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Metastable Phases in Polar
Stratospheric Aerosols

Lewis E. Fox, Douglas R. Worsnop, Mark S. Zahniser,
Steven C. Wofsy

Phase changes in stratospheric aerosols were studied by cooling a droplet of sulfuric acid
(H,S0,) in the presence of nitric acid (HNO,) and water vapor. A sequence of solid phases
was observed to form that followed Ostwald’s rule for phase nucleation. For stratospheric
partial pressures at temperatures between 193 and 195 kelvin, a metastable ternary
H,SO,~HNO, hydrate, H,SO,-HNO,-5H,0, formed in coexistence with binary
H,SO, - kH,O hydrates (k = 2, 3, and 4) and then transformed to nitric acid dihydrate,
HNO, - 2H,0, within a few hours. Metastable HNO, - 2H,0 always formed before stable
nitric acid trihydrate, HNO,-3H,O, under stratospheric conditions and persisted for long
periods. The formation of metastable phases provides a mechanism for differential par-
ticle growth and sedimentation of HNO, from the polar winter stratosphere.

Type I polar stratospheric clouds (PSCs)
form during winter at temperatures between
192 and 195 K, which is 2 to 4 K above the
frost point for water ice (I-3). PSCs pro-
vide surfaces for hydrolysis of CINO; (4)
and for oxidation of HCI (5) to produce
high concentrations of chlorine radicals
[CIO and (CIO),] (6, 7). If a large amount
of HNO; remains in the spring, the chlo-
rine radicals are removed by reaction with
NO and NO, derived from HNO; photol-
ysis. Nearly complete loss of O; (through
ClO-catalyzed destruction) is observed only
where HNO; is removed from the atmo-
sphere; hence, differential growth and sed-
imentation of PSC particles regulate polar
O, loss (2-5, 8, 9).

Models for, PSC formation usually as-
sume nucleation of nitric acid trihydrate
[HNO;-3H,O (NAT), the most stable
phase] on preexisting H,SO, aerosols (2,
3, 10-15), which produces a unimodal size
distribution with a small mean diameter
and negligible sedimentation rate (12,
13). Observations often indicate bimodal
size distributions (14); most of the vapor
condenses onto a few large particles that
may grow further to remove HNO; by
sedimentation (15). The mechanism for
initiating differential growth is unclear.
Stratospheric measurements often indi-
cate supersaturation of HNO; and H,O
vapor relative to NAT (9, 16-20). A pro-
posed mechanism for differential growth
assumes that NAT condenses on ice crys-
tals that fall to altitudes where partial
pressures of HNO; and H,O exceed equi-
librium with NAT (21).

Worsnop et al. (20) reported formation
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of metastable nitric acid dihydrate
[HNO;2H,O (NAD)] from the vapor
phase, even though the saturation ratio
Suat exceeded 10 while Sy,p was <3,
where S denotes the saturation ratio

SHNO} +jH20
pHNOz(szO)j/KHNO; < JH20 ( 1 )

where Kijo, . 1,0 i the vapor-solid equi-
librium constant and P; is the partial pres-
sure of component i. They noted that Syat
would be 3 to 10 in a cloud composed of
NAD, consistent with many observations,
and that differential growth could result
from the conversion of a few NAD particles
to NAT. Molina and co-workers (22) stud-
ied the uptake of H,0O and HNO; by cold
H,SO,. They suggested that NAT nucle-
ates from the liquid phase when Syat
reaches ~10, causing the supercooled ter-
nary solution to freeze and accrete NAT;
Iraci et al. (23) formed NAT in this way
with a somewhat larger value for Syat
(~400).

We report laboratory studies of HNO,
hydrates formed from H,SO, and from
HNO; and H,O vapor at stratospheric con-
ditions. We identified condensed phases
from observations of equilibrium vapor
pressures, Pyyno, and Py o measured by tun-
able diode laser spectroscopy [see figure 1 in
(20)], using a multiple-pass Herriot cell
(20-m path length) suspended in a thermal-
ly insulated, 12-liter ultrahigh-vacuum
chamber. We were able to achieve im-
proved detection limits [compare with
(20)], better than 5 X 1078 torr and 5 X
1077 torr for Pino, and Pyp o respectively,
by using a single- mode laser and by elimi-
nating the monochromator. A droplet (5
pl) of concentrated H,SO, was placed on
the temperature-controlled glass button at
the bottom of the chamber. We prevented
loss of H,SO, by pumping the vacuum
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chamber only when sample temperatures
(T,) were <250 K.

Condensed samples consisted of assem-
blages of phases, each related to gas-phase
vapor pressures by equilibria (24)

KaHzSO4 « bHNO3 * cH20

)+ (Prnos)” * (Do) (2)

where K has units of torr®™®*¢ and the
stoichiometry of the condensed phase
(represented by a, b, and c) varies contin-
uously for liquids but takes discrete values
for crystals. Equation 2 provides informa-
tion on crystal composition: for example,

in the binary H,O:HNO; solids (a = 0),

d(Inprno,)/d(Inpyy,0) = —n (3)
(the Gibbs-Duhem relation) where n = ¢/b

may be determined from the slope of
ln(pHNO ) versus ln(pH o) under equilibrium
conditions. We determined values of n by
perturbing the system—for example, by cy-
cling the button temperature (on time scales
of hours to days), by briefly opening the
chamber to a cryogenic adsorption pump, or
by admitting small quantities of HNO; or
H,O vapor.

During cooling of the button, phase
changes were observed as kinks where dis-
crete changes in n produce discontinuities
in the first derivative of ln(pHNO) versus
ln(pH o). Identification of a, b, and ¢ from
observations of Prino, and pyy o is not pos-
sible for an assemblage with a single crys-
talline phase (because py, 50, could not be
measured) unless the crystal is a binary
HNO; - jH,O hydrate. However, assem-
blages of coexisting H,SO,~HNO,-H,O
phases (such as two H,SO,—containing
crystalline phases) can be identified as
shown in Scheme 1, where values of n
define HNO; and H,O stoichiometry (that
is, K,_, relations).

Figure 1, A and B, shows the observed
decrease in pyo, and pyy o during cooling
of the H,SO, droplet from 245 t0 192.8 K,
reﬂectmg the absorption of HNO, and

= (Psto4

Scheme 1. Temary H,SO,-HNO,-H,0O equilibria.

HNO4-H,S0, hydrates:
NAj: KiNog;Hz0 = Prnog (Przo)! .
SAk: KH2s04-kH20 = PHas0g (Pr0.

MixH: K 50,.mHNOg-eH20 = Prizsog (Prinog) ™ (Prp0)

Coexisting MixH-SAk [assuming m = 1; see (37)]:

K504 HNOg €420
Kek= Koo o =PHN03‘(PH20)£'k
H2804-kH20
Coexisting SAK-SAk":
Ktos04-kH20
Ky = _esbigiial) _ = (Ph,0 Yk

Kios04-kH20 K ek
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H,O into the liquid. At point 1, a discon-
tinuity in In(pyno,)/In(py o) indicated for-
mation of a solid phase at stratospheric con-
ditions. The abrupt decrease in pyo, with
little change in py,o implies uptake of
HNO; by the sample. This formation of an
HNO; crystalline phase may have been as-
sociated with ice formation (as labeled with
the blue stars), although ice did not persist
(25). The HNO; phase was metastable with
respect to both NAT and NAD (Syat ~ 60

Fig. 1. Cooling of a 5-pl drop of H,SO,
(95% by weight) in the presence of H,O
and HNO;, vapor, from 245 to 192.8 K. (A)
Relation of pyyno, and p,o. Heavy black

lines denote the coexistence boundaries f B
for NAD with NAM HNO; « H,O (extreme £

upper left), NAD with NAT (upper left),and & 6.0
NAT with ice (lower right). The rectangle £
defines the range of pyno, @nd pp,o in the % 651
lower stratosphere. Experimental condi- £
tions (such as total H,O and HNO; mass 704
and the cooling rate) were adopted to 3
bring Prno, and p,o to the upper right 254
comer of the rectangle. The Gibbs-Du- oy
hem relations (Eq. 3) are shown for phas-

es given in the legend, for T, = 192.8 K

[(20) and Scheme 2]. Symbols denote va- 290 ¢
por pressures near equilbrium (S, =

1 % 0.1) for phases in the legend; (-) de- £ 08
notes points undersaturated for all listed &~
phases during cooling. (B) Temperature 190}

versus day of the year for the experiment,
with the same symbols as in (A). Vapor
pressures dropped as the sample cooled
(starting at 245 K) for 3 hours, until, at T, = 193.5

-4.5 7/NAD NAT NAT A
. dtable | 3 oNAT stable

-5.0

and Syap ~ 6). During the several hours of
observation, the equilibration of the vapor
pressures over the sample followed a In(py,o/
Prno,) ratio with n = 1 (Eq. 3), as demon-
strated by the green dotted line in Fig. 1A.
However, nitric acid monohydrate (NAM)
could not exist (Syam ~ 0.5).

The formation of this HNO; phase
from the ternary H,SO,~HNO;-H,0 lig-
uid and the Gibbs-Duhem line withn = 1
suggest the coexistence of a mixed HNO;—

NAM

A4

e MixH:S

NAT  NAD
-4.4 -4.0 -3.6 -3.2 -2.8
|Og[pH20 (torr)]
L B
[ 1 2.3
[ — AT -~
278.5 279.0 279.5 280.0

Day since start of cooling

K (point 1), the prnoy/Pr,o discontinuity indicated

crystallization within the liquid. We observed that Sy a1 peaked at ~80 for a few minutes at point 1. The

phase was identified as coexisting MixH:SA4 by n

= 1 slope (dotted green line in (A) as in Eq. 3) over

the next several hours, as T stabilized at 192.8 K. Overnight, NAD formed (point 2); water was added
(point 3) to confirm NAD (n = 2, see Eq. 3). NAD persisted for days with repeated small additions of
* water, with Syar = 3 0 30. The py,, fluctuation over ice after point 3 reflects a small fluctuation in 7

(~—0.5 K).

Fig. 2. (A) Relation of p, o, and + NAT A
Ph,0 @s in Fig. 1 for cooling from * o-NAT

268 to 192.2 K, then warming to 3.5 ® NAD 5

242 K; (+) denotes points under- e! : :,',m SA4

saturated with respect to the list- = v MixH:SA3

ed phases during warming. (B) § “*° 5 ':‘“""'35""2

Saturation ratios for binary NAj =, =

and cooxistingMIxH:GAKBeeEq: 8 |00 o A s

3, Scheme 1, and Table 1) versus & 2R

day of the year. (C) Temperature & :

versus day of the year for the ex- 65

periment, with the same symbols ;

as in (A). After cooling for 2 hours Foil 2

to T, = 195 K (point 1), ice crys- s

talized and persisted for 1 to 2 st ‘ ‘ : / 2 Sl S ISR B
hours (but not NAj, even with -5.0 45 -40 -35 -30 -25 -20 -15 -1.0
Snaor Snar => 1). NAD formed tog[pﬂzo (torr)]

overnight (point 2), with 7T, =

192.2 K. NAT formed on warming to T, = 197 K (point 3) then evaporated at 207 K (point 4). Higher

concentrations of HNO, and lower concentrations

of H,O during warming, as compared to cooling,

indicated the persistence of a solid phase of H,SO, that melted at 236.5 K (point 5), consistent with
H,S0, - 4H,0 (SA4). The points labeled as MixH:SA3 during cool-down (at 7, = 215 K) and warm-up
(at T; = 213 K) come from coincidental matching of pyyo, and py,o with K55 (25).
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H,SO, hydrate [H,SO,:HNO; - ¢H,0
(MixH)] and a binary H,SO, hydrate
[H,SO, - kH,O (SAk)], with € —k =1
(from Scheme 1 and Eq. 3). The variation
in pyno,/PH,0 along the n = 1 line appears
to reflect condensation of excess H,O,
preferentially growing SAk at the expense
of liquid, while maintaining equilibrium
with MixH (26).

Figure 2 shows an experiment with
somewhat higher initial concentration of
water vapor, which initially formed ice at
194 K (point 1); then, NAD formed over-
night (point 2), followed by NAT upon
warming to 198 K (point 3). The warming
curve beyond point 4, after NAT evapo-
rated, exhibited hysteresis compared to
the cooling curve [compare with (22, 23)].
Values for pn,0 and the apparent melting
point of the H,SO, solid (point 5) are
consistent with the presence of sulfuric
acid tetrahydrate [H,SO, - 4H,0 (SA4)]
and, by the phase rule, a residual liquid
phase (27). We never observed formation
of the most stable phase (NAT ) without
prior formation of MixH or NAD, con-
trary to the sequence usually assumed for
PSCs, and the presence of NAD persisted
for long periods (as in Fig. 1).

Figure 3 shows evidence for the forma-
tion of H,SO, hydrates in three experi-
ments in which the sample was cooled
slowly over a period of days. In all three
cases, initial discontinuities (points 1, 5,
and 8) indicated initial SAk formation
[d(ln pHNoa)/d(ln szo) -~ O]. Further
cooling led to HNOj; vapor condensation
followed overnight by the formation of
components consistent with the coexist-
ence of H,SO, hydrates with MixH. For
example, in experiment a the liquid ab-

1.0
2725 2730 2735 2740 2745
Day 1993
220F -
F : 7C
205 1 3 &
3 2w v
190} - :
2725 2730 2735 2740 2745

Day since start of cooling



sorbed HNO; and H,O until point 1 at T
= 207 K, when SAk formation and growth
were indicated by the observation that
Prno, remained constant as SAk grew at
the expense of the residual ternary liquid.
At point 2, pyyo, decreased, consistent
with MixH formation. Another disconti-
nuity at point 3 indicated a transition
from one sulfuric acid hydrate (SAk) to
another (SAKk'), still coexisting with
MixH. The overnight points (subsequent
to points 2 and 3) were consistent with
coexisting MixH and SAk with € — k = 2
and 3, and the presence of SAk was con-
firmed by hysteresis upon warming. Exper-
iments b and ¢ followed similar patterns,
with different values of € — k.

Kinks such as those shown in Fig. 3 were
repeatedly observed in more than 20 cooling
experiments performed over the temperature

Table 1. Equilibrium constants for assemblages
of temary phases (InK = A/T + B); AS® and AH®
are, respectively, the standard entropy and en-
thalpy, and R is the gas constant. Thus, AS%/R =
B — n In(760); where K has units of torr”, and
AHO/R = —A.

range T, = 192 to 205 K (28). Phase assem-
blages involving H,SO, - HNO; - 5H,0 co-
existing with SA4, H,SO,-3H,0 (SA3),
and H,SO,-2H,0 (SA2) were identified
(also possibly H,SO, - H,O, in a single ex-
periment) (29). For experiment a in Fig. 3,
the identification of € — k is illustrated in
Fig. 3C, which shows the saturation ratios for
different phase assemblages. The overnight
points following points 2 and 3 occur at
pressures too low for either MixH:SA4 or
any binary NAj hydrate. Nevertheless,
prno, discontinuities clearly indicated
MixH formation. The low values for p,q
would be expected to favor H,SO, - kH,O
with smaller values of k, as identified.

Results are summarized in Fig. 4, which
shows observations of K, and K,_, versus
T, ™! for every observed discontinuity for all
experiments. The integer values found for a,
b, and ¢ for the ternary phases (see Eq. 2) are
related to ratios of H,SO,/HNO,/H,0O equi-
librium constants. We inferred values of m
and € for MixH (see Scheme 1) by compar-
ing our data with the H,SO, - kH,O phase
diagram [see discussion in (30)] in which k =
2, 3, and 4 and with known melting points of
H,SO, - kH,O phases (31).

Constant x—y Units ASYR AHR This analysis is corroborated by consid-
eration of coexisting H,SO, - kH,O phases
5-4 Tom® 7438 21251 (SAk:SAk’), which equilibrate with a
Koo | T3 Tom 240 S unique o a fxed T, (ot 5, Koy =
) (pH o)k see Scheme 1) As 1llustrated in
4-3 Torr 1805 7124 Fig. 5, which plots K, _,. lines derived from
Kie—se { 3-2 Torr 1831 7158 ratios of our experimental K,_, relations
(see Scheme 1), our values for Pu,0 repro-
Koo, -ar0 () Tor 79.16 28474 duce measurements from Zhang et al. (30)
Fig. 3. Slow cooling and warming ex- 45 / A
periments (symbols as in Figs. 1 and * NAT NAT
2): experiment a, 236 to 191.5 to 202 et stable
K; experiment b, 253 to 186.4 K; ex- 4 NAM
perimentc, 22710 190.7t0 209K, () 507 | & MixHiSAs
Relation of prnog and prjo. (B) Tem- o MixH:SA2
perature versus day of the year. (C) X lIce
Saturation ratios for experiment a,as = -5-5
in Fig. 2B. During cooling in all three &
experiments, the first discontinuity
[d(n prnoy/dlIn pry,0) ~ O] indicated $.6.0-
binary SAk formation (points 1, 5, and §
8 in experiments a, b, and ¢, respec- E’
tively). [The point in experiment b la- g
beled as MixH:SA3 at T, = ~198 K
after point 5 is a coincidental match-
ing of Prno, and Pr,o With K5 (25) ] 20~
In experiments a and b, MixH formed
at points 2 and 6, respectively, iden-
tified in coexistence with SAk: (a) k =
2; (b)k = 4. In experiment a, SA3 then i
formed (point 3), whereas in experi- 50 45 40 -35 80 25 20 15 -1.0
ment b SA4 persisted (point 7). In ex-
periment ¢, a-NAT formed at point 9, log[py,o (torr)]
then disappeared when ice formed at
point 10; NAD later nucleated at point
11 after warming.
SCIENCE e« VOL.267 ¢ 20]JANUARY 1995
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for coexisting SA4:SA2. It should be em-
phasized that Fig. 5 plots K,_,. values that
represent independently derived, absolute
values of pu,0 as a function of T. The
similarity of K,_; and K;_,, which corre-
spond to the “steps” in overnight equilibria
after points 2 and 3 in Fig. 3A, confirm the
similarity in the heats of vaporization (30).

Table 1 summarizes our thermodynamic

T(K)

* NAT

log[Pno, X Py (torr™ + 1))

* o-NAT SR
= NAD ;
90+ 4 MixH:SA4
MixH:SA3
ol © MixH:SA2
22} ; sl
0.0048 0.0050 0.0052 0.0054

T (K1)

Fig. 4. Plot of K, _, ratios (see Scheme 1) versus
1/T. Points refer to all experimental points that
equilibrated for more than an hour for more than
20 experiments, with phases (or assemblages)
identified either from the line with constant n (Eq.
3) or from d(In prno,)/d)in pr,e) discontinuities as
discussed in the text. Equilibrium constants for
NAT and NAD are taken from (20); other lines
represent fits to the data (see Scheme 2). Meta-
stable a-NAT was identified as an n = 3 phase
that sometimes formed with K; > K1 (33),
consistent with the identification by Koehler et al.
32).

230 B
2101
X
= 7 1
190
10
1.0 || & NAT C
= NAD L=
4 NAM T \
05| Misaa| o/
MixH:SA3 2 g g | A7
5 0.0 | o MixH:5A2 (=4 e .
= *Ice | /3
Si05 {7 /
§ f
€ 0t i
E
[
0 15+
=]
o
20+
25
-3.0 B = !
298 299 300 301 302 303
Day 1993
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results for MixH:SAk and SAk:SAk’ equilib-
ria (giving K, _, ratios as defined in Scheme
1), as well as the equilibrium constant for an
n = 3 phase identified as a-NAT, a meta-
stable form of NAT observed in thin-film
studies (31-33). Scheme 2 lists ternary phas-
es likely to be formed in the stratosphere, in
more or less increasing order of stability (rel-
ative stability is a complex function of tem-
perature and vapor pressure).

The observed formation and persis-
tence of metastable phases (MixH and
NAD) at stratospheric temperatures and
vapor pressures strongly suggest that PSC
formation is influenced by a complex ter-
nary H,SO,~HNO;-H,0O phase diagram,
in contrast to the common view of PSC
formation by simple NAT nucleation
[compare with (22, 23)]. In all our exper-
iments, NAT was the last phase to form,
even with Syar > 10, often appearing
only on a time scale of days (34). Forma-
tion of NAD was preferred, in association
with mixed and binary H,SO, hydrates
(35). Even when large values of pu,0 led
to ice nucleation (as in Fig. 2), NAD
formed first, with NAT appearing only
after subsequent warming.

Ostwald’s rule (36, 37) states that as a

solution is cooled, the first phase to form

T(K)
225 215 205 195 185
BOwm ' - '
— SA4:SA3
4 - SA3:SA2
—_ M Zhang et al. (1993)
9, ~4.0-
T
&
o ’
2 50, )
6.0 . s :
0.0046 0.0050 0.0054
1T

Fig. 5. Plot of K_,. ratios for coexisting SAk:
SAk' hydrates (see Scheme 1) versus 1/T, with
lines from fits to our data. Points (x) for SA4:SA2
coexistence are from Zhang et al. (30) (our SA4:
SA2 line lies midway between the plotted SA4:
SA3 and SA3:SA2 lines). Nearly overlapping
lines reflect similar free energy for water vapor-
ization for various SAk hydrates. The T, range of
192 to 205 K for our K,_, observations extrap-
olates to the data of Zhang et al. (30) for T = 198
to 222 K.

Scheme 2: Possible H,SO,-HNO3-H,O phases
in the stratosphere.

Liquid: H,SO,HNO,H,0

Solid:  H,SO,HNOg5H,0
H,S0,2H,0 (SA2)
H,S0,-3H,0 (SA3)
H,S0,4H,0 (SA4)
HNOz2H,0  (NA2)
HNOz3H;0  (NA3)

H,0

will often be the least stable that is ther-
modynamically accessible. This rule is in-
voked to explain formation of supercooled
water clouds in the atmosphere (36) and
to help select quenching rates in metallur-
gical applications (37). According to
Turnbull (37), low barriers to nucleation
of metastable phases result from general
trends in surface free energies, which in-
versely correlate with crystal free energies.
We find that the ternary system follows
Ostwald’s rule (38). The inferred compo-
sition for MixH (H,SO, - HNO; - 5H,0)
is near to that of the liquid melt for strato-
spheric conditions, implying relatively lit-
tle rearrangement to form a crystal and
perhaps explaining its apparently low bar-
rier to nucleation. All of these phases,
including metastable H,SO, - kH,O, may
be formed in coexistence with residual
ternary liquid solutions under stratospher-
ic conditions (27, 39).

Observations of PSCs have led to the
postulation of diverse mechanisms for
their microphysical development. Many of
these observations are consistent with the
behavior predicted from the phases shown
in Scheme 2 and Ostwald’s rule (9, 17—
19). For example, in a Type I PSC in the
Atrctic (18), large particles appeared at 193
K (Syat ~ 10) rather than at 195 K (where
Snat ~ 1), and volumes increased uniform-
ly as temperatures declined below 193 K.
The data are consistent with NAD par-
ticles (Syap ~ 1 at 193 K) but inconsistent
with NAT: if made of NAT, particle vol-
umes either should begin to increase at Syat
~ 1 or, if nucleation is inhibited, should
increase discontinuously once nucleation
occurs. Observed differential growth of the
particles (36) can also be explained by Ost-
wald’s rule: MixH could form first and sto-
chastically transform to NAD, with the first
particles to convert acquiring the most par-
ticle mass. These solid phases may often
coexist with a ternary liquid solution in the
stratosphere (39), which would explain the
absence of depolarization in lidar observa-
tions (40).

We have argued (20, 21) that the ten-
dency for differential growth of PSCs is a
consequence of the formation of metasta-
ble phases. In this report we identify a
probable initial phase as a previously un-
known hydrate of HNO; and H,SO, and
show that NAD is probably an important,
persistent phase for condensed HNO; in
PSCs. The key to understanding denitrifi-
cation of the polar stratosphere and the
associated “ozone hole” phenomenon is to
define the influence of environmental
conditions (cooling rates, temperature
fluctuations, and initial aerosol size distri-
butions) on the formation and growth of
metastable phases and their transforma-
tion to more stable phases.
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Mechanisms of Argon Retention in Clays
Revealed by Laser “°Ar-3°Ar Dating

Hailiang Dong, Chris M. Hall, Donald R. Peacor, Alex N. Halliday

A method for dating clays is important for studies of weathering, diagenesis, hydrocarbon
migration, and the formation of major metalliferous deposits.. However, many attempts
have produced imprecise or inaccurate results. Data from shales show that, contrary to
expectations, the 4°Ar-3°Ar dating technique can be successfully used to determine the
diagenetic age of ancient sediments because 3°Ar losses during irradiation are controlled
by release from low retentivity sites in illite equivalent to those that have lost radiogenic
40Ar in nature, rather than by direct recoil as is generally assumed.

Formation of clays involved in weathering,
diagenesis, or hydrothermal alteration has
been difficult to study because such low
temperature nonequilibrium processes are
difficult to simulate experimentally. Clay
mineral diagenesis has been varidusly as-
cribed to progressive temperature-induced
formations (1), fluid mediated punctuated
recrystallization (2, 3), and Ostwald ripen-
ing (4). In order to test these hypotheses, or
establish the ages of diagenetic and hydro-
thermal reactions in nature, suitable iso-
topic dating methods must be developed for
determining the timing of clay mineral
growth. This has not been straightforward.
The Rb-Sr approaches (2, 3) are generally
limited by concerns over the uniformity of
initial isotopic composition. Sm-Nd meth-
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ods (3, 5) have similar problems and lack
precision. K-Ar dating (6) is limited by the
uncertainties of Ar loss. Furthermore, all of
these techniques must utilize reasonably
large samples (> 10 mg).

The *°Ar-*°Ar dating technique is a po-
tentially powerful method for dating clay
diagenesis and low-grade metamorphism
because it can easily be applied to small
samples and, with step-heating, allows one
to see through the effect of Ar loss. How-
ever, despite early attempts (7, 8), it has
long been known that during irradiation,
39Ar is lost from fine-grained samples such
as clays (9-13), rendering the apparent ages
meaningless. The recoil distance of 3°Ar
has been estimated to be 0.08 wm (9), the
same magnitude as the typical grain sizes of
clay minerals (14). Comparisons with con-
ventional K-Ar determinations (12) and
experiments with quartz tube encapsulation
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(15-17) indicate sizable losses of **Ar, up to
60%, during irradiation. However, some
comparisons between K-Ar and *°Ar->°Ar
ages in fine-grained clay-like minerals yield-
ed concordant results (12, 18-20), suggest-
ing that under some circumstances, °Ar
loss due to recoil is negligible. Indeed, it has
been inferred that the extent of 3°Ar loss
can be a function of the nature of clay grain
boundaries and the relationships with
neighboring grains (12, 18).

Illite, the most common K-rich clay
mineral, commonly forms by diagenetic al-
teration of smectite, and in many sedimen-
tary rocks, clays consist of mixed layers of
these two minerals. Transmission electron
microscopy (TEM) observations of illite-
smectite (I-S) mixtures from mudstones
(21) have revealed a positive correlation
between the proportion of smectite-like lay-
ers and the relative proportions of imper-
fections in I-S crystallites. These imperfec-
tions may serve as pathways for radiogenic
40Ar diffusion loss in nature or the labora-
tory and *°Ar loss in the reactor. In this
study we address the relation between the
proportion of imperfections in I-S clays and
the extent of Ar recoll-diffusion loss with a
combination of TEM observations and vac-
uum encapsulation experiments on submil-
ligram samples of clays.

We initially analyzed two bentonites
and one shale from the classic Lower Paleo-
z0ic  sedimentary successions of Woales.
These horizons have well-established bio-
stratigraphy and their depositional ages
have been determined or bracketed by
U-Pb zircon dating of bentonites (22). The
shale has been independently studied using
Rb-Sr and Sm-Nd techniques (5, 23). A
similar experiment was performed on a
well-characterized siltstone sample, also pri-
marily studied by TEM, Rb-Sr, and Sm-Nd,
from the Onondaga Group (Middle Devo-
nian) of upper New York State. Bentonite
sample RJM536 is from the Middle Cam-
brian Menevian Beds with a depositional
age of 517 to 530 Ma (24). However, it was
significantly metamorphosed during the
Acadian orogeny at about 397 Ma (23), as
indicated by its small illite crystallinity val-
ue of 0.17 (epizone). Bentonite sample
BRM1311 is from the Upper Caradoc For-
mation (Ordovician) and has a depositional
age range of 443 to 462 Ma (24). As op-
posed to RIM536, it is of low grade with an
illite crystallinity (IC) of 0.84, correspond-
ing to diagenetic grade. Three size fractions
(5to1 um, 1 to 0.2 pm, and <0.2 pm)
were obtained from the diagenetic shale
collected from Pwllheli in the Welsh Basin.
It has a depositional age within the range
461 to 449 Ma (5). The same size fractions
were used for the diagenetic siltstone from
New York. It has a maximum depositional
age of 390 * 1 Ma (5) determined from
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