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When we developed a new kind of
diamiond amvil cell [1], we had no idea
that it would prove to be so useful in the
study of clay minerak and how they in-
fluence the release and mobility of fhuds
in the Earth's crust and upper mantle.
The new diamond anwil eell (DAC) al-
lowrs us to observe changes in samples
immersed in water at temperatures up o
1000°C and pressures up to 25 kbar (Fig-
ume 1) Although we have made many
fascinating observations in this new
DAC usmg a microscope, extending it to
the study of days by combining it with
synchrotron radiation at CHESS has
opened up spme very promising avenues
that can provide important new under-
standings of fluid-solid interaction in the
Earth.

Understanding the behavior of the
interlayer water in clay mmerals 15 im-
portant because that water is released
under the heatmg and compression that
takes place during burial of sediments.
The interlayer dehydration can cause
overpressure in the pore space of rocks,
affect the mck strength, and contribute to
subsurface fluid flow. The flow of
flmdsin the pore spaces of rocks 15
impaortant for mineral transport,
and espeaally for the migration of
hydrocarbons to trapping reser-
vous in sedimentary basins. Water
bound in clays may also be sub-
ducted along with the subducting
lithospheric plates into the upper
mantle. Thus, understanding the
effect of temperature, pressure, and other
variables on dehydration of day mmer-
ake 1= of considerable importance m un-
derstanding a vaniety of geological pro-
ceEsEs

We have tumed our attention to
montmorllonite, a clay mineral that &=
impartant because it carries a large
amount of water and 1= also one of the
most abundant hydmwus minerals in bur-
ied sediments. Montmorillonite is a
sheet silicate with very low negative
charges on its sheets, charges that are
halanced by cations filling the spaces be-
tween the sheets (Figure 2). Because of

the low charges, only a small
number of cations fill the

spaces and when they do,

they carry with them enve-

lopes or solvation shells of HO
molecules. These HO molkcules
reside between the sheets forming
discete hydration states. These cat-
1ons and their accompanying water
molecules am readily exchanged when
ather cations are made available in the
surrounding aqueous solution.

In order to carry out expenments
on the retention and loss of water of
hydration in montmonllonites, we
place our sample in water along with an
air bubble n a gasket conssting of a 500
pm diameter hole drilled in a 125 pm
thick thenmm fml. We then trap the con-
tents in the gasket hole between dia-
mond anvil faces. The damonds are
heated by reststance heaters and the tem-
peratures are measured by thermo-
couples attached to the outsides of the
diamond anvils. Pressure & allowed to
build up in the sample chamber as tem-
perature 1s rased. If the gasket is prop-
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pressed in the DAC. Anintinsic germa-
nium solid-state detector placed at a 26
angle of 3" 15 used to collect the energy
dispersive diffraction pattern {Figure 31
Less than a minute 15 required to collect
enough information to measure the
imterlayer distances. This allows us to
observe not only the changesin the lay-
ers of water but also the response rates
when temperature and pressure are
changed. The {001] basal d-spacngs
megasured by x-ray diffraction
are about 19, 15 and 125 A
for third, second, and fimst hy-
dration states. These hydra-
tiom states are often referred
to asthe three, two, and one
layer hydrates even though
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Figure 2 Schematic disgram of e sticire of
montmonlionite (infer-layer spasings in AL

erly prepared, the volume of the sample
chamber remains constant to within one
or two percent. Pressure can then be de-
termined with a precision of £ 300 bars
from the equation of state of water.

The thickness of the water of hydra-
tion directly affects the (01} d-spaang of
the montmaorllonite and is themfore eas-
ily determined using energy dispersive
w-ray diffracion. Experimentally, we
pass a white beam of x-rays through our
sample while it is heated and com-

they do not correspond ex-
actly to those number of lay-
eTs.

Lehydration and rehydration expen-
ments have been performed on montmao-
rillorites with Ca, Mg, and Na cations in
the exchange posthions. At pressures
greater than 1 to 200 bars along the lig-
uid-vapor coexistence curve (L-V), dehy-
dration temperatures are rather irsensi-
tive to changes in pressure. Table 1
shows the tempemtum of the third- to-
seoond hydration state conversion in
each of our samples and the second-to-
first hydration state conversion in Na-
montmorillonite and Mg-montmorillo-
mite. Our results show that these mont-
morillonites retain three layers of water
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Although the dehydration tempera-
tures above the L-V curve are notvery
sersitive to presum, they are smsitive
to the interlayer cation species. Mg
montmorllonte is found to have the
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lowest dehydration tempera-
ture for three to-two layer
dehydration, even though it
has the highest hydration en-
eTgy in aqueous sohation.
We interpret this as due to
the screening effect of the
water molecules in the pr-
mary solvation shell making
the water molecules in the
secomdary or outer solvation
shell rather loosely attached.
The temperature of the two-
to-mme layer dehydration 15 n
agreement with the trend of hydration
energy of the vanious cations. This ob-
servation is consistent with our explana-
tion since the comversion from two layers
to ome layer of water must break apart
the first solvation shell.

Although our results show that pres-
sure has little effect on the three-to-two
layer dehydratiom with increasing tem-
perature, they show that pressure has a
stmng effect on the two-to-three layer
rehydration with decreasing tempera-
ture. This i= espedally well illustrated
by the observations on Ca-montmon|lo-
nite {Figure 4). At the pressure of the L-
V curve (1 to 2060 bars), two-to-three
layer rehydration takes place at the same
temperature as the three-to-two layer de-
hydration. At 7000 bars rehydration
takes place 30°C lower than dehydration.
The mechanism responsible for this hys-
teresis 15 not clearly understood at this
time but almost certanly has to do with
the effect of the structure of the water
and location of the mterlayer cations on
the activation energy for the reaction.

Chur observations that montroorillo-
nite with three layer hydrate 1= stable at
high pressure up to 200-380°C is impor-
tant for sedimentary basin and petro-
leum generation modeling. So far, most
people have assumed that when clays re-
lease water, there are only two layers of
water being released. Our results mdi-
cate that for any water-releasing reaction
shallower than 5 km, the three-layer hy-
drate probably dominates and may be re-
sponEible for the release of 337% more wa-
ter and at comsiderably higher tempera-
tures than previously thought. Another
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comsequence of our observations con-
cerms the mechanical properties of mont-
morllonite clays. Our results show that
those days are expected to remain duc-
tile down to comsiderable depths where
they may be the best candidate to form
good seals for deep oil reservoirs.

Our results also show that clays with
twin layers of water ame stable up to 450-
80°C and with one layer of water up to
even higher temperatures when the pres-
sure is higher than the HO LV curve.
The release of this mmaining water may
ply an important role in tansporting
water to great depths in the subduction
of ocean floor sediments into the Earth's
mantle. Dehydration in subducting slabs
1= considered to be an important cause of
earthquakes as well as the source of vola-
tile materals that create volcamic activity
akng some of the boundaries of tectonic
plates.
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