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Abstract. Experimental investigation into the strength and duectility of serpentinite at
temperatures to 700°C and confining pressures to 5 kb has yielded results important to the
understanding of the role of serpentinite in orogenesis. Sealed specimens of antigorite-chryso-
tile serpentinite, with ultimate strength comparable to that of granite at room temperature,
showed a marked weakening above 500-600°C; a mesh-textured serpentinite containing lizard-
ite, chrysotile, and a minor amount of brucite showed a similar loss of strength at 300-350°C.
Brittleness always accompanied the high-temperature weakening, although the samples show-
ing high strength at lower temperatures were often ductile. Petrographic and X-ray examina-
tions reveal that serpentine in the weakened and embrittled specimens has undergone partial
dehydration to forsterite and talc. The embrittlement and weakening is attributed to a
reduction in the effective confining pressure due to the pore pressure of the water released
during dehydration and to a loss in cohesive strength due to changes in the structure upon
dehydration. The hypothesis of tectonic emplacement of serpentinites of the alpine type thus
becomes highly plausible at temperatures great enough for dehydration weakening, while being
difficult to accept at lower temperatures where the strength of the serpentinite is high. Weak-
ening upon heating to the appropriate dehydration temperature in the range 300-600°C of a
partially serpentinized oceanic lower crust or upper mantle should also serve to concentrate
deformation in the heated belt, thus facilitating mountain building. The embrittlement asso-
ciated with dehydration extends the maximum theoretical depth for brittle fracture in the
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mantle to that of the deepest hydrated phases.

INTRODUCTION

Alpine serpentinites are found in almost
every large-scale belt of intensely deformed
rocks—notably in alpine mountain chains and
island arcs. In other settings they are relatively
rare. Serpentinite is thought by some [Hess,
1955; Dietz, 1962] to constitute the deepest
seismic layer in the oceanic crust, and if, as
seems likely, peridotite is an important con-
stituent of the upper mantle, small amounts of
serpentinite may well be present at shallow
depths in the mantle. The mechanical proper-
ties of serpentinite are therefore of particular
interest in discussions of large-scale orogenic
events and of the deformations of the oceanic
crust and mantle implied in theories of conti-
nental drift or convection.

Knowledge of the strength of serpentinite at
elevated pressure and temperatures is especially
important in understanding the emplacement
of alpine ultramafics. These occur most com-
monly as fault-bounded slivers in sedimentary
and voleanic country rock, and it has been sug-

gested [Bowen and Tuttle, 1949; de Roever,
1957] that they have been sheared from deep
intrusions or from the upper mantle by large
reverse faults and forcibly emplaced in the
overlying crustal rocks. At great depths, where
the temperature is high, the vertical movements
were thought by Bowen and Tuttle to occur by
plastic flow within the olivine crystals; at higher
levels, where the peridotite has cooled below
500°C, serpentinization may proceed in the
presence of water, and further movement is
presumed to be facilitated by the weaker, plas-
tic shell of serpentinite. A somewhat similar
view was advanced by Hess [1955], who en-
visioned the large vertical movements to be the
sum of small shear displacements in numerous
faults in the serpentinite skin on the peridotite
and likened the process of intrusion to squeez-
ing a watermelon seed between two fingers.
Contrary to these notions of serpentinite as
an especially weak rock, Paterson [1964] found
that in short-time tests at room temperature
and 8 kb confining pressure it has approxi-
mately the strength of granite. Handin [1964]
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tested specimens of serpentinite from the Amsoc
drill hole on Puerto Rico and found a strength
as high as that of most other rocks at room
temperature and 1 kb confining pressure. How-
ever, he found the strength to decrease steadily
to less than half the room temperature value in
experiments up to 200°C. This large decrease
was attributed to the weakening effect of in-
ternal pressure of water. D. T. Griggs (personal
communication, 1962) found a large decrease in
the strength of serpentinite at 300°C from its
strength at lower temperatures.

Rubey and Hubbert [1959, p. 185] suggested
that metamorphism of hydrated minerals would
result in a reduction of strength due to the
effect of pore pressure of the water released in
lowering the effective confining pressure so that
a reduction in strength in serpentinite might
also be expected when the temperature is raised
to that at which the serpentine dehydrates to
olivine and tale. The water released should give
rise to a pore pressure which will reduce the
‘effective’ confining pressure. It has been pre-
dicted theoretically [Hubbert and Rubey, 1959]
and shown experimentally [Handin et al., 1963]
that, provided there is adequate permeability
within the specimen and no complicating chem-
ical effects, the effect of a pore pressure on the
stress for brittle failure of a sealed rock speci-
men can often be represented, as in the case of
soils [Terzhagi, 1936], by a modification of the
Coulomb-Nayvier equation so that

=1+ (0 — p) tan¢ (1)

where o —p has replaced o, the normal stress
on the plane of failure; = is the shear stress on
the plane of failure, p is the pore pressure, and
7, and tan ¢ are the constants usually known
as the ‘cohesion’ and the ‘coefficient of internal
friction,’ respectively. Thus, when p approaches
o in magnitude, the shear strength approaches
75, which, for most rocks, is small relative to
their strength at several kilobars of confining
pressure in the absence of a pore pressure.
Heard and Rubey [1963] have confirmed this
prediction of strength loss upon dehydration by
finding a tenfold reduction in the ultimate
strength of gypsum at its dehydration tempera-
ture in tests at 5 kb confining pressure.

In the present experiments our objective was
to determine the magnitude of any such weak-
ening effect in serpentinite in a range of tem-

perature, pressure, and composition which is
thought to provide a first approximation to
natural conditions in the crust and shallow
oceanic mantle. The effect of varying the strain
rate, although very important to geological in-
terpretation, was not included in this study.
However, the experiments permit some ob-
servations on the effect of pressure and tem-
perature on the brittle-ductile transition in
serpentinite.

EXPERIMENTAL PROCEDURE

The stress-strain relations were measured in
a new apparatus for investigating mechanical
properties of materials at high pressure and
temperature. This apparatus is similar in fune-
tion to the 800°C apparatus described by
Griggs et al. [1960]. It is based on the same
layout as was used in a previous room tempera-
ture apparatus [Paterson, 1964; cf. Griggs,
1936] but has a pressure vessel fitted with an
internal furnace. Temperature was monitored
by a thermocouple in the furnace wall, periodi-
cally calibrated against a thermocouple in the
cenfer of a ‘dummy’ specimen connected to a
hollow piston. If allowance is made for some
drift between calibrations, temperatures are
probably accurate to ==10°C. The temperature
variation along the specimen did not exceed
about 5°C and was usually less. Temperatures
up to 700°C and confining pressures to 5 kb
were used in these experiments. The pressure
medium was argon.

The specimens were cylinders of 1-cm diam-
eter and 2- or 2.5-cm length, prepared by drill-
ing from blocks of serpentinite with a diamond
core drill and grinding the ends parallel within
001 mm (no significant difference in results
from specimens 2 and 2.5 c¢cm long was ob-
served). The specimens were dried for at least
24 hours at 120°C. For the testing, the speci-
men was assembled between high-speed tool
steel end pieces in an annealed copper jacket of
0.010-inch wall thickness. The jacket was sealed
to a high-speed tool steel piston at each end,
using a mechanical closure similar in principle
to that used by Handin [1953] but with a
cylindrical rather than a conical sealing area
onto which the steel rings were forced with in-
terference fit over the copper. The gas pressure
medium was therefore prevented from entering
the specimen. Unsuccessful initial sealing of the




jacket could usually be detected after the ex-
periment by submerging the assembly in water
and noting escape of bubbles; when leaks were
so detected, the specimen behavior was erratic,
being generally weaker and more brittle than
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Antigorite, Clino-chrysotile, Lizardite,
angstroms angstroms angstroms

7.30 7.36 7.36
2.52 4.58 4.62
2.66 2.15

2.45 1.794

1.503

expected from the other experiments, and the
results were rejected. However, after overcom-
ing some early difficulties, relatively few runs
have had to be rejected for this reason.

In the tests, the confining pressure was first
raised and then the jacketed specimen was
heated for a time which varied from 30 minutes
to 7 hours. At the end of this period and at the
same temperature, axial load was applied and
the specimen strained at a rate of 7 X 10™*
sec™, usually up to strains of 5 to 109% but
less if a load drop occurred, especially at the
highest temperatures. The furnace power was
cut off after the load was released and the tem-
perature dropped to below 100°C within 5 to
10 minutes before the confining pressure was
reduced.

In deriving the stress-strain curves, we have
corrected the load for piston friction, deter-
mined before contact with the specimen and
usually about 500 kg, and have calculated the
stress on the basis of the original cross-sectional
area.

The spread in ultimate strengths of any one
rock type at a given pressure and temperature
is no more than 209%. The accuracy of stress
measurement is estimated to be ==0.2 kb.

SeECIMEN MATERIALS

Four rocks were used in the experiments: two
antigorite-chrysotile serpentinites from Cabra-~
murra and Tumut Pond, New South Wales,
and two mesh-texture serpentinites from Fidalgo
Island, Skagit County, Washington, one of
which contains about 609 of olivine and ensta-
tite.

The antigorite serpentinites consist of ap-
proximately rectangular flakes of serpentine in
a flare texture, that is, in radiating aggregates.
The grains show little undulatory extinction
and no kink bands, which suggests that the
rocks have suffered little or no posterystalline
plastic strain. The Cabramurra serpentinite con-
tains antigorite and clino-chrysotile! giving

1 The serpentine minerals were distinguished on
the basis of the following combinations of d-spacings

-characteristic of each variety [Whittaker and Zuss-

man, 1956).

(001) reflections of equal height on the X-ray
diffractometer. The quantities of other phases
estimated from sections include about 109 of
magnetite, 5 to 109 olivine, 2% magnesite, and
minor tale and chlorite. The Tumut Pond ser-
pentinite is similar but contains no olivine and
less magnetite. Other diffractometer peaks for
the antigorite serpentinites correspond to d-
spacings of 4.44, 2.62, 240, and 1.560 A, with
heights no greater than 29 of that correspond-
ing to the 7.3 A serpentine spacing; these may
indicate the presence of other phases of un-
known composition.

The serpentinite and partly serpentinized
peridotite from Fidalgo Island contain a mix-
ture of lizardite and clino-chrysotile, with some
brucite (2% when determined by the method
of Hess and Otalora [1964]) and less than 1%
chromite. The grains are arranged in the typi-
cal mesh network, each mesh having an iso-
tropie core. A very fine dust of opaque material
is present throughout and is probably mag-
netite, since a chemical analysis kindly supplied
by John Easton gave FeO = 3.339%, Fe.0, =
3.25%.

EXPERIMENTAL RESULTS

Room Temperature Experiments

Stress-strain results. The gradual transition
of Cabramurra serpentinite from brittle be-
havior at the lower pressures, with sudden loss
of strength at failure, to predominantly ductile
behavior at 5 kb, with a smoothly rounded
stress-strain curve is shown in Figure 1. The
shape of the curve is not reproducible in the
transitional specimens, but specimens that are
clearly ductile or brittle always give curves
similar to D and 4, respectively.

At confining pressures of up to 2 kb, failure
generally takes place along a single shear frac-
ture before appreciable plastic deformation has
occurred and the failure conditions approxi-
mately fit a Coulomb-Navier criterion. Thus,
for the two antigorite serpentinites, on which
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Fig. 1. Stress-strain curves for Cabramurra
serpentinite at room temperature.

most of the room temperature measurements
were made, the stress difference, oy — o3, at
brittle failure is a linear function of the mini-
mum principal stress (confining pressure) o:

gy — o3 = 3.3 4 2.40; (2)

where oy and o, are in kilobars and compressive
stresses are positive. The individual results
(Table 1) are plotted in Figure 2. The corre-
sponding Mohr envelope or Coulomb-Navier
condition [Jaeger, 1962, chapter 2] is the
straight line

r = 0.9 + 0.65¢ (3)

giving 7, = 0.9 kb and tan ¢ = 0.65 or ¢ =
33°. The angle § = =/4 — ¢/2 between the
fracture plane and the direction of the maxi-
mum principal stress according to the Mohr
theory is therefore 29°, which agrees well with
the average value of 30° measured on the speci-
mens; however, the measured values spread up
to 209 from the average, with a tendeney for
f to increase with pressure. Slickensides are
present on the shear surfaces and are better
developed at 1 kb and above than at the lower
confining pressures.

At 3.5 kb confining pressure, some macro-
scopic evidence of ductility appears; instead of
the single shear fracture typical of lower pres-
sures, a system of fine conjugate shears is
present in addition to one or two major fault
zones of up to ¥45-mm width in which a combina-
tion of plastic deformation and fracturing has
occurred. At 5 kb, deformation is distributed
through a broad band crossing the specimen
diagonally, accompanied by a few minor faults.
In a specimen of Cabramurra serpentinite
tested at 8 kb the deformation was distributed
almost uniformly throughout.

Further straining after the sharp drop in
load accompanying brittle failure causes slid-
mg on the fracture surfaces, the resistance to
sliding being represented by the flat part of the
stress-strain curve after the drop (ef. curves
A and B, Figure 1). The ratio of the shear stress
and normal stress components, = and o, on the
fracture surface represents the coefficient of
friction p. for the sliding; thus

T (¢, — @3) sin 0 cos @
p=== e
a o3 + (6 — o3) sin” 8

where 6 is the angle between the fracture sur-
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Fig. 2. Plot of ultimate strength, o1 — o3,
against confining presssure, os, for the antigorite-
chrysotile serpentinites.
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DEFORMATION OF SERPENTINITE
TABLE 1. Summary of Experiments

Heating  Confining  Ultimate

Temp., Time, Pressure, Strength, = Mode of Specimen

°C hr kb kb Failure No.
Cabramurra Serpentinite
25 1.0 6.0 Brittle 208
25 2.0 8.2 Transit. 76
25 3.5 9.7 Transit. 57
25 3.5 LI, Transit. 71
25 5.0 111 Ductile 75
150 0.5 3.5 10.2 Transit. 58
250 0.5 3.5 8.5 Transit. 56
350 0.5 3.5 7.9 Transit. 67
400 0.5 3.5 8.0 Transit. 55
400 0.5 3.5 70 Transit. 74
450 0.5 3.5 7.2 Transit. 78
475 05 3.5 17 Transit. 79
500 0.5 3.5 7.2 Transit. 80
500 7.0 3.5 6.9 Transit. 138
513 740 3.5 4.3 Brittle 155
527 7.0 3.5 2.9 Brittle 154
550 0.5 3.5 6.3 Brittle 81
550 7.0 3.5 3.1 Brittle 151
575 7.0 3.5 1.l Brittle 161
600 0.5 3.5 4.0 Brittle 82
600 7.0 3.5 1.1 Brittle 153
630 7.0 3.5 0.9 Brittle 162
650 0.5 3.5 1.2 Brittle 83
675 0.5 3.5 17" Brittle 84
700 0.5 3.5 QLT Brittle 53
*700 0.5 3.5 3.6 Ductile 188
Tumut Pond Serpentinite

25 0.2 3.9 Brittle 872
25 0.5 4.7 Brittle 873
25 350 5.5 Brittle 874
25 1.0 6.6 Brittle 101
25 2.0 7.8 Brittle 875
230 0.5 1.0 4.9 Brittle 107
275 0.5 1.0 4.9 Brittle 102
454 0.5 1.0 5.3 Brittle 103
500 0.5 1.0 5.3 Brittle 113
550 0.5 1.0 4.0 Brittle 105
600 0.5 1.0 2.7 Brittle 109
*650 0.5 1.0 4.2 Brittle 189
680 0.5 1.0 2.2 Brittle 215
695 0.5 1.0 2.2 Brittle 111
735 0.5 1.0 2.1 Brittle 112
25 3.5 11.2 Transit. 87
25 5.0 13.3 Ductile 88
175 0.5 5.0 12.4 Ductile 114
250 0.5 5.0 10.1 Ductile 89
400 0.5 5.0 9.5 Ductile 90
500 0.5 5.0 8.9 Ductile 91
600 0.5 5.0 7.3 Ductile 104
605 0.5 5.0 Tl Transit. 127
625 0.5 5.0 4.9 Brittle 100
650 0.5 5.0 2.8 Brittle 128
675 0.5 5.0 1.5 Brittle 129
675 0.5 5.0 1.2 Brittle 98
700 0.5 5.0 0.5 Brittle 96
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TABLE 1. (Continued)
Heating  Confining Ultimate
Temp., Time, Pressure, Strength, Mode of Specimen
@ hr kb kb Failure No.
Fidalgo Serpentinite

25 3.5 8.0 Ductile 119
200 1.0 3.5 6.3 Ductile 135
340 0.5 3.5 ol Ductile 120
340 7.0 3.5 2.4 Brittle 173
365 7.0 3.5 2.1 Brittle 172
380 0.5 3.5 2.8 Brittle 137
390 1.0 3.5 1.5 Brittle 125
425 0.5 3.5 3.2 Brittle 122
445 0.5 3.5 2.5 Brittle 118
565 0.5 3.5 0.8 Brittle 121
605 2.0 3.5 0.6 Brittle 141

Fidalgo Peridotite (partly serpentinized)

25 3.5 7.9 Ductile 221
200 20 3.5 6.9 Ductile 228
300 1.0 3.5 6.4 Ductile 220
355 1.0 3.5 4.9 Transit. 227
405 10 3.5 2.8 Brittle 225

* Specimen vented to atmosphere.

face and the applied differential load. The val-
ues of p calculated for the antigorite serpenti-
nites range from 0.68 to 0.91, with a tendency
for the Tumut Pond rock to give slightly lower
values than the Cabramurra; the Fidalgo rocks
also gave lower values (Figure 3). There is also
a marked tendency for the value of p to de-
crease with increase in confining pressure, as
illustrated by the results for the partly serpen-
tinized peridotite from Fidalgo Island given in
Figure 3 (this curve was constructed from
measurements at various pressures on a single
specimen with a shear fracture at 30° to the
compression axis).

The decrease in the coefficient of {riction
with increasing confining pressure for sliding on
a fracture surface probably reflects an increas-
ingly important role of processes of crystal plas-
ticity at the sliding surfaces, associated with the
transition from brittle to ductile behavior and
from a sharply defined fracture surface to a fault
zone of finite width. Available evidence [Bridg-
man, 1952; Haasen and Lawson, 1958; Turner
et al., 1954; Paterson and Weiss, 1965] points
to the resolved shear stress for crystallographic
slip or twinning in metallic and even in com-
plex ionic crystals being relatively insensitive
to the normal stress across the glide plane,

corresponding generally to values of p less than
0.1 and often of the order of 0.01 if the varia-
tion in yield stress with pressure is interpreted
as a frictional effect. Thus, at higher confining
pressures, the localized shearing in the faults in
the serpentinite after a ‘brittle failure’ is prob-
ably involving slip within serpentine erystals to
an inereasing degree.
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Fig. 3. Coefficient of sliding friction, u, on shear
fracture in partly serpentinized Fidalgo peridotite
as a function of confining pressure.
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Microscope observations. Study of thin sec-
tions shows that in the duectile specimens ser-
pentine grains throughout the deformed zone
have become bent or kinked. In the transitional
specimens, the faults consist of narrow zones of
strongly reoriented serpentine grains; some
grains lying outside the faults appear to have
been plastically deformed, but the majority of
these are adjacent to the fault zones. In the
brittle specimens, there is no evidence of plastic
deformation outside of a very narrow band of
highly oriented serpentine present in places
along the fault.

The preferred orientation of the serpentine
grains in the fault zones is such that the incli-
nation of the (001) cleavages to the applied
load is approximately twice that of the fault
(as determined by the average extinction posi-
tions of the slow optic directions; (Figure 4).
For the sixteen faults examined, the average in-
clination @ of the fault was 31° (varying from
25 to 39°), whereas the average inclination of
the mean extinction position of the slow direc-
tion was 61° (varying from 50 to 72°). In a
rough estimate, about 809 of the grains in the
fault zone extinguish within #=20° of the mean
extinetion position; further, over 959% extin-
guish with the slow direction in the same quad-
rant, so that the field is almost entirely yellow
or blue when viewed with the fast direction of
the first-order red accessory plate parallel to one
or other of the mean extinction positions. The
preferred orientation of the serpentine grains
in the fault zones has presumably resulted from

o

9
fault 60°
plane

average trace
of (oo1)of
serpentine

Fig. 4. Diagrammatic sketch of angular rela-
tions between maximum principal stress axis, oi,
fault plane and average trace of (001) in plasti-
cally deformed serpentine grains in the fault zone.

rotation of grains during plastic or cataclastic
deformation, not by recrystallization, since it
oceurred in tests of a few minutes duration at
room temperature.

HiGH-TEMPERATURE EXPERIMENTS

Stress-strain results—Antigorite serpentinites.
The effect of temperatures up to 700°C on the
stress-strain curves is illustrated in Figure 5a
for the Cabramurra serpentinite deformed at
3.5 kb confining pressure and in Figure 5b for
the Tumut Pond serpentinite deformed at 5 kb;
in these tests, the specimens were held at tem-
perature for 1% hour before the load was ap-
plied. Two interesting features appear (see
Table 1) :

1. The ultimate strength, that is, the maxi-
mum differential stress reached, decreases by
about 359% from 25 to 500°C, whereas in the
smaller temperature interval from 500 to 700°C
it drops by nearly 90%.

2. At 35 kb and 25 to 500°C the stress-
strain curves and the appearance of the speci-
mens are typical of the transitional field be-
tween brittle and ductile behavior; however, at
600 and 650°C, where greater ductility might
normally be expected, the specimens show a
brittle type of failure (although this is not al-
ways as obvious from the shape of the stress-
strain curve as for brittle specimens at low
temperatures).

The first effect is shown more clearly in a
plot of ultimate strength versus temperature
(Figure 6). At all confining pressures, marked
drops in strength occur between 500 and 600°C.
At 5 kb, the ultimate strength of Tumut Pond
serpentinite gradually decreases from 13 kb at
25°C to 7 kb at 600°C but then drops to 0.5 kb
at 700°C. The behavior of Cabramurra serpen-
tinite at 3.5 kb is similar, but the rapid decrease
in strength begins at a lower temperature
(500°C if the duration of prior heating is 7
hours). A rapid decrease in strength of Tumut
Pond serpentinite also appears at about 500°C
at 1 kb (Y%%-hour heating times), but the ulti-
mate strength only falls from 5 kb at 500°C to
2 kb at 680 to 735°C.

It is noteworthy that the slope of the ulti-
mate strength versus temperature curve (Fig-
ure 6) below the 500 to 600°C transition is
negligibly small at 1 kb confining pressure but
increases as the pressure is increased. The co-
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Fig. 5a. Stress-strain curves at various temperatures and 3.5 kb confining pressure for
Cabramurra serpentinite.

efficient of friction for sliding on the failure
surfaces at 1 kb was also approximately con-
stant over the temperature range 25 to 500°C
(all specimens tested at 1 kb gave brittle fail-
ure). These observations suggest that, although
deformation by plastic processes is facilitated
by increasing the temperature, the strength is
largely unaffected by temperature in the brittle
field in accordance with observations of Handin
and Hager [1958] on some brittle sedimentary
rocks.

A marked change in the appearance of the
specimens accompanies the 500 to 600°C transi-
tion in strength. This is most noticeable at 5
kb confining pressure, where the following was
observed. Specimens deformed in a ductile
manner with general bulging and distributed
deformation at all temperatures below the
strength transition. At 600°C faults appeared,
although the specimens were still strongly co-
herent afterwards. A 625°C specimen failed
along a single, sharp shear fracture, clearly

brittle. At 650 to 700°C, there were also brittle
fractures, which tended to lie at small angles
to the compression axis; these specimens
strongly resembled cylinders fractured in com-
pression at zero confining pressure. The speci-
mens tested at 650 to 700°C were visibly damp
when removed from the copper jackets and
were lighter in color.

At 3.5 kb confining pressure, specimens de-
formed at 450 and 475°C were indistinguish-
able in appearance. They contained a number
of fine conjugate shears and one or two large
faults in which shearing was distributed over a
finite width, and they were slightly barrelled;
that is, they were typical of specimens transi-
tional between being brittle and ductile. At
500°C, however, specimens deformed after heat-
ing for 0.5 and 7 hours both contained few or
no fine conjugate shears, a larger, sharply de-
fined, narrow fault, and a few smaller faults
but no distributed deformation, even though
the drop in strength from the 450 and 475°C

e —
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Fig. 5b. Stress-strain curves at various temperatures and 50 kb confining pressure for
Tumut Pond serpentinite.

specimens was less than 0.5 kb. After 7 hours
at 510°C, a specimen failed on a single, some-
what irregular shear fracture inclined at 28° to
the compression axis, and its ultimate strength
was 2.6 kb less than that at 500°C. Thus there
is again a rapid onset of brittleness, the first
sign of change appearing at 500°C. At 550°C
and above, the 3.5 kb specimens were visibly
damp on removal from the copper jackets.

In some tests the specimen was vented to
atmosphere through a hollow endpiece and
piston in order to avoid a rise in pore pressure.
A specimen of Cabramurra serpentinite after
heating at 700°C and 3.5 kb confining pressure
was ductile and- gave a continually rising stress-
strain curve, with a differential stress of 3.6 kb
at 6% strain. This strength is several times that
of sealed specimens at 700°C and the duectile
behavior is also quite different, sealed specimens
at 700°C showing longitudinal splitting similar
to that observed in brittle fracture in uncon-
fined compression tests. The specimen suffered

a loss in volume after straining due to water
from the dehydration being lost to the atmos-
phere. Another run at 1 kb, on Tumut Pond
serpentinite heated for 14 hour at 650°C with
the specimen vented, led to a brittle failure at
42 kb differential stress (compared with 2.2 kb
for a sealed specimen under these conditions).

Stress-strain results—Mesh-texture serpenti-
nites. In the more limited series of experiments
on the Fidalgo Island serpentinite at 25 to
600°C and at 3.5 kb confining pressure, stress-
strain behavior qualitatively similar to that for
the antigorite serpentinites was found, but the
marked weakening and embrittlement appeared
at a lower temperature (Figure 7a). The cross-
hatched area in Figure 7a includes strengths
found after heating times of 1%, 1, and 7 hours,
the weaker specimens generally having been
heated for the longer times. The transition to
rapid weakening with increase of temperature
occurs at about 300 to 350°C, which is about
200°C lower than the transition for the anti-
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Fig. 6. Ultimate strength of antigorite-chrysotile serpentinites at various confining pressures
as a function of temperature. Heating times from % hr to 7 hr.

gorite specimens at the same confining pressure.
At room temperature, the ultimate strength is
about 8 kb, or 2 kb less than for the antigorite
serpentinite; at 560°C it is 1 kb, or about one-
fifth that of antigorite serpentinite under com-
parable conditions.

The partly serpentinized peridotite from Fi-
dalgo Island gave very similar results in tests at
3.5 kb confining pressure with 1 hour of heat-
ing before deforming. The break in the gradient
of strength versus temperature occurred at
about 300°C (Figure 7b).

The brittle-ductile changes that accompany
the changes in strength with increasing tem-
perature are illustrated very eclearly in the
mesh-texture serpentinite. At room temperature,
failure occurred along a single shear fracture
running through a narrow zone of distributed
deformation (Figure 8), the appearance sug-
gesting behavior transitional between brittle
and ductile. Increase of temperature to 200°C
leads to an increase in ductility, the zone of
shearing increasing in width and the fracture

being absent. After 15 hour at 340°C (Figure
8), a specimen was quite duectile, deforming to
a regular barrel-shape without local shearing.
At higher temperatures, and after 7 hours at
340°C, all specimens were brittle (Figure 8,
375°C, 400°C). Dampness of the specimen was
first visible after an experiment involving heat-
ing for 1 hour at 385°C. The 560 and 600°C
specimens were strongly reacted and very damp
when removed from the jackets.

Thus, compared with the antigorite serpenti-
nite, the mesh-textured, chrysotile-lizardite ser-
pentinite is more ductile and slightly weaker at
low temperatures. However, the weakening and
embrittlement with increase in temperature set
in at considerably lower temperatures than in
antigorite serpentinite—at about 300°C instead
of about 500°C at 3.5 kb confining pressure.

Microscope and X-ray ewamination. Thin
sections of representative high-temperature
specimens were studied for mineralogical and
textural changes from the heating, as well as
for details of the faults. However, the X-ray
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Fig. 7a. Ultimate strength of mesh-texture serpentinite from Fidalgo Island as a function of
temperature at 3.5 kb confining pressure.

diffractometer was used to identify the new
mineral phases because of their fine grain size;
the results are summarized in Table 2.

A prominent reflection, corresponding to 11.3
A and of about the same sharpness as the nor-
mal 7.3 A serpentine reflection, was observed
on diffractometer charts from specimens 92 and
100, heated at 5 kb for 30 minutes at 600 and
625°C, respectively. Brindley and Zussmann
[1957] observed a broad reflection decreasing
from 14 to 10 A in serpentines heated at 500

8 T T T T

Ultimate strength oo, (kb)

o 100 200 300 400
Temperature (°C)

Fig. 7b. Ultimate strength of partly serpen-
tinized peridotite from Fidalgo Island as a func-
tion of temperature at 3.5 kb confining pressure.
Heating times of 1 hour.

to 750°C and attributed it to mixed layer se-
quences of a chlorite-like unit and a forsterite
unit. Possibly such a mixed-layer sequence is
responsible for the present 11.3 A reflection,
but its restriction to a narrow temperature
range and lack of broadening do not correspond
exactly to Brindley and Zussmann’s case.

Microscope examination revealed little change
apart from strain effects up to temperatures 25
to 75°C beyond the beginning of the high-tem-
perature embrittlement and weakening. After
experiments at higher temperatures, when the
specimens became visibly damp, mineralogical
change was evidenced by the presence of 5- to
50-p grains of olivine and tale, concentrated
along the boundaries of the serpentine grains
and, in the Cabramurra serpentinite, pre-exist-
ing olivine grains. The new grains are elongate
(Figure 9) and, in the case of olivine, often in
optical continuity with the contiguous original
olivine grains. In orientation, the new olivine
grains bear no apparent epitaxial relation to
the serpentine grains or special relation to the
specimen axis. Highly comminuted material
along faults in some specimens deformed at
temperatures within the olivine stability field
has a high refractive index, but it could not be
identified.

To check on the composition of the olivine
synthesized by dehydration of serpentine in the
experiments, we heated specimens of Tumut
Pond and Fidalgo serpentinites, which originally
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Fig. 8. Cores of Fidalgo serpentinite 1 em in diameter deformed at 3.5 kb at various tem-
peratures are ductile to 340°C, brittle at 375 and 400°C, where weakening has set in.

are free of olivine, for 2 hours at 675°C and 3.5-
kb confining pressure and prepared concen-
trates of the synthesized olivine after grinding.
Pure olivine fractions could not be obtained for
chemical analysis because of the fine grain size,
so the X-ray method of Hotz and Jackson
[1962] was used. Assuming the relation between

lattice spacing and composition determined ex-
perimentally by Hotz and Jackson for their
material, we determined the composition of the
olivine formed in the Tumut Pond specimen to
be Foe, (the measured angle between (062)
olivine and (220) LiF peaks being 2.78 == 0.02°),
while the olivine from the Fidalgo specimen

TABLE 2. Phases Recognized (Excluding Magnetite) by X-ray and Optical Examination of
Starting Material and Experimental Specimens

Heating Confining
Temperature, Time, Pressure,
°C hr kb Olivine Tale Serpentine  Brucite
Cabramurra Serpentinite
500 7.0 3.5 X X
513 7.0 3.5 XX* X
552 7.0 3.5 XX X
575 7.0 3.5 XX X X
600 7.0 3.5 XX X X
630 7.0 3.5 XX X
650 0.5 3.5 XX X X
Tumut Pond Serpentinite
500 0.5 5.0 X
600 0.5 5.0 X
625 0.5 5.0 X
650 0.5 5.0 X
675 0.5 5.0 X X X
Fidalgo Serpentinite
200 1.0 3.5 X X
340 7.0 3.5 X X
363 7.0 3.5 X X
565 0.5 3.5 X X

* Indicates neocrystalline olivine observed in thin section.
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Fig. 9. Neocrystalline olivine needles in opti-
cal continuity with relict olivine grain in matrix
of serpentine, Cabramurra serpentinite number
151 deformed after 7 hours heating at 550°C, 3.5
kb confining pressure.

gave a nominal composition of Fo.. (peak dif-
ference 2.69 == 0.03°). These results probably
indicate that the olivine formed has a high
forsterite content, but they also show that the
(062) spacing does not vary with relative for-
sterite-fayalite content in the same way as in
the olivines studied by Hotz and Jackson. Pos-
sibly the olivine produced hydrothermally con-
tains smaller amounts of elements having large
ionic radii, such as Ca*, than that crystallized
at the much higher temperatures of magmas.
Small amounts of such ions in the Mg-Fe lattice
sites could seriously affect the lattice spacing
relations of Hotz and Jackson, so that the for-
sterite contents determined in hydrothermal
olivine by the X-ray method may be spuriously
high.

DiscussioN oF THE EXPERIMENTAL RESULTS

Brittle-Ductile Relations

It is common experience in experimental de-
formation studies that rocks which are brittle
under atmospheric conditions or at relatively

low temperatures and pressures may become
ductile at higher temperatures or higher con-
fining pressures, due, in the first case, to the
temperature lowering the yield stress to less
than the fracture stress and, in the second, to
the pressure raising the fracture stress to more
than the yield stress. The striking feature of the
serpentinite experiments with sealed specimens
is the sharp transition from ductile to brittle
behavior that oceurs upon increase of tempera-
ture, even at the relatively high confining pres-
sure of 5 kb.

The brittle, transitional, and duectile fields of
temperature and confining pressure are depicted
in Figures 10a and b for the antigorite and
mesh-texture serpentinites, respectively, al-
though because of incomplete data the positions
of the boundaries are somewhat indefinite, espe-
cially the nearly vertical boundary of the high-
temperature brittle field for the mesh-texture
serpentinite.? The subhorizontal part of the
brittle field boundary corresponds to the usual
transition from ductile to brittle behavior as
the pressure is lowered. The steeply rising
part of the boundary corresponds to the transi-
tion to brittle behavior that may occur at high
pressure when the temperature is raised suffi-
ciently. This is the transition that is of novel
interest and the mechanism of which we now
discuss.

Mechanism of High-Temperature
Embrittlement and Weakening

The experiments point strongly to the high-
temperature embrittlement and weakening of
the serpentinite being intimately related to de-

2'The criterion used here to distinguish brittle
from ductile behavior is that brittle fracture takes
place without accompanying plastic deformation
as determined from examination of thin sections.
Transitional specimens are fractured but coherent
and, in thin section, show evidence of distributed
flow within or near the fault zone. Ductile speci-
mens deform predominantly by distributed plastic
flow; they may contain fine conjugate shears
which, however, contribute little to the total
strain. The shapes of the stress-strain curves at
room temperature tend to be rounded and contin-
uous for ductile specimens and, for brittle speci-
mens, to drop sharply at strains of a few per cent;
however, at high temperatures brittle and ductile
behavior may not be reliably distinguished on this
basis.

e —————A————
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Fig. 10. Brittle, transitional, and ductile regions of pressure-temperature field for antigorite-
chrysotile serpentinite (left) and mesh-texture serpentinite (right). Location of boundaries

approximate.

hydration reactions, both because the tempera-
tures are appropriate (see below) and water is
observed to be present after the higher-tem-
perature experiments in which the effect is
strongly developed. There are three possible
mechanisms by which the dehydration may
lead to this effect.

1. Pore pressure. The pressure of the water
(and any other gases such as CO.) released into
pores and grain boundaries will reduce the ef-
fective confining pressure, thus leading to em-
brittlement and to some weakening (see intro-
duction). Since the water will be first released
at nucleation sites on grain boundaries through-
out the specimen (the new phases are seen to
be distributed along the grain boundaries), it
should readily pervade the whole specimen, fill-
ing any original pores and creating new ones in
the grain boundaries.

2. Loss of cohesive strength. After an ap-
preciable amount of reaction, leading to the
presence in grain boundaries of new phases and
newly formed pores needed to accommodate
the released water, the solid framework of the
specimen will no longer be the same and there
will probably be a weakening of its ‘cohesive
strength,” especially due to new pores. The ab-

sence of a marked drop of load upon brittle
failure at temperatures well above the onset of
the transition could be the result of such a dis-
mtegration of the struetural framework.

3. ‘Water weakening’ Griggs and Blacic
[1964, 1965] found that quartz crystals con-
taining small amounts of water in the structure
were very weak and ductile at temperatures
down to 400°C and a strain rate of 8 X 107°
sec™, conditions under which dry quartz has ex-
ceptionally high strength. The serpentinites in
our experiments become embrittled rather than
more ductile, and therefore in this respect the
weakening is apparently not the same as the
water-weakening effect. However, Griggs and
Blacic’s experiments suggest the possibility of
an analogous weakening in the serpentine grains
themselves or in the neocrystalline phases at
the grain boundaries. In our experiments this
could not be distinguished from a loss in cohe-
sive strength and will not be discussed further.

The two mechanisms of weakening to be dis-
cussed are, therefore, loss of cohesion and re-
duetion in effective confining pressure due to
pore pressure. The cohesive strength, 7,, meas-
ured at room temperature is 0.9 kb, whereas at
700°C the minimum ultimate strength is 0.5
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kb, corresponding to 7, = 0.15 kb, if we as-
sume pore pressure to be equal to confining
pressure and the angle of internal friction, ¢,
to be unchanged. It is improbable that reduc-
tion in 7, could account for the whole of the
observed weakening, however, as the fracture
angles in the weakened specimens are f = 30°,
corresponding to ¢ = 30° in the other term of
the Coulomb-Navier expression. Furthermore,
the vented specimen at 700°C and 3.5 kb has a
strength several times that of a sealed speci-
men under the same conditions, which indicates
that pore pressure is required to effect the ob-
served weakening and embrittlement.

It is not possible in the present work to dis-
tinguish unambiguously between the roles of
pore pressure of water and loss of cohesion
upon dehydration, but, in order to illustrate the
nature of some of the considerations involved,
we shall attempt to analyze the Cabramurra
serpentinite at 3.5 kb, for which the data at
longer times were obtained. The solid curve in
Figure 11 gives the water pressure P, at equi-
librium as a function of temperature for the
reaction

5 serpentine = 6 forsterite + tale + 9 H.O
when the total pressure P, in the solid phases
is 3.5 kb. The method by which we calculated
P, from the equilibrium curve for P, = P;,
using the data of Pistorius [1963], is given in
Appendix A. Thus at any given temperature
below that for which P, = 3.5 kb, dehydration
of jacketed serpentine held at a confining pres-
sure of 3.5 kb can proceed until the pore pres-
sure of water reaches the value of P, given by
this solid curve. We shall assume that this curve
applies to the Cabramurra serpentinite, except
for a slight shift along the temperature axis, so
that the beginning of dehydration corresponds
to the beginning of the marked strength loss
near 500°C.

Equation 1 predicts a loss of shear strength
of P, tan ¢ in a brittle, permeable material be-
cause of the introduction of a pore pressure P, ;
from Appendix B, the corresponding decrease
in o, — oy would be 2 sin ¢/(1 — sin ¢) P,
or 24P, with the constants from (2), that is,
8.4 kb for P,, = 3.5 kb. However, such a calcu-
lation cannot be applied directly to the Cab-
ramurra serpentinite because it is not completely
brittle at the inception of dehydration at 3.5
kb confining pressure and its strength is prob-

5 AT CRdil I S e me St S | / | == |
/ Forsterite
+ Talc +Vapor

Serpentine

P, (kb)

450 475 500
Temperature (°C)

Fig. 11. P-T equilibrium boundary for P» =
P, [from Pistorius, 1963] for serpentine dehydra-
tion (dashed line) and P.-7 boundary ecalcu-
lated for confining pressure P, = 3.5 kb (solid
line).

ably not a linear function of pressure. The
effect of confining pressure on the ultimate
strength has not been determined at tempera-
tures just below the dehydration range, but it
can be assumed to be represented approximately
by the broken curve marked 500°C in Figure
12 since the point @ at 3.5 kb has been meas-
ured and measurements on the similar Tumut
Pond rock show that the strength at 1 kb is
almost unchanged up to temperatures just be-
low the dehydration range. Thus, the loss of
strength at 3.5 kb on heating from room tem-
perature to just below the dehydration range
probably corresponds to a more marked bend-
ing over of the 0. — oy versus o, curve than at
room temperature (expressed as a sharper curv-
ature of the Mohr envelope in a Mohr dia-
gram).

We now assume that the ‘effective pressure’
concept can be generalized somewhat to apply
to porous materials transitional between brittle
and ductile, that is, that in the presence of a
pore pressure p the ultimate strength of such a
material is given by the point with abscissa o,
— p on the o1 — o, versus o; curve. Then, with
increasing water pressure from dehydration, the
ultimate strength of the serpentinite will tend
to decrease along a path close to the 500°C
curve in Figure 12. The small amount of dehy-
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Fig. 12. Suggested interpretations of decrease
in ultimate strength with increase in temperature,
associated with decrease in effective confining
pressure due to dehydration, Points @ and S are
experimentally determined at o5 = 3.5 kb, with

» = 0 at 500°C and P. = 3.5 kb at 700°C, re-
spectively. The broken curve represents the ap-
proximate ultimate strength at 500°C with Pw =
0. Curve A gives the strength loss with rising
water pressure on further heating, assuming small
loss of cohesion as far as point R where P» =
35 kb, and further weakening to point S due to
loss of cohesion as dehydration proceeds iso-
thermally. Curve B represents strength loss under
conditions of inequilibrium. Curve C represents
the possibility of a large decrease in cohesive
strength at an early stage of dehydration, before
the effective confining pressure drops appreciably.

dration necessary to fill existing pores with
water at 3.5 kb probably leads to some loss of
cohesion (‘cohesion’ being proportional, as be-
fore, to the o; = 0 intercept of the ¢» — o3
versus o, eurve), so that an actual path such as
A (Figure 12) should be followed under equi-
librium conditions, reaching R at the tempera-
ture at which P, reaches 3.5 kb. On further
slight increase in temperature, dehydration will,
given sufficient time, go to completion isotherm-
ally while the strength falls from R to S (loss
of cohesion) because of the changes in the struc-
ture of the specimen. In practice, departure
from equilibrium ecan arise from (a) sluggish-
ness of the dehydration reaction or (b) lack of
permeability in a material of low porosity, so
that the water pressure is not fully ‘effective,

and the strength is more likely to follow a path
such as B in Figure 12, the temperature hav-
ing been raised substantially before point S is
reached. Such a path is probably consistent with
the present observations since, although full
water pressure should be reached in a 25°C
interval of temperature increase (Figure 11),
the strength decrease is spread out over a much
greater temperature range.

An alternative path C (Figure 12) represents
the possibility that the first stages of dehydra-
tion effect a drastic reduction in the cohesion
before the effective pressure is appreciably de-
creased, after which the strength follows a
Coulomb-Navier line reaching a point in the
neighborhood of S when the water pressure
reaches 3.5 kb after a 25°C rise in temperature.
The observations do not appear consistent with
the latter path since the strength is still rela-
tively high at a stage when the specimen is al-
ready visibly damp and the effective pressure
may be assumed to be much reduced. We there-
fore conclude that the effect of pore pressure of
water is probably predominant in the earlier
part of the strength reduction, after which the
decrease in cohesion becomes important. How-
ever, the following reservations must be made:

(a) There are two ways in which the
strength testing may introduce departure from
equilibrium in the specimen. First, the applica-
tion of a compressive differential stress will
tend to increase the pressure of fluid in the
pores and, second, local dilatation from the
propagation of small eracks in the fault zone at
the moment of failure (cf. Brace [1964]) will
tend to decrease the pore pressure. Both effects
would be reduced at slower testing rates and
are unlikely to be important in geological sit-
uations where the rate of build-up of stress is
probably slow enough for dehydration or rehy-
dration reactions to keep the water pressure at
the equilibrium value.

(b) The caleulation has been based on data
for dehydration of pure magnesian serpentine.
However, in the serpentinite rocks, variations
in purity and in the nature of other phases
present may seriously affect the dehydration
data. Comparison of the theoretical transition
m Figure 12 with the measurements on the
Tumut Pond or Fidalgo rocks (Figures 6 and 7)
shows wide discrepancies in temperature, in
view of which the degree of agreement for the
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Cabramurra rock may be fortuitous. This leads
us to more detailed chemical consideration.

Dehydration reactions. Experimental studies
of the dehydration of serpentine to yield
forsterite and tale have mainly involved the
chrysotile form of serpentine. There is some
evidence that the antigorite form or serpen-
tines containing some aluminum may be stable
to somewhat higher temperatures [Gillery,
19597, but P,, equilibrium curves are not avail-
able. However, when brucite is present the
reaction

serpentine + brucite = 2 forsterite + 3 H.O

has been shown to proceed at temperature 50
to 75°C or more lower at a given pressure than
the dehydration of pure serpentine [Bowen and
Tuttle, 1949; Pistorius, 1963]. Since the Fidalgo
rocks contain some brucite and have not yielded
tale in the experiments (Table 2), this reaction
may, at least in part, explain the much lower
temperature of the brittle transition in these
rocks, although the whole discrepancy of some
200°C calls for additional explanation, such as
dependence of equilibrium relations on the ser-
pentine phase or on other undetected phases
participating in the reaction or on the presence
of impurities like FeO. The results for Tumut
Pond serpentinite at 5 kb give a transition tem-
perature appreciably higher than for the de-
hydration of pure serpentinite. Again, impuri-
ties may be important. At temperatures of 650
to 750°C, tale dehydration reactions will con-
tribute additional water [Bowen and Tuttle,
19497.

Other aspects. There are several indications
that equilibrium is not readily attained in ex-
periments of up to 7-hours duration. The tran-
sitional parts of the strength curves for Cabra-
murra and Fidalgo serpentinites (Figures 6 and
7a) are steeper and occur at lower temperatures
after 7 hours heating than after %% hour. Even
at higher temperatures, the material does not
completely react in the times used. A gradual
build-up of the water pressure is also reflected
in measurements on the coefficient of friction
for sliding on fracture surfaces. The results in
Figure 13 refer to a specimen of Tumut Pond
serpentinite in which a shear fracture was
produced after 35 hour heating at 600°C; the
stress needed for sliding on this fracture is
plotted as a function of succeeding time, prob-

ably showing the effect of rising water pressure.
In all specimens deformed at temperatures
above the transition, the stress for sliding on a
single fracture surface was found to be much
less than that in similar experiments below the
transition.

Results on the partly serpentinized Fidalgo
peridotite (Figure 7b) show that the high-tem-
perature embrittlement and weakening can oc-
cur when only part of the rock consists of a
mineral that will dehydrate. Clearly the effect
can be expected to be of wide importance, al-
though the results in this paper show that to
reconcile measured effects with prediction from
phase equilibrium studies may require much
more detailed work on the latter. We now con-
sider some geological implications of the serpen-
tine work. It must be borne in mind that the
experiments refer to completely sealed speci-
mens and that, in practice, the behavior may be
modified if water can escape from the system
(as shown by the experiment on a vented speci-
men mentioned above).

GEOLOGICAL SIGNIFICANCE OF RESULTS

Tectonic Intrusion of Alpine Serpentinite

The experiments have shown that the strength
of serpentinites is as great as that of most rocks
at temperatures below a limit somewhere in the
range 300 to 600°C, the position of this limit
apparently being fixed by the first appearance
of an appreciable water pressure in equilibrium
with the serpentine. The cohesive strength, =,

o
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Fig. 13. Differential stress for sliding on frac-
ture surface in Tumut Pond serpentinite as a
function of time at 600°C.
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and the coefficient of internal {riction for
brittle failure at these temperatures are, in fact,
greater than for most sedimentary rocks
[Handin and Hager, 1957]. The coefficient of
friction for sliding on a fracture surface is also
at least as great as for other rocks [Jaeger,
1959; Handin and Stearns, 1964]. Although
these conclusions are based on short-time tests,
the same relation of properties can be expected
in general to hold at longer times, since the de-
hydration temperatures of serpentine and re-
lated minerals are known to correspond to
conditions close to equilibrium. Thus, the ex-
perimental conclusions should be broadly ap-
plicable under geological conditions.

The solid intrusion process of Hess [1955]
(see introduction above) requires the serpen-
tinite to:fracture and then slide on the fracture
surfaces at a stress difference below that for
yielding or fracture in the surrounding rocks.
However, the present work suggests that under
normal conditions in the upper part of the crust
the strength and friction relations make such a
process impossible unless the surrounding rocks
are igneous or metamorphic, or are strong
sedimentary rocks, such as dolomite or silica-
cemented quartzite [Griggs et al., 1960; Handin
and Hager 1957; Handin et al., 1963]. The
same difficulty confronts the intrusion hypothe-
sis of Bowen and Tuttle [1949], which involves
flow in a serpentinite shell on an alpine perido-
tite body (cf. the similar notion of Orowan
[1964] that serpentine can act as a ‘lubricant’
on account of its supposed weakness). The
preservation of mesh texture in alpine serpenti-
nites is also evidence against intensive plastic
deformation since, in the the experiments, 209
strain rendered mesh texture no longer easily
recognizable.

These difficulties with intrusion models are
met if the serpentinite is at a temperature at
which an appreciable water pressure is in
equilibrium with its mineral assemblage. This
temperature is in the range 300 to 600°C, de-
pending on composition and total pressure
(depth of burial). The water pressure can be
caused by partial dehydration of the serpen-
tinite if water is not being lost at too great a
rate to the surroundings (permeability is prob-
ably low as long as the total pressure is some-
what greater than the water pressure). The
strength of the serpentinized parts of the body
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will then be low compared with that of sur-
rounding rocks; brittle fracture and subsequent
sliding on fracture surfaces will be possible in
the serpentinite at low shear stresses because
of the weakening effect of the pore pressure of
water, as demonstrated in the experiments.
Also, general plastic deformation will not occur
because of the mode of failure being brittle
fracture, which will be confined to a pattern of
localized fracture zones depending on the na-
ture of the external constraints. Therefore, any
original mesh texture can be preserved, provided
that dehydration has not gone to a point of
obliterating it. We conclude that solid intrusion
of serpentinized bodies can occur at the tem-
peratures mentioned by sliding on discrete frac-
ture surfaces, much as envisaged by Hess
[1955], but with the provision that fluid pres-
sure lowers the effective normal stress across
the fractures sufficiently for the sliding to occur
at low shear stresses.

Alpine serpentinites have often been deseribed
as being highly sheared in comparison with the
country rocks [Lapham and McKague, 1964].
This is consistent with the model just described,
although it is not necessary for faulting to oceur
throughout the serpentinite mass, especially
since small temperature gradients may produce
large gradients in water pressure and, conse-
quently, large gradients in strength. In light
of this, cases in which the geological evi-
dence has apparently precluded tectonic intru-
sion of serpentinite might be reconsidered. For
example, the serpentinite breccias of Queens-
land [Wilkinson, 1953] may have originated
from faulting of a mass of serpentinite which
was in a brittle and weak condition because of
high water pressure from dehydration. No
olivine is now present which might have been
produced by dehydration but this olivine may
have been re-serpentinized during cooling; it
may be difficult to recognize the regenerated
serpentine as such. The schistose phase and
angular fragments noted by Wilkinson have
their parallels within the fault zones of the weak
and brittle experimental specimens. Further,
the presence of well-defined mesh textures is
compatible with the present model. Therefore,
the brecciation might well have occurred during
intrusion under conditions in which the serpen-
tinite is weakened and embrittled as a result of
partial dehydration.

- T————rT
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Role of Serpentinite in Tectonics®

In light of the previous section, the wide-
spread and characteristic occurrence of ser-
pentinized bodies in island ares and alpine
mountain chains suggests that the serpentine
may play an important part in the tectonic de-
velopment of such regions, involving especially
the oceanic crust and upper mantle. Various
authors have suggested that serpentinite is
present as a layer at the base of the oceanic
crust (ef. Hess [1955]) or it may be a minor
constituent of a peridotite shell at shallow levels
in the upper mantle (Birch [1961] has shown
that seismic velocities would be consistent with
this). If, at a time of tectonic activity, the iso-
therms rise nearer the surface or the lower
crustal and upper mantle rocks are depressed to
hotter regions, partial dehydration and conse-
quent, weakening and embrittlement of the ser-
pentine-bearing rocks may occur when the ap-
propriate temperature in the region 300 to
600°C is reached. Provided that the water is
not lost, this will greatly facilitate cataclastic
deformation in the hot zone, so that not only
will relative movement of adjacent rock masses
occur easily but this activity will be confined to
the hot zones because the drier rocks outside
these zones will be much stronger. Thus, the
tectonic activity can be intense and local, as is
characteristic of a mountain chain, in the pres-
ence of moderate thermal gradients.

The observation of brittle failure at shear
stresses low compared with the total pressure
in dehydrating serpentinite suggests that this
may be an important seismic focal mechanism
in the tectonically active regions just discussed,
at least in the lower crust and perhaps in the
upper mantle. Griggs and Handin [1960], in
discussing the problem that faulting by brittle
fracture would normally require prohibitively
high shear stresses at all but the shallowest
depths, have already suggested as one possibil-
ity that a pore pressure of water released in a
dehydration reaction may reduce the frictional
term and make brittle fractures possible at
greater depths. The serpentinite experiments
lend support to this suggestion. Therefore, in
regions where serpentinite is playing a predomi-

3 Fooinote added in proof. H. C. Heard and
W. W. Rubey will discuss other aspects of the role
of serpentinite in tectonics in a forthcoming paper.

nant part in the tectonic processes, we may ex-
pect that, with increasing depth, the frequency
of earthquakes should at first decrease, corre-
sponding to the increase in ductility with pres-
sure at lower temperatures and then markedly
increase when the dehydration zone is reached.
This type of earthquake mechanism may also
be of somewhat more general occurrence; thus,
at greater depths or in other regions, other
minerals such as micas or amphiboles may simi-
larly provide a pore pressure of water by de-
hydration. Perhaps, the concept could even be
extended to deep-focus earthquakes if the
mantle material there contains a phase, effec-
tively devoid of shear strength (through being
very near its melting point or for some other
reason), which functions as a fluid phase be-
tween the stronger phases present; then the
nonhydrostatic stresses would be supported by
the stronger phases but cataclastic or brittle
fracturing might occur if the weak phase plays
a part analogous to that of the water in the
serpentinite.

APPENDIX A

We need to calculate the equilibrium water
pressure P,, for the serpentine dehydration re-
action as a function of temperature when the
total pressure P, in the solid phases is fixed and
P, < P,. For this, we have used the following
approximate expressions derived and tested by
Greenwood [1961]:

2 a Vw
JP,

av,)
! pt— 8Y5 b i

S 7.
(the notation is Greenwood’s except for P,, and
V., the volume of water released by the reac-
tion). The constant, Cs, was evaluated at differ-
ent points on the equilibrium P-T curve for
P, = P, of Pistorius [1963], and V, and
daV./0P, were estimated using the P-V-T data
for water of Holser and Kennedy [1959]. An-
other approximate expression,
AS _ (AT) [A82 <a V.,)

i

o SELEE S 2 L7 \ap,

_ A8 (aAs) > AC’,,:I

Vo NP s v R
which can be derived from Greenwood’s rela-
tions, may also be used when P, is near P,;
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and the slope of the Mohr envelope at this
point is tan ¢ = tan ¢/2(1+tan ¢)*"%

In the special case when the experimental
results obey the linear relation

g, — 03 = a + o3 tan ¢

the Mohr envelope is the straight line
(Coulomb-Navier relation)
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Fig. 14. Failure envelopes on o1 — oa versus

os and 7 versus ¢ (Mohr envelope) plots. ¢ and
¢, respectively, are slopes of the envelopes.

the coefficients in the second and third terms
can be evaluated with the aid of his expressions
5and 21.

The equilibrium P,-T curve thus calculated
(solid line in Figure 11) is probably unreliable
at the lower temperatures because of the un-
certainty in the slope of Pistorius’s curve in
this region, and it is uncertain to some extent
in view of the discrepancies between the data
of Pistorius and of Bowen and Tuttle. Further
error can arise from the approximations used
and from extrapolation of Holser and Ken-
nedy’s data for water. However, because of the
steepness of the P-T boundary for dehydration
of serpentine, the effect of these uncertainties is
unimportant in the present situation.

ArrPENDIX B

The experimental results on the effect of pres-
sure have been presented in the form of plots of
0y — 03 VETsus o, because these are the measured
quantities and this form of presentation is most
nearly free of implied interpretation. However,
it is often useful in discussion to represent the
results in a Mohr diagram, especially if the Mohr
envelope is to be considered. The Mohr en-
velope is an alternative representation of the
experimental results, and it can be plotted di-
rectly using the following relations:

If 0y — 0. and oy are the coordinates of a
given point on the curve connecting the ex-
perimental results in the o, — o, versus o, plot
and tan ¢ is the slope at this point (Figure 14),
the corresponding point in the Mohr envelope is

(0; — 03)(1 + tan ¢)'”*
2 + tan ¢

T =

<y (Vl_ffs)
0_63+2+tan1l/

T =1+ otang
where

a
7 901 + tan ¥)~

tan ¢
2(1 + tan ¢)'/*
Conversely, this straight-line Mohr envelope
corresponds to the following line in the (o —
03) Versus o plot:

tan ¢ =

2 cos ¢ 2 sin ¢
1 — sing 1—--sinqz‘>‘ra
The above expressions may be modified to take
account of pore pressure, p, by substituting for
o, and o, the effective stresses, o — p and
O3 — p.

To +

oy — g3 =
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