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Phase transition buoyancy contributions to stresses

in subducting lithosphere

(raig R. Bina

Department of Geological Sciences, Northwestern University,

Abstract., The sequence of phase {ransitions undesr-
gone by minerals with increasing depth in Earth’s man-
tle is perturbed within subducting lithospheric slahs by
their thermal structure. Such perturbation of equilib-
rium phase relations gives rise to relative buoyancy con-
trasts between slab and mantle that contribute to the
state of stress within the slab. While other factors con-
tribute to overall slab stresses, thermal and phase tran-
sition cffects largely control the structure of the siress
field within the slab. The resulting maximum in down-
dip compressive stress within the slab corresponds to
the observed peak in depth distribution of deep seismic-
1ty. Furthcrmore, metastable persistence of Jower pres-
sure phases within the cold slab should give rise to lo-
calized shear stresses whose distribution corresponds to
observed features of subduction zone seismicity. These
observations are independent of the variely of failure
mechanisms proposed for deep selsmogenesis.

A number of factors (e.g., viscous drag [Davies, 1980],
interplate friction [Woriel and Viaar, 1988]) may con-
tribute to the state of stress in a subducting lithospheric
slab, Contributions [rom putative viscosity increases
[King, 1995] or compositional changes [Zhae and An-
derson, 10941] near the top of the lower mantle remain
topics of debate. What is not disputed is that the min-
erals of slab and mantle undergo phase transformations
with increasing depth [Ringwood, 1982]. lnternal slab
stresses may arise from rheological response to associ-
ated heterogeneous volume changes, accumulated over
the sequence of phase changes undergone throughout
subduction [Goto ef al., 1987]. Perhaps the simplest
stress contributions, however, arise from instantaneous
buoyancy contrasts between slab and mantle, The neg-
ative thermal buoyancey of the cold slab is supplemented
by body forces, of similar magnitude, arising from the
thermal perturbation of eguilibrium phase boundaries
[Turcotie and Schubert, 1971, 1972]. This picture may
be complicated by kinetic effects permitting metastable
persistence of low-pressure phases in cold slab interi-
ors [Sung and Durns, 1976], a phenomenon for which
important roles have been proposed in subduction dy-
namics and deep seismogenesis (Kirby el al, 1996]. Tt
is these buoyancy contribuiions to slab siresses which
are examined herein.

Beginning with a model of pressures (from radial inte-
gration of PEMC [Dziewonsks ¢t al., 1975] density pro-
file), temperatures (from N. H. Sleep’s finite difference
algorithm [Toksoz et al, 1973] for 140 Ma lithosphere
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with initial GDH1 [Stein and Stein, 1992] thermal strue-
ture subducting at 8 em/yr at 60° dip), and bulk com-
positions (uniform (Mgg oFeq 1)25104 | Ringwood, 1982])
in a subduction zone, it is straightforward to calculate
the corresponding equilibrium phase assemblages (by
free energy minimization [Bine, 1996]) using thermo-
dynamic parameters [Fei cf al., 1991] for the olivine
polymorphs {a, 3, v), magnesiowlstite (mw), and sil-
icate perovskite (pv). Figure 1 shows the phase dis-
tributions for this simple olivine mineralogy, both for
equilibrium phase relations and for kinetic inhibition of
high-pressure phasc growth below a critical tempera-
ture (T,.;;) [Rubte e al, 1994], along with the buoy-
ancy contrasts relative to surrounding mantle calcu-
lated from the resulting density structures. Figure 2
shows the (nonlinear [Helffrich and Bina, 1994]) varia-
tion ol phase proportions and compositions along cross-
sections through the ambient mantle and down the temn-
perature minimum of the slab.

At equilibrium (Figure la), the mantle phase transi-
tion series o« — o + 3 — 8 — 4+ ¥ — v (Figure 2a)
deflects upwards (with uncertainties in olivine Clapey-
ron slopes [Bina and Helffrich, 1994] corresponding to
~ 10 km in transition depth) within the cold slab. It
is replaced by the series ¢ — a+v — g+ — ~
within the coldest core of the slab {Figure 2b), where
FesSiOy-rich v occurs within the o + v [leld {notable
because v has been observed to persist metastably over
a range of mantle conditions [Brearley and Rubie, 1994;
Y. Wang, pers. comm., 1993]). Consequent juxtaposi-
tion of mantle and denser slab phases creates a negative
buoyancy anomaly within the slab. On the other hand,
the deeper mantie reaction v — pv+mw deflects down-
wards within the cold slab, juxtaposing mantle and less-
dense slab phases to yietd a positive buoyancy anomaly.,
The kinetically restricted case (Figures 1h-¢) results in
the protrusion of a tongue of wetastable o into the w4y
and 5+ v stability ficlds. Metaslable persistence of a
within the core of the slab {Figures 2¢-d) is followed by
abrupt transition to +, with the absence of an interven-
ing A field. This feafure is surrounded by denser slab
phases, generating a positive buoyancy anomaly within
the broader region of negative buoyancy.

Variation of the local bucyancy force (per unit vol-
ume, relative to ambient mantle, using thermoelastic
parameters of Fei ef al. [1991]} along the coldest core
of the slah {and 30 km to either side) is shown in Fig-
ure Ja, where the buoyancy excursions due to thermal
perturbation of the phase (ransilions are evident. To
the extent that the slab acls as a dip parallel stress
guide, the region between these buoyancy excursions
is compressed. (The dip-normal buoyancey component
should exert a torque on the slab, inducing flexure
such as that seen near 660 km [Lundgren and Giar-
din, 1994].}) Figure 3b shows the stress contribution
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