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ABSTRACf

I Hacker, B.R. and Christie, I.M., 1991. Experimental deformation of a glassy basalt. Tectonophysics, 200: 79-96.

Deformation experiments were conducted with the intention of identifying how the mechanical behavior and deforma-
tion microstructures of a basalt are influenced by the presence of glass that can crystallize to metamorphic minerals or flow.
A glassy plagioclase-rich basalt was tested for periods of up to 649 hours at temperatures of 675-875°C, a confining pressure
of 1.0 GPa, and strain rates of 10-4-10-7 S-I. Over the whole range of experiments, the basalt deformed ductilely in
mechanical and textural steady state. At low temperatures (675-775°C), plagioclase crystals deformed by microcracking and
twinning, and the glass did not flow into intracrystalline cracks. At higher temperatures (825-875°C), the samples were
notably weaker, plagioclase crystals deformed by twinning and dislocation glide, and the glass flowed into cracks. In all
samples that were tested for more than 30 hours, neoblasts of dark mica and quartz crystallized at the expense of K-rich
glass + enstatite + H2O. This neomineralization did not affect the strength of the basalt, presumably because it affected
only - 50 vol. % of each sample. Changes in plagioclase deformation mechanism from twinning and microcracking at fast
strain rates to dislocation glide at slow strain rates, may, however, reflect an increase in effective pressure caused by
crystallization of the glass.

Introduction proportions and compositions with changes in
metamorphic conditions (e.g., pressure and tem-

This paper presents mechanical, microstruc- perature), and consequently, their mechanical be-
tural, and microchemical data collected during havior and deformation mechanisms should
experimental deformation of a glassy basalt that change with ~onditions of metamorphism, During
was undergoing metamorphism. The objectives of our experiments, the basalt did partially trans-
the study were to (1) determine how the presence form through the reaction K-Al-Si glass +
of glass affects the mechanical behavior and mi- enstatite + H2O ~ mica + quartz, but for reasons
crostructures of basalt; and (2) identify whether described below, this transformation did not go to
crystallization of the glass affects the mechanical completion and some glass remained in all sam-
behavior or microstructures. In this paper, "brit- pIes. Phase equilibrium experiments suggest that
tIe" and "ductile" refer to deformation that is at the conditions of our experiments a basalt
localized or homogeneous, respectively, and might either melt or crystallize minerals from the
"cataclasis" and "crystal plasticity" refer to glass. Tholeiitic basalt melts in the presence of

!if grain~scale def?r~ation mechanisms involving excess water at a temperature of - 625°C at a
Jj' cracking and shdmg of fragments or the move- pressure of 1.0 GPa (Stern et al., 1975). All our
;. ment of dislocations, respectively. experiments were conducted at higher tempera-

(-- Basaltic rocks vary systematically in their phase tures, but were not completed in the presence of
excess water because the 0.5 wt. % water we added
was probably consumed during metamorphism

1 Present address: Department of Geology, Stanford Univer- (see below). However, it is likely that in some of
sity, Stanford CA 94305-2115, U.S.A. our experiments the glassy basalt was above the
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80 B.R. HACKER AND J.M. CHRISTIE

solidus-and we did find mechanical and mi- Although rocks of basaltic composition are
crostructural evidence of melting. We also ob- common in oceanic crust and lower continental
served crystallization of biotite + quartz in our crust, their mechanical properties are poorly un-
glassy basalt as might be expected because of the derstood. Deformation experiments have been
high temperatures (cf. Peterson and Newton, conducted on the main constituents of our basalt .
1990). Peterson and Newton (1990) showed that -plagioclase (Borg and Heard, 1969, 1970; Mar-
in a synthetic KzO-MgO-AlzO3-SiOz-HzO sys- shall and MacLaren, 1977a, 1977b; Tullis and
tern, melting of biotite + quartz occurs at 820°C Yund, 1977, 1980, 1987; Dell'Angelo et al., 1987; .

at 1.0 GPa pressure. Thus the biotite + quartz Dell'Angelo and Tullis, 1988) and pyroxene (Ave
that crystallized in our samples may have melted Lallement, 1978; Kolle and Blacic, 1982, 1983;
at temperatures> 800°C. Kirby and Kronenberg, 1984)-and we compare

,

.

Fig. 1. Starting material; scale bars are 100 JLm. (A) Transmitted-light optical photomicrograph. Pale low-relief crystals are
plagioclase, high-relief crystals are pyroxene and dark material is glass. (B) Back-scattered electron micrograph. The prominent

pale phenocrysts are pyroxene and the dark material is feldspar and glass dotted with tiny bright spinels.
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EXPERIMENTAL DEFORMATION OF A GLASSY BASALT 81

the results of our experiments with these previous Experimental procedure
studies. Results of experiments on the mechani-
cal behavior and microstructures of holocrys- Starting material
talline pyroxene diabase reported by Kronenberg
and Shelton (1980) are also compared with our The starting material is a two-pyroxene tholei-

r experiments. itic basalt (sample PV-7) from the Panamint Val-

The mechanical and microstructural effects of ley of southern California, U.S.A. (Fig. 1; Table
" partial melt have been studied in a variety of rock 1). It is composed of roughly 8 vol. % phenocrysts

types (Ave Lallement and Carter, 1970; Van der (1 % olivine, 1% clinopyroxene, 3% orthopyrox-
Molen and Paterson, 1979; Cooper and Kohl- ene, and 3% plagioclase), and 92% finer grained
stedt, 1984; Dell'Angelo and Tullis, 1988), and groundmass. The groundmass contains evenly dis-
our experiments bear comparison with these in- tributed 60-65% plagioclase, 9% sanidine, 6%
vestigations. Our study is somewhat different than orthopyroxene, 6% clinopyroxene, 3% spinel, 1 %
previous studies of partial melting in that the apatite, and 10-15% glass. The feldspar and py-
melt in the glassy basalt is already distributed roxene crystals form a flow foliation.
throughout the sample. No time is required for Olivine phenocrysts are Foss, subhedral,
melt to become distributed through the sample- equant glomerocrysts ~ 1.5 mm in diameter.
a distribution that may require more than 10 days Some are rimmed by orthopyroxene. Orthopyrox-
in samples of non-glassy rock (Dell'Angello and ene phenocrysts are subhedrallaths or prisms of

Tullis, 1988). enstatite, average 300 ,urn in length, and contain

TABLE 1
Compositions of phases in the starting material *

Olivine Pheno. G'mass Pheno. G'mass Spinel Pheno. G'mass Sanidine Glass
Opx Opx Cpx Cpx Plag. Plag.

SiOz 40.44 53.54 56.66 52.09 51.90 0.05 54.96 57.29 63.89 76.5
AIZO3 0.05 2.01 0.96 1.94 1.89 10.21 27.36 25.32 18.40 13.0
TiOz b.d. U.36 0.17 0.47 0.83 1.65 0.07 0.10 0.23 1.0
FeO * 11.78 15.01 8.21 5.55 12.33 33.26 0.72 0.73 0.56 1.4

CrZO3 0.05 0.06 0.18 0.42 U.07 39.13 0.06 0.05 b.d. 0.05
MnO 0.26 0.54 0.16 0.18 0.42 0.41 b.d. b.d. b.d. 0.05
MgO 47.24 26.01 32.13 16.90 15.29 8.26 b.d. b.d. b.d. 0.05
CaO 0.14 2.15 1.42 20.53 16.71 0.06 10.15 8.24 1.12 0.40
NazO b.d. b.d. b.d. 0.29 0.35 b.d. 5.45 6.51 4.99 2.4
KzO b.d. b.d. b.d. b.d. 0.32 b.d. 0.52 0.70 8.24 5.0
Sum 99.96 99.69 99.89 98.37 100.10 93.03 99.27 98.94 97.45 96.0

Si 1.00 1.94 1.98 1.94 1.96 0.00 2.50 2.61 2.97
AI 0.00 0.03 0.02 0.03 0.04 0.45 1.47 1.36 1.01
Ti b.d. 0.01 0.00 0.01 0.02 0.05 0.00 0.00 0.01
Fe3+ n.d. n.d. n.d. n.d. n.d. 0.40 0.03 0.03 0.02
Cr 0.00 0.00 0.01 0.00 0.00 1.15 0.00 0.00 b.d.

. Fez+ 0.24 0.46 0.24 0.17 0.37 0.63 n.d. n.d. n.d.
Mn 0.01 0.02 0.00 0.01 0.01 0.01 b.d. b.d. b.d.
Mg 1.74 1.41 1.67 Q94 0.86 0.46 b.d. b.d. b.d.

. Ca 0.00 0.08 0.05 0.82 0.67 0.00 0.50 0.40 0.06
Na b.d. b.d. b.d. 0.02 U.03 b.d. 0.48 0.57 0.45
K b.d. b.d. b.d. b.d. 0.02 b.d. 0.03 0.04 0.49

* Pheno. = phenocryst, G'mass = groundmass crystal, Opx = orthopyroxene, Cpx = clinopyroxene, n.d. = not determined, b.d. ='

below detection. The glass composition was calculated by a method discussed in the text.
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82 B.R. HACKER AND J.M. CHRISTIE

rare chromite crystals.. Zoning of the orthopyrox- Experimental apparatus
ene crystals is common and consists of one to
three normally zoned overgrowths (with decreas- The experiments were conducted in a piston-
ing Mg from core to rim). For example, in one cylinder, solid-pressure-medium rock-deforma-
crystal the composition varies smoothly from En77 tion apparatus of the type designed by Griggs andto EnS2 and then changes abruptly back to En77; coworkers (Griggs, 1967; Blacic, 1971). Each ex- .

this cycle is repeated three times. Groundmass periment was taken to the desired pressure and
orthopyroxene crystals are slightly more calcic temperature along a path such that the specific !)

enstatite than the orthopyroxene phenocrysts. volume of free H2O remained less than one, and
Clinopyroxene phenocrysts are subhedral augite was then left undisturbed for - 12 hours before

laths that average 100 JLm in length. Groundmass the deformation experiment began.
clinopyroxenes are augite to sub-calcic augite. The samples were right circular cylinders, 6.25
The groundmass pyroxenes are 10-30 JLm in mm in diameter and 12.7 mm in length. This
length. The spinel grains comprise both chromite sample size yielded approximately 100 ground-
and magnetite, are - 0.25 JLm in diameter, and mass grain diameters across the sample diameter.
are spatially associated with - 0.1 JLm apatite The sample was placed inside a 0.125 mm-thick
crystals. cylindrical silver jacket surrounded by a confining

Plagioclase phenocrysts are subhedral to euhe- medium of talc (fig.. 6 of Hacker and Christie,
dral andesine laths as long as 1.0 mm, averaging 1990). The 0.5 wt. % water added was pipetted
400 JLm in length. The groundmass plagioclase is onto the top of the sample after the sample had
also andesine, and occurs as subhedrallaths, 50- been inserted into the silver jacket. During pres-
75 JLm in size. None of the plagioclase crystals surization, the jacket was compressed against the
possesses optically visible undulatory extinction, two ceramic end-pieces, mechanically sealing the
and transmission electron microscopy (TEM) re- water in the jacket. The effectiveness of this seal
veals common growth twins spaced - 0.15 JLm is not quantitatively known, but, quartzose rocks
apart, and a density of free dislocations less than tested in identical assemblies at similar condi-
106 cm-2.The plagioclase has cI symmetry and tions in our laboratory are damp at the end of
contains sub-microscopic (- 10 A) phase modula- experiments, indicating that some water remains
tion (e-type superstructure) that is common in in contact with the sample during the experi-
intermediate plagioclases (Nissen, 1974). Sani- ments. The loss of water through the jacket is
dine occurs as subhedral laths 5-10 JLm long. impeded by dehydration of talc in the surround-
None of the sanidine crystals has optically visible ing pressure medium. The basalt samples were
undulatory extinction or twins. not damp at the end of the experiments, but they

Glass analyses require special interpretation did show obvious textural changes indicating ~le-
because the glass pools are smaller than the mini- vated water activity (principally mica growth).
mum excitation volume during electron-probe mi- The temperature was provided by resistive
croanalysis (- 2 JLm), and adjacent crystals con- heating of a stepped cylindrical graphite furnace
tribute to the analyses. By plotting analyzed glass surrounding the sample and confining medium,
compositions versus total oxide concentration, and and was measured by two Pt/Pt90Rh1O thermo-
assuming that the analyses with the totals nearest couples. Temperature control was better than
100 wt. % are most contaminated by adjacent :t 3°C precision for most experiments. Tempera-
feldspar crystals, one can estimate the true glass tures were not corrected for pressure or differen- ..

composition (Table 1). An alternative method, tial stress effects on the thermocouple e.m.f.,
plotting analyzed glass compositions relative to which should result in an uncertainty of :t 4-6°C .
feldspar compositions, yields similar results. The for temperatures of 675-875°C at a confining
starting material contains no hydrous phases other pressure of 1.0 GPa (Getting and Kennedy, 1970;
than glass, and it does not contain quartz. Mao and Bell, 1971). The experiments were I t.

i
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EXPERIMENTAL DEFORMATION OF A GLASSY BASALT 83

quenched rapidly: an experiment at 900°C cooled sample was made for examination by optical mi-
to 400°C in 10 s and 225°C in 20 s. The thermal croscopy, back-scattered electron microscopy
profiles in the assemblies used in this study should (BSEM), and electron-probe microanalysis. Addi-
be similar to those presented by Koch et al. tional doubly polished < 30 ,urn sections of se-
(1989). The temperatures reported here are for lected samples were made and thin foils prepared
the center of the sample; thermocouple tempera- for examination by TEM.
tures are - 25°C lower. The confining pressure Textural observations and chemical analyses of

! measured was not corrected for friction within the phases were all made with a four-spectrome-
the assembly or strength of the confining medium. ter Cameca Camebax electron-probe microanal-

The output from the displacement transduc- yser and a single set of well-characterized natural
ers, force gauge, pressure gauge, and one thermo- and synthetic mineral standards. Spot selection
couple, was monitored by a Molytek datalogger / and textural analysis were performed in the

recorder. The datalogger/recorder printed all in- back-scattered electron mode to ensure that only
formation on a strip chart, and transmitted it single phases were analyzed, and to facilitate the
serially to a Macintosh microcomputer. The com- identification of compositional zoning. The elec-
puter (1) received and deciphered the serial tron beam diameter was 2 ,urn, at 15 kV and 10
transmissions from the datalogger / recorder; (2) nA. Count times for each analysis were 20 s for
stored the transmitted data magnetically on disk; peak intensities and 10 s for background intensi-
and (3) immediately calculated and displayed ties. Detection limits at these conditions are a
real-time stress-strain curves, allowing continu- function of phase composition, but for this study,
ous evaluation of experiments in progress. After conservative limits for crystalline phases are ap-
the completion of experiments, the data on disk proximately 0.02 wt. % for Sial, AlZO3, TiOz,
were reanalyzed to allow more precise calcula- CrZO3' and MnO, 0.03 wt.% for FeO*, MgO,
tions. Strain and strain rates were calculated from and CaO, 0.04 wt. % for KzO, ad 0.05 wt. % for
the displacements measured by two displacement NazO. Analyses of inhomogeneous grains were
transducers, correcting for apparatus distortion not averaged, and are presented individually. The
and changes in sample diameter during deforma- apparent volatile contents of the glasses (- 5
tion. Uncertainty introduced in the strain meas- wt. %) may be a result of using mineral standards,
urement by the apparatus-distortion calibration or it could be that the quenched melts actually
and nonlinearity of the displacement transducers contain - 5 wt. % volatiles; the solubility of

is estimated to be less than 0.5%. The differential HzO-rich fluid in tholeiitic glass quenched from
stress was calculated as the difference between pressures of - 1.0 GPa is - 10 wt. % (Merz-

the axial stress and the confining pressure, and bacher and Eggler, 1984). It was not possible to
corrected for apparatus distortion and changes in use broad-beam techniques to measure glass
sample diameter during deformation. The sam- compositions because the glass regions were all
pIes showed minimal barreling, and the uncer- smaller than the diameter of the electron probe.
tainties in the calculated strains and stresses are A JEOL JEM 100-CX TEMSCAN scanning/
estimated to be - 10%. transmission electron microscope, equipped with

a beryllium double-tilt goniometer stage was used
Analytical methods for phase identification and to characterize mi-

crostructures.
,. After each experiment terminated, the sample

jacket was carefully removed, incrementally, with Results
a lathe. Chemical treatment to remove the jacket
or confining medium was specifically avoided to Experiments were conducted for periods of up
prevent contamination of the sample. The sample to 649 hours at temperatures of 675-900°C, a
was then impregnated with resin and sawed in confining pressure of 1.0 GPa, and strain rates of
half. One doubly polished 30-,um section of every 10-4-10-7 S-l (Table 2). The slowest and hottest

"
, I
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84 B.R. HACKER AND J.M. CHRISTIE

experiment with a flow stress measurable in the Metamorphism
apparatus was conducted at 900°C and 10-6 S-I.
The fastest and coolest experiment with a flow No compositional or mineralogical changes
stress less than the strength of the pistons was were recognized in samples deformed for less
conducted at 675°C and 10-5 S-I. All experi- than 30 hours (10-4 and 10-5 S-I strain rates), .
ments were conducted with 0.5 wt. % water added although any change that might have occurred
to promote metamorphic reactions. would be difficult to recognize because of the

~

TABLE 2

Experimental conditions and results *

T Strain rate Pc P Stress Strain Time Contains Experiment
(OC) (S-I) (GPa) (GPa) (MPa)(%) (hour) Qtz+mica No.

6/5 1.00 1.33 high friction 26 50 yes 1249
675 2.1 X 10-4 0.99 1.17 1440 40 52 yes 1265 1

675 1.8 X 10~s 0.98 1.69 2120 30 32 no 1241
675 1.8 X 10-5 1.00 1:64 1915 46 31 yes 1250
675 1.9 X 10-5 0.99 1.17 1030 40 52 yes 1265 1

675 1.9 X 10-6 0.99 1.30 908 29 62 yes 1232
675 1.7x 10-6 0.99 1.17 515 40 52 yes 12651
675 1.6X 10-6 0.99 1.49 1500 26 71 yes 1270
675 1.3 X 10-6 1.01 1.46 1360 10 76 yes 1276
675 1.6 X 10-7 1.00 1:33 990 24 649 yes 1245
725 1.7 X 10-4 0.99 1.32 2200 60 62 yes 1268 2
725 1.4 X 10-4 1.02 1.54 2480 16 22 no 1274 3
725 ).6 X 10-5 0.99 1.32 1600 60 62 yes 1268 2
725 1.9 X 10-5 1.02 1.54 1580 16 22 no 1274 3
725 1.5 X 10-6 0.99 1.32 980 60 62 yes 1268 2

775 1.7 X 10-4 1.03 1.44 1246 28 17 no 1243
775 1.7 X 10-4 0.98 1.40 1850 32 27 no 1248 4

775 1.7 X 10-4 1.00 1.25 1700 45 73 yes 12665
775 1.7 X 10-5 0.99 1.46 1390 28 26 no 1240
775 1.7 X 10-5 0.98 1.40 1230 32 27 no 12484
775 1.7 X 10-5 1.00 1.25 1230 45 73 yes 1266 5

775 1.8 X 10-6 1.05 1.26 690 25 59 yes 1231
775 1.7 X 10-6 1.00 1.25 755 45 73 yes 12665
775 1.9 X 10-7 1.00 1.18 525 13 520 yes 1271
825 1.5 X 10-6 1.00 1.12 360 63 74 yes 1269
825 1.5 X 10-4 0.99 1.26 790 34 24 no 1273 6
825 1.7 XI0-4 0.99 1.06 815 30 74 yes 1275 7
825 1.6 X 10-5 0.99 1.26 380 34 24 no 1273 6
825 1.5 X 10-5 0.99 1.06 390 30 74 yes 1275 7
825 1.6 X 10-6 0.99 1.26 170 34 24 no 1273 6
825 1.~ x10-6. 0.99 1.06 190 30 74 yes 1275 7

875 1.1x 10-4 1.04 1.20 530 28 11 no 1230
875 1.4 X 10-4 1.00 1.22 670 35 15 no 1242
875 1.6 X 10-4 1.00 1.09 635 16 20 no 1267 8 ,
875 2.2 X 10-5 1.00 1.11 340 18 20 no 1247 9
875 1.9 X 10-5 1.00 1.11 326 18 20 no 1247 9
875 1.6 X 10-5 1.00 1.09 260 16 20 no 1267 8 .

875 1.9 X 10-6 1.00 1.06 170 26 63 yes 1246
875 1.7 X 10-6 1.00 1.06 180 34 53 yes 1252

* Pc = confining pressure, P = mean normal stress, Time = duration of experiment, "Contains Qtz + Mica" = sample contains or

does not contain neoblasts of quartz and mica. Superscripts to experiment numbers indicate strain-rate-stepping experiments.

\, !
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EXPERIMENTAL DEFORMATION OF A GLASSY BASALT 85

wide compositional variation of zoned pyroxene that the reaction was limited by the amount of
and feldspar crystals in the starting material. added water. The amount of water was insuffi-
Moreover, no overgrowths on crystals originally cient to permit the reaction of all glass to quartz
present in the rock were seen. + mica even during the longest experiments.

In all samples that were tested for more than The dark mica occurs as subhedrallath-shaped. 30 hours (10-6 and 10-7 s - I strain rates), the overgrowths on enstatite, and has approximate

glass near the sample edges and along faults composition Ko.9MgI.3Fel.4Tio.2Alo.I(Alo.9Si3.1)
crystallized to dark mica and quartz (Fig. 2). The °lo(OH)2. Mica analyses judged to be relatively
alteration occurred in up to - 50 vol. % of each uncontaminated by adjacent phases are listed in

sample. The amount of alteration was not related Table 3. The compositions are more siliceous
to the duration of the experiments, suggesting than natural biotites and more ferromagnesian

,.

Fig. 2. Quartz (q) and mica (m) growing at the expense of pyroxene (x), plagioclase (p) and glass (L) in a fault zone in sample

GB-1231, strained 25% at 775°C, 1.8 x 10-6 S-1 strain rate at 1.05 GPa confining pressure and 690 MPa flow stress over a 59-hour

period. (A) Back-scattered electron micrograph, scale 10 JLm. (B) Transmission-electron micrograph showing the mica (arrows) and

quartz (q) crystals that are the reaction products of pyroxene and glass (not shown). p is plagioclase and the scale is 1 JLm.

I
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86 B.R. HAcKER AND J.M. CHRISTIE

TABLE 3 sample was quenched melt produced during the
Mica compositions * experiment or glass originally present in the start-

. 1250 1245 1245 1270 ing material. It was also not possible to determineRun No.. . .
h h h 1' by compositional CrIterIa w et er t e g ass at-

SiO2 45.48 38.84 39.74 39.90 . d 1 h .. fl d .
Al2O3 10.37 11.98 10.83 12.99 tame. ow enoug VISCOSIty to ~w. unng an .

TiO2 1.19 3.97 2.38 3.09 experIment. However, TEM examInatIon shows
FeO * 9.47 21.96 19.25 17.30 that microcracks produced by deformation in ex-

Cr203 b.d 0.04 0.06 b.d periments at temperatures ~ 825°C contain glass, ,
MnO 0.13 0.18 0.27 0.24 whereas cracks produced at lower temperatures
MgO 19.54 9.55 11.62 11.21 are not filled with glass. This suggests that in the
CaO 0.37 0.75 0.75 0.59. .

h 1 h d 1Na20 0.29 0.21 0.21 0.48 hIgher temperature experIments t e g ass a ow
K2O 8.06 8.79 8.86 7.29 enough viscosity to flow into cracks on the time
Sum 94.90 96.27 93.96 93.11 scale of the experiments. As described below, the

basalt samples were also markedly weaker at tem-Cations per 11 oxygens
Si 3.32 3.06 3.07 3.04 peratures ~ 825°C.
AllY 0.68 0.94 0.93 0.96
AlYI 0.22 0.18 0.05 0.20 Deformation
Ti 0.07 0.24 0.14 0.18
Fe 0.57 1.45 1.28 1.14 Mechanical data
Mn 0.01 0.01 0.02 0.02 1 h d d .

1 1Mg 2.13 1.12 1.34 1.27 Most of the basalt samp es s ortene uctI e y.
Ca 0.03 0.06 0.06 0.05 The stress supported by each sample reached a
Na 0.04 0.03 0.03 0.07 relatively constant value at imposed constant
K 0.75 0.89 0.87 0.71 strain rate and temperature (Fig. 3), and different

* Fe cations calculated as Fe2+. b.d. = below detection. samples tested under identical conditions sup-

ported similar stresses. Nearly all the stress/strain
curves are characterized by an initial "elastic"

than natural muscovites. However, the micas are region of constant slope followed by yielding and
difficult to analyze by electron probe because a smooth transition to a "steady state" flow stress.
they do not polish well and are no larger than a This is typical of other unmelted and partially
few micrometers across. The quartz crystals are melted feldspathic rocks (e.g., Van der Molen
anhedral, "'" 0.2-1.0 .urn in diameter, and grew and Paterson, 1979; Tullis and Yund, 1980;

between plagioclase laths in areas formerly occu- Dell' Angelo and Tullis, 1988). There is no weak-

pied by glass. Textural relationships suggest that ening or strengthening observed, even in samples
the reaction was: strained 60%, compatible with the observation

K-Al-Si glass + enstatite +H2O below that the rock texture did not change no-

-+ mica + quartz ticeably with increasing strain.
. . . ... There are no differences in the morphologiesWith the exceptIon of H2O, WhICh IS ImpossIble f / t . bt . d t h .

h t. 0 stress s ram curves 0 ame a Ig empera-
to measure directly by electron mIcroprobe, the ( 825°C) d .th 1 t t. . tures ~ compare WI ow empera ure
reactIon can be balanced roughly (m terms of 775°C)d .t . As t t d .

1 TEM~ con I Ions. s a e preVIous y,wt.%) as: b . h h 1 . th t t . 0 servatIons suggest t at t e g ass m e s ar mg
8 glass + 3 enstatite -+ 4 mica + 6 quartz material became fluid enough to flow into cracks 1

The starting material contains glass, and glass during experiments at temperatures ~ 825°C,
is also present in all the deformed samples. Most whereas glass was not noted in cracks at lower ,
glass regions were less than 2 .urn across, i.e. temperatures. The measured flow stresses indi-
smaller than the activation area of the electron cate a marked reduction in strength at tempera-
probe. Because of this it was impossible to con- tures ~ 825°C as well. It is not likely that the
clude whether the glass observed in a deformed strength reductions were caused by dehydration

I
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Fig. 4. Power law fit of the mechanical data.

of the talc confining medium at these tempera-
; tures, because (1) mica growth occurred in sam-
,

.-. ~'\ pIes heated for 30 hours or more, regardless of~ "' " ' temperature; and (2) the higher temperature

Q, !1~ samples do not contain more mica than the lower
fI} temperature samples. Both observations indicate
fI}t UC,/ 'i!; that water produced by talc dehydration outside

00 the sample jacket was not available for mica
'i growth within..--= .-,xx

Y'Y' ,x '
.., .'" .-"- c ,. [, . h .
a: ,:7':;;;:""""" onstltutlve re atlons ipS
~ p:;;"'" A power-law fit of the relationship betweenQ 0 steady state stress (MPa), strain rate (s - 1), and

( [1~ temperature (K) for the glassy basalt samples

deformed at temperatures of 675- 775°C is e =

5.3:t 1.0 X 10-9 0-5.4:1:0.2 expo -263:t 20jRT,
where the activation enthalpy is in kJ mole-1

. (Fig. 4). The glass in these samples remained
."".",'-' viscous enough not to flow into open cracks in

/ plagioclase crystals. A similar power-law fit for
0 / the samples deformed at temperatures of 825-

2.5 875°C is e = 1.1 :t 0.1 X 10-5 0-3.3:1: 0.1 expo -175

:t 30jRT (Fig. 4). The glass in these higher tem-
perature samples attained low enough viscosity
that it was able to flow into cracks. The quoted

, uncertainties indicate only the ability of the

power-law equation to fit the data, and do not
~ incorporate uncertainties in the measured

stresses, strain rates, and temperatures. The val-
ues of steady state stress used in the regression

0 Strain (% ) 40 fitting were taken from at least one single-strain-
Fig. 3. Axial differential stress YS. axial strain. rate, single-temperature test for each tempera-

L
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ture/strain-rate point. A second value for each and developed tails composed of comminuted
strain rate of 10-4 to 10-6 S-1 was taken from a fragments. Feldspar crystals either rotated and
strain-rate stepping test. An experiment was ex- slipped along fractures in a sense opposite to that
cluded from regression fitting if high piston fric- of the bounding fault strands, or bent at their
tion prevented identifying when the piston con- ends by microcracking or dislocation glide in the
tacted the sample. direction of fault movement; bending is more

prevalent than grain-scale cracking. Thus the de-
Microstructures formation, though ductile on the scale of the '1
Deformation of the basalt occurred by a com- samples, is cataclastic within the fault zones.

bination of cracking and dislocation glide within Little of the sample deformation was accom-
crystals, slip along grain-scale faults, and flow modated by the phenocrysts, which make up only
within the glass. Over the whole range of experi- - 8% of the rock volume. The phenocrysts be-
ments the basalt was ductile (i.e., the samples haved as relatively rigid objects in a softer
shortened homogeneously). Each sample contains groundmass. In general, phenocrysts possess un-
a network of - 10-100 interpenetrating micro- dulatory extinction and/or grain-scale cracks only

faults 1-20 .urn wide, typically inclined at 40-50° where they are in contact with other phenocrysts
from the compression axis. The faults are difficult or in local displacement gradients near pistons;
to observe optically, but an exceptionally well-de- otherwise they appear undeformed optically.
veloped example is illustrated in Fig. 5. Fault Virtually all the deformation of the samples
zones imaged in TEM contain angular fragments was accommodated by the fine-grained material
that range from ~ 10 nm to 1 .urn in diameter in the groundmass. One might expect that much
(Fig. 5). Between subparallel fault strands, sube- of the deformation of the groundmass was ac-
Quant pyroxene crystals appear to have rotated commodated by the glass, because the glass is

J
Fig. 5. Fault zones. (A) Back-scattered electron micrograph of sample GB-1231 strained 25% at 775°C, 10-6 S-I strain rate and
690 MPa flow stress over a 59-hour period. The fault Z9ne is indicated by small arrows and the compression direction was parallel
to the large arrows; scale is 100 ILm. Quartz is more abundant along the fault zone, suggesting that the quartz-producing
metamorphic reaction (by crystallization of glass) was enhanced in the deformed region (cf. Fig. 2). Note that although the fault .
zone is oriented - 20° to the compression axis, the cracks within individual feldspar crystals are perpendicular to the compression

axis. (B) Transmission-electron micrograph of sample GB-1241 strained 35% at 675°C, 10-4 S-1 strain rate and 670 MPa flow
stress over a IS-hour period; scale is 1 ILm. Plagioclase at top of photo is cracked and at the bottom of the photo is finely

comminuted.
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probably the weakest phase in the rock (Hacker
et al., 1987), and even those areas of glass that
crystallized to mica + quartz are expected to be
weaker than all the other crystalline phases (e.g.,

. Dell'Angelo and Tullis, 1989; Shea and Kronen-

berg, 1989). It was, however, impossible to quan-
tify the deformation of the groundmass glass,"
because the glass does not contain indicators of
deformation such as flow banding. We evaluated
whether melt redistribution occurred during our
experiments by measuring (by the method of lin-
ear intercepts) the spacing between plagioclase
microlites at the top, bottom, sides, and center of
each specimen. Within uncertainty, the crystal
spacing is identical at different places within indi-
vidual samples, and among different samples de-
formed at different temperatures and strain rates.
Moreover, the glass does not form elongate pools
parallel to the compression axis or pools adjacent
to the sample jacket. This suggests that the melt
was not very mobile during the experiments and a
steady-state texture was maintained.

A transition in microstructures of groundmass
plagioclase crystals occurs with decreasing strain
rate and, to a lesser extent, with increasing tem-
perature. Groundmass plagioclase crystals in
samples deformed at fast strain rates contain
microcracks and twins (Fig. 6). At the lowest
temperature (675°C) and fastest strain rate (10-5
s - I), dislocations are uncommon. Dislocations are

present at higher temperatures and fast strain
rates, but they are not predominant. Twinning
and microcracking are inferred to have occurred
concurrently, because some twins appear to have
nucleated along cracks while others are offset
along cracks. Both albite and pericline mechani-
cal twins are present. Cracked grains often con-
tain two sets of microcracks inclined ,.., 45° to the

compression axis-the same geometry of grain-
scale faults observed with optical microscopy (Fig.

i 6). These microcracks are ,.., 2-8 JLm wide and
spaced ,.., 0.3-1.0 JLm apart. Most of the frac-

tures observed optically within plagioclase crys-
, tals are oriented parallel to the compression axis,

" If
"'". "' ftJ """"' u'" \l1~nri...t.. 4Ift~,:.1.~)f". v.,.~., ..~'AV'U ~".~'

Fig. 5 (continued). )j;\ ,;)":;",, JI,,1 ,1;;,
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ing occurred even at the highest temperature.
The neomineralized quartz and mica in the
groundmass invariably lack dislocations.

Discussion .

Effect of metamorphism

One objective of this study was to identify
whether metamorphic changes during the dura-
tion of a laboratory experiment could affect the
mechanical behavior or microstructures of glassy
basalt. Growth of dark ~ica and quartz replacing
glass was visible in all samples that were tested
more than 30 hours. No mechanical changes ap-
pear to be associated with this transformation,
but the change in plagioclase microstructures
from dominantly cracking and twinning to domi-
nantly dislocation glide may be a result of this
transformation. The lack of a mechanical effect
may be because the neomineralization affected
only - 50 vol. % of each sample; had 100 vol. %
of the sample glass transformed to mica and
quartz, mechanical changes might have been ob-
served. The presence of glass may have reduced
the effective pressure and caused microcracking
of plagioclase, whereas the crystallization of
quartz and mica probably suppressed the pres-
sure reduction caused by the glass and reduced

plagioclase microcracking.

Effect of partial melting

The deformation mechanisms operative in a
partially melted rock can be complex. The con-

Fig. 6. Transmission-electron micrographs of plagioclase crys- . . .
talsinsampleGB-1252strained34%at875°C.1.7X10-6s-1 strtuent grams can slide past one another or
strain rate, 1.00 GPa confining pressure and 180 MPa flow deform by fracture, dislocation glide or diffusion.
stress over a 53-hour period; scale bars 1 JLm. (A) Mechanical The melt can be a passive medium through which

twins and en-echelon microcrack array. (B) Dislocation loops, the grains slide, it can transport diffusing species,
curved dislocations and straight dislocations parallel to the and it can promote cracking by reducing effective

trace of the (010) plane. V . .. fpressure. anous combmahons 0 these deforma-
tion mechanisms have been noted in partially :;;,

that is, they are extension fractures. At slow melted rocks tested in the laboratory. Dell'Angelo
strain rates, cracking is less common, and ground- and Tullis (1988) studied the effects of partial
mass plagioclase crystals contain predominantly melt on the deformation of sintered and natural '

dislocations. The dislocation density varies from aplite that deformed by dislocation creep in the
~ 1010 cm-2 at 675°C to ~ 109 cm-2 at 875°C. absence of melt. They found that the deformation
Some strongly curved dislocations indicate that mechanisms depended on the grain size, strain
climb may have occurred (Fig. 6), but some crack- rate, and the proportion of melt. For example, in

I
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an aplite with 10 vol. % melt shortened at 10-6 Shelton's (1980) investigation of Maryland dia-
s -1 strain rate, the melt was squeezed to the base. The mechanical and microstructural charac-

edges of the sample and deformation occurred by teristics of the glassy basalt can be compared with
dislocation creep. At 15 vol.% melt or 10-5 S-1 those of the non-glassy Maryland diabase, to yield

, strain rate, cataclasis occurred. They suggested further insight into the effect of the presence of
that the melt could not flow rapidly enough at the glass. Maryland diabase contains pyroxene and
faster strain rates and consequently high fluid plagioclase in a roughly 2: 1 ratio, whereas our

'- pressures develops Cooper and Kohlstedt (1984) glassy basalt contains pyroxene and plagioclase in

made a similar interpretation of the effect of a ratio of - 1 : 4. The average grain size in both
basaltic melt on dunite. rocks is similar at - 75 ,um. At 1.0 GPa confining

In the glassy basalt of this study, deformation pressure and a strain rate of 10-6 S-l, Kronen-
occurred by movement of melt (indicated by berg and Shelton (1980) found faulting at 600°C
glass-filled cracks in feldspar crystals), cracking of and ductility at 800°C. The present study extends
grains, dislocation glide in grains, and sliding of the domain of ductility at laboratory strain rates
grains past one another. The relative importance down to 675°C; in this sense there is no differ-
of these mechanisms depended on strain rate and ence in the behavior of the two rock types. The
temperature. The high strain-rate sensitivity of cause of the ductility is, however, different. Duc-
the flow stress (n = 3.3) suggests that dislocation tility was achieved in the diabase by dislocation

glide or deformation of thin melt films (and not glide and twinning at temperatures of 600-900°C
cracking) controlled the rate of deformation. Ap- at 1.0 GPa confining pressure, whereas in the
parently, the melt volume was small enough that glassy basalt much of the deformation appears to
the stresses were transmitted through the frame- have been accommodated by flow within the glass
work grains, and the rheology of the samples was or the mica + quartz that crystallized from the
dominated by the framework grains. Melt-as- glass. Microcracking occurred to higher tempera-
sisted diffusion creep appears not to have been tures in the glassy basalt (875°C) than in the
important, except perhaps in the neomineralized diabase (800°C), presumably because of the pres-
quartz and mica grains, which lack dislocations ence of melt.
and cracks and are very fine grained. The glassy basalt shares certain microstruc-

Previous partial melting studies on lherzolite tural characteristics with dried polycrystalline al-
(Ave Lallement and Carter, 1970), granite (Van bite (Tullis and Yund, 1980). At a temperature of
der Molen and Paterson, 1979), and aplite 700°C, a pressure of 1.5 GPa, and 10-6 S-I strain
(Dell' Angelo and Tullis, 1988) noted that grain- rate, dry Hale albite shows extensive grain-scale
boundary melt films may be thickest parallel to faulting; this also occurs in our samples at 1.0
the compression direction, and thinnest in or- GPa, and presumably was enhanced by the pres-
thogonal orientations. Although the glassy basalt ence of melt. Both dry Hale albite and glassy
samples were deformed to similar strains in this basalt have low dislocation densities at these con-
study, no similar anisotropic melt distribution was ditions. Wet Hale albite deformed at 700°C con-
observed, suggesting that textural steady state tains abundant regions of uniform high disloca-
was achieved. Cooper and Kohlstedt (1984) per- tion density, not like the glassy basalt. Whereas
formed experiments on olivine aggregates that wet Hale albite tested at 800°C shows abundant

\' they inferred were able to remain texturally equi- recovered and recrystallized zones, the glassy
librated with basaltic melt, but their samples de- basalt is like dry Hale albite, which shows a range
formed by diffusional creep. of moderate, inhomogeneous dislocation densi-

t ties and no recrystallization (Tullis and Yund,
Comparison with unmelted feldspathic rocks 1980).

Compared to unmelted plagioclase-rich rocks
The only other extensive study of ductility in such as granite and diabase (Tullis and Yund,

plagioclase-pyroxene rock is Kronenberg and 1977; Kronenberg and Shelton, 1980), the mi-

I
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crostructural transition in groundmass plagioclase 10000

in the glassy basalt from cracking at low strain ~
rates to dislocation glide at higher strain rates is a ~
stronger function of strain rate and a weaker 'r);

function of temperature. Dell' Angelo and Tullis ~ 1000~.::::-" ~
(1988) noted for partially melted aplite a similar ~ b"S,,\l.- ~le ~ ~~

marked strain-rate dependent change from dislo- ffi ~",\,\\\b"\ '\\Us"oP'" ... cf.'O"\\ .
cation creep to cataclasis. In both cases, the pla- ~ ~~\'o; -

gioclase microstructures probably reflect changes S 100.7 .4

in the relative strengths of plagioclase and melt, Strain Rate (s.l)
which change more rapidly as a function of strain Fig. 7. Flow stresses for various rocks at laboratory strain

h rates and a temperature of 800°C. 800°C is outside the tem-
rate t an temperature. . . .perature range of the ongmal expenments for some of these

The activation enthalpy determined for creep rock types and some of the calculated stresses are unreason-
of the glassy basalt at temperatures of 675- 775°C ably high. a = "wet" quartzite (Koch et al., 1989); b = "dry"
(263 :t 20 kJ mole - I) is identical to the activation quartzite (Koch et al., 1989); c = albite rock (Shelton and
enthalpies reported for creep of anorthosite Tullis, 1981); d = anorthite rock (Shelton and Tullis, 1981);
(234-238 kJ mole-I; Shelton and Tullis, 1981) e=:diabase (Shelton and Tullis, 1981); f=:diopside rock

. -1. . (Kirby and Kronenberg, 1984); g = harzburglte (Borch and
and diabase (259 kJ mole, Shelton and Tullis, Green, 1989). "Amphibolite" refers to the synthetic amphibo-
1981), and significantly less than the activation lite of Hacker and Christie (1990) and "basalt" is extrapolated
enthalpy reported for creep of clinopyroxenite from experiments in the present study conducted at tempera-
(335-380 kJ mole -1; Shelton and Tullis, 1981; tures ~ 775°C.

Kirby ad Kronenberg, 1984). This suggests that
the volumetrically minor pyroxene and glass play
less important roles than the more abundant pla- (Hacker and Christie, 1990) and Koch et al.'s
gioclase in determining the rheology of the glassy (1989) "dry" quartzite.
basalt at lower experimental temperatures. More-
over, the rate-limiting step may be the same for Orientation of faults
unmelted plagioclase-rich rocks and partially
melted basalt. Cooper and Kohlstedt (1984) found The faults in our samples are oriented ,.., 45°
that the presence of 5 -15 vol. % basaltic melt to the compression axis, whereas faults in experi-
increased the diffusion creep rate of dunite by a mental samples are typically inclined ,.., 30°. Shel-
factor of 2-5, while the stress exponent and acti- ton et al. (1981) also noted 45° faults in vacuum-
vation enthalpy remained unchanged. dried albite deformed at 900-1125°C, and sug-

The strength of the glassy basalt can be com- gested that the faults developed as cracks prop a-
pared to the strengths of other experimentally gating in high resolved shear stress orientations.
deformed rocks. A convenient way to illustrate They noted that high confining pressure should
this is to compare the flow stresses for a single favor the propagation of shear cracks over tensile
temperature. Figure 7 shows the flow stresses for cracks, which involve a volume increase. Al-
strain rates in the experimental range at 800°C. though our experiments were at high confining
Note that this temperature is chosen for compar- pressure, which should favor the propagation of
ative purposes only, and is outside the range of shear cracks, the pressure should have been re- )
some experiments on which these extrapolations duced by the presence of the melt. Cracks formed
are based, and outside the thermal stability of under high fluid pressure will have an extensional
some of the rocks. The strength of the glassy orientation. Shelton et al. (1981) also suggested i

basalt extrapolated from experiments at tempera- that dislocations may contribute to reductions of
tures ~ 775°C is roughly comparable to the tensile stress concentrations at the crack tips,
strengths of diabase, anorthosite, albite rock tending to favor shear cracks. They proposed that
(Shelton and Tullis, 1981), synthetic amphibolite the high temperatures of their experiments per-

I
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mitted dislocations to glide through asperities measured by Webb and Dingwell (1990). Over a
and reduce friction along the shear cracks, which range in strain rates of 10-4 to 10-7 S -I and

nucleated along flaws such as grain boundaries temperatures of 650-1000°C, they found that the
and cleavage planes. This explanation cannot ap- rhyolite melt was Newtonian, with an activation

" ply to our experiments where the fractures formed energy of 444 kJ mole - I. At faster strain rates

parallel to the compression axis because of low the rhyolite was non-Newtonian.
melt-induced effective pressure and then coa- We propose that the mechanical behavior of

I ': lesced to form 45° faults. the high-temperature glassy basalt may be mod-

Van der Molen and Paterson (1979) also ob- eled as a porous aggregate because the strength
served in partially melted granite that trans-gran- of the melt at temperatures ~ 825°C (predicted
ular fractures formed parallel to the compression from the data of Webb and Dingwell, 1990) is
direction. Moreover, in their samples with> 15 more than an order of magnitude weaker than
vol. % melt, ill-defined 2-4 mm wide shear zones the strength of holocrystalline anorthosite and
with cataclastically reduced grain size developed. diabase (computed from Shelton and Tullis, 1981).
The shear zones in their specimens that failed at The glassy basalt samples deformed at ~ 825°C
high stresses with < 15 vol. % melt are oriented have strengths that are 26% of those calculated
at high angles (- 50-70°) to the compression for anorthosite using Shelton and Tullis' (1981)
axis. constitutive relation. Alternatively, by comparison

to the diabase deformed by Shelton and Tullis
Treatment of the glassy basalt as a two-phase ag- (1981), the high-temperature glassy basalt is 17%
gregate as strong. This direct linear strength decrease

exists because the stress exponents for the high-
It may be possible to treat the mechanical temperature glassy basalt, anorthosite, and dia-

behavior of the glassy basalt as a two-phase ag- base are the same within measurement uncer-
gregate composed of plagioclase and melt, using tainty.
knowledge of plagioclase and melt rheology (Fig. An initial treatment of the strength of porous
8). The viscosity of a rhyolite melt, similar in aggregates by Eudier (1962), considering equally
composition to the melt in the glassy basalt, was spaced spherical pores, was subsequently ex-

panded by Haynes (1971), Griffiths et al. (1979),
and Tharp (1983). In this treatment, the pores are

10000 considered to reduce the strength of the aggre-
'2 d. b e gate by a factor related to an empirical constant=-- la as~ annrtbosite A, and the porosity, 4>:
"-'
~ 1000 (T = (T (1 - A.,I.2/3 )~ glassy basalt porous nonporous 'I'
I..

00 Various metals with porosities of 15 vol. % have
.] strengths that are - 50% of the strength of the
= 100~ non-porous metal (Haynes, 1971; Tharp, 1983),
~ 1\1\"\(\ indicating A = 1.77. However, Griffiths et al.

Q (1979) noted that it is important to consider the
r 10 7 4 shape of the pores, because non-spherical pores10. . .1 10.

Stram Rate (s ) have greater stress concentrations and produce

Fig. 8. Comparison at 825°C of strengths of diabase, lower aggregate strengths. They predicted that
~ anorthosite (Shelton and Tullis, 1981), glassy basalt (experi- the strength of a material containing 15 vol. %

ments in this study at ?: 825°C), and rhyolite liquid (Webb pores with 2.2: 1 aspect ratios would be 36% of
and Dingwell, 1990) at experimental conditions. Note that the . .strength of the glassy basalt is a linear function of the strength the strength of the non-porous matenal, I.e. A =

of diabase or anorthosite and that rhyolite liquid is one to two 2.26. Larger pore aspect ratios yield greater ag-
orders of magnitude weaker. gregate strength reductions (because of increased

I
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stress concentrations) and higher A values. The twinning associated with unrecrystallized glass.
melt pockets in the glassy basalt vary in aspect The high strain-rate sensitivity of the sample
ratio from 2: 1 to 10: 1, thus the appropriate A strength suggests that dislocation glide or defor-
values are likely> 2.26. Consequently, the mation of thin melt films (and not cracking) con-
strength of the glassy basalt at temperatures ~ trolled the rate of deformation. The mechanical :;
825°C can reasonably be expressed as simple behavior of the glassy basalt at high temperatures
functions of anorthite or basalt strengths with A can be modeled by assuming that the basalt is
of 2.62 or 2.94: composed of a framework of plagioclase grains t j

= . (1 - 2 62 * 0 152/3 ) separated by ,..., 15 vol. % anisotropic liquid-filled
lTbasalt lTanorthlte . .

pores.
lTbasalt = lTdiabase(1 - 2.94 * 0.152/3)
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