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Fluid inclusions break, or decrepitate, when the fluid pressure exceeds the least principal lithostatic stress
by a critical amount. After decrepitation, excess fluid pressure is relaxed, resulting in crack arrest; subse-
quently, crack healing may occur. Existing models of decrepitation do not adequately explain several experi-
mentally observed phenomena. We developed a linear elastic fracture mechanics model to analyze new data
on decrepitation and crack arrest in San Carlos olivine, compared the model with previous fluid inclusion
investigations, and used it to interpret some natural decrepitation: microstructures. The common experimental
observation that smaller inclusions may sustain higher intemal fluid pressures without decrepitating may be
rationalized by assuming that flaws associated with the inclusion scale with the inclusion size. According to
the model, the length of the crack formed by decrepitation depends on the lithostatic pressure at the initiation
of cracking, the inirial sizes of the flaw and the inclusion, and the critical stress intensity factor. Further
experiments show that microcracks in San Carlos olivine heal within several days at 1280 to 1400°C; healing
rates depend on the crack geometry, temperature, and chemistry of the buffering gas. The regression distance
of the crack tip during healing can be related to time through a power law with exponent n=0.6. Chemical
changes which become apparent after extremely long heat-treatments significantly affect the healing rates.
Many of the inclusions in the San Carlos xenoliths stretched, decrepitated, and finally healed during uplift.
The crack arrest model indicates that completely healed cracks had an initial fluid pressure of the order of 1
GPa. Using the crack arrest model and the healing kinetics, we estimate the ascent rate of these xenoliths to

be between 0.001 and 0.1 m/s.

INTRODUCTION

The study of fluid inclusions in mantle xenoliths has provided
important information on the chemical speciation, fugacity, and
migration of fluid at depth in the earth [Roedder, 1965; Green
and Radcliffe, 1975; Murck et al., 1978]. Most xenoliths are
peridotite, and many of the fluid inclusions are filled with CO,
under pressure.

Such fluid inclusions are small; their diameter is rarely larger
than 30 pm, and usually less than 5 pm [Roedder, 1965].
Many submicron inclusions can also be observed with an elec-
tron microscope. Intragranular bubbles coarser than 1 to 2 pm
in diameter may be dispersed throughout the xenolith grains or
may occur in groups along curved planes of healed fractures
[Green and Radcliffe, 1975; Simmons and Richter, 1976].
Microcracking appears to have initiated at fluid inclusions,
apparently due to decrepitation of these inclusions during uplift
of the xenolith [Roedder, 1965; Wanamaker and Evans, 1985;
Hall and Bodnar, 1989].
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If the fluid pressure inside an inclusion is significantly higher
than the lithostatic pressure, then the stress field in the solid has
a high deviatoric component in the local region surrounding the
fluid inclusion. Localized failure can occur in either a brittle or
a plastic mode. The latter process results in appreciable
“stretching" of the inclusion [Lawler and Crawford, 1983; Bod-
nar and Bethke, 1984]. The elastic stress concentration is
alleviated by plastic deformation accompanied by a reduction in
fluid pressure. In contrast, brittle failure can occur if the lithos-
tatic pressure and temperature are relatively low or if the
difference between the fluid pressure and the lithostatic pressure
is large or changing rapidly. Tensile cracks propagate from the
fluid inclusion in a radial direction [Larson et al., 1973; Bodnar
and Bethke, 1984; Bodnar,et al., 1989].

All of the above processes can modify significantly the crack
geometry and connectivity, which, in tum, strongly influence the
elastic, rheological, and transport properties of rocks [e.g.
Walsh, 1965; Brace, 1977; Shankland et al., 1981]. Both
decrepitation and stretching change the fluid inclusion volume.
If the volume change is not properly accounted for, error may
be introduced into the use of fluid inclusion homogenization
temperature as a paleotemperature and paleopressure indicator
[Larson et al., 1973; Bodnar and Bethke, 1984).

Some preliminary results on crack healing in San Carlos
olivine were presented in Wanamaker and Evans [1985].
Results on fluid inclusion stretching behavior are described in
detail in a companion paper [Wanamaker and Evans, 1989]. In
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this paper, we focus on the fracture mechanics of fluid inclusion
decrepitation and the kinetics of crack healing. A theoretical
model is developed and compared with our experimental obser-
vations. On the basis of.our study of naturally decrepitated and
healed fluid inclusions in San Carlos olivine, we suggest an
interpretation of the conditions of their formation.

THEORETICAL ANALYSIS OF FLUID INCLUSION DECREPITATION

A theoretical analysis of fluid inclusion decrepitation should
consider several attributes of brittle fracture which are observed
naturally and experimentally. First, the decrepitation pressure
(internal fluid pressure necessary to cause fracture) increases as
a function of confining pressure [Poland, 1982]. Second, the
decrepitation pressure at a given confining pressure depends on
inclusion size: large fluid inclusions tend to crack at lower fluid
pressure [Roedder, 1984; Binns and Bodnar, 1986; Ulrich and
Bodnar, 1988; Bodnar et al., 1989]. Third, the extent of crack-
ing is a function of the inclusion dimension: larger inclusions
tend to propagate cracks to greater distance before crack arrest
[this study]. Theoretical results of previous analyses using elas-
ticity theory are in qualitative agreement with some aspects of
the experimental data. However, simple elastic models cannot
account for the second and third observations and, in fact,
predict no size effect at all. We snggest below that size depen-
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dence of decrepitation is related to stress concentrations induceq
by flaws which scale with inclusion size. This fracture mechan.
ics model highlights the role of such icregularities on the injtis.
tion, propagation and arrest of brittle cracking and is more suc.
cessful in predicting the experimental observations.

Often fluid inclusions are quite irregular in shape, but even i
fairly regular fluid inclusions, at least two types of defects ca
exist. First, there may be small indentations or cracks on a
otherwise smooth inclusion surface. If such cracks were smaller
than a micrometer in dimension, they might pass undetected by
optical microscopy. Their small size notwithstanding, these
defects are potential nucleation sites for further cracking,
Second, there are sharp comers on the fluid inclusion surface at
intersections between negative crystal forms. In the plastic
regime, stress concentrations which arise ar geometric
irregularities are reduced by dislocation flow; in the britte field,
cracks may nucleate.

In our model, we assume a simple spherical geometry follow-
ing previous work in ceramics science [e.g. Evans et al., 1979;
Green, 1980] and in geophysical modelling of igneous dike
intrusions [Sammis and Julian, 1987]. The stress concentration
due to a geometric irregularity on the inclusion surface is
modelled as that due to an annular crack on a spherical void
(Figure 1). In some other situations more complicated geometr-
ical assumptions are necessary. For example, in their recent

Fig. 1. (a) Orientation of the "hoop" stress in the neighborhood of a spherical fluid inclusion of radius R. If the
"hoop" stress is sufficiently high, tensile cracking initiates in a radial direction. (b) An annular crack of length
a at a spherical void of radius R. (c) Propagation of an amular crack to a final length X before crack arrest

occurs.
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analysis of thermal cracking, Fredrich and Wong [1986] con-
cluded that a spherical inclusion model was not adequate to
interpret grain boundary cracking. They developed a square
inclusion model which reproduced all of the important features
of the observed micromechanical processes. In contrast, our
comparison with the observations of decrepitation shows that the
spherical inclusion model outlined below captures most of the
physics of decrepitation. Considering the limited observations,
more detailed numerical treatment to include geometric com-
plexity is probably not warranted at this stage. The fracture
mechanics approach here is in the spirit of recent analyses of
hydraulic fracturing [e.g. Rummel and Winter, 1983), igneous
dike intrusions [Sammis and Julian, 1987], thermal cracking in
rocks [Fredrich and Wong, 1986], and cracking induced by
voids in ceramics [e.g. Evans et al., 1979; Green, 1980], but
these previous studies only considered crack initiation and did
not attempt to conmsider the effect of pore pressure decrease on
crack arrest.

Decrepitation Pressure: The Elasticity Solution

Although the geometry is somewhat different, the physical
process for fluid inclusion decrepitation is analogous to that for
hydraulic fracturing, the simplest theoretical analysis of which is
based on elasticity theory. Decrepitation is assumed to initiate
at the inclusion surface. For a spherical void in a linearly elas-
tic medium, the maximum "“hoop stress”, Ogy (Figure 1a),
attained at the spherical surface is given by

P P,
O'oe=—f—3

2 2

o

[Timoshenko and Goodier, 1951, p.395]. Here P; is the fluid
pressure inside the inclusion and P, is the lithostatic pressure
(or the confining pressure in the laboratory). Tension is taken
to be positive. Decrepitation occurs if the "hoop stress” on the
inclusion surface reaches the tensile strength of the solid, T.
That is, the fluid pressure has to reach the decrepitation pressure
given by

PP =2T +3P, @
Tugarinov and Naumov [1970] reported an increase of the
decrepitation pressure with Mohs hardness in their room pres-
sure study of fluid inclusions in ten minerals. Since hardness
positively correlates with brittle strength [Ohnaka, 1973],
Tugarinov and Naumov's [1970] data agree with the simple
elasticity analysis. The decrepitation pressure in fluorite
increases with confining pressure [Poland, 1982], also in quali-
tative agreement with the elasticity analysis (Figure 2a).
However, several experimental observations cannot be
explained adequately using the simple elasticity solution. First,
the data of Bodnar et al. [1989] on synthetic quartz (Figure 2b)
show that relatively large fluid inclusions have low decrepitation
pressures and vice versa. In contrast, the elasticity solution
predicts a decrepitation pressure independent of inclusion size.
Second, equation (2) predicts the ratio, P/P, to be exactly
equal to 3, whereas Poland’s [1982] data fall on a slope which
is less than 3 (Figure 2a). At elevated pressures, her data are
consistently lower than those predicted by the elastic theory,
even if we assume the tensile strength to be zero. Finally, the
above model predicts a spherically symmetric stress field. Once
the decrepitation pressure is reached, decrepitation can occur at
any point on the spherical surface. In reality, decrepitation
probably initiates at a particular location, at some lower pres-
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sure, owing to stress concentrations at a geometric irregularity.

The "hoop stress” in the vicinity of a spherical void of radius
R subjected to an internal fluid pressure P; is proportional to
(RIr)® where r is the radial distance from the center of the void
[Timoshenko and Goodier, 1951]. To explain the inverse corre-
lation between decrepitation pressure and fluid inclusion size
they observed in synthetic quartz, Bodnar et al. [1989] used the
elasticity solution to argue that since the stress at a fixed dis-
tance 7 is proportional to R3, a larger fluid inclusion induces a
higher stress concentration and hence decrepitates at a lower
pressure. However, this argument is incorrect since decrepita-
tion is generally observed to initiate from the inclusion surface
(r=R) which, according to the elasticity solution, has the max-
imum "hoop stress" value given by eq. (1), independent of the
inclusion size. Once decrepitation has initiated, the stress field
is perturbed by the inclusion-emanated crack and the elasticity
solution is no longer valid for describing the stress field at a
given radial distance r. Instead, a fracnwre mechanics soluiion
should be employed.

Bodnar et al. [1989] also suggested that the size effect of
decrepitation pressure is related to the size effect of the tensile
strength of quartz: the larger the sample size, the lower the
strength T, and hence, according to the elasticity solution in eq.
(2), the lower the decrepitation pressure. However, it should be
noted that the intrinsic tensile strength of quartz is independent
of sample size. The apparent decrease of tensile strength with
sample size is usually attributed .to the higher probability of a
larger sample to have a longer pre-existing microcrack. Again,
a proper consideration of this problem requires the use of frac-
ture mechanics.

Onset of Decrepitation

We consider the onset of growth of a crack emanating from
the surface of a spherical void of radius R embedded in an elas-
tic medium. The interior of the inclusion is subjected to fluid
pressure, Py, while a remote confining pressure, P,, is applied
to the solid. Despite the idealized geometry, this model pro-
vides useful insight into the dependence of decrepitation on the
dimensions of the inclusion and preexisting defects. Geometric
irregularities on the fluid inclusion surface are modelled by
inserting an annular crack of length a (Figure 1b). Mathemati-
cal details are given in the Appendix.

For an initial flaw of length a, which is relatively short in
comparison to the fluid inclusion radius R, the stress singularity
near the crack tip can be approximated as that due to an edge
crack of the same dimension in a semi-infinite medium [Evans
et al., 1979; Green, 1980]. As is elaborated in the Appendix, a
reasonable estimate of the stress intensity factor in a tensile
mode is

K, =1.68(P;—P . Wna 3)
If either P, increases or P, decreases, the stress intensity factor
increases. Once K, reaches a critical stress intensity factor (the
fracture toughness K.), decrepitation occurs [Lawn and
Wilshaw, 1975]. The fluid pressure at the onset of decrepita-
tion, P/ must satisfy the following relation

K
0_p Dl
PP =P = Teavms )

The upper and lower bounds on decrepitation pressures for
fluorite at elevated confining pressures obtained by Poland
[1982] are compared with equations (2) and (4) in Figure 2a.
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Notice that the data at confining pressures of 72 and 103 MPa
were all below the prediction of the simple elastic model. On
the other hand, the theoretical curves corresponding to initial
crack lengths of 0.5 um and 2 pm bracket the experimental data
reasonably well. K. was taken to be 0.30 MPa m!? [Gilman,
1960].

Bodnar et al. [1989] presented preliminary data on decrepita-
tion pressure for fluid inclusions in quartz and reported the fol-
lowing empirical relation between the fluid inclusion diameter
D (in pm) and the decrepitation pressure PP (in kbars) at room
pressure

PP = 4.26 D4 ()]
These data are reproduced in Figure 2b, and the regression rela-
tion is shown by the solid curve. Assuming all the inclusions
had a spherical geometry, we have plotted two dashed curves of
the form ANR with A equal to 212 and 495 MPa pm!?,
respectively. These two curves essentially bracket all the exper-
imental data. There are limited data on fracture mechanics
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Fig. 2. (a) Poland’s [1982] measurements of decrepitation pres-
sure of fluorite as a function of confining pressure. Individual
data points were bracketed by the upper and lower bounds
shown. The dotted lines correspond to the elasticity solution
(equation 2). The solid lines correspond to the fracture mechan-
ics analysis (equation 4). (b) Decrepitation pressure of quartz
synthetic inclusions as a function of fluid inclusion volume and
diameter (assuming a spherical geometry). The data for a total
of 191 fluid inclusions were compiled by Bodnar et al. [1989].
The solid line is the regression relation (eq. 5) determined by
Bodnar et al. [1989). The upper and lower dashed curves
correspond to the fracture mechanics solution (eq. 4) for a/R
equal to 0.08 and 0.42 respectively, where R is the fluid inclu-
sion radius and a is the length of the initial flaw. (c) Upper
bounds on decrepitation pressure of San Carlos olivine as 2
function of fluid inclusion radius. The dashed curves
correspond to the fracture mechanics solution (equation 4).

parameters of natural quartz, but extensive data are available for
synthetic quartz [Atkinson, 1984], for which K, varies
significantly with crack orientation. For comparison, if we take
the highest value for K,. reported by Brace and Walsh [1962],
0.41 MPa m'?, together with equation (3), then the two dashed
curves in Figure 2b correspond to a/R=0.42 and 0.08, respec-
tively. However, because the estimates are so sensitive to K.
and since we do not have detailed information on the decrepita-
tion orientation, the ratios a/R involve significant uncertainty.
We have assumed a spherical geometry in the model, but the
experiments involved fluid inclusions with shapes ranging from
extremely irregular to spherical or negative crystal morphologies
[Bodnar et al., 1989]. This may explain why we need values of
a/R differing by as much as a factor of 5 to bracket all the
experimental data.

Arresting Phase of Decrepitation

Further progress using the fracture mechanics model requires
us to calculate the evolution of the total pore volume and the
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fiuid pressure as the crack extends. At the onset of cracking,
a/R is relatively small, and the contribution of the crack to the
total pore volume is negligible. Hence, the effective volume is
given approximately by

Vo= %nR’ ()

As the crack extends, the total pore volume increases and the
fluid pressure decreases. Suppose that the crack increases from
the initial length, a, to a new value, X (Figure 1c). We show
in the Appendix that if X is larger than the inclusion radius, R
(as in these experiments), then the stress intensity factor can be
evaluated using a Green’s function technique and is given by
the following analytic expression

Ky = QNT(P;—P. )f XIRWX

’X
R+2

M

where

F&XIR)=

The stress intensity factor normalized by the crack length X
is plotted in Figure 3a; K; normalized with respect to R is
plotted in Figure 3b. The asymptotic value of K, for a very
short crack (i-e., the initial propagation stage) is also shown in
Figure 3a for comparison. Note that the stress intensity factor
increases with the crack length, X, if the pressures are constant.
Since fluid pressure variation is relatively small at first, initial
crack propagation is probably unstable.

Once volume increases become appreciable, the stress inten-
sity factor may drop below the critical value K. due to pore
pressure reduction. This criterion is met when

‘IEKI:: 1

PrPe =iy X

®

The fluid pressure is related to the effective inclusion volume
through the equation of state of the fluid. The volume change
can be calculated approximately by taking the total volume to
be the sum of : (1) the spherical inclusion of volume V, and
(2) a penny-shaped crack of radius R+X. Such an approach
underestimates the opening at the juncture between the annular
crack and the spherical surface. On the other hand, it probably
overestimates the opening of the spherical surface.

Under the action of a fluid pressure Py and confining pres-
sure P., a penny-shaped crack of elliptical cross-section opens
to attain an aspect ratio, O=maximum aperture/diameter, such
that

o = (4/m)(1-v2)(P;—P. VE ()]
where E and v are the Young’s modulus and Poisson’s ratio
Tespectively [Walsh, 1965]. Since the semi-minor axis of the
elliptical crack is (X +R), the increase in volume is

AV = (4n3)uX +R ) (10)

The fluid volumes and pressures at the initiation and arrest of
the crack are interrelated through the equation of state. For a
first approximation, if we assume that the perfect gas law
describes the CO, in San Carlos olivine, then the following rela-
tion has 10 be satisfied
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Fig. 3. (a) The stress intensity factor normalized with respect to
the crack length X versus normalized crack length as given by
equation (7). For comparison, the asymptotic value of the nor-
malized stress intensity factor for a very short crack is also indi-
cated. (b) The stress intensity factor normalized with respect to
the fluid inclusion radius R versus nommalized crack length as
given by equation (7). Note that the stress intensity factor
increases monotonically with crack length. This implies that
crack propagation is unstable at a fixed pressure difference P, -
P,, and crack arrest is possible only if P, decreases or P,
increases.

(Py"-P;)P; = AV IV, (11)
Substituting equations (4) through (10) into equation (11), we
arrive at an implicit equation relating the initial crack length a
to the final crack length X

Ky 0.379f )V/B)-1 P,
= feVn —1108Fe
Bk O (s - 2 E | @2

with the non-dimensional parameters 1=X/R and B=a/R. The
crack extension (X) and its dependence on initial crack dimen-
sion, confining pressure, and fluid inclusion radius has been
computed numerically and is shown in Figure 4a and 4b.

CRACK HEALING

Once a crack has been formed and propagates to amest, sur-
face tensions along the crack surface may result in transport of
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the solid by surface diffusion, lattice diffusion, evaporation-
condensation, or solution-precipitation. Negatively curved sur-
faces, e.g. the crack tip, have lower chemical potentials than flat
or positively curved surfaces and, hence, will act as sinks for
the transported solid. If the source regions are located nearby
on the surfaces of the crack, pore volume may be conserved
during healing; however, pore shapes can be altered dramati-
cally, as illustrated in Figure 5. For cracks which are connected
to sources of material at chemical potentials higher than the
local region around the crack tip, additional material may be
transported into the cracked solid, i.e. crack sealing will occur.
Workers studying fluid inclusions and cracks have observed
many natural examples of crack healing and sealing (for exam-
ple, see Simmons and Richter [1976], Kirby and Green [1980],
and Roedder [1984]).

Transport of solid material to the crack tip results in the
regression of the crack tip towards the open portion of the
crack. The healing process sometimes involves a two-step pro-
cess in which cylindrical tubes are first formed, followed by the
formation of spherical pores, as shown schematically in Figure
5. This morphology is seen in the naturally healed cracks in
San Carlos olivine. In other cases, the crack may heal by sim-
ply forming a single large pore [Sprumt and Nur, 1979;
Roedder, 1984]. Laboratory experiments in brine-filled cracks
in halite show that the transition between these two modes
depends on the speed of the regression of the crack tip (S. H.
Hickman and B. Evans, unpublished data, 1990 ).

Stability analyses by Nichols and Mullins [1965a, b] and
numerical treatment by Nichols [1976] show that cylindrical
tubes are unstable to perturbations in tube radius with
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Fig. 4. (a) Relation between crack extension and fluid inclusion
radius for decrepitation experiments on San Carlos olivine, The
solid circles and open squares are data for cracks in the <100>
and <001> directions, respectively. The continuous curves are
theoretical results based on equation (12). (b) Theoretical
curves based on equation (12) for confining pressures Tanging
up to 1 GPa. (c) Comparison of measurements of crack length
as a function of fluid inclusion radius in natural and experimen-
tally deformed samples with theoretical predictions based on
equation (12). The triangles are completely healed natural
cracks, circles are partially healed natural cracks, and squares
are experimentally decrepitated cracks.

wavelengths longer than a critical value determined by the
method of transport. The instability results in the pinching off
of spherical inclusions from the cylindrical pores, a process
called ovulation. The analyses predict that the transport
mechanisms may be identified by the ratio of spacing between
the spherical inclusions to the radius of the cylinders. The time
for ovulation, T for 2 semi-infinite cylinder, in the case of tran-
sport via surface diffusion is

©=FLir. ). kT IDYQN 313
where F(L/r.) is a function of the ratio of the length, L, of the
cylinder to its radius, 7., k is Boltzmann’s constant, T is abso-
lute temperature, D is the surface diffusion coefficient, 7y is the
surface energy of the material, Q is the molecular volume, and
N is the number of diffusing species per unit area.

Further progress in developing a rate law for crack healing
involves specifying the transport mechanism, the crack shape,
and the rate-limiting step in the evolution of pore shape. Evans
and Charles [1977} developed a healing model assuming that
the ovulation of spherical pores is the rate-limiting step in the
crack healing process; that surface tension is isotropic; that the
transport mechanism is surface diffusion; and that the width of
the crack is given by a power law: d,=hu’ where d, is the resi-
dual crack aperture, h is a function of crack length and previous
loading geometry, u is the distance from the crack tip (see Fig-
ure 5), and the exponent j has a value between 0 and 0.5 (for
the fully loaded condition). Because neither analytical nor
numerical modeling of the formation of the cylindrical pores is
available, assumptions regarding the rate of cylinder formation
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Fig. 5. Schematic diagram of changes in pore morphology dur-
ing crack healing.

and the relationship of cylinder spacing to residual crack aper-
ture are also necessary. Under these assumptions, the regression
distance, X —X; is related to time, z, by the following equation

]n
where X, is the distance from the center of the crack to the ori-
ginal position of the crack tip, X,, is the distance to the present
position of the crack tip, A,, is a dimensionless function ranging
from 1.02 to 0.80 depending on the exact crack shape, and Cj
is a function which depends on the shape factors mentioned
above, the width of the crack at its center, and the surface
diffusion coefficient.

The effect of geometry upon healing rate has been explicitly
investigated for cracks in calcite filled with CO, at room pres-
sure and temperatures between 780 and 850°C. Hickman and
Evans [1987] added slight modifications to Evans and Charles’
[1977] treatment to allow for cracks which were elliptical in
cross section, rather than parabolic. For the early stage of crack

healing, the kinetics are not strongly affected and the healing
relation can be written

Xo—X,x
Xo

=A, il

KTX, 19
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where E,, depends on A,, and several other constants, Q is the
activation energy for surface diffusion, R the gas constant, b,
the semi-minor axis of the ellipse, and w and n are constants
which depend on assumptions regarding the geometry of
cylinder formation [see Hickman and Evans, 1987]. Both of the
models in eqs. (14) and (15) are based upon several assumptions
and approximations, the most notable of which are the incorrect
assumption of isotropic surface energy for olivine and the
untested geometrical dependence of healing distance on the
crack aperture. However, because the models have partial
success in describing crack healing, we will use them as work-
ing models to place some consiraints on the healing process.
Assuming that Py = Ppygomaic. the most important factors which
may affect the rate of crack healing are temperature, crack size,
and any chemical effects which may alter diffusion coefficients
(e.g. in the case of olivine, changes in oxygen fugacity, or the
introduction of melt).

EXPERIMENTAL PROCEDURE

We observed decrepitation of some inclusions in San Carlos
olivine xenoliths during laboratory heat-treatments, providing
data to compare with the fracture mechanics analysis; crack
healing of both naturally decrepitated and experimentally
decrepitated cracks in San Carlos olivine was also observed in
the laboratory [Wanamaker and Evans, 1985]. Although some
questions remain regarding healing kinetics, the previous experi-
ments and a few additional ones place some constraints on the
rates and mechanisms of healing.

Six different single crystals of San Carlos olivine were cut
into plates paralle] to either (010) or (100) which were roughly
1 cm x 1 cm x 1 mm; both sides were polished using alumina
powders down to 0.3 pm. Diameters and fluid densities of
several intact fluid inclusions in one or more sections from each
crystal were measured using an optical microscope. Using a
Chaix-Meca heating stage mounted on an optical microscope we
measured the temperatures of melting and homogenization to a
one-phase fluid; from these, compositions and fluid densities
could be determined (see, for example, Hollister and Crawford,
[1981]). The inclusions had a mean melting temperature of
-56.6°C with a standard deviation of 0.2°C, consistent with pure
CO, fluid. Homogenization temperatures were converted to
fluid densities using the equation of state data for CQO, of
Vukalovich and Altunin [1969]. Inclusion diameter versus fluid
density for the individual inclusions is plotted in Figure 6. The
crack lengths, degree of crack healing, and inclusion diameters
of naturally decrepitated fluid inclusions in the same crystal sec-
tions were also measured in directions parallel to <001> and
<100> or <010> in transmitted light. For the naturally decrepi-
tated inclusjons, we assume that the present dimensions of the
inclusion cavity, still clearly visible on the crack plane (Figure
7a), are the same as those of the inclusion prior to decrepitation.
These parameters are listed in Table 1.

After measuring the dimensions and melting and homogeniza-
tion temperatures of the enclosed fluid inclusions, one or more
of the sections from each crystal were heated in a gas mixing
furnace at 1280°C for 4 hours or at 1400°C for either 1 or 2.3
hours. Samples were heated and quenched at approximately
10°C/min. The furnace gas was maintained at a specific O,
between the iron-wustite and quartz-magnetite-fayalite buffers
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13 r TABLE 1. Naturally Decrepitated Fluid Inclusions
®
12 - Fluid Inclusion Crack Dagree of Crack
® ® Radius R, ua Dimensions Xg, sm Healing (Xo-Xy)/X,
1} (@ ® <100>  <001> <100> <001> <100>  <001>
® @ se201
10| 6.9 6.3 176 137 1.0 1.0
7.0 6.4 163 137 1.0 0.4
7.7 6.6 121 114 1.0 0.4
9 - 7.5 7.2 92 64 0.4
L 6.5 6.1 162 145 1.0 1.0
2 5.7 5.2 126 81 1.0 1.0
;) 8 ® 7.7 6.6 205 159 0.7 0.3
.o ® . 5.2 4.1 113 73 1.0 1.0
. 6.4 6.1 164 137 0.7 0.4
e 11 0 7.5 7.0 207 176 1.0 0.4
E ® o’ 7.0 5.4 106 7% 0.3 0.3
— * @ . 11.0 9.0 114 105 0.2 0.1
c efF . v, 7.6 7.8 100 73 0.2 0.1
~ . ee? | 10.4 8.3 117 91 0.1 0.1
« @ O 8.7 7.4 128 114 0.2 0.2
st . [ I 7.4 5.8 116 114 0.7 0.4
. e 9.6 6.6 117 89 1.0 0.4
[ ] [ ]
s e g ©® 5€702
* oo 5.3 5.2 84 64
¢ % &' 4.2 3.9 71 45
sl | L I 8.1 6.5 223 187 0.4 0.2
o " ¥ o 3.2 2.7 42 29 1.0 1.0
° . 2.7 2.4 28 20 1.0 1.0
2 L 4.7 4. 81 61 1.0 1.0
2.8 1.7 27 21 1.0 1.0
5.9 4.4 71 42
1F 3.1 2.4 41 33 1.0 1.0
1.9 1.7 15 10
7.4 5.1 132 102 0.3 0.3
— . —— : ' 8.2 8.3 162 129 0.3 0.3
09 0.95 1.0 105 6.7 6.8 195 154
7.4 7.1 171 123 0.5 0.3
sit /ce 4.9 4.4 61 41
den y(g ) 8.5 7.1 152 124
. . . . . . i1 . 4.7 4.0 61 40
Fig. 6. Fluid density versus inclusion radius for fluid inclusions 8.0 10.0 187 181 0.3 0.2
in the San Carlos olivine samples used in this study. Circled :; ‘3‘2 g Zg
symbols are inclusions which decrepitated during the experi- 5.0 %6 n 48
ments. 5.5 4.7 91 85 1.0 1.0
9.4 7.9 235 174
§€309
11.9 11.8 124 104
. . s .0 .
by adding mixtures of either H, and CO, or CO, and CO. The 370 13°5 258 218 0.3 0.2
experimental conditions for each crystal section are listed in
Table 2. After the initial heat-treatment, some of the fluid 9.6 81 133 £€200 109
inclusions contained in the crystal sections had decrepitated and 12.4 10.9 162 119
formed “penny-shaped” cracks along (010) or (100) cleavage
planes. Newly formed decrepitation cracks are optically visible 71 5.8 126 5400 100 0.0 0.0
due to the difference in refractive index between the CO,-filled 10.2 7.7 236 162 0.0 0.0
crack and the surrounding olivine and the characteristic pore 7 5.4 173 128 0.0 0.0
rfloxphologiesr agcom;mnying incipient crack healing at the crack 10.2 7.9 253 263 : :
tip. Decrepitation is also corroborated by re-measuring the 7.0 6.6 173 144 0.0 0.0
homogenization temperatures of the inclusions to verify a 111‘:;. lé'g 1:; 13 9.2 g'g
corresponding decrease in the fluid density. There are undoubt- 16.4 4.7 539 463 0.0 0.0
edly additional fluid inclusions which decrepitated in the sam- ;-g g# ;]5_‘7' g; g-g g-g
ple.s l-mt wl_lich were not included_ in this stud.y. In particular, 6.2 7.9 133 126 0.3 o1
fluid inclusions less than approximately 5 pm in diameter were
5C601
exc'luded -because they were 100 small to accurately measure ©10>  <001> <0105 001> 10>  <001>
their melting and homogenization temperatures. The exclusion
of these smallest inclusions may bias the results of this study. Zg Z-g 33 26 1.0 1.0
The sizes of the cracks were measured optically after quenching ’ 29 }i ;g é'g é'g
and are listed in Tables 3 and 4, along with the original fluid 5.7 5.2 20 20 1.0 1.0
inclusion radii and, for the 1400°C experiments, fluid densities 2‘2 gg 23 3(9) ]1.-3 i-g
measured before heating. Unfortunately, none of the inclusions 7.4 7.1 37 n ) ’
which decrepitated during the 1280°C heating had been meas- g-t 3-3 39 i 1.0 1.0
ured using microthermometry, so their original fluid densities a1 3:: gg ‘;: 0.0 0.0

are unknown. In general, the cracks on (100) are longer in the
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TABLE 2. Experimental Conditions

sample Temperature,®C Gas Mixture £05, bars
601b 1400 H, /CO, 10-10.0%0.13
701b 1400 H, /€0, 10-10.0%0.1
103b 1400 H, /C0, 10 -8.5%2.0
103b* 1400 H, /GO, 10 -6.0t0.5
405d 1400 co/co, 10-10.2%0.2
§02¢ 1400 €o/co, 10 -5.820.1
702¢ 1400 €0/CO, 10 -5.9%0.1
405¢ 1400 co/co, 10 -3-9%0.1
201 1280 H, /CO, 10710.2%0.5

*Last 72 hours.

TABLE 3. Fluid Inclusion Decrepitation at 1400°C

Fluid Inclusion Crack

Crack Radius R, pm Density, Dimensions X5, um
g/cm®

<100> <001> <100> <00L>
702¢-2 8.6 7.1 1.001 . 76 55
4054-10 10.2 10.0 0.734 274 238
701b-7 11.0 9.8 0.923 265 226
405c-1 5.6 5.0 0.955 104 77
7024-13 5.7 5.2 0.979 --- .es
70la-2 2.8 2.7 1.028 48 42
103b-20 13.2 12.3 0.935 --- ---
103b-22 10.2 12.4 0.932 --- ---
103b-23 12.0 10.9 0.968 --- ---
103b-25 7.5 6.4 0.988 171 126
103b-26 11.2 10.7 0.955 --- -
103b-27 7.8 12.8 0.942 --- ---

<010> <001> <010> <001>
601b-4 9.7 12.3 0.930 --- .--
601b-5 12.7 10.8 0.915 --- -.-
601b-18a 4.5 3.8 1.031 79 67
602¢c-D 4.6 4.4 --- 93 81

TABLE 4. Fluid Inclusion Decrepitation at 1280°C
Fluid Inclusion Crack
Crack Radius R, pm Dimensions Xj, um
<100> <001> <100> <001>

201-A 3.4 3.0 50 39
201-B 6.1 5.1 126 77
201-C 5.3 4.5 92 90
201-D 4,8 4.2 104 84
201-E 5.3 4.3 117 95
201-F 5.1 4.6 101 80
201-6 4.9 4.1 106 84
201-H 3.5 3.5 72 51
201-1 5.3 4.5 104 75
201-J 3.5 3.4 69 58
201-K 3.3 2.9 56 42

<001> direction than in the <010> direction. This asymmetry
implies anisotropy in the fracture surface energies of olivine.
We selected some of the cracks which formed during the ini-
tial heating for subsequent crack healing experiments. The cry-
stal sections containing these cracks were heat treated for
periods of between 10 and 100 hours at the same temperature
and fO, conditions as the initial heating. Figure 7 is a
sequence of optical micrographs showing the progressive heal-
ing of crack 602¢-D at 1400°C. After each experiment, the
width of the healed region (X)) of each crack was optically
measured along either the <100> and <001> or <010> and
<001> directions, starting at the original crack tip and ending at
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the edge of the unhealed region (see Table 5 and 6). The width
X,, is shown schematically in Figure 5.

RESULTS OF DECREPITATION EXPERIMENTS

For our experiments on San Carlos olivine performed at
1400°C, we know the density of the fluid and therefore we can
use the ideal gas law to calculate the maximum fluid pressure
assuming no leakage. Of course, this value represents an upper
bound on the decrepitation pressure since decrepitation could
have occurred at any point during heating to 1400°C (Figure
2c). The theoretical curves were calculated based on eq. (4)
assuming K;, = 0.73 MPa m!? for the (001) face. The value
for the other cleavage surface (010) is somewhat lower (0.59
MPa m'?). As discussed above, we usually observed cracking
on both planes. The pressure has to be above what we calcu-
lated before the onset of decrepitation on both cleavage surfaces
occurs. Note that most of the experimental data fall above the
curve for a/R = 0.1 and, taken together, the data suggest a
range of values for a/R below 0.3, corresponding to an initial
crack length on the order of a micrometer.

The physical parameters needed for our fracture mechanics
model include the critical stress intensity factor and the elastic
moduli. Following standard practice in this type of calculation
for anisotropic crystals, we calculate an effective isotropic
modulus for each specific orientation from the full elastic
stiffness tensor as compiled in standard handbooks [e.g. Sim-
mons and Wang, 1971]. Specifically, the elastic moduli for
olivine (93% forsterite) are from Kwnazawa and Anderson
[1969] and critical stress intensity factor data for the (010) and
(001) cleavage planes of olivine (88% forsterite) were obtained
by Swain and Atkinson [1978].

All of our room pressure data on crack extension as a func-
tion of fluid inclusion dimension are plotted in Figure 4a. It can
be seen from eq. (12) that if P, = 0, then the physical parame-
ters entering into the calculation are coupled as (1-v3)K,./E.
Since Young’s moduli for the (010) and (001) faces are 167
GPa and 199 GPa respectively and Poisson’s ratios are both
0.25, the values of (1-v¥)K./E for the two cleavage planes are
both .003 Yum. Hence the theoretical curves shown in Figure 4
apply for both sets of cleavages.

In contrast to Figure 2¢ (in which the mean radius was used),
in Figure 4a we show the data for the two cleavage planes
separately. The projected dimension on the (100) plane tends to
be longer and so is the crack extension. Except for one set of
data, the experimental results are bracketed by the theoretical
curves corresponding to values of a/R between 0.1 and 0.3. In
this sense, the two sets of predictions (on decrepitation pressure
and crack extension) of the fracture mechanics model are con-
sistent with one another.

The numerical computations shown in Figure 4b illustrate the
effect of confining pressure. In comparison with the experimen-
tally decrepitated samples, the naturally decrepitated samples
show a wider range of fluid inclusion dimension and crack
extension (Figure 4c). Using eq. (12), the calculated lithostatic
pressures experienced by San Carlos olivine during ascent range
up to 1 GPa. This pressure is consistent with the petrologically
estimated equilibration pressure of 900-2500 MPa [Frey and
Prinz, 1978). Such an elevated pressure will tend to inhibit
crack extension and reduce the distance of propagation by as
much as one half the value at room pressure. The computation
was performed using parameters for the (010) face. For the
(001) face, the corresponding values of lithostatic pressure can
be obtained by muliplying the values in Figure 4c by a factor
of 1.19.
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RESULTS OF CRACK HEALING EXPERIMENTS

The cylindrical pores formed during healing show a distinct
crystallographic orientation, as shown in Figure 8. For experi-
mentally healed cracks on both (010) and (100) (Figure 8a,b),
the cylinder axis is parallel to <001>, whereas for naturally
healed cracks on (010) (Figure 8c), the cylinder axis is parallel
to <100>. If a partially healed, natural crack undergoes subse-
quent experimental healing, the orientation of the cylindrical
pores changes accordingly, as shown in Figure 8e. The pre-
ferred orientation of the cylindrical pores may be a result of the
shape anisotropy of the cracks, directional anisotropy of the sur-
face energy, or directional anisotropy of diffusivity of olivine.
Because the preferred orientation differs for experimentally and
naturally healed cracks, the anisotropy may be a function of
differing total pressure, temperature, oxygen fugacity, or crack
width.

WANAMAKER ET AL.: DECREPITATION AND HEALING OF INCLUSIONS

b

Fig. 7. Series of optical photomicrographs showing the progres-
sive healing of crack 602¢-D after: (a) 1 hour, (b) 11 hours, and
(c) 111 hours at 1400°C. The scale bar is 100 pm. *The origi-
nal fluid inclusion is indicated by the arrow.

The approximate average length of the unhealed portion of
the crack (X¢—X,) is a decreasing function of time (Figure 9).
The precision of the measurements are poor because distances
are small and difficult to measure, the time steps are relatively
coarse, the samples underwent subtle chemical changes which
only became apparent after very long heat-treatments, and crack
shape varies from crack to crack and from point to point within
a given crack. For example, the aspect ratio of the cracks, as
calculated by the ratio of r./X,, varied from 0.002 to 0.009 and
appeared to vary inversely with the crack area. In some cases
the central portion of the crack near the original inclusion
appeared to be narrower than some more distal points.

Healing rate is affected by temperature, crack width, and pos-
sibly oxygen fugacity. Cracks on the order of 2-30x10° um?
and approximately 1 pm thick are completely healed within 10-
100 hours at 1400°C. There was no obvious difference in the
rate of crack healing for cracks on different crystallographic
planes. Not enough data are available to test the detailed rela-
tionship between X¢—X, and time. However, if the two parame-
ters are related by a power law (such as in eq. 15), the experi-
mentally determined values of n range from 0.2 to 0.9, with a
mean value of 0.6 and a standard deviation of 10.3.

The data suggest a qualitative relationship between the width
of the crack (as determined by the radius of the last formed
cylinder) and the rate of crack healing (Tables 5 and 6; Figure
10), but considerable scatter is evident in the data. Following
eq. 15 as a working model, the parameter w can be determined
by plotting In{(X,—X, VXo][X/t]*"T* versus Inr2. Although
precision is low, the best fit line indicates w=1.7.

The mean of normalized crack length,
[Xo=Xa X ol[X,/t1*T*, at 1400°C is 0.6, with values ranging
from 0.07 to 2.4; the mean at 1280°C is 0.1, with values rang-
ing from 0.09 10 0.16. Using the value of n = 0.6, and equa-
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TABLE 6. Crack Healing Data at 1280°C
Crack Average Crack (Xo-Xn) /%o r X0, ym Time X ih] [1_!_0] nn
Length X5, um hours Xg I Lt
<100> <100> <001> <100> <001>

201-A 50 0.38 0.21 0.39 0.42 101 0.15
201-3 126 0.23 0.075 0.455 0.41 101 0.16
201-¢ 92 0.195 0.105 0.385 0.39 101 0.11
201-D 104 0.15 0.045 0.44 0.34 101 0.09
201-E 117 0.195 0.045 0.425 0.44 101 0.13
201-F 101 0.18 0.095 0.415 0.435 101 0.11
201-G 106 0.155 0.045 0.41 0.42 101 0.10
201-H 72 0.295 0.305 0.465 0.44 101 0.14
201-I 104 0.22 0.15 0.45 0.46 101 0.13
201-J 69 0.23 0.40 0.435 0.40 101 0.11
201-K 56 0.33 0.11 0.41 0.40 101 0.14

mean 0.124

(+0.022)

tion 15, but not correcting for variations in crack width, the
apparent activation emergy, nQ/R, is roughly 29(+18)x10° K,
where R is the gas constant in units of energy/mole. The accu-
racy of this determination is very difficult to calculate since it
rests on several untested assumptions, an unverified model, and
imprecise data; it is probably accurate to an order of magnitude
only.

There are small, but systematic differences in crack healing
rates when the oxygen fugacity is increased from 0.001 Pa to
0.1 Pa (10°® to 1075 bars). The time for ovulation of a cylinder
of given radius seems to be longer for higher oxygen fugacity.
Further, the ratio of the distance between spherical pores and
the radius of the parent cylinder is 15.943.6 as compared with
7.8£1.9 at the lower fugacity. These observations are consistent
with a change in mechanism from surface diffusion at 0.001 Pa
fO2 to latice diffusion at 0.1 Pa fO,. However, more evi-
dence is needed to verify this hypothesis.

DiscussioN
Fracture Mechanics of Fluid Inclusion Decrepitation

The above analysis is a rigorous fracture mechanics model
for fluid inclusion decrepitation. The formulation of our model
was motivated by recent experimental measurements of the
decrepitation pressure as a function of confining pressure and
fluid inclusion dimension. It is encouraging that the model
predictions are in reasonable agreement with the experimental
data of three minerals (fluorite, olivine, and quartz) that have
significantly different mechanical properties.

Our fracture mechanics model has two key features. First,
we postulate that the dimension of a pre-existing flaw scales
with the fluid inclusion size. This is a plausible assumption
since the nucleation of a pre-existing flaw has to be due to
stress concentration in the local vicinity of the fluid inclusion,
and the spatial distribution of such a stress perturbation has to
scale with the inclusion dimension, the only characteristic length
scale in the model. However, the physical mechanism which
induces the local stress field is not well known. It is probably
related to processes for the incorporation of the xenolith into the
host magma and for the formation of the fluid inclusion [Green
and Radcliffe, 1975; Kirby and Green, 1980; Wanamaker and
Evans, 1985].

Second, we consider all three stages of the decrepitation pro-
cess: initiation, propagation, and arrest. Therefore, our analysis

is somewhat more involved than previous theoretical treatments
of related geophysics [e.g. Rummel and Winter, 1983; Fredrich
and Wong, 1986; Sammis and Julian, 1987] and materials sci-
ence [e.g. Evans et al., 1979; Green, 1980] problems. To
analyze the crack arrest process, we have to consider the equa-
tion of state of the fluid phase. Our experimental results on the
crack lengths in San Carlos olivine as a function of fluid inclu-
sion radius (Figure 4a) can be explained by our fracture
mechanics model. We are not aware of similar measurements
on other minerals. It is hoped that more extensive data will be
provided by future fluid inclusion studies to check the validity
of our model. For mathematical convenience, we only per-
formed the computations using the perfect gas law. It should be
noted that the above analysis can be generalized to consider
more complicated equations of state.

Since decrepitation may occur over a wide range of tempera-
tures, pressures, and possibly time scales, and because the
geometry of the inclusion can range from relatively smooth to
highly irmregular, it is therefore unrealistic 1o expect any
micromechanical model to characterize quantitatively all aspects
of the decrepitation process. Below we discuss some of the
limiting assumptions.

Although the fracture mechanics model assumes quasi-static
crack propagation, the cracking is expected to be unstable ini-
tially, and thus, the driving force is in excess of the energy dis-
sipation ahead of the crack tip. Before being arrested, the crack
will tend to “overshoot" to a distance longer than that predicted
by our quasi-static analysis. Our estimate of crack extension X,
is therefore a lower bound. Using the asymptotic value of K,
for a very short annular crack to evaluate the decrepitation pres-
sure also underestimates the decrepitation pressure. In addition
we assume the effective volume change to be solely due to a
penny-shaped crack. To resolve the fine details of volume
change as a function of crack length, one would have to resort
to a finite-element calculation using a very fine mesh.

The effects of pressure and temperature on the elastic moduli
have been studied extensively in mineral physics. However, the
dependence of K. on pressure and temperature is not as well
known. The most significant effects will result from plastic
processes operating near the crack tip in the semi-brittle regime.
The effective fracture toughness increases due to inelastic dissi-
pation induced by dislocation activity. In the britlle regime, the
effect of pressure and temperature on K. of minerals is prob-
ably of second order. In the absence of reliable data on such
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Fig. 8. Optical photomicrographs showing that the orientation of cylindrical pores is primarily parallel to <001>
on (a) (010) and (b) (100), during experimental crack healing but parallel to (c) <100> on (010) and (d) <001>
on (100) during natural crack healing. Changes in oricntation of cylindrical pores are produced on a single crack
(e) undergoing first natural and than experimental crack healing. Scale bars are 100 pm.
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Fig. 8. (continued)
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Fig. 8. Normalized crack length versus time for (a) (010) cracks measured in the <100> (open symbols) and
<001> (filled symbols) directions and (b) (100) cracks measured in the <010> (open symbols) and <001> (filled
symbols) directions experimentally healed at 1400°C (Table 5).

effects, we have simply taken the room condition values in our
computation.

In long term experiments, as well as in nature, stress corro-
sion may be important. In minerals such as quartz and calcite,
stable cracking can initiate at low velocities at a value of K,
somewhat less than K;.. This process of "subcritical crack
growth” can result in inelastic stretching of the fluid inclusion
before the onset of dynamic crack propagation or decrepitation.
This effect is probably negligible in the type of experiments we
discuss here. In tectonic settings, a lower limit to subcritical
crack growth rate may be set by the kinetics of crack healing
[Atkinson, 1984; Smith and Evans, 1984].

Healing Kinetics

Kirby and Green [1980] observed naturally decrepitated and
subsequently healed fluid inclusions in San Carlos olivine and
presented clear evidence that some plastic flow, i.e. stretching,
accompanied uplift of the xenoliths. Previous experiments in
San Carlos olivine, done in a buffering gas mixture at f0,<10°®
bars (0.001 Pa) indicate that the ratio of the spacing between
spheres to the radius of the parent cylinder is about 7.8+1.9,
indicating that the transport mechanism was either surface
diffusion or, less likely, diffusion through the pore fluid itself
{Wanamaker and Evans, 1985]. The time necessary for ovula-
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Fig. 10. Nommalized crack length versus cylinder radius (Table
5) for cracks experimentally healed at 1400°C. The slope of the
least squares fit to the data is equal to —nw.

tion (t) was consistent with a relation, T « r.% as would be
predicted by the analytical treatment of the surface diffusion
problem. The systematic differences in L/r. and in the time for
ovulation with changing buffering gases imply that the mechan-
ism or kinetics of transport are being affected. If surface and
lattice diffusion were influenced by oxygen fugacity in dissimi-
lar ways, a changeover in transport mechanisms might result.

There are, however, two additional chemical complications.
First, because the mechanical supports for the crystals were
made of platinum, a reaction between olivine and platinum did
occur in a small region around the points of contact, and
involved the growth of pyroxene crystals and the formation of
precipitates of FePt alloys. In addition, fine droplets of
magnesio-alumino-silicate melts also were identified on the sur-
face of the samples by EDS analysis. Both reactions were
confined to the surface of the sample; in addition, we attempted
to minimize the contact area. Thus we suppose, but do not
know certainly, that the effect on the cracks located in the inte-
rior of the sample was small. It is possible that the reaction
between platinum and the olivine has affected the rate of
diffusion and thus the rate of crack healing measured in these
experiments.

A second reaction also occurred which did involve the fluid
inclusions. Laser Raman spectroscopy revealed that the CO,
inclusions were reduced to form CO/CQ, mixtures [Pasteris and
Wanamaker, 1988] in equilibrium with the buffering gas mix-
tures used to maintain the stability field of olivine [Nitsan,
1974]. The reaction, which became evident after heat treat-
ments of only 5 minutes at 1400°C, apparently involves the oxi-
dation of the solid immediately swrrounding the inclusions to
form nonstoichiometric olivine or perhaps a second phase with
concomitant reduction of the CO, to CO. It is possible that the
variation of healing rate with oxygen fugacity results from
changes in the kinetics of this oxidation-reduction reaction.

The healing models as formulated involve the assumption that
the rate-limiting step is ovulation of the spherical pore from the
cylindrical tube, as well as some untested assumptions regarding
the geometry and rate of formation of cylinders [see Hickman
and Evans, 1987]. Strictly speaking the regression distance
derived is the distance from the original position of the crack to
the latest spherical pore formed. In these experiments, we
measured the distance to the innermost cylinder rather than the
innermost spherical pores, because this distance was much
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larger and could be measured with more accuracy, and because
the greatest change in physical properties probably occurs dur-
ing this stage. More detailed data are mecessary to test
rigorously the form of the functional relationship between ¢ and
Xo—X,; however, if eq. (15) is assumed to hold, the average
exponent, n is 0.6+0.3. It is interesting to note that this value
is quite similar to that obtained during experiments on cracks in
calcite at 780°C [Hickman and Evans, 1987] and in alumina
[Evans and Charles, 1977]. The latter experiments were done
on polycrystalline material and have considerable added com-
plexity owing to the complicated geometry and the presence of
varying grain orientation. At present, the significance of the
agreement between these largely phenomenological observations
is not clear. Until more detailed theories and experimental data
are available, the power law equation provides a useful working
model to estimate crack healing kinetics.

Although there is considerable scatter in the healing data, it is
clear that healing is accelerated by increasing temperature.
Some observations of the kinetics of ovulation in San Carlos
olivine were reported previously by Wanamaker and Evans
[1985), who reported an activation energy for that process of
53422 kcal/mol (222488 kJ/mole). However, because of a
zero-point calibration error, the temperature of those experi-
ments was incorrectly reported as 1250°C instead of 1280°C;
the activation energy for ovulation should then be corrected to
70425 kcal/mole (2931100 kJ/mole). Using eg. (15) without
comecting for differences in crack width, we calculate an
apparent activation energy for crack healing nQ /R =29(+18)x10°
K. If n = 0.6, then Q=96+60 kcal/mol (402+240 kJ/mole).
However, because of the complex chemical changes occurring,
and because it is difficult to verify all the assumptions inherent
in the healing model, this value can only be regarded as an
order of magnitude estimate,

Uplift and Alteration of Inclusions in San Carlos Olivine

In Figure 4c, we categorized the naturally decrepitated samn-
ples into two groups according to whether they were completely
healed or partially healed. The theoretical calculations using the
fracture mechanics model indicate that many of the completely
healed specimens were decrepitated under a relatively high
lithostatic pressure of the order of 1 GPa. This value is com-
parable to the pressure expected for the source region [Frey and
Prinz, 1978] and would imply that these cracks formed soon
after their entrainment in the ascending magma, consistent with
their fully healed condition. The remainder of the partially
healed cracks are distributed over the calculated pressure range
from 1 GPa to 0 MPa. The cracks experimentally decrepitated
at 0.1 MPa are generally consistent with the theoretical zero
confining pressure limit. The location of the theoretically calcu-
lated isobars will be different for ratios of a/R other than that
used in generating Figure 4c. The occasional discrepancies
between the data and the theoretical calculations may indicate
that there is a range of a/R for the fluid inclusions in the
olivine xenoliths.

In Figure 11, we have used the naturally decrepitated and
healed cracks to estimate the ascent rate of the olivine xenoliths
from San Carlos. The lithostatic pressure at the time of
decrepitation for a particular crack is estimated from the theoret-
ical calculations in Figure 4c. Using equation 15, the experi-
mentally measured crack healing rates at 1280 and 1400°C can
be fit to the equation

11

[(Xo-Xa VX[ Xo/t]"T* = e-? [[m’ -?] —m] (16)
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stresses induced by mismatches in thermoelastic moduli on 4
grain to grain scale [e.g. Nur and Simmons, 1970]. However,
fluid inclusion decrepitation can also contribute to microcracking
during the unroofing process. The fracture mechanics mode]
presented here is a first attempt to quantify this process. Of
course, stress intensity factors and crack healing kinetics
appropriate for minerals found in crustal rocks must be
included.

CONCLUSIONS

A fracture mechanics model has been developed to describe
the initiation, propagation, and arrest of fluid inclusion decrepi-
tation in San Carlos olivine. Correlations between fluid inclu-

Fig. 11. Calculated ascent rates for naturally healed cracks in sjon size and both decrepitation pressure and crack extension
San Carlos xenoliths assuming a temperature of 1300°C. Data have been investigated by incorporating the presence of flaws

are plotted as decrepitation pressure versus crack healing time.

associated with the fluid inclusions into the fracture mechanics

Symbols are the same as in Fig. 4c. Representative error bars model. These flaws are modelled as annular cracks radiating
due to experimental uncertainty in the thermal activation energy from the fluid inclusion surface. Data from the experimental

for crack healing are shown.

where nQ/R =29(+18)x10* K, n=0.6, T is in K, X, and X, are
in pm, and ¢ is in seconds. The time elapsed since decrepita-
tion is calculated by substituting the measured value of
XX, VX and X, from Table 1 and the appropriate tenmpera-
ture for the ascending xenolith into eq. (16) and solving for ¢.
We have assumed a crack healing temperature of 1300°C in the
ascending magma plume and that healing is arrested once the
xenolith has reached the surface.

The ascent rates calculated from the partially healed cracks
range from 0.001 to 0.1 m/s. Alkali basalt ascent rates are
estimated to be between 0.01 and 5 m/s [Spera, 1984]. Rates
calculated from the completely healed cracks tend to be faster
because healing was probably completed before eruption at the
surface. Slower ascent rates could be due to ponding of magma
at depth before eruption at the surface or continued crack heal-
ing after eruption. If the temperature of the ascending magma
is higher than 1300°C, the calculated ascent rates would be
correspondingly faster, whereas a lower temperature would
result in slower calculated ascent rates.

Not all of the fluid inclusions in the San Carlos olvine xenol-
iths decrepitated during ascent. Whether or not a particular
fluid inclusion will decrepitate depends on the
pressure/temperature history of the xenolith and the fluid density
and geometry of the inclusion. Wanamaker and Evans [1989]
investigated the plastic deformation of fluid inclusions in the
same xenoliths and noted that even those inclusions which
decrepitated exhibited dislocation structures indicating that they
had stretched before cracking. Several different scenarios can
be hypothesized for the entrainment of these xenoliths into the
ascending magma. Entrainment may be isothermal but ascent
rate, and therefore P,—P,, may increase with decreasing depth.
Alternatively, the magma may be hotter than the surrounding
mantle and entrainment may be accompanied by an increase in
temperature and thus Ps—P,. Both of these scenarios may pro-
mote initial plastic deformation of the inclusions followed by
brittle fracture. Differences in the mode of deformation among
inclusions in the same xenolith indicate a distribution in (1)
fluid densities, as a result of entrapment under changing
pressure/temperature conditions, or (2) the ratio of a/R.

Microcracks are commonly observed in crustal rocks as well,
Their origin is often attributed to microfracturing by intemnal

decrepitation of fluid inclusions in olivine suggest that the ratio
of the flaw length a to the inclusion radius R is between 0.1
and 0.3, corresponding to an initial crack length on the order of
1 pm.

The fracture mechanics model can be used to derive an impli-
cit equation relating the initial flaw length to the final crack
length as a function of inclusion radius and confining pressure.
The experimental results on crack extension are again bracketed
by 0.1<a/R <0.3.

After decrepitation, the cracks were experimentally healed at
1280 and 1400°C. Healing occurs due to transport of material
in response to gradients in chemical potential along the crack
surface. During healing, the open crack porosity is modified
first into cylindrical pores and then spherical pores. Healing
rates are controlled by the geometry of the crack and an
Arthenius term containing the activation energy for diffusion.

Cracks on the order of 2-30x10° pm? and approximately 1
pm wide are completely healed within 10-100 hours at 1400°C.
The experimentally determined value of the geometric parameter
n is 0.6, and the apparent activation energy nQ/R is 29(x18)x
10° K.

The naturally decrepitated and healed fluid inclusions in San
Carlos olivine can be used to estimate the ascent rate of the
xenoliths. The fracture mechanics model allows the lithostatic
pressure at decrepitation to be calculated while the crack healing
kinetics provide an estimate of the time elapsed since decrepita-
tion. Assuming that the temperature during ascent was 1300°C,
the range of healed crack morphologies in San Carlos olivine
suggest ascent rates between 0.001 and 0.1 m/s, consistent with
those estimated using other techniques for other alkali basalt
magmas [Spera, 1984]. Lower or higher temperatures would
result in relatively slower or faster calculated ascent rates,
respectively.

APPENDIX

We describe here the detailed derivation of the results of the
fracture mechanics model. We are interested in the evaluation
of the stress intensity factor at the tip of an annular crack at 2
spherical void. The fluid inclusion and crack surfaces are both
subjected to a fluid pressure Py and the solid is subjected to &
remote confining pressure P, (Figure Al).

Since the solid is assumed to be homogeneous and linearly
elastic, this problem can be treated as the superposition of the
two configurations shown in Figure A2. It can be seen that the
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Fig. Al. The stresses acting on an annular crack at a spherical
void. The remote stress field is a hydrostatic pressure given by
P, and the fluid pore pressure is Py.

lefthand configuration with homogeneous loading due to hydros-
tatic pressure does not contribute to any stress singularities at
the crack tip. Hence, one only needs to consider the righthand
configuration (corresponding to a remotely applied hydrostatic
tension Py - P, on the solid) in calculating the stress intensity
factor.

The analogous problem of uniaxial tension loading has been
investigated extensively in the materials science literature [e.g.
Evans et dal., 1979; Green, 1980). If the dimension of the crack
(X) is greater than the void radius, then the stress intensity fac-
tor K; can be evaluated conveniently using a Green’s function
technique. Specifically, if the axis of symmetry of the annular
crack is taken to be the z-axis with the crack tip located at r=X,
and if the tensile stress acting normal to the annular plane in the
absence of the crack has been determined to be 0, (r,0), then
the siress intensity factor K; at the tip =X may be evaluated
by the following integral:

<

K. = 2 r o, (r,0) dr
v ‘J(‘KC))[ V(2%

with ¢ = X+R. The use of this integral is motivated by the
observation that the stress intensity factor due to the application
of a ring of point forces at » on the surface of a permy-shaped
crack of radius ¢ in an infinite medium is given by
(ﬂm)(r/\l(cz—ri)) [Barenblatt, 1962]. Equation (Al) there-
fore represents the superposition of this Green’s function.

For a spherical void under remote hydrostatic tension, the
stress component of interest is given by:

(AD)

R

3
u(r0) = (Py—P2) [14-;— [7] ] (A2)

On substituting (A2) into (Al), we arrive at equation (7) given
in the main text.
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Fig. A2. By linear superposition, the boundary value problem
shown in Figure Al can be considered separately as: (a) a
homogeneous hydrostatic loading with confining pressure and
fluid pore pressure both equal o P,, and (b) a remote hydros-
tatic tension P,—P_ acting on an annular crack at a spherical
void, both of which are stress free. The stress field for the first
configuration does not have any singularity at the crack tip,
hence, only the seconc configuration needs to be considered to
evaluate the stress intensity factor.

Strictly speaking, the above approach applies to an annular
crack with no tensile opening for r<R. In the spherical void
problem, appreciable opening occurs at the interface between
the spherical surface and the crack surface (ie. r=R). Com-
parison with numerical computation has shown that the contri-



15,640

bution of this opening to K; is negligible for crack length X
longer than the void radius R [Green, 1980]. Our olivine data
for crack arrest of both experimentally and naturally decrepi-
tated samples show that the final crack lengths X, are at least
three times the comresponding inclusion radii. Hence the above
solution can be used for the crack arrest phase.

On the other hand, the initial crack length a is sufficiently
short at the onset of decrepitation that the solution obtained by
the Green's function technique underestimates the stress inten-
sity factor. However, an exact assymptotic solution can be
obtained for the case a/R approaching zero. In this case, the
curvature of the spherical surface can be neglected and the crack
tip stress field approaches that for an edge crack of length a in
a semi-infinite medium, which is well known to be the local
stress multiplied by a factor 1.1215V(xa). It can be seen from
equation (A2) that the local stress at r=R is 1.5(P;-P.), hence
the stress intensity factor is given by 1.68(Pf P, (na) (equa-
tion (3)).

In our problem, the initial crack dimension is intenmediate
between the cases of a/R<<] and a/R>1. Hence, neither the
asymptotic solution nor the Green’s function solution applies.
A similar problem is encountered in analyzing cracking at
spherical voids in ceramic materials [Evans et al.,, 1979] for
which the a/R ratio typically falls in the range between 0 and
1. We have opted to use the asymptotic solution which pro-
vides a lower bound on the decrepitation pressure.

Ad hoc schemes have been developed in the materials science
literature to calculate the stress intensity factor by interpolation
between the two solutions shown in Figure 4a. We have tried
one such interpolation scheme proposed by Green [1980]. As
expected, the interpolation solution gives a higher decrepitation
pressure. It also predicts an amount of crack extension which is
somewhat greater than what is shown in Figure 4. Considering
the various uncertainties in the model in connection with the
equation of state of the fluid filling the cracks, the physical
parameters, and fluid inclusion geometry, we believe that this
type of refinement in the analysis is probably of secondary
importance. Hence, the tedious algebra involved for this inter-
polation technique is not included in this paper.
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