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Mechanisms of Argon Retention in Clays 
Revealed by Laser 40Ar-39Ar 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, 4he 40Ar-39Ar dating technique can be successfully used to determine the 
diagenetic age of ancient sediments because 39Ar 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- 

Department of Geological Sciences; University of Michi- 
gan, Ann Arbor, MI 48109-1063, USA. 

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  40Ar-3%r dating technique is a po- 
tentially powe~ful method for dating clay 
diagenesis and low-grade metamorphism 
because it can easilv be a ~ ~ l i e d  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 39Ar 
has been estimated to be 0.08 k m  (9), the 
same magnitude as the typical grain sizes of 
clay minerals (14). Comparisons with con- 
ventional K-Ar determinations (1 2) and 
experiments with quartz tube encapsulation 

(1 5-1 7) indicate sizable losses of 3%r, up to 
60%, diring irradiation. However, some 
comparisons between K-Ar and 40Ar-39Ar 
ages in fine-grained clay-like minerals yield- 
ed concordant results ( 12, 18-20), suggest- 
ing that under some circumstances, 39Ar 
loss due to recoil is negligible. Indeed, it has 
been inferred that the extent of 39Ar 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 3%r 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- 
zoic sedimentary successions of Wales. 
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 pelformed 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 RJM536, it is of low grade with an 
illite crystallinity (IC) of 0.84, correspond- 
ing to diagenetic grade. Three size fractions 
(5 to 1 km,  1 to 0.2 km, and <0.2 km)  
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 2 1 Ma (5) determined from 
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U-Pb zircon dating of an underlying ben- 
tonite. As in the case of BRM1311, these 
two samples have large illite crystallinity 
values corresponding to diagenetic grade. 

Powder diffractometer data were obtained 
and scanning electron microscopy and TEM 
observations (25) were made for each sample 
used for 40Ar-39Ar analysis. The bentonites 
and Welsh shale were studied using two 
40Ar-39Ar techniques. In the first, the ali- 
quot was simply wrapped in A1 foil and 
packed with others into evacuated quartz 
tubes for irradiation. In the second, the ali- 
quot was encapsulated under high vacuum 
( lop8  torr) in a pure quartz ampoule in order 
to capture any gas lost during irradiation and 
hence determine an age equivalent to that of 
conventional K-Ar dating (27, 28). One 
aliquot was also dated by the conventional 
K-Ar techniaue as a check on this Droce- 
dure. The irradiated quartz ampoules were 
broken under high vacuum. and the freelv " 

released gases measured first, followed by 
normal step-heating using a continuous Ar 
ion laser (Table 1 and Fig. 1). The propor- 
tion of 39Ar that esca~ed from the clav dur- 
ing irradiation and was captured it; the 
quartz ampoule varied significantly among 
the samples (Table 1). 

The  middle Cambrian metamorphosed 
bentonite, sample RJM536, is dominated 
by well-crystallized illite ( 1 8 5 % )  with 
small proportions of calcite and pyrite 
(Fig. 1A).  TEM images (Fig. 1B) and XRD 
patterns show that it consists of illite with 
no  expandable component (29). The  lay- 
ers occur in well-defined packets of less 
than 1 p m  thickness with no  observable 
dislocations,(layer terminations). Analyt- 
ical electron microscopy (AEM) data 

Table 1. 40Ar-39Ar ages of bentonites and shales. 

show that the illite has a K content of 0.7 
to 0.8 per 11 0 atoms, consistent with 
immature illite. This sample released only 
0.8 to 0.9% of its 39Ar during irradiation. 
The  integrated and plateau ages for the 
aliquot with no  vacuum encapsulation are 
almost identical to  those of the encapsu- 
lated aliquot (Table 1) .  The  age spectra 
(Fig. 1C) are suggestive of diffusive loss of 
40Ar, but all these analyses show well- 
defined plateaus, similar to the results of 
Bray e t  al. (20). Based on a model of slow 
cooling, the plateau age of 416 to 420 Ma 
might represent the peak of metamor- 
phism, and the integrated age of about 399 
Ma the time when the K-Ar system be- 
came closed. For an  assumption of rapid 
cooling, the plateau age probably reflects 
the peak of metamorphism, and the total 
gas age would reflect partial resetting by a 
later thermal event. 

In contrast, the Ordovician bentonite, 
sample BRM1311 consists of illite and I-S 
(70%), quartz ( l o%) ,  chlorite (15%) and 
some muscovite (Fig. ID).  TEM images 
show that illite and I-S occur as randomly 
distr ibut~d packets with thicknesses of 50 
to 100 A (Fig. 1E). The  packets intersect 
at acute angles, resulting in abundant 
voids at boundaries. This is the only sam- 
ple that contains a significant proportion 
of smectite layers in I-S (20%) as deter- 
mined from both XRD and TEM. The  
total gas ages for the unencapsulated ali- 
quot are much older than the depositional 
age (Table 1). The  39Ar loss is 27.2 to 
3 1.7% of the total for the encapsulated 
samples, and the encapsulated total gas 
ages (equivalent to K-Ar ages) are almost 
100 million years younger than the depo- 

All uncertainties are 1-2c. 

sitional age (Fig. IF  and Table I ) .  How- 
ever, if the 39Ar loss is subtracted from the 
total, integration of the remaining gas 
fractions yields poorly reproducible ages 
close to but still slightly higher than the 
known depositional age (Table I ) .  As 
these ages were obtained from 40Ar and 
39Ar atoms retained in the mineral at 
room temperature, they are referred to as 
"retention ages." 

The Welsh Ordovician shale sample is 
distinct from both bentonites and composed 
of illite, chlorite, muscovite, quartz and py- 
rite (Fig. 1G). TEM bmages show that illite 
packets 40 to 200 A thick al~ernate with 
chlorite packets 200 to 1000 A thick (Fig. 
IH). However, when the whole rock was 
crushed, and the different size fractions sep- 
arated, this texture was disarticulated. Chlo- 
rite peaks were not present in XRD patterns 
of the <0.2-km size fraction, suggesting that 
the large chlorite packets were removed 
from this finest size fraction. ,As a result, the 
illite packets were isolated from each other, 
and the space between such packets is 
equivalent to voids or dislocations. The in- 
tegrated ages for the unencapsulated aliquot 
of the <0.2-km fraction are consistent with 
the depositional age (Table I ) ,  and the older 
age of the 1- to 5-pm size fraction is attrib- 
uted to a detrital component. However, the 
encapsulated total gas ages (equivalent to 
K-Ar ages) are much younger than the dep- 
ositional age (Table I ) ,  and apparently geo- 
logically meaningless. The 39Ar losses for 
these three fractions are in the range of 10.7 
to 28.0%, and the finest fraction yielded the 
greatest 39Ar loss (Fig. 11 and Table 1). In 
this case, following subtraction of the 39Ar 
loss from the total, the resulting retention 

lllite Depositional Unencapsulated Encapsulated Retention Rb-Sr 
Sample crystallinity* age total gas age total gas age age age Encapsulated 

(Ape) (Ma) (Ma) (Ma) (Ma) (Ma) 
% 39Ar loss 

Bentonite (Wales) 
407.2 1- 1.6 397.9 -t 1.5 
41 2.2 -1- 1.7 400.8 i 1.8 

535.5 ? 1.8 350.2 -t 1.4 
536.5 i- 1.9 347.9 -t 1.6 

Shale (Wales) 
481.9 i 2.4 41 8.8 i- 2.2 
477.2 i 1.8 371.9 ? 1.9 
464.6 -t 2.0 392.9 i- 2.4 

454.2 -t 3.6 323.5 i 1.6 
458.2 i 2.8 326.0 i 2.1 

Siltstone (New York) 
452.2 -t 3.7 
423.0 -t 2.5 
425.5 -t 4.2 

341.4 i 1.8 
354.2 1- 1.3 

*Ilite crystallinity, IC >0.43, 0.43-0.26, and (0 26 correspond to the diagenetic, the anchizone, and epizone grade, respectively. 
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ages for the <0.2 pm fraction are reproduc- (Table 1) and identical to a Rb-Sr leachate- The equivalence o f  the vacuum-encap- 
ible and close to the depositional age, and residue age of 430 2 5 M a  for the same clay sulated results and those of the conventional 
the ages for the unencapsulated samples size fraction (5). K-Ar method was verified by a K-Ar age 

No encapsulation 

200 

Fraction of =Ar releaad 

Fig. 1. Scanning and transmission electron microscopy images and age 
spectra for samples BRMl311, RJM536, and 0.2 to 1 pm size fraction of the 
shale. (A) Back-scattered electron image of sample RJM536. Cal, calcite; I, 
illite; Py, pyrite. (B) TEM lattice fringe image and selected areaelectron diffrac- 
tion (SAED) pattern of sample RJM536 showing dislocation-free, well-ordered 
2M, illite of mean packet thickness of 1000 A. These features are responsible 
for the negligible 39Ar loss. (C) Age spectra for sample RJM536. Both unen- 
capsulated and encapsulated runs yielded plateau ages of 41 6 to 420 Ma. 
The decrease in the apparent age is caused by uneven heating by the laser as 
a result of one clump shadowing the other. (D) BSE image of BRM1311. Chl, 
chlorite; I/S, illite/smectite; Ms, muscovite. (E) TEM lattice fringe image 
BRM1311 showing abundant voids, dislocations and layer terminations at 
small angle-like boundaries of I-S (illite) packets, and the corresponding SAED 
pattern showing disorder and variable layer orientation. The voids and dislo- 

cations account for the high degree of 39Ar loss. (F) The disturbed age 
spectra, as a result of 39Ar redistribution, of both unencapsulated and encap- 
sulated runs for sample BRM1311. (G) BSE image of the whole rock shale. 
Chl, chlorite; I, illite; I/Chl, illite/chlorite; Ms, muscovite; Py, pyrite; Qz, quartz. 
(H) TEM lattice fringe image and the correspondin SAED pattern of the whole 
rock shale showing that illite (I) packets 50 to 200 1 thick alternate with chlorite 
(C) packets 200 to 1000 A thick. These small illite packets were isolated from 
one another and from chlorite packets during separation, and the space 
between the isolated illite packets is equivalent to the voids and dislocations in 
the case of sample BRM1311, resulting in disturbed age spectra and en- 
hanced 39Ar loss. (I) The disturbed age spectra of 0.2- to 1 -pm size fraction. 
The K-Ar age of 387 5 7 Ma is identical to the encapsulated ages, demon- 
strating that the encapsulated results are truly equivalent to those of the K-Ar 
method. 
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(387 2 7 Ma, 20) of one size fraction (0.2 to 
1 pm) of the Welsh shale. This demonstrates 
that the total gas ages for encapsulated sam- 
ples are truly equivalent to K-Ar ages and are 
not an artifact of some asoect of the exoeri- 
ment. The young K-Ar ages of the clay-rich 
samples relative to the depositional age in- 
dicate that radiogenic 40Ar has been lost, 
probably in nature. However, the similarity 
between the measured retention age and 
Rb-Sr age in the Welsh shale strongly sug- 
gests that the 39Ar loss that occurred in the 
reactor is correlated with the radiogenic 40Ar 
loss. That is, the sites of wreferential low- 
temperature loss must have been similar for 
both 'OAr and 39Ar atoms. This conclusion 
is verified by a good agreement between the 
depositional age, retention age, and the 
leachate-residue Rb-Sr age for the <0.2-pm 
size fraction of the siltstone from New York 
(Table 1). This rock is composed of musco- 
vite, illite, chlorite, quartz, and calcite, and is 
comparable to the Welsh shale. The propor- 
tion of the detrital component decreases 
from the coarsest to the finest fraction, but 
some detrital material is still present in the 
<0.2-pm fraction, as detected by XRD. 
Therefore, the slightly old retention and Rb- 
Sr ages for the <0.2-pm fraction relative to 
the depositional age are not inconsistent 
with the model presented here, and are prob- 
ably due to a contribution from a detrital 
component, consistent with the observations 
of Ohr et al. (5). 

The clay minerals we studied (smectite, 
illite) have a 2:  1 lavered structure within 
whicl, there is stroni ionic bonding. Large 
cations such as K or Na occupy the interlayer 
space between the 2 : l  units to satisfy the 
charge imbahnce caused primarily by A13+ 
substitution for tetrahedral Si4+. Bonding 
between layers along the c axis is weak, and 
there is a high proportion of large vacant 
interlayer sites, especially in smectite. 

Comparing the retention efficiency for 

37Arf 9Ar total 

Fig. 2. 37Ar/3gAr in first fraction (freely released 
gas) versus 37Ar/3gAr of the total gas showing that 
these two ratios are virtually identical. The 1 : I  
reference line is for comparison. Error bars are 1 rr. 
The data points for sample RJM536 and 1- to 
5-pm size fraction of the New York siltstone are 
not included because these two samples have a 
significant proportion of calcite. 

Ar nuclei with different recoil energies pro- 
vides some insights into how the clay struc- 
ture accommodates Ar atoms. The mean 
recoil distance for 37Ar has been calculated 
to be over twice that of 3%r (9 ,  17) which, . ,  , 

for isolated grains, would result in enhanced 
37Ar recoil loss comnared to 3%r. However, 
our data (Fig. 2) confirm the finding of 
Smith et al. 11 7) that the 37Ar/3%r ratio in . . 
the recoil gas is essentially the same as that 
in the bulk sample. They proposed that the 
implantation of recoiling atoms into neigh- 
boring glauconite pellets is independent of 
the initial energy of the recoiling atoms, but 
is instead dependent on the energy remain- 
ing before the last impact with a clay packet. 
This energy was calculated to be the same for 
both 37Ar and 39Ar, thereby leading to the 
same ratio in the recoil gas as in the rest of 
the samnnle. This model is also comoatible 
with the observation that recoil loss corre- 
lates well with surface to volume ratio (1 8). 
Therefore it appears that surface interactions 
with recoiling atoms play an important role 
in determining the extent of Ar loss. 

The strong correlation between the mea- 
sured illite crystallinity and the percentage 
of 3%r loss during irradiation (Fig. 3 )  sug- 
gests that the amount of the layer surface 
that is exposed to illite (I-S) packet bound- 
aries is a factor controlling the extent of 
3%r loss. Illite crystallinity is a direct mea- 
sure of diagenetic grade and is related to the 
proportion of voids and dislocations, mean 
packet size, proportion of expandable layers, 
and densitv of laver terminations. Because 
these factois are correlated with one another 
(21 ), illite crystallinity is effectively corre- 
lated with the amount of 2 : l  unit (layer) 
surface area that is exnosed to boundaries or 
channels, which provide for easy loss of 
recoiled As. 

0 
0.0 0.2 0.4 0.6 0.8 1.0 

Mite crystallinity (A28) 

Fig. 3. For the shale fractions and sample 
RJM536, illite crystallinity is effectively a measure 
of packet size, For BRM1311, it is a measure of 
both packet size and smectite proportion. The 
strong correlation between 3gAr loss and illite 
crystallinity indicates that the extent of 3gAr loss is 
apparently determined by illite crystallinity, that is, 
proporiions of voids and dislocations, mean pack- 
et size, density of dislocations, and state of disor- 
der. Least squares fit through the data. Percent 
39Ar loss = 43.8(A28) - 6.74, R 2  = 0.962. 

For sample RJM536, the illite crystallin- 
ity is 0.17, corresponding to well-crystal- 
lized and dislocation-free illdte of large 
mean crystal thickness (1000 A ) ,  and 3%r 
loss was negligible. However, for the other 
samples, illite crystallinities are in the range 
of 0.40 to 0.84, corresponding to variable 
but high proportions of dislosations, small 
mean packet thickness (100 A or less) and 
expandable layers. The large losses of 3%r 
from these samples are therefore ascribed to 
the dislocations and voids. which wrovide 
abundant pathways for 3"r loss. 

W e  envisage that it is necessary for a 
recoiled atom (3%r or 37Ar) to traverse at 
least one laver in order to be retained in the 
crystal structure. Each 2 : 1 unit (layer) can 
be viewed as havine two surfaces that have " 

K+ ions attached, and the interlayer area 
would then have K+ ion contributions fro? 
two adjoining layers. A hypothetical 100 A 
clay packet should consist of 10 layers, each 
having two surfaces. Of the total of 20 
surfaces in the packet, 18 (90%) are inter- 
nal and 2 (10%) are exposed and weakly 
bonded. Any of these surfaces, either inter- 
nal or exposed, is an  equally likely resting 
place for a recoiling atom, provided that 
there are no losses of energy in the voids 
because of collisions with gas molecules. 
Therefore, one might expect that 90% of all 
recoiling 39Ar atoms would be trapped 
within the packet while 10% would come 
to rest in the voids between packets. It is 
this latter group of 3%r atoms that will be 
most suscentible to release into the vacuum 
during irradiation. This simple model 
matches observation rather well. For exam- 
ple, sample RJM536 has 2 mean packet 
thickness of about 1000 A ,  or 100 illite 
layers. Therefore, there are, on average, 198 
internal and 2 exposed surfaces, and one 
might expect about 1% loss of 3%r during 
irradiation. The measured value is about 
0.9%. 

Illite (11s) layers that have a surface 
exposed to a packet boundary, void or dis- 
location, will also have 40K atoms that are 
not completely bound by crystal structure. 
Because of the relatively low recoil energy 
of 40K decav (-28 eV), radioeenic 40Ar will , . , , " 

be produced near its parent nucleus. Any 
'OAr atom produced in such a location will 
be highly vulnerable to loss. In the case of 
pure illite packets, the K concentration at 
the exnosed surfaces is the same as that at 
the internal surfaces. Therefore, ii  the mean 
nacket thickness is about 100 A ithat is, 
i surfaces out of 20 are exposed td  voids); 
10% of the total 40Ar produced will be in 
such low-retentivity sites. The concordance 
between the Ar retention ages and the 
known depositional ages of'these samples 
suggests that the probability of retention of 
either 'OAr wroduced bv in situ decav or 
3%r produceh by neutroi  reaction is eiual, 
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to a first approximation. Thus, the retentive 
sites are the chronolneter of the time of 
diagenetic mineral growth or Ar closure. 
This conclusion is consistent with the mod- 
el by Thompson and Hower (30) that the 
proportion of exchangeable K must be sub- 
tracted from the total to obtain a correct 
K-Ar age (depositional). 

Because the recoil distance of 3%r is 
large compared with the mean packet 
thickness for clay samples, the 3%r concen- 
tration during irradiation is effectively 110- 
mogenized throughout the sample. Howev- 
er, any 39Ar that comes to a rest at a 
nonretentive site will be auicklv released 
into the evacuated capsule. If the K con- 
centration of retentive and nonretentive 
sites is the same, as in the case of Welsh 
shale and New York siltstone, the 3%rlK 
ratio in 'the retentive sites should be the 
same as that for the irradiation monitor 
mineral. Thus, the measured retention age 
would be expected to give the best estimate 
for the time of Ar blocking. This blocking 
age represents either the depositional-di- 
agenetic age (in the case of BRM1311, 
Welsh shale and New York siltstone), or 
metalnorphic age (in the case of RJM536), 
depending on the metamorphic grade. 
However, if the voids and packet bound- 
aries that constitute the nonretentive sites 
are rich in K-poor smectite layers, as in the 
case of BRM 13 11, or if K has been partially 
stripped out from these nonretentive sites 
before sampling, the recoil-induced homog- 
enization of 3%r should produce a decrease 
in the 39ArlK ratio for the retentive sites. 
and the retention age will be an overesti- 
mate of the agf: of Ar blocking in the clays. 
In the extreme case where all K in non- 
retentive sites has been stripped out, all 
40Ar and K would reside in retentive sites 
only, and the homogenization of 39Ar by 
recoil would lead to an erroneously high Ar 
retention age. It would be theoretically pos- 
sible to correct the measured retention age 
for those samples that have a significant 
proportion of smectite layers or have par- 
tially or completely lost K from nonreten- 
tive sites if a precise distribution of K in 
nonretentive and retentive sites were 
known. This information is not currentlv 
available. However, in the case that the K 
has been completely stripped out from non- 
retentive sites, the corrected retention age 
would be expected to be the same as the 
encapsulated total gas age. This model is 
similar to the conclusion of Aronson and 
Douthitt (31) who studied Ar retention in 
acid-leached clays. Our procedure allows us 
to obtain both the total gas and the Ar 
retention ages. 

The total gas age for the unencapsulated 
aliquot is systelnatically older than the cor- 
responding retention age for the encapsu- 
lated aliquot for all the samples (Table 1). 

In particular, the total gas age for the un- 
encapsulated aliquot of sample BRM1311 is 
allnost 100 million years older than the 
retention age for the encapsulated aliquot. 
The difference between these two ages may 
be related to the difference in Dressure to 
which the two aliquots were subjected. The 
unencapsulated and encapsulated aliquots 
were irradiated at pressures of approximate- 
ly lop3 to l op4  and l op7  to torr, 
respectively. Smith et al. (1 7) demonstrated 
that low pressures could significantly reduce 
the extent of 3%r recoil loss. The different 
behavior for sample BRM1311 is presum- 
ably because of its high concentration of 
smectite (20%). 

The enca~sulated 40Ar-3%r sten-heat- 
ing experiments effectively sample a broad 
range of Ar retention sites. It might not be - - 
expected that the loss mechanisms for 40Ar 
and 3%r s h o ~ ~ l d  be identical through this 
entire range. The age spectra for the shale 
separates plus the BRM13 11 bentonite 
(Figs. 1, F and I) reveal high apparent ages 
in the middle of the Ar release and low 
apparent ages at both low and high temper- 
atures. This indicates that the distribution 
of 39Ar and ''As was not uniform in reten- 
tive sites. 3%r atoms were clearly able to 
recoil into some sites in which 40Ar was not 
highly concentrated. The release of Ar from 
these sites in the laboratory has nothing to 
do with the loss of 40Ar in nature, which 
complicates the detailed interpretation of 
age spectra. 

Radiogenic 40Ar is preferentially lost 
from the same kinds of low retentivitv sites 
that are responsible for the loss of neAtron- 
introduced 3%r. LOSS of 3')Ar during irradi- - 
ation is caused Inore by the retentivity of 
the 39Ar atom's final destination than bv 
direct ejection from the sample. Therefore 
for those clay samples whose K-Ar system 
has been partially reset in geological his- 
tory, the Ar retention age is most likely to 
represent a better estimate of the time of 
mineral growth. 
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