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Effects of temperature and pressure on the structure of lawsonite
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ABSTRACT

Independent isobaric data on thermal expansion and isothermal compressibility data
for lawsonite, CaAl,Si,0,(OH),-H,0, were determined between 23 and 598 °C and 0.001
and 37.7 kbar using single-crystal X-ray diffraction in a microfurnace and a diamond-
anvil cell, respectively. The crystal structures of lawsonite were also refined from intensity
data collected at 23, 444, and 538 °C and 0.5 and 28.7 kbar.

Both expansion and compression patterns are slightly anisotropic, with minor changes
along ¢ with respect to @ and b. Unit-cell dimensions vary linearly with T and P: «, =
1.26(4) x 1075, a, = 1.12(4) x 1073, o, = 7.6(3) x 10-¢°C~', and 8, = 3.4(1) x 1074, 8,
=3.0(1) x 104, 8. = 2.8(2) x 10~ kbar~'. Bulk modulus, calculated as the reciprocal of
cell-volume compressibility, is 1100(40) kbar.

The cavities of the framework accommodating Ca and H,O molecules change by only
about =5% in the investigated 7 and P ranges. Thus, at room pressure H,O molecules
can be hosted in the lawsonite structure at least up to above 500 °C, where the reduction
of reflection intensities shows the beginning of dehydration and breakdown of the phase.

Like other dense phases, structural changes with 7 and P essentially affect bond lengths,
whereas interpolyhedral variations mainly concern the Si-O-Si’ angle between tetrahedral
pairs, which increases with temperature and decreases with pressure.

The present data define the “geometric” equation of state for lawsonite on the basis of
cell-volume variations: V/V, = 1 + 3.13(9) x 10-5T — 9.1(3) x 10-*P, where T is in
degrees Celsius, P is in kilobars, and the a/8 ratio is 34 bar/°C. This indicates that the cell
volume of lawsonite remains unchanged with geothermal gradients of about 10 °C/km, a
condition actually observed in down-going subduction slabs. Therefore, the results of high-
T and high-P structure refinements are in agreement with results from multi-anvil exper-
iments and confirm that lawsonite is a good candidate for carrying water down to mantle

depths.

INTRODUCTION

Lawsonite is a common mineral in metabasalts and
Ca-rich metagreywackes and is considered as an index
mineral of high-pressure, low-temperature metamor-
phism. In blueschist facies, lawsonite crystallizes in con-
ditions ranging from 0.3 to 1.0 GPa and 150 to 400 °C
(Diessel et al. 1978). Recently, results from multi-anvil
experiments on the CASH system (Schmidt and Poli 1994;
Pawley 1994) have shown that lawsonite is stable to 1040—
1080 °C and 92-94 kbar in the P-T regimes observed in
most subduction siabs, with the most extreme conditions
of 120 kbar and 960 °C (Schmidt 1995). Thus, lawsonite
may remain stable during the subduction process in down-
going oceanic crust to P exceeding 120 kbar, and its
breakdown may contribute to the recycling of water in
the mantle above the subduction slabs to depths of more
than 200 km (Poli and Schmidt 1995).

The crystal structure of lawsonite, CaAl,Si,O,(OH),-
H,O, was determined by Wickman (1947) and later re-
fined by Baur (1978) in space group Ccmm. It is based
on edge-sharing Al octahedra, forming chains along the
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[010] direction. These chains are linked by Si,O, groups,
and the cavities of the open framework accommodate
one Ca atom and one H,O molecule per formula unit.
There are also two OH groups linked to Al octahedra.
The total H,O content is ~11 wt%.

Notwithstanding its close chemical similarity with an-
orthite, lawsonite has greater density (3.09 instead of 2.76
g/cm?) and a different Al coordination: octahedral in law-
sonite and tetrahedral in anorthite.

The high H,O content of lawsonite, together with the
stability conditions, indicate that this mineral is a good
candidate for water storage in subduction slabs in addi-
tion to other OH-containing phases like antigorite, mag-
nesiochloritoid, talc, phengite, staurolite, and epidote.
Using single-crystal X-ray diffraction techniques to de-
termine the compressibility and thermal expansion of
lawsonite, the present study aims to contribute knowl-
edge of lawsonite’s structural stability field in P-T space.
High-temperature and high-pressure structural refine-
ments also allowed analysis of structural deformations
produced by P and 7 and evaluation of the actual-struc-
tural capacity of this phase as a high-P H,O reservoir,
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TABLE 1. Refinement details of lawsonite

P (kbar) 0.001 0.5 28.7 0.001 0.001

T (°C) 23 23 23 444 538
a(A) 8.797(5) 8.789(6) 8.717(6) 8.852(4) 8.860(4)
b(A) 5.852(2) 5.843(3) 5.805(3) 5.882(3) 5.888(3)
c(d) 13.126(6) 13.127(8) 13.036(9) 13.194(6) 13.201(7)
V(AY) 675.7(9) 674.1(11) 659.6(12) 687.0(9) 688.7(10)
No. refl. 2022 1115 654 754 723

No. unique (/ > 30) 689 359 176 380 370

No. par. 52 21 21 52 46

R, 1.9 5.0 75 6.0 9.4
Scan speed (°/s) 0.04--0.08 0.04 0.04 0.04-0.08 0.04--0.08
R (F)* (%) 2.4 49 5.6 5.8 6.0
GoF** 1.20 1.12 1.28 1.20 1.23

Note: Variable scan speed was employed to improve counting statistics.
*R(F)=Z||F| = |RII/ZIF].
** GoF = [Zw, (Fz — FEPIN = P

EXPERIMENTAL TECHNIQUES

The specimen used in this study was from the lawson-
ite type locality, Tiburon Peninsula, Marin County, Cal-
ifornia (USNM R3922). The same sample was used by
Baur (1978) for his structural refinement. Chemical anal-
ysis, with the use of a scanning electron microscope
equipped with an energy-dispersive X-ray spectrometer,
agrees with the microprobe analysis of Baur (1978) and
shows that the sample is homogeneous and very close to
ideal composition.

Diffraction data were collected at room conditions from
a crystal with dimensions 0.15 x 0.18 x 0.06 mm with
the use of a four-circle Philips PW1100 diffractometer
and graphite monochromatized MoK« radiation (A =
0.7107 A). A total of 2022 integrated intensities from two
equivalent sets with indices 2kl and Akl (up to 40° 6) were
collected for structural refinement (Table 1). After the
merging of equivalent reflections (R, = 1.9%), 689 in-
dependent reflections were obtained with intensities high-
er than 30. Anisotropic refinement in space group Ccmm
was performed using the SHELXL93 program (Sheldrick
1993). At that stage of refinement, two peaks in Fourier-
difference maps were assigned to the H atom of the OH
group (O4-H) and to the H atom of the H,O molecule
(HW-0O5-HW). Further refinement cycles, including H-
atom contribution, improved the agreement index and
resulted in a final unweighted R of 2.4% for 52 parame-
ters. Final atomic coordinates and displacement param-
eters are listed in Table 2; observed and calculated struc-
ture factors are listed in Table 3.!

High-P experimental study

A Merrill-Bassett diamond-anvil cell (DAC) with %
carat diamonds was used for the high-pressure study. An

I A copy of Tables 3 and 4 may be ordered as Document AM-
96-616 from the Business Office, Mineralogical Society of Amer-
ica, 1015 Eighteenth Street NW, Suite 601, Washington, DC
20036, U.S.A. Please remit $5.00 in advance for the microfiche.

Sm2+:BaFCl powder for pressure calibration (Comodi and
Zanazzi 1993a) and a 4:1 methanol : ethanol mixture used
as a pressure-transmitting medium were introduced into
the DAC together with the sample of lawsonite. Pressure
was monitored by measuring the wavelength shift of the
Sm2+ line excited by a 100 mw argon laser and detected
by a 100 cm Jarrell-Ash optical spectrometer. The pre-
cision of the pressure measurements was 0.5 kbar. Steel
foil 250 um thick, with a hole of 300 um diameter, was
used as gasket material. The lattice parameters of two
crystals from the same sample were determined at vari-
ous pressures between 0.001 and 37.7 kbar (Table 4) by
applying the least-squares method to the Bragg angles of
about 30 reflections.! To avoid errors resulting from me-
chanical offset of the diffractometer and the sample, the
centroid of each reflection was located by scanning on the
positive and negative parts of the w circle, and the results
were averaged. Attempts to reach higher pressure failed
because of destruction of the sample material.

Intensity data from the orthorhombic C-centered cell
were collected at 28.7 kbar up to 35° 6, adopting nonbi-
secting geometry (Denner et al. 1978) and a 2.5° w scan
mode; data were corrected for pressure-cell absorption by
an experimental attenuation curve (Finger and King 1978).
Because systematic errors may be introduced by com-
parison of refinement results obtained from reflections
for the whole reciprocal lattice measured at room con-
ditions with results obtained from reflections from a lim-
ited part of reciprocal space (Glinnemann 1990) mea-
sured with the DAC, the same set of intensity data was
collected at 0.5 kbar from the same crystal (0.12 x 0.12
% 0.05 mm) with the use of the same procedure.

Intensity data were analyzed with a digital procedure
(Comodi et al. 1994), visually inspected to eliminate er-
rors resulting from the overlap of diffraction effects from
various parts of the diamond cell or by shadowing from
the gasket, and merged into an independent data set.

The structure was refined in space group Ccmm with
individual isotropic atomic displacement parameters us-
ing the SHELXL93 program. Details of the refinements
are listed in Table 1; final fractional atomic positions and
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TABLE 2. Atomic fractional coordinates and anisotropic displacement factors (Az2)

Atom X y z Uy 1/ Uso Upp Usy Uy Us U,
Ca 0.3331(1) 0 Ya 0.0124(2) 0.0098(2) 0.0084(2) 0 0 0
0.3330(1) 0 Ya 0.0102(4) — — — —
0.3322(4) 0 Ya 0.0122(9) —_ — — — -
0.3327(2) 0 Ya 0.026(1) 0.019(1) 0.018(1) 0 0 0
0.3326(3) 0 Ya 0.031(1) 0.025(1) 0.036(1) 0 0
Al Va Va 0 0.0060(2) 0.0059(2) 0.0058(2) 0.0002(2) —0.0003(2) —0.0004(1)
Va Ya 0 0.0058(4) — — — —
Ya Ya 0 0.0073(8) —_ — — — —
Ya Ya 0 0.0116(9) 0.008(1) 0.010(1) 0.0004(7) —0.0019(6) —0.0011(9)
Va Ya 0 0.014(1) 0.010(1) 0.027(1) 0.0000(9) —0.0024(7) —0.0019(8)
Si 0.9805(1) 0 0.1330(1) 0.0053(2) 0.0062(2) 0.0051(2) 0 0.0000(1) 0
0.9802(2) 0 0.1329(1) 0.0057(4) — — — —
0.9797(3) 0 0.1334(2) 0.0084(8) — — — — —
0.9798(2) 0 0.1330(1) 0.0099(9) 0.0087(9) 0.0084(8) 0 0.0003(6) 0
0.9799(2) 0 0.1329(2) 0.0111(9) 0.0110(9) 0.024(1) 0 0.0000(7) 0
o1 0.0496(2) 0 Va 0.0086(6) 0.0146(7) 0.0051(6) 0 0 0
0.0499(6) 0 Ya 0.0075(9) — —_ — —
0.051(1) 0 Ya 0.0054(2) — — — —_
0.0467(8) 0 Ya 0.022(3) 0.027(4) 0.004(3) 0 0 0
0.046(1) 0 Ya 0.031(4) 0.031(5) 0.017(4) 0 0 0
02 0.3788(1) 0.2727(1) 0.1170(1) 0.0095(3) 0.0085(3) 0.0086(3) 0.0014(3) -0.0019(3) —0.0021(3)
0.3797(3) 0.2722(5) 0.1173(2) 0.0090(6) — — — —
0.3776(6) 0.273(3) 0.1179(4) 0.011(1) — — — —
0.3796(4) 0.2728(6) 0.1167(2) 0.016(2) 0.010(2) 0.017(2) 0.001(1) —0.005(1) —0.004(1)
0.3793(4) 0.2736(7) 0.1168(3) 0.020(2) 0.015(2) 0.032(2) 0.000(2) ~0.005(2) -0.004(2)
o3 0.1375(1) 0 0.0651(1) 0.0072(4) 0.0082(4) 0.0066(5) 0 0.0011(4) 0
0.1378(4) 0 0.0646(2) 0.0072(7) —_ — — —_
0.1370(9) 0 0.0644(6) 0.012(2) — — — — —
0.1374(5) 0 0.0659(3) 0.012(2) 0.015(3) 0.0112) 0 0.000(2) 0
0.1373(6) 0 0.0658(4) 0.014(2) 0.019(3) 0.028(3) 0 0.000(2) 0
04 0.6394(1) 0 0.0478(1) 0.0079(4) 0.0090(5) 0.0120(5) 1] 0.0025(4) 0
0.6385(4) 0 0.0481(2) 0.0103(7) —_ — — —
0.6358(9) 0 0.0475(6) 0.0120(2) — — — _ —
0.6406(6) 0 0.0474(4) 0.008(2) 0.010(2) 0.019(2) 0 0.0031(19) 0
0.6396(6) 0 0.0466(4) 0.014(2) 0.013(3) 0.034(3) 0 0.0074(22) 0
05 0.6092(2) 0 Ya 0.0145(9) 0.039(1) 0.0112(8) 0 0 0
0.6094(7) 0 Ya 0.017(1) — — —_ —
0.610(1) 0 Va 0.019(3) — — — — —
0.611(1) 0 Ya 0.039(5) 0.066(7) 0.020(4) 0 0 0
0.613(1) 0 Ya 0.046(6) 0.079(9) 0.035(6) 0 0 0
HW 0.668(5) 0 0.301(4) 0.09(2) —_ — _ —
H 0.556(7) 0 0.058(5) 0.11(2) — — — —

Note: For each atom, values from top to bottom correspond to room conditions, 0.5 kbar, 28.7 kbar, 444 °C, and 538 °C refinements, respectively.
Estimated standard deviations are in parentheses and refer to the last digit. Isotropic temperature factors are reported for high-pressure refinements

and H atoms.

displacement parameters are presented in Table 2. Ob-
served and calculated structure factors are listed in Table 3.

High-T experimental study

For the high-temperature study, we used a microfur-
nace constructed in our laboratory and described in Com-
odi and Zanazzi (1993b). The temperature of the heating
device was calibrated by the thermal expansion of an NaCl
crystal (Pathak and Vasavada 1970). The crystals were
attached to silica fibers with ceramic cement (M-Bond
GA-100 cement, M-M Division, Measurements Group
Inc., Raleigh, North Carolina). To monitor the sample
temperature, a single NaCl crystal was mounted on the
silica fiber together with the lawsonite crystal, and its a
lattice parameter was determined at each temperature
from the angular 4 value of ~30 reflections. The precision
of temperature measurements was better than +5 °C. Two
hours were allowed for equilibration at each temperature.
The lattice parameters of four lawsonite fragments, with
dimensions in the range 0.10-0.20 mm, were measured

in air at several temperatures between 23 and 598 °C
(Table 4). Above 540 °C, the reflection intensities dropped
drastically to one-tenth of their initial values, and the
sample turned reddish in color. This effect was irrevers-
ible when temperature was decreased.

Intensity data sets for the structural study were mea-
sured at ambient P, at 444 and 538 °C, from the same
fragment and with the heating device assembled in the
same way. Anisotropic atomic displacement parameters
were used for all atoms except H. During data collection
at 538 °C, the intensity of three reference reflections,
monitored every 100 min, decreased by ~30% of their
initial value. Data were therefore corrected for intensity
decay on the basis of linear variations in the intensity of
the reference reflections. Because reflection intensities are
not affected in the same way by thermal damage, this may
introduce a bias in the quality of the data.

Details on data collections and refinements are shown
in Table 1, atomic coordinates in Table 2, and observed
and calculated structure factors in Table 3.
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TaBLE 5. Bond distances (A) and volumes (A?) of coordination polyhedra of lawsonite at various pressures and temperatures

P (kbar) 0.001 05 28.7 0.001 0.001
T(C) 23 23 23 244 538
Ca-02 x 4 2.400(1) 2.394(3) 2.373(11) 2.417(3) 2.420(4)
Ca-05 2.429(2) 2.429(7) 2.421(13) 2.465(10) 2.483(12)
Ca-O1 2.494(2) 2.488(5) 2.453(10) 2.532(8) 2.540(8)
Ca-03 x 2 2.975(1) 2.978(3) 2.958(8) 2.981(5) 2.985(8)
(Ca-O)pug. ore 2.421 2416 2.394 2.444 2.451
(Ca-Obug uo 2.559 2.556 2,535 2,578 2.584
Veso, 24.33(5) 24.2(2) 23.6(3) 24.9(1) 25.2(2)
AL-O4 x 2 1.866(1) 1.869(2) 1.866(5) 1.869(3) 1.872(3)
ALO2 x 2 1.913(1) 1.9212) 1.901(5) 1.925(3) 1.927(4)
ALO3 x 2 1.962(1) 1.956(2) 1.945(5) 1.978(3) 1.979(4)
(AI-0) 1.914 1915 1.904 1.924 1.926
Vio, 9.19(1) 9.22(3) 9.07(7) 9.33(4) 9.36(5)
8i.02 x 2 1.616(1) 1.611(3) 1.604(14) 1.619(2) 1.617(3)
Si-03 1.644(1) 1.650(4) 1.640(9) 1.652(3) 1.652(6)
Si-01 1.652(1) 1.655(2) 1.641(5) 1.653(3) 1.653(4)
(8i-0) 1.632 1.632 1.622 1.636 1.635
Veo, 2.225(4) 2.21(1) 2.18(4) 2.23(1) 2.23(2)
H-04 0.75(4)

HW-05 0.84(4)

04-02 2.937(9) 2.92(2) 2.90(2) 2.96(2) 2.96(2)
05-04 2.667(9) 2.66(2) 2.65(2) 2.69(2) 2.70(2)

Note: The polyhedral volumes were computed using the program VOLCAL (Hazen and Finger 1982).

RESULTS AT ROOM CONDITIONS

The results of our anisotropic structural refinement at
room conditions are in good agreement with those of Baur
(1978). Relevant bond lengths are listed in Table 5. How-
ever, we succeeded in locating both H atoms. They are
very close to the H positions derived from geometric and
electrostatic considerations (Baur 1978). In fact, the the-
oretical position of the H atom of the OH group differed
by only 0.17 A from the position determined by our X-ray
refinement. Similarly, the calculated H-atom position of
the H,O molecule differed from the position determined
by X-ray diffraction by only 0.16 A.

The OH groups (O4-H) and the H,O molecule (HW-
O5-HW) were located in the (010) symmetry plane, the
OH groups being perpendicular to the chains of Al oc-
tahedra, which is in agreement with the IR spectroscopic
data of Labotka and Rossman (1974) and Le Cleac’H and
Gillet (1990). The OH group forms a hydrogen bond with
04’ oxygen atom, the 04-O4' distance being 2.775 A.
Another bifurcated, weaker hydrogen bond probably
forms between OH and both O2 and O2’ (both 04-0O2
and 04-02' are 2.937 A). The 05-04 distance of 2.667
A is also indicative of a hydrogen bond between the O
atom of the H,O molecule and that of the OH group.

TaBLE 6. Bond-valence calculations for lawsonite at room
conditions, according to Brown and Altermatt (1985)

Ca Al Si H Hw z
o1 0241 0.927 x 2 2.09
02 0310 0493 1.022 0.12 1.95
03 0.066 0432 x2 0.947 1.88
04 0.559 x 2 076 0.21 2.09
05 0.287 0.79 x 2 1.87

This hydrogen-bond scheme produces fairly good elec-
trostatic balance of all O atoms and cations, as is evident
from a bond-valence calculation (Brown and Altermatt
1985) reported in Table 6.

HiGH-P RESULTS

Lawsonite deforms linearly (Fig. 1) and with an almost
isotropic compression of the cell edges in the pressure
range analyzed. The compressibility coefficients of the
lattice parameters are 8, = 3.4(1) x 104, 8, = 3.0(1) x
104, 8. = 2.8(2) x 10~* kbar—'. The bulk modulus, cal-
culated as the reciprocal of cell-volume compressibility,
is 1100(40) kbar. If the isothermal bulk modulus is cal-
culated by means of the BIRCH 2.0 program (Ross and
Webb 1990), from the fit of pressure vs. volume data to
a Birch-Murnaghan equation of state by a nonlinear least-
squares method, and K’ = 4, the value is 960(20) kbar.

Our results agree with the bulk modulus calculated by
Holland and Powell (1990) on the basis of Wang’s meth-
od (Wang 1978). Holland and Powell found the equation
of state to be V/V, =1 — 8.9 x 10-7P (bar), where,
considering ¥, = 10.132 J/bar, the calculated bulk mod-
ulus is 1100 kbar. The bulk modulus of lawsonite —which
is significantly higher than that of anorthite (833 kbar;
Hackwell and Angel 1992), although the two minerals
have similar chemical content—confirms the importance
of cation and anion coordination on high-pressure be-
havior, as observed in several other phases. Moreover,
the results show that the bulk modulus is proportional to
packing efficiency, expressed as the volume occupied by
each O atom (Ungaretti 1991). This value is 20.9 A3 for
anorthite and 16.9 A? for lawsonite. The bulk modulus
of lawsonite is intermediate between the values of other
high-P-low-T minerals, such as ellenbergerite (K = 1330
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value. Estimated error of P is 0.5 kbar.

kbar, Comodi and Zanazzi 1993c), magnesiochloritoid (K
= 1480 kbar, Comodi et al. 1992), and glaucophane (K
= 960 kbar, Comodi et al. 1991).

Comparison of structural refinements at 0.5 and 28.7
kbar (Table 5) shows that the Si tetrahedra are almost
incompressible in this P range at room temperature,
whereas the Al octahedra have a bulk modulus of 1720
kbar. The latter become more regular with increasing P:
The common O3-04 edge, which is very short at room
conditions [2.46(2) A], does not change with increasing
P, whereas the mean unshared edges are reduced from
2.75(2) to 2.73(2) A.

The distorted CaO, octahedra have a bulk modulus of
1140 kbar. This value compares well with those mea-
sured in phases containing Ca polyhedra. For example,
Ross and Reeder (1992) measured Ko, of 910 and 890
kbar in dolomite and ankerite, respectively, and Hazen
and Finger (1978) measured a polyhedral bulk modulus
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Variations in lattice parameters of two samples of lawsonite at various pressures normalized to the room-pressure

of 1150 kbar for the eightfold coordinated Ca in grossu-
lar. In clinozoisite the ninefold and tenfold coordinated
Ca have bulk moduli of 1170 and 870 kbar, respectively
(Comodi and Zanazzi 1996).

An important aspect of lawsonite is the geometric evo-
lution with P of the large cavities in which H,O molecules
are located. This may be evaluated by the amount of
polyhedral tilting caused by the pressure increase, more
than by variations of cation-O bond distances and bond
angles. The (010) section of the channel is approximately
ditrigonal at room conditions (see Fig. 2 in Libowitzky
and Armbruster 1995), the mean difference between ob-
tuse and acute angles, Aa, being 63.0° (Table 7). From
0.5 to 28.7 kbar, tetrahedral rotation slightly increases
ditrigonalization, and Aa becomes 64.6°. However, the
compressibility of the cavity, estimated through the re-
duction of 02-02’, 03-03’, and O1-O1’ nonbonding dis-
tances (Table 7), is equal to that of the Ca polyhedra.
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TaBLE 7. Cavity evolution with P and T described through the variations in some 0-O distances (A) and angles (%)

P (kbar) 0.001 0.5 28.7 0.001 0.001
T(C) 23 23 23 444 538
02.02' 3.492(4) 3.483(6) 3.445(8) 3.518(7) 3.517(7)
03-03' 4.855(4) 4.868(6) 4.84(1) 4.858(7) 4.863(8)
01-01' 5.283(9) 5.28(2) 5.24(2) 5.31(2) 5.32(2)
02-01-02' 82.1(1) 82.0(2) 81.3(3) 82.8(2) 83.0(2)
01-02-03 153.1(1) 153.3(2) 153.9(3) 152.2(2) 152.2(2)
02-03-01 89.9(1) 89.7(2) 89.1(3) 90.8(2) 90.8(2)
03-01-03' 144.7(1) 144.8(2) 145.5(3) 143.42) 143.1(2)
Aa 63.0 63.3 64.6 61.0 60.7
Si-01-8i' 136.8(1) 136.5(3) 135.6(6) 138.0(5) 138.6(6)

Note: The A is the difference between averages of obtuse and acute angles of channel (010) section. Prime symbol indicates atom position at

x,y,0.5—z.

When pressure increases, the channels running parallel to
the b axis are narrowed along the [001] direction by the
decrease of the Si-O-Si’ angle, which changes from 136.8°
at room pressure to 135.6 at 28.7 kbar (Table 7). This
behavior is in agreement with that observed in other dis-
ilicates, e.g., clinozoisite (Comodi and Zanazzi 1996), in
which the angle between the tetrahedral pairs decreases
with increasing pressure. Because the high-P behavior of
minerals is generally the opposite of their high-T behav-
ior, the same structural evolution should be observed with
high P or low T. A recent study of lawsonite at low tem-
perature (Libowitzky and Armbruster 1995) shows good
agreement with our data. In fact, a change in temperature
from 295 to 110 K yields a change in the Si-O-Si’ angle
from 136.8 to 135.8°.

Because of the low quality of the high-P structural re-
finements, direct location of H atoms was not achieved.
However, indirect indications were obtained from the
variations in distances between the O atoms involved in
hydrogen bonding. Table 5 lists the 04-O2 and 04-0O3
distances at various pressures. Their small variations in-
dicate that OH groups and H,O molecules do not change
their configurations over about 28 kbar. The permanence
of H,O molecules in structural channels with P is esti-
mated by analyzing the evolution of the cavity in which
H.O is hosted. A computer program (Mugnoli 1992) de-
signed to search for empty spherical voids within a crystal
structure was used. Ionic radii according to Shannon
(1976) were introduced, together with the coordinates of
all atoms with the exception of the O5 oxygen atom (from
the H,O molecule), as determined from refinements at
room temperature and 0.5-28.7 kbar. The only cavity
with a suitable diameter found by the program had its
center on the OS5 oxygen atom. Its radius changed from
1.26(2) A at room conditions to 1.24(2) A at 28.7 kbar.
Therefore, the volume of the cavity in which the H,O
molecule is located changes by only about 5% over the P
range investigated.

HiGH-T RESULTS

Thermal expansion was determined by a least-squares
regression analysis of the lattice parameters of four crystal

fragments, normalized to their respective values at 23 °C,
vs. temperature (Fig. 2). The following equations were
obtained: a/a, = 1 + 1.26(4) x 10-3T (°C), r* = 0.97,
b/by =1+ 1.12(4) x 10-3T (°C), r2 = 0.96; c/c, = 1 +
7.6(3) x 10-5T (°C), r2 = 0.96; and V/V, =1 + 3.13(9)
x 10-3T (°C), r» = 0.97.

The mean thermal expansion coefficients, calculated
between 20 and 600 °C, were o, = 1.26(4) x 10-5, a), =
1.12(4) x 10-3, o, = 7.6(3) x 1076 °C-!, with limited
anisotropic behavior expressed as o, a0, = 1.66:1.47:1.
Our results are of the same order of magnitude as the
values of o, = 1.49 x 1075, o, = 1.18 x 10-5%, oo, = 1.12
x 1075 °C~! found from thermal dilatation measure-
ments between 15 and 449 °C using powder diffraction
techniques (Le Cleac’H 1990).

The drastic and irreversible reduction of reflection in-
tensities observed above 500 °C was ascribed to damage
caused by dehydration and indicated the breakdown of
lawsonite under room pressure. This result was in agree-
ment with the dynamic thermal behavior of lawsonite:
The TGA curve showed two endothermic peaks at 630
and 760 °C (Coombs 1953), as a result of H,O and OH
loss. Moreover, recent TGA experiments (Libowitzky and
Armbruster 1995) have shown that lawsonite starts to
dehydrate at ~800 K.

The Si tetrahedra did not expand with T, changes being
within 1o (Table 5). The Al octahedra had a mean ther-
mal expansion coefficient, «,, of 3.6 x 105 °C-!, which
compares well with the expansion of Al octahedra in oth-
er phases with Al-octahedral chains such as Al,SiO; poly-
morphs [e.g., Winter and Ghose (1979) measured an a;,
of 3.6 x 103 °C-! for Al octahedra in andalusite, and
for the four Al octahedra in kyanite the range in values
is 2.7-3.3 x 10-35°C-1]. The Al octahedra did not change
their distortion with 7: The difference between unshared
and shared edges was the same as that measured at room
conditions. The thermal expansion coefficient of the Ca
polyhedra, 6.5 x 105 °C-', was about double that of the
Al polyhedra.

Polyhedral tilting with T decreased the “ditrigonaliza-
tion” of the (010) section of the large channel: The mean
difference between obtuse and acute angles, Aa, became
60.7° at 538 °C (Table 7).
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FiGURE 2. Variations in lattice parameters of four fragments of lawsonite at various temperatures normalized to the room-

temperature value. Estimated error of T is 5 °C.

When the temperature changed from 23 to 538 °C, the
Si-O1-Si’ angle increased from 136.8 to 138.6° (Table 7).
Substituting a large cation in the channel had the same
effect. In fact, the Si-O1-Si’ angle is 146.6° in the structure
of hennomartinite, SrtMn,[Si,0,](OH),-H,O, a new min-
eral of the lawsonite type (Armbruster et al. 1992, 1993),
in which Ca is replaced by Sr, and Al is substituted by
Mn3+, This phenomenon has also been observed in other
minerals with continuous channels, such as davyne, in
which the substitution of K for Na produces structural
deformations analogous to those observed with increas-
ing temperature (Bonaccorsi et al. 1995).

Calculations of the evolution of the H,O cavity, with
the use of the same computer program used for the high-
P data, showed that the empty spherical void, centered
on the O5 oxygen atom, changed its radius from 1.26 A
at room conditions to 1.29 A at 534 °C.

DISCUSSION AND CONCLUSIONS

Lawsonite represents a further example of the effects
of structurally analogous intensive variables, namely, the
type of structural changes that occur with changes in pres-
sure are similar and opposite to those observed with
changes in temperature. Moreover, the changes induced
by the substitution of large ions in the channels are com-
parable to those induced by heating. The largest varia-
tions affect CaO; polyhedra, and to a minor extent AlQ,
octahedra; the channels running along b are narrowed by
P and widened by T, and the Si-O1-Si’ angle is reduced
and stretched.

The thermal behavior of lawsonite gives indications of
the permanence of H,O molecules in the structure at at-
mospheric pressure up to above 500 °C. Reflection inten-
sities decrease only above that temperature, and struc-
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Figure 3. Cell volumes at various pressures and tempera-
tures normalized to the room-condition value. P and T scales
were arranged to obtain a linear fitting of high-P, high-T data.

tural refinement at 444 °C shows the same configuration
of H atoms observed at 23 °C. So the breakdown of law-
sonite at room pressure occurs above 500 °C. Moreover,
the framework of octahedral-tetrahedral ribbons does not
collapse in the H,O cavity with pressure, but the diameter
of the empty spherical void in which H,O molecules are
hosted decreases by only about 5% with a pressure in-
crease of 28 kbar. The observed antisymmetric behavior
of lawsonite with T and P shows that, at first approxi-
mation, the effects of pressure and temperature are cu-
mulative, so that the following equation of state may be
defined: V/V, =1+ 3.13(9) x 10-37 — 9.1(3) x 10—*P,
where 7T is in degrees Celsius and P is in kilobars.

To understand the structural evolution of the phase
with depth, it is useful to calculate the o/8 ratio. For
lawsonite this value is 34 bar/°C, definitely higher than
the mean geothermal gradient of 20 bar/°C. This P/T
gradient, indicating the geometric invariance of the struc-
ture, is plotted in Figure 3, which shows cell-volume vari-
ations with 7" and P normalized to the room-condition
value. In Figure 3 the scale is arranged to produce the
best linear fit of both high-7 and high-P data. The same
volume variations, at absolute values, are obtained with
increments, for example, of 500 °C and about 17 kbar.
So, with an average geothermal gradient, lawsonite should
expand with depth in the crust and become unstable.
However, in high-pressure, low-temperature environ-
ments, i.e., ones with a gradient of about 10 °C/km, as in
subducted oceanic crust (Davies and Stevenson 1992),
the cell volume of lawsonite does not change with respect
to that observed in room conditions. This result is in
agreement with the values obtained for other minerals
from high-P, low-T environments: For example, in ellen-
bergerite the a/8 ratio is 33 bar/°C (Comodi and Zanazzi
1993c¢), and in magnesiochloritoid it is 43 bar/°C (Com-
odi et al. 1992).

The structural invariance conditions determined here
indicate that although lawsonite may be stable even at
great depths in P/T regimes characteristic of subduction
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slabs, it may become unstable during exhumation pro-
cesses. For these reasons, lawsonite is rarely preserved
and is generally found as a relict or pseudomorphosed in
clinozoisite.
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