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Volume diffusion models predict that crystals with large diffusion dimensions can record 
a wide range of thermal conditions in the Earth's crust. Direct measurements of the zoning 
of radiogenic argon-40 in single muscovite porphyroblasts, from a complex terrain in the 
Vermont Appalachians, record multiple crustal events that span 150 million years. The 
crystal radius was the effective dimension for argon diffusion (approximately 1000 mi- 
crometers). Late deformation features inside the crystals locally decreased the diffusion 
dimension and promoted loss of argon-40. Zoning patterns of radiogenic isotopes, as 
observed in this study, are an increasingly important diagnostic tool for studying the thermal 
record of tectonic processes. 

Orogens typically have extensive regions 
that experienced superimposed metamor- 
phic events. Polymetamorphic rocks from 
such regions may record multiple instances 
of crystallization, reheating, and protracted 
high-temperature conditions. The 40Ar/ 
39Ar mineral ages for polymetamorphic 
rocks are commonly intermediate to the 
timing of superimposed metamorphisms, re- 
cording a relict isotopic component from 
earlier events, even in cases where the 
superimposed metamorphism or metamor- 
phisms exceeded the nominal closure tem- 
perature of the minerals for a substantial 
length of time (for muscovite, 1-6). Recent 
laser studies (4-9) indicate that gradients in 
40Ar concentration form at a scale con- 
trolled by the crystal size (up to -1000 
pm), with a form that is characteristic of 
the thermal evolution. The occurrence of 
relict isotopic compositions in thermally 
complex samples and the scales of isotopic 
gradients determined by laser studies sug- 
gest that grain size, microstructural charac- 
teristics, and ionic substitutions have sub- 
stantial effects on argon retention and clo- 
sure age. An increased understanding of 
these controls and selective analytical strat- 
egies will permit closure ages to be used in 
increasingly specific geologic contexts and 
to obtain age data for geologic time inter- 
vals by analysis of single crystals. 

In this study we reexamined the distri- 
bution of radiogenic 4%r (4CAr*) in mus- 
covite crystals from a polymetamorphic 
rock to test the influence of grain size and 
microstructure on 4CAr* diffusion and to 
evaluate the data by comparison with slow 
cooling and episodic thermal hypotheses for 
the study region. The sample is from a 
landmark study by Lanphere and Albee ( I ) ,  
which was one of the first to show that 
texturally different generations of a mineral 
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in a polymetamorphic rock can yield differ- 
ent 4CAr/39Ar ages. 

Sample LA384A (1) contains primary 
muscovite porphyroblasts (up to 4 mm in 
diameter and 1 mm thick), secondary chlo- 
rite (commonly as pseudomorphs after gar- 
net), and aggregates of secondary, finely 
grained white mica (commonly pseudomor- 
phic after kyanite). The muscovite porphy- 
roblasts display limited intracrystalline 
strain features (some undulose extinction 
and kink bands), and the rock was not 
pervasively deformed after porphyroblast 
development. Sample LA384A yielded 
40Ar/39Ar incremental-heating plateau and 
isochron ages of 420 ? 9 and 422 ? 3 Ma 
(million years ago), respectively ( I ) .  The 
data seemed to reflect a homogeneous dis- 
tribution of 4%r*, which resulted from 
only in situ decay of 40K after Ordovician 
metamorphism, and to indicate no appre- 
ciable loss of accumulated 4CAr* during the 
superimposed event. White mica pseudo- 
morphs after kyanite from the same sample 
yielded plateau and isochron ages of 343 
Ma, which was interpreted as a minimum 
estimate for the timing of the superimposed 
event (1). 

Although the initial data for the primary 
muscovite seem straightforward, some char- 
acteristics of the release spectrum ( I )  sug- 
gest that 40Ar* is distributed inhomoge- 
neouslv: the first increment vielded an age 
of 405 Ma, subsequent increients genera& 
increased in age, and the final increment 
gave an age of 435 Ma. These data can be 
interpreted to indicate that the sample has 
been disturbed and that a naturally varying 
isotopic distribution was partly homoge- 
nized during the analysis. 

The new data (10) define a broadly 
concentric aee distribution with regions of u - 
decreased age inside the crystal (Fig. 1). 
Maximum aees are 462 Ma (in the core of - 
the sample), and ages generally decrease 
toward the edges of the crystal prism. Ages 

along the edge vary from about 420 to 440 
Ma. Electron microprobe analyses (of the 
same 001 cleavage surface represented in 
Fig. 1) indicate that the sample is not zoned 
with respect to its major element composi- 
tion. This is also evident isotopically, as 
there is no systematic variation in apparent 
K/Ca or K/Cl ratios in the crystal; more- 
over, the concentrations of atmospheric 
argon in the extracted gas (typically less 
than 5%) do not vary spatially or with age. 

Two prominent regions in the crystal 
yielded ages younger than 420 Ma and seem 
anomalous with respect to the overall pat- 
tern. Spot-fusion ages of 4 13 to 4 19 Ma form 
one linear trend, and a second group of ages, 
ranging from 404 to 429 Ma, occurs in a 
linear trend oriented 120" from the first. The 
first group of ages coincides with the trace of 
well-defined 010 cleavage planes on 001, 
and the three analyses of the second group 
are each centered on 110 cleavage (Fig. 1). 
An age of 432 Ma was obtained inside the 
crystal in a region of intersecting 010 and 
170 cleavage. The most abrupt age gradi- 
ents, and the youngest ages, are near these 
internal cleavage planes: for instance, 460 to 
404 Ma over about 200 pm near the IT0 
cleavage plane (Fig. 1B). Regions of the 
crystal characterized by the broad age gradi- 
ents were free from prominent 010 and IT0 
cleavage. Cleavages evident on the 001 
plane of this sample appear to represent 
intercrystalline deformation features formed 
on 010 and lT0. 

We believe that the apparent age pat- 
tern of Fig. 1 is not substantially affected by 
extraneous, unsupported 4CAr for two rea- 
sons: (i) extraneous 40Ar would concentrate 
in the rims of a porphyroblast and favor 
radially increasing age (8) and (ii) we have 
found that the small amounts of 36Ar in the 
sample seem correlated with an atmospher- 
ic source that has a modern 4%r/36Ar ratio. 
Inasmuch as sample LA384A does not have 
any observable variation in major element 
chemistry, the decreases in apparent age 
toward the rims and cracks correspond to 
decreases in the concentration of 4CAr* and 
the 40Ar*/K ratio. 

"Ages for the peak Taconian metamor- 
phism in Vermont generally are 460 +- 10 
Ma" (1 1, p. 398) and magnesio-hornblende 
from northern Vermont yielded a 4%r/39Ar 
isochron age of 460 2 6 Ma (11).  The 
4CAr/39Ar ages for the Acadian metamor- 
phism in the region are generally between 
375 and 390 Ma (11-15). Metamorphic 
ages between 460 and 410 Ma in western 
New England are generally interpreted as 
recording protracted cooling after Middle 
Ordovician metamorphism (1 2, 13, 15). 
We accept 390 Ma as a maximum estimate 
for the timing of peak Acadian metamor- 
phism; however, the Late Ordovician to 
Early Devonian thermal evolution of north- 
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ern Vermont is not well constrained at 
present. 

The regional constraints available suggest 
that the concentric gradient in sample 
LA384A did not form during Devonian 
metamorphism (as minimum rim ages are 
about 420 Ma) and that it could have formed 
during protracted cooling from 460 to 420 
Ma, during an episodic loss event after 460 
Ma, or as part of a complex combination of 
both. In addition, a varying distribution of 
crystallographic defects could affect diffusion 
gradients, and the map in Fig. 1 indicates 
that defects are at least locally important. 
We can use diffusion models (1 6-1 8) and 
the limited data for muscovite diffusion char- 
acteristics (1 9) to further evaluate these 
alternative hypotheses and the characteris- 
tics of diffusion processes that may have 
formed the gradients. 

During an episodic event the fraction of 
a chemical species lost from a mineral with 
a cylindrical geometry is given by (16, 20) 

f = (t,-ti)/(te-ti) = 

1 - 2Ia .C [ e x ~ ( - D a , , ~ t ) J ~ ( ~ a ~ )  I /[dl ( a 4 1  

(1) 

Concentration profiles are lines of constant 
Dt/a2 in plots off versus r/a (1 6). The total 
fraction of a chemical species lost from a 
mineral corresponds to a specific value of 
Dt/a2, and thus we can predict the form of 
the concentration profile from the fraction 
of loss for the whole crystal. The average 
age of the crystal in Fig. 1 is 444 Ma 
(obtained by cutting the figure along age 
contours and weighing the pieces). If the 
loss is due solely to an episodic event at 390 
Ma, then f = 0.26 and Dt/a2 = 0.015 for 
the whole crystal; similarly, for an event at 
420 Ma, f = 0.43 and Dt/a2 = 0.045. 

During slow cooling the diffusion coeffi- 
cient decreases exponentially with temper- 
ature, and thus Eq. 1 must be modified (1 8, 
20). The closure temperature (T,) distribu- 
tion in a mineral that cooled at a slow, 
constant rate (from no retention to com- 
plete retention) is defined by 

EIRT, = G(x) + ln(TDo/a2) (2) 
We used Eq. 2, the cylinder-model diffusion 
data for muscovite (1 9), and a = 1000 pm 
to calculate that the core of sample 
LA384A would have closed at 665 K and 
the rim at 526 K, with an average cooling 
rate over the interval from 462 to 420 Ma of 
3.3 K N a ;  we then used this average cool- 
ing rate and Eq. 2 to predict a model age 
profile for the crystal. 

The analyses that define the concentric 
gradient typically have a higher fractional 
loss for a given fractional radius than pre- 
dicted for an event at 390 Ma (Fig. 2A). 
The episodic loss model at t, = 390 Ma 
predicts that the outer 100 km of the 
sample (rla > 0.9) would have experienced 

1722 

greater than 60% gas loss, thus suggesting 
ages of roughly 400 Ma for 100-pm-diame- 
ter spot-fusion extraction analyses along the 
sample edge. Thus, the concentric gradient 
we have observed does not appear to con- 
form with the simple episodic loss model at 
390 Ma. Note also that 4oAr* loss from 
areas near cleavage does not appear con- 

trolled by the physical grain size (Fig. I) ,  
and 40Ar* loss is enhanced in these areas 
relative to fractional radius (Fig. 2A). 
Thus, the scale, and perhaps the mecha- 
nism, of 4oAr* loss along the cleavage was 
very different from that which controlled 
the concentric gradient. 

The slow cooling model predicts an ex- 
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Fig. 1. Age contour map 
and profiles for the musco- 
vite porphyroblast from 
sample LA384A. The scale 
is indicated in (B), the con- 
tour interval is 10 million 
years, and labels have units 
in Ma. Round, shaded re- 
gions in (A) indicate the po- 
sitions of spot-fusion analy- 
ses used to construct the 
contours. The crystallo- 
graphic orientation of prom- 
inent cleavages is indicat- 
ed, as is the presumed ten- 

ter of the crystal (c). Two 
patches of chlorite were ev- 
ident within the 001 cleav- 
age of the sample [near y in 
(A)] and were avoided dur- 
ing analysis. The presumed 
timing for the main porphy- 
roblast development of the 
Taconian and Acadian meta- 
morphisms (Tml and Tm2, 
respectively) are indicated 
in (6). Solid symbols on the 
age profiles represent spot- 
fusion analyses and their 20 
errors, and open symbols 
represent intersections with 
age contours 

Fig. 2. The relations between 
fractional change in age ( f )  and 
fractional radius (r/a) for all the 
data of Fig. 1. The error in deter- 
mining f is roughly the size of the 
symbol, and the error in r/a is 
qualitatively estimated at 2 1  0%. 
The effective diffusion dimension 
(a) for model calculations is 1000 
pm, and r/a = 0 at point c in Fig. 
1A; t, is the time of an episodic 
gas loss event in the calculations 
and t,.,,, is the timing of closure 
of the rim for the slow cooling 
model. Analyses near internal 
cleavage are represented in (A) 
by solid squares, and those that 
define the concentric gradient are 
represented by open circles. (A) 
Model concentration profile for 
episodic loss at 390 Ma. (B) Mod- 
el profiles for episodic loss (t,) 
and closure upon cooling (t,.,,,) 
at 420 Ma. 



ponentially decreasing concentration with 
fractional distance (Fig. 2B). The data de- 
fine a linear decrease in concentration (2 1 ). 

\ , z  

for fractional distances greater than about 
0.5, which is compatible with the episodic 
loss model for an event at 420 Ma (Fig. 
2B). 

A comparison of the data with diffusion 
models indicates that loss of 40Ar in sample 
LA384A occurred by way of cylindrical 
volume diffusion, over a scale of 1000 km, 
between about 460 and 420 Ma. Our ore- 
ferred interpretation is that after retention 
of 40Ar* in the core of the crystal at 462 
Ma, close to the timing of peak metamor- 
phism, lower greenschist grade retrogres- 
sion at 420 Ma formed the isotopic gradi- 
ent. The sample did not experience sub- 
stantial volume diffusion loss of 40Ar* after 
420 Ma; however, 40Ar* was lost from areas 
inside the crystal that were deformed in 
Early Devonian time. 
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Activation of Floral Homeotic Genes in Arabidopsis 

Detlef Weigel* and Elliot M. Meyerowitzf 
The identity of floral organs in Arabidopsis thaliana is determined by homeotic genes, 
which are expressed in specific regions of the developing flower. The initial activation 
of homeotic genes is accomplished at least in part by the products of two earlier acting 
genes with overlapping functions. These are the floral meristem-identity genes LEAFY 
and APETAL.41. The requirements of LEAFY and APETALAI activity vary for different 
homeotic genes. 

Flowers of Arabidopsis are composed of four 
types of organs: sepals, petals, stamens, and 
carpels. The floral organs are arranged in 
concentric rings, or whorls. Sepals occupy 
the first, outermost whorl, petals the second 
whorl, stamens the third whorl, and car- 
pels, which form the central gynoecium, 
the fourth, central whorl. Organ identity in 
the flower is determined by three classes of 
homeotic genes, A, B, and C, each of 
which acts in two adiacent whorls. In this 
way, every whorl has a distinct combina- 
tion of homeotic functions: class A alone in 
the first whorl, classes A and B in the 
second whorl, classes B and C in the third 
whorl, and class C alone in the fourth 
whorl (I). In all cases in which the RNA 
expression pattern has been reported, RNA 
of a homeotic gene accumulates in those 
whorls of the wild-type flower where the 
gene is active, as deduced from its mutant 
phenotype (2-6). 

The region-specific expression of ho- 
meotic genes is brought about mainly by 
negative interactions. For example, the 
expression of the class C gene AGA- 
MOUS (AG) is repressed in the outer 
whorls by the class A gene APETALAZ 
(AP2) (1, 3), and the expression of the 
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class B genes APETALA3 (AP3) and PIS- 
TILLATA (PI) is repressed in the central 
whorl by the whorl-identity gene SUPER- 
MAN (6-8). However, little is known 
about the initial activation of homeotic 
genes, probably accomplished by positive 
regulators. The candidates for such activa- 
tors are two genes, LEAFY (LFY) and 
APETALAl (API ) , that control floral 
meristem identity and whose inactivation 
causes the partial transformation of flowers 
into shoots (9-1 3). The determination of 
floral meristem identity precedes that of 
floral organ identity, and consistent with 
this early function, the expression of LFY 
and API is initiated earlier than that of 
the homeotic genes (5, 1 1) .  To under- 
stand better the effect of LFY and API on 
homeotic gene activity, we analyzed how 
lfy and apl mutations affect the expression 
of homeotic genes that determine floral 
organ identity. 

The two B function genes AP3 and PI 
are expressed in the developing second 
and third whorls, which give rise to petals 
and stamens (4, 6) (Figs. 1A and 2A). 
Second- and third-whorl organs are affect- 
ed differently by apl-1 and lfy-6 muta- 
tions, both of which are apparently com- 
plete loss-of-function alleles (1 4). In 
apl-1 mutants, the stamens of the third 
whorl are normal, but second-whorl or- 
gans typically fail to develop (9, 13). In 
lfy-6 mutant flowers, none of the inner 
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