. As a result of
titanite breakdown, fine-grained ilmenite is interpreted to deform by a diffusion-based mechanism due to the fine
grain size and lack of internal deformation features. In natural metabasic blueschists ilmenite is typically a minor
component and does not significantly influence the mechanical properties (Gao et al., 1999), consistent with our
deformed samples. The one notable difference between our experimental samples and naturally deformed mafic
blueschists is quartz deformation. In naturally deformed blueschists, quartz typically does not deform by rigid
body rotation but rather by dislocation and/or diffusion creep mechanisms (Kotowski & Behr, 2019; Misch, 1969;
Omrani et al., 2013). However, for the deformation conditions of our experiments, the equivalent stress required
for quartz to deform by dislocation creep is approximately 1 GPa, significantly higher than the bulk strength of
our samples (Richter et al., 2018; Tokle et al., 2019). Similar to ilmenite, quartz makes up a small percentage of
our samples (Figures 4d and 9), therefore likely has little effect on the mechanical data.

The albite-amphibole intergrowth textures and the change from sodic to sodic-calcic amphibole compositions
are commonly observed in natural and experimental amphibole-bearing samples. High pressure deformation
experiments conducted at 730°C at 2 GPa for 9 hr on a natural blueschist with 55 vol. % glaucophane shows
partially reacted amphibole grains where an intergrowth texture develops within glaucophane (see Figure 3b
in Bang et al., 2021). Similar to our experiments, the intergrowth texture occurs along both linear crystallo-
graphically controlled microfractures as well as throughout amphibole grain interiors. The intergrowth textures
have also been observed in natural amphibole-bearing samples (Holland & Ray, 1985; Jamison, 1990; Kryza
et al., 1990). The change in amphibole composition from sodic to sodic-calcic amphibole is observed in many
natural amphibole-bearing samples and interpreted to represent the early or initial stages of exhumation with
the transition from blueschist to greenschist facies (Gao et al., 1999; Jacobson & Sorensen, 1986; Kotowski
et al., 2022; Kryza et al., 1990; Laurent et al., 2017; Omrani et al., 2013; Ring et al., 2020; Trotet et al., 2001).
Wakabayashi (1990) also showed amphibole microboudinage where sodic amphibole diffuses into the boudin
neck of an initially calcic amphibole, which is used as evidence to suggest a counterclockwise P-T-t path in the
Franciscan Complex. Overall, the microstructures from our experimental results agree well with microstructures
from previous experimental studies and many naturally deformed amphibole-bearing rocks.

5.2. Microboudinage as a Deformation Mechanism

Many tabular minerals in deformed rocks show microboudinage, so it is important to consider whether the process
of microboudinage is rheologically controlling. In the case where microboudinage is rheologically controlling,
the mineral phase exhibiting microboudinage needs to represent the load bearing phase (e.g., Handy, 1990, 1994),
as in the case of our deformation experiments. Preserved examples of naturally deformed amphiboles exhibiting
microboudinage as the rheologically controlling deformation mechanism, at the scale of meter-sized mafic lenses
or larger, can be found in many paleosubduction zone environments, from the Northern Cascades in Washing-
ton, USA (Misch, 1969), the Blue Mountain massif in Jamaica (Draper, 1978), the Klamath mountains, USA
(Tewksbury-Christle, Ph.D. thesis Chapter 4, 2021), the Zagros Orogen, southeastern Iran (Mufioz-Montecinos,
Angiboust, & Garcia-Casco, 2021; Mufloz-Montecinos, Angiboust, Garcia-Casco, Glodny, & Bebout, 2021),
Syros, Greece (Kotowski & Behr, 2019), the northern Appalachians, USA (Honsberger, 2023), and the Fransican
Complex, USA (Wakabayashi, 1990), with several photomicrographs shown in Figure 12. While microboudi-
nage is commonly identified in amphibole-bearing rocks, it is not typically discussed as a rheologically signifi-
cant deformation mechanism. One reason may be that amphiboles are a crystallographically continuous mineral,
where new amphibole found in the boudin neck tends to grow continuously with the boudinaged grains (as
shown in Figures 7 and 12); therefore, the amount of amphibole microstructures exhibiting microboudinage
may be overlooked under the optical microscope. This issue was first highlighted by Misch (1969), who found
examples of microboudinage in actinolite where the solid and diffusing phases were chemically very similar
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Figure 12. Photomicrographs showing examples of microboudinage in sodic
amphiboles from (a) Klamath mountains, USA (Tewksbury-Christle, 2021
Ph.D. thesis) and (b, c) Zagros Orogen, southeastern Iran (Mufioz-Montecinos,
Angiboust, Garcia-Casco, Glodny, & Bebout, 2021). Photomicrographs (a, b)
are taken in plane polarized light where the blue to purple-colored minerals
are amphibole and the white colored regions are quartz and/or white mica.
Panel (c) is a photomicrograph taken using SEM-BSE where the two large
amphibole grains are surrounded by a finer-grained matrix of amphibole. In
all photomicrographs, the dark red arrows highlight the original amphibole
and the light red arrows highlight the compositionally new amphibole.
Na-Amp—sodic amphibole, Gln—glaucophane, Rbk—riebeckite, Qz—quartz,
and Wm—white mica.

and were optically indistinguishable until the amphibole chemical variations
were measured.

A key component to microboudinage as a deformation mechanism is the
process of diffusion into the boudin neck. For microboudinage, if the open-
ing rate of the boudin neck exceeds the rate of diffusion for a particular phase
then other phases may also diffuse into the boudin neck (Misch, 1969). This
is observed in our deformation experiments where albite is found mixed
with sodic-calcic amphibole in some places, (blue arrows in Figure 8a) and
unmixed in other places where albite clearly post-dates earlier sodic-calcic
amphibole diffusion (blue arrows in Figure 6a). The observation of multi-
ple phases within the boudin neck is consistent with natural examples of
microboudinage in amphiboles (see Figure 5 in Misch, 1969). Given that
the process of microboudinage is rate limited by diffusion into the boudin
neck, the diffusing phase, the number of different phases, and the abundance
of each of the diffusing phases will influence the value of the activation
enthalpy, O, which is determined to be 384 + 15 kJ/mol for our samples.
Getsinger (2015, Ph.D. thesis chapter 4) determined an activation enthalpy in
the range of 305-353 kJ/mol for diffusion creep in a fine-grained amphibo-
lite containing ~40%—-65% amphibole, ~20%-40% plagioclase, ~10%—20%
clinopyroxene, and trace amounts of olivine, orthopyroxene, chlorite, and
mica, which is consistent, albeit slightly lower than our activation enthalpy.
Offerhaus et al. (2001) determined an activation enthalpy of 193 kJ/mol
for diffusion creep in wet albite (see Table 1 in Rybacki & Dresen, 2004
for flow law parameters). Given the majority of the microboudin necks are
dominated by sodic-calcic amphibole, the similar activation enthalpy values
between our sodic-calcic amphibole and the mafic amphibole measured by
Getsinger (2015), and the notable difference between our measured activa-
tion enthalpy and the activation enthalpy for wet diffusion creep in albite, we
postulate that sodic-calcic amphibole is the rheologically controlling diffu-
sional phase, although the presence of albite may influence our activation
enthalpy value.

For an aggregate deforming by microboudinage, new boudins contin-
uously develop with increasing strain but at a given amount of strain the
mineral deforming by microboudinage will no longer be able to produce
new microboudins. We propose that the amount of strain that can be accom-
modated via microboudinage scales with the aspect ratio of the original
grain. Therefore, minerals like feldspar which are typically low aspect ratio
grains can develop fewer microboudins (Ji & Li, 2021) than minerals such
as amphibole and biotite, which can accommodate significantly more strain
via microboudinage (Figure 12; Figure 8c in Little et al., 2002). This rela-
tionship may also hold for monomineralic aggregates with grains of differ-
ent aspect ratios. Figure 6 shows amphibole grains with higher aspect ratios
typically have more microboudins than the lower aspect ratio grains. Our
highest strain sample accumulated a shear strain of 3.47 and was still deform-
ing by microboudinage when quenched. Biotite microboudins in a mylonitic
gneiss from the Alpine Fault in New Zealand were estimated to accommo-

date foliation-orthogonal shortening of ~51% (Little et al., 2002). When an aggregate is no longer able to deform
by microboudinage then the aggregate will most likely deform by another mechanism defined by the rheology
of the material that makes up the microboudin neck. We posit that this occurs when the microboudin neck
material develops interconnected weak layers at the sample-scale or larger. C’-shear bands are examples in our
blueschist samples where the rheologically weaker sodic-calcic amphibole and albite become interconnected

developing local high strain regions (Figure 7). Once these regions of weak material become interconnected at

the sample-scale this may change the diffusional length scale for diffusion creep in our samples.
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Figure 13. Plots of temperature versus log viscosity comparing our amphibole microboudinage flow law with the quartz
dislocation creep and eclogite dislocation creep flow laws extrapolated to epidote blueschist and eclogite facies conditions
where (a) viscosity is calculated assuming a constant strain rate of 1073 s~! and (b) viscosity is calculated assuming a
constant stress of 10 MPa. Figures S5 and S6 in Supporting Information S1 show additional temperature versus viscosity
plots for a range of strain rate and stress conditions. For the quartz and eclogite dislocation creep flow laws pressure
varies linearly from 1.0 GPa at 350°C to 2.0 GPa 650°C, where water fugacity is calculated using Equation 2 in Shinevar
et al., 2015. ZG07—Zhang and Green (2007) and T19, n = 4—Tokle et al. (2019) extrapolated flow law where A has been
modified following Tokle and Hirth (2021).

Another type of microboudinage observed in amphiboles occurs where amphibole grains are isolated in a weaker
matrix and a different mineral phase fills the microboudin neck, which are commonly quartz and/or calcite (Ji &
Li, 2021; Li & Ji, 2020; Masuda et al.,1990, 2011; Wassman & Stockhert, 2012). This type of microboudinage is
also observed in minerals such as feldspar (Figure 6d in Gates & Glover, 1989), pyroxene (Misch, 1970; Wassman
& Stockhert, 2012), epidote (Misch, 1969), and tourmaline (Li et al., 2020; Mulch et al., 2006). These are cases
where microboudinage is not the rheology controlling mechanism.

The orientation of microboudins, as well as outcrop-scale boudins, are often used as structural features to esti-
mate the stress and strain fields of an outcrop (Goscombe et al., 2004; Masuda et al., 2011). Our deformation
microstructures show largely symmetric microboudins at the grain scale (Figures 6 and 8), suggesting a predom-
inantly co-axial deformation environment based on the classifications from Goscombe et al. (2004); however,
these experiments were all conducted in the general shear geometry. The foliation of our samples, which define
the orientation of the microboudins, range from ~25° antithetic to the shear plane to parallel to the shear plane,
implying that the opening orientation of the microboudins is oblique to the o, orientation of the experiments,
again inconsistent with classification of boudinage from Goscombe et al. (2004). A possible explanation for
this is that general shear experiments conducted in the Griggs apparatus contain a significant amount of short-
ening, from ~20% shortening at shear strains of ~2 up to 30%—50% shortening in experiments conducted to
shear strains >3.5 (Heilbronner & Tullis, 2006; Tokle, Hirth, & Stunitz, 2023). This shortening component may
be sufficient in developing microboudins at oblique orientations to the o, orientation. While the geometry of
microboudinage at the grain-scale shows symmetric boudinage, the C’-shear bands clearly show that deformation
is dominated by shear at the sample-scale (Figure 7). This example of scale dependent observations at the grain-
to sample-scales could have important implications for interpreting deformation in naturally deformed samples
exhibiting microboudinage.

5.3. Extrapolation of the Microboudinage Flow Law and Implications for Subduction Zone Rheology

To estimate how our amphibole microboudinage flow law affects the viscosity of the subduction zone interface,
we compared it with quartz and eclogite dislocation creep flow laws that represent metasediment and metamatfic
rheologies, respectively. We plotted these flow laws at a constant strain rate of 1e—13 s~! and a constant stress
of 10 MPa across a temperature range of 350-650°C (Figure 13). Based on examples of microboudinage in
sodic-rich amphiboles from paleosubduction zone environments (Figure 12), we plotted three curves for the
microboudinage flow law with boudin neck lengths of 10, 100, and 300 pm (Figure 13). For quartz dislocation

TOKLE ET AL.

15 of 20

8518017 SUOLULLIOD 3AIIER.D dedldde U3 Aq peusenob e Sapiie VO ‘8sN JO 3Nl o A%eiqi 18Ul UO A8]IM LD (SUORIPUOD-PUE-SWIBIALI0D A8 | IM Afe.d 1 jBu JUO//S1Y) SUORIPUOD Pue SWLB | 38U 89S *[£202/60/50] UO ArigiTauljuo 1M Seyiol|qig-uia uounz yia Aq 8v89209re202/620T OT/I0p/w0d e M ARiq1uljuo'sgndnBe//:sdny Wwoy papeojumod ‘6 ‘€202 ‘9SE669TZ



A7oN |

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/20237B026848

creep, we used the Tokle et al. (2019) extrapolated n = 4 flow law, where A = 8.3e—13 following Tokle and
Hirth (2021), and for eclogite dislocation creep, we used Zhang and Green (2007). Our results show that the
microboudinage flow law has an intermediate viscosity between quartz and eclogite dislocation creep at temper-
atures below ~525-550°C, whereas the microboudinage viscosity is roughly isoviscous with quartz dislocation
creep at higher temperatures, ~525-600°C (Figure 13). These estimates are consistent with field observations
from paleosubduction zone environments (Kotowski & Behr, 2019; Wassman & Stockhert, 2012). However, we
acknowledge that quartz and eclogite dislocation creep are simplifying assumptions for defining the rheology
of metasedimentary and metamafic rocks along the subduction zone interface. Other deformation mechanisms,
such as pressure solution creep (e.g., Gratier et al., 2013; Wassman & Stockhert, 2013) and transformational
weakening (e.g., Stunitz et al., 2020), likely play a significant role in defining the rheology of the subduction zone
interface, but there are no accurate flow laws to represent these mechanisms currently.

Amphibole rheology is a critical component to our understanding of intermediate to deep subduction zone
dynamics. Our amphibole microboudinage flow law provides constraints on an important diffusion-controlled
deformation mechanism in amphibole-bearing rocks as well as provides a quantitative method for constrain-
ing the rheology of load-bearing tabular minerals, based on the theoretical model developed by Lehner and
Bataille (1984). Additionally, our flow law is unique in comparison to most laboratory derived flow laws in that we
constrained a deformation mechanism that operates simultaneously with a metamorphic reaction, although this is
not a requirement to activate this deformation mechanism as long as there is a chemical potential gradient driving
the diffusion of material into the microboudin neck. Many tectonic environments show changes in the rheological
properties of rocks occur with changes in the rocks' metamorphic state (Brodie & Rutter, 1985, 1987; Condit &
Mahan, 2018; Getsinger et al., 2013; Giuntoli et al., 2018; Lee et al., 2022; Rutter & Brodie, 1985, 1995; White
& Knipe, 1978); while a number experimental studies have investigated the effect of metamorphic reactions on
the viscous flow of geologic materials (De Ronde et al., 2004, 2005; Getsinger & Hirth, 2014; Incel et al., 2017;
Mansard et al., 2020; Marti et al., 2018; Stunitz & Tullis, 2001). The reaction of sodic- to sodic-calcic amphibole
that occurs coeval with deformation in our experiments is also commonly observed in natural amphibole-bearing
rocks that are transitioning from blueschist to high pressure greenschist facies, for example, during the early
stages of exhumation within a subduction channel configuration (Gao et al., 1999; Jacobson & Sorensen, 1986;
Kotowski et al., 2022; Kryza et al., 1990; Laurent et al., 2017; Omrani et al., 2013; Ring et al., 2020; Trotet
et al., 2001). Given the extrapolation of the microboudinage flow law to subduction zone interface conditions
(Figure 13), it best applies to “warm” subduction zone geotherms that lack lawsonite such as modern-day subduc-
tion in Mexico, Chile, southwest Japan and North Cascadia. The flow law also applies to exhumation in conti-
nental subduction zones where temperatures are estimated to be >500°C at high pressures where sodic and/or
sodic-calcic amphiboles are stable (Augier et al., 2005; De Jong, 2003) or subduction zones that experience
heating during exhumation such as in the western European Alps (Angiboust et al., 2019; Ernst, 1973) or the
Tauern Window in the eastern European Alps (Bakker et al., 1989; Zimmermann et al., 1994). The microboudi-
nage flow law also suggests that the influence of sediments on the viscosity of the subduction zone interface may
decrease with increasing temperature, due to the decreasing viscosity contrast between amphibole microboudi-
nage and quartz dislocation creep (Figure 13), or until the onset of eclogitization. Finally, microboudinage has
been well documented in amphiboles over a wide range of chemical compositions and metamorphic conditions
(Draper, 1978; Misch, 1969; Mufioz-Montecinos, Angiboust, Garcia-Casco, Glodny, & Bebout, 2021; Schroeder
& John, 2004; Wakabayashi, 1990); however, given the wide range of amphibole compositions (e.g., Hawthorne
et al., 2012; Leake et al., 1997), it is unclear how significant chemical variations in amphibole are in affecting
the diffusional properties of amphibole. Therefore, until there is a better understanding of the effect of chemistry
on amphibole rheology, we propose that the flow law developed in this study can be applied for compositionally
similar amphiboles deforming via microboudinage.

6. Conclusions

We conducted strain rate stepping experiments in the general shear geometry on powdered natural blueschist
aggregates in the Griggs apparatus at ~1.0 GPa and temperatures ranging from 650 to 700°C. The mechanical data
from the strain rate stepping experiments show stress exponents ranging from 1.8 to 2.2. Microstructural analysis
shows the rheologically controlling deformation mechanism is microboudinage of sodic amphibole and diffusion
of sodic-calcic amphibole into the microboudin neck. We interpreted the samples as deforming by diffusion
creep of the sodic-calcic amphibole, which was rate-limited by diffusion into the boudin neck. We developed a
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diffusion creep flow law with parameters of A = 2.43e11 MPa™pms~!, n=2.0+0.3,m=1.0, 0 =384 + 15kJ/
mol using a least square regression. This flow law provides some of the first rheological constraints on diffusional
processes in amphibole and provides a method for quantifying the rheology of tabular minerals. Extrapolation
of the flow law gives intermediate viscosity estimates relative to quartz and eclogite dislocation creep consistent
with field relationships from paleosubduction zone environments.
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