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ABSTRACT

The mode of occunence, X-ray, chemical, uranium series and stable isotope characteristics of palygonkite found in fracture
zones to a depth of 25 m in the Eye-Dashwa lakes granitic pluton, located near Atikokan, Ontario, are documented. The
palygorskite formed as a product of alteration of epidote according to the reaction: epidote + chlorite + water + palygorskite +
goethitet smectite-group mineral. Thepalygorskite has dvalues of 10.48 to 2.28 A, is orthorhombic(Pbmn), and is compositionally
uniform, with cation values of Si 4.0? to 4.15, Mg 0.62 to 0.68 and Al 1.05 to 1.17, based on I 1 atoms of oxygen, and minor Fe,
Ca and K contents. There are significant abundances of Sr (557 Eig), U (10 ttdd and Th (20 pglg), inherited from the parent
epidote. U is preferentially incorporated into palygonkite, whereas Th is incolporated into goethite. It is fractionated in light
rare-earrh elements (XLREE = 1974; la*/Yb* = 142) inherited fro-m. theparental epidote (II,REE = 2844; LaN/Ybr.r = 56). Most
of the analyzed samples of palygorskite from greater depths havez#lJlzrrlJ ratios close to unity, indicating secular equilibrium,
whereas palygonkite sampies-lccated closer to the surface have23ofii4yU ratios grcater than 93e, suggesting geochemical

disturbance in recent times (<0.35 Ma). Stable isotope characteristics (6D between -?5 and-287oo,6180 betweenl8.4and23.4Voo)
indicate that palygonkite formed in equilibrium with modem groundwaters at temperatures < 25"C, but in some cases, it
experienced selective depletion in D accompanied by loss of U.

Keywords: clay minerals, palygonkite, U-series isotopes, stable isotopes, fracture zones, plutonic rocks, water-rock interaction,
Atikokan. Ontario.

Souuerne

Nous documentons ici la prdsence de la palygonkite jusqu'i une profondeur de 25 m dans les zones fissur6es du pluton
granitique des lacs Eye et Dashwa, prds de Atikokan, en Ontario, ainsi que ses attnbuts structuraux (diffraction X), compositionnels
et isotopiques (s6rie de l'uranium et isotopes stables). La palygonkite s'est form6e aux d6pens de l'6pidote selon la r6action:
6pidote+chlorite+H2O+palygorskite+go€ttritetmin6raldugroupedelasmectite.Lesvaleundeds'6chelonnententre 10.48
et 2.28 A. ta palygorskite a une sym6trie orthorhombique (Pbnn) et une composition homogdne, contenant erfie 4.07 et 4.15
atomes de Si, entre 0.62 et 0.68 atomes de Mg, et entre I .05 et l.l7 atomes de A1 par unitd formulaire de I I atomes d'oxygbne;
le Fe, Ca et K sonr aussi prdsents en quantit6s moindres. Le strontium (557 pglg), I'uranium (10 pgig) et le thorium (20 pg/g) ont
6td h6ritds de I'dpidote. L'uranium est incorpord prdf6rentiellement dans la palygonkite, tandis que le Th est pi6g6 par la go6thite.
trs terres rares l6gdres sont enrichies dans la palygonkite (concentration totale 1974 ppnl' LaN/YbN = 142), et sont hdrit6es de
l'dpidote pr6curseur (2844 ppm taN/YbN = 50. f,a plupart des 6chantillons analys6s des zones plus profondes possbdent un
raWofizAUP38U voisin dsiunit6, lirdicition d'qn 6tat d'6quilibre s6culaire, tandis que les dchantillons de palygorskite situds
plui prds de la surface poss0dent un rapport 23olh/2sU sup6rieur d un, indication d'une remobilisation g6ochimique r6cente (<0.35

Ma).D'aprbslesrapportsd'isotopesstables(6Dentre-?5 et-128Voo,6l80entre 18.4et23.47oo),lapalygorskiteseseraitfor-
mde en {quilibre avec de I'eau soutenaine en temps modernes i une temperature de 25'C ou moins, avec, dans certains cas, une
perte s6lective en D et en uranium.

Clraduit par la R6daction)

Mots-cl6s: argiles, palygorskite, isotopes de la s6rie de l'uranium, isotopes stabiesn zones de fractures, roches plutoniques,
interaction roche--eau. Atikokan. Ontario.

*Deceased, Januuy 22, l993.Please address conespondence to L.Y. Griffault.



t74 TIIE CANADIAN MINERALOGIST

+ + + + +
+ + + + + + ^ * . +

+ + + + v l + +
+ + + + + +

+ + + + + + + + + + +
+ + + + + + + +

+ + + + + + + +
+ + + + + + + +

++1
+ +
+ +
2 +) +
$ +-i{iiitiiiiH

{iiir%ii+ \n
+ +
+ +
+ , *

9Avavov

# "&tre
STUDY AREA

USA i-'..-^-.
O  2 O O  t m

Gronite

Syenite
Monzodiorite

Tonolite

Metovolconics

F^;.| eronodiorne ffi [:[ 
Inrrusive

d Foliot ion . Boreholeffe*,



PALYGORSKITE FROM FRACTURE ZONES 175

bnr.olucuoN

The formation of palygorskite has been reported
previously in a restricted number of geological envton-
ments, including marginal marinebasins, lagoons under
warm climatic conditions and deep-sea occrurences
(Bonatti & Joensuu 1968, Couture 7977, Weaver &
Beck 1 977, Weaver 1 984, Millot I 970, Isphordng 197 3,
1984). The characteristics of palygorskite fust identified
in fracture zones within a granitic pluton by Kamineni
(1986) are reported here; it is the only such occurrence
in this environmentknown to the authors.

In this paper we report the mode of occurrence,
X-ray-diffraction data chemical composition, and
U-series and stable isotope characteristics of the frac-
ture-controlled palygorskite. We also discuss the genesis
of palygorskite in this environment, and the attendant
low-temperature water-rock interaction and migration
ofU, Th and daughter isotopes in fracture zones in these
granitic rocks.

GEOLOGY AND MODE oF OCCURRENCE

The Eye-Dashwa lakes granitic pluton, located
about 30 km northwest of Atikokan, Ontario, occurs in
the Wabigoon Subprovince of the Canadian Shield (Fig.
l). The pluton has been investigated by AECL Research
as part ofits research program to assess a concept for the
pennanent disposal of high-level nuclear fuel waste. ln
this context, eight cored diamond-drill boreholes rang-
ing in depth from ,' 150 to >1200 m were drilled in order
to evaluate the properties of granite at depths up to 1 km.
A number of studies. on the themes of rock alteration.
fracture-filling, fluid-infiltration history and ftacture
chronology, have been conducted on these core samples
(Kamineni & Dugal 1982, IGmineni & Stone 1983,
Kerrich & Kamineni 1988).

The Eye-Dashwa Lakes pluton is zoned, with a quartz
monzodioritic rim and a granodioritic to granite core
(Kamineni & Brown 1981). Recently, Zartman & Kwak
(1990) reported the pluton's age to be 2665 Ma based
on U-Pb concordia of zircon separates. The pluton is
transected by a series offractures that are generally filled
or coated with minerals (Kamineni er a/. 1980). On the
basis ofthe type ofmineral infillings, the fractures have
been divided into four groups (Stone & Kamineni I 9 82) :
(a) granite-filled fractures (pegmatites and aplites), (b)
epidote-filled fractures, (c) chlorite-filled fractures, and
(d) low-temperature mineral-filled fractures. Among
tlese groups, the epidote-filled type is the most
abundant" and some segments of these may contain
low-temperature clay minerals, such as palygonkite.

According to Kamineni et al. (1990), the majority of
epidote-filled fractures formed at -2300 Ma, whereas
the clay replacement of epidote is likely to have been
very recant (<1 Ma: Kenich & Kamineni 1988).

Flaky aggpgates of palygorskite were found to occur
as an alteration product (<1 mm thick) on pre-existing
epidote-lined fractures within the Eye-Dashwa Lakes
pluton. Various degrees of alteration, ranging from
incipient to complete alteration of epidote, were visually
noied onnumerous ourcrops. Palygorskite occurs inboth
steep- (41 to 90") and low- to intermediate-dip (<1 I to
40') fracore zones. Although the epidote-lined fracture
zones extend to depths exceeding I km, palygorskite is
confined only to shallow regions (<100 m) and is
predominant in the top 50 m, indicating that it is a
product of the interaction of rock (epidote fracture-fill-
ing) and shallow groundwater. Where palygorskite-
bearing fractures are exposed along steep sections in
road cuts, they generally discharge water, suggesting
relatively high hydraulic permeability.

SaMpLEs" X.RAV DIFFRASflONAND SEM STUNES

Flakes of palygorskite were scraped from epidote-
bearing fractures exposed in outcrops located on rock
cuts along Highway 622; sarrrple locations are given in
Figure l. The palygorskite samples were collected on
outcrops within I to 2 weeks after the rock cuts were
blasted, prior to highway construction. Hence, they are
considered as fresh as subsurface samples. Considerable
care was exercised to eliminate rock matrix and parent
material (epidote). Goethite is generally present in the

TABLE 1. CIEI.IICAL COI'IPOSITION OF PATYGORSKITE

Seple No. | 2
D e p t h  ( 0 )  2 5 . 0  2 3 . 5

5
2 . 0

6
1 . 0

s lo : rTz  58 .70  61 .61
T10r  0 .14  0 .77
Al :o :  13 .00  13 ,20
Fhr031 3 .50  3 .40
l.ho 0.02 0.02
!,!s0 6.35 6,13
cao 2 ,04  1 .66
K:o  2 ,22  2 .47
Na20 0 .00  0 .00
P:or  0 .41  0 .56
E2or 13.55 10.42

59.55 60.66
0 . 1 5  0 . 1 1

14.35  14 .22
3.60  2 .62
0.02  0 .01
5 . 1 8  6 . 7 5
1.50  1 .80
2 . r t  1 . 8 5
0,00  0 .00
0.55  0 .60

1 1 . 8 8  1 1 . 3 0

62.30  61 .8s
0 . 1 1  0 . 1 0

14,66  14 .80
1.50  L .22
0.01  0 .01
6 . 5 9  6 . 8 0
1 . 5 9  1 . 6 0
1 . 9 0  1 . 5 5
0.00  0 .00
0.53  0 .52

10.5S 11.40

99.93  99 .64 99.89  99 ,92  99 .71  99 .85

NuDbe. of catlons o! the basls of 11 oxySeDa

AI
f€3i
ilg

I(

4 , 7 0  4 . 1 5
1.07  1 .05
0 . 1 8  0 . 1 7
0 . 6 6  0 , 6 2
0 . 1 5  0 . L 2
0 . 2 0  0 . 2 1

4 . 0 7
1 . 1 6
0 . 1 9
0.63
0 . 1 1
0.  t8

4 , 1 0  4 . X 5  4 . ! 4
1 . 1 3  1 . 1 5  1 . 1 7
0.13  0 .00  0 .06
0.68  0 .65  0 .63
0 . 1 3  0 . 1 1  0 . 1 1
0 . 1 6  0 . 1 6  0 . 1 3

Total  fe €xpressed as Fe203t alL s@ples contaln <0.12 Col

Frc. 1. Geological setting of &e Eye-Dashwa l,akes pluton; 1 represents location of samples 5 and 6; 2 represents location of
samples 3 and 4, and 3 represents location of samples I and 2.
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Ftc. 2. Scanning electron mioograph ofpalygorskite showing its fibrous nature (A) and the random orientation ofthe fibers @).
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palygorskite-bearing fractures, but it occurs as an inde-
pendent phase that can be easily separated.

Six samples ofpalygorskite, located at various depths
listed in Table 1, were selected for detailed analysis; all
samples were examined by X-ray powder-diffraction
(XRD) analysis. Specimens were prepared for XRD
analysis by gdnding under acetone and spreading the
powder into thin smear mounts; these were analyzed
using CuKcr radiation at 30 kV and 18 mA on a Philips
Norelco diffractometer. A typical X-ray diffractogram
of palygorskite samples from^our study area has d values
ranging from 10.48 to 2.28 A, and shows no shift after
treatment with ethylene glycol. The observed d values
were processed using a least-squares refinement pro-
gram. The cell dimensions obtained, a 5.24(4), b
17.37(8), c 12.72(2) A, compare well with the values of
orthorhombic palygorskite compiled by Brindley &
Brown (1980), Jones & Galan (1988), and Chisholm
(1992).

The palygorskite samples are, invariably, extremely
fine-grained (0.1 to 3 pm), and they show their charac-
teristic fibrous nature (Fig. 2A), with fibers ranging in
lenglh from 3 to 50 pm. Some grains occur as equigranu-
lar aggregates, but at higher magnification these aggre-
gates also are fibrous in character. Scanning electron
micrographs of palygorskite also show random dimen-
sional orientation, implying growth under hydrostatic
and open-space environments (Ftg. 2B).

CrrsMIcAL AND ISOTOPIC ANALYSN

Methods

Six of the highest-purity (based on XRD analysis)
samples of palygorskite were chosen for chemical and
isotopic analysis. In view of the ubiquitous impurities
present in palygorskite from various localities, as illus-
trated by Smith & Norem ( 1986), emphasis was focussed
on this problem during sample selection. A smectite-
group mineral (up to 57o) is the only impurity encoun-
tered in few samples of this study, and it was excluded.
Analyses for the major elements (Table 1), and Rb, Sr
and Th (Table 2), were carried out by X-ray-fluores-
cence spectrometry ()GD at the Geological Survey of
Canad4 Ottawa. Total HrO and CO, were determined
by chemical methods. Concentrations of the rare-earth
elements (REE) were determined by instrumental neu-
tron-activation analysis (INAA), and U, by counting of
delaved neutrons.

Tire activity ratios 2suP8u, aWtPYu, 23hTN238IJ

among isotopes in the uranium series were determined
by isotope dilution using a fusion extraction method
(Gascoyne & Larocque 1984). Samples of powdered
material were spikedwift 232U in equilibrium with 228Th

as a yield tracer. The U and Th were recovered using
anion-exchange techniques, extracted using TTA (the-

T$IJ 2. CONCE}IIMTION OF SELECTD TMCE ELEI{E{TS IN PilTGORSKITSI

Stmdard
ile& kviation

nb
Sr
U
Th
la
ce
nd
Sb
E!
cd
Tb
Eo
Ta
Tb
L!
Y

39 44
464 119
11 14
15 30

660 570
1120 985
356 320

1 0 . 5  5 2 . 6

1 . 5  2 . 8
1 , 4  1 . 9
0 . 3  0 . 5

0 . 2  0 . 3
131 157

6 . 1
L23.4

2 . 5
5 . 3

1 3 0 . 3
172.3
5 0 . 6
8 , 2
0 . 8

0 . 5
o . 2
0 . 0 7
0 . 4
0 , 0 5

1 0 . 3

35 30 31 28
508 455 519 620

1 0 8 9 7
22 !1 18 20

170 489 404 518
1330 906 850 1005
393 255 296 366
40.0 35.5 44.2 44.2
4 . 8  5 . 2  5 . 6  6 . 8

1 3 . 6  r 2 . 9  1 4 . 0  1 2 . 7
1 . 1  1 . 6  1 . 5  l . S
1 . 5  t , 4  1 . 5  1 . 8
0 . 4  0 . 3  0 . 4  0 . 4
3 . 0  2 . 2  2 . 5  2 . 8
0 . 3  0 . 2  0 . 2  0 . 3

L42 136 V2 155

34
557

20.3
568

1033
331
4 1 . 8

1 . 8
1 . 6
o . 4

o . 2
L44

kpths s ln TabLe 1.
rA11 eldsts erpressed ln !g/9.

noyltrifluoroacetone in xylene), and deposited onto
stainless steel discs for cr-spectrometry.

Oxygen was extracted from palygorskite with BrFr,
according to the procedure of Clayton & Mayeda (1963).
Hydrogen isotope analyses were conducted with a
modification of the procedure of Godfrey (1962). Iso-
topic results are reported in the conventional &notation,
in %o relative to Standard Mean Ocean Water (SMOW).
The precision of 6180 analyses is 0.24 Voo (2o), and 6D
values are precise to 1.5 Voa (2o).

CoMposmoNs AND PALYGoRSKIB-FoR]VIn{c
REACIION

Chemicat analyses of six samples of palygorskite
fromthe Eye-Dashwalakes ptoron tltew tlatit contains
small but variable amounts of C4 K and Fe3*, and nearly
uniform atomic proportions of Si,'Mg and Al (Iable 1);

R t *

FIc. 3. Tri-angularplot of p^alygonkite compositions in terms of
Si, X!* (Mg) and Rr* (Al). Circle represents field of
palygorskite delineated by Velde ( I 985) and Jones & Galan
(1988). The smaller circle rcpresonts the field of samples
analyzed in this study.

R"'



178 T}IE CANADIAN MINERALOGIST

accordingly they conform to tlle composition of palygor-
skite in general (Velde 1985). These compositions,
shown as a function of Si, R2+ (Mg) and R3+ (Al) ions
(Fig. 3), fall within the field of palygorskite delineated
by Velde (1985) and Jones & Galan (1988). The
samples, however, plot preferentially along the Si-R3+
side of the triangle, presumably because of their par-
agenesis in a granitic environment. Variations in the
ratio ofFe2* and Fe$ in the total iron, which is expressed
as FqO3,,may shiftthedatapoints marginally away from
the Si-R3+ side ofthe triangle, but the shifi still places
them well inside the palygorskite field.

Although epidote is the dominant precursor tlat
contributed to the formation ofpalygorskite, open-sys-
tem conditions are required; the presence of significant
Mg in the palygorskite (Table l) implies thar other
minerals or solutes must have participated in the paly-
gorskite-forming reaction. Chlorite, which is generally
associated with epidote in minor amounts in epidote-
dominated fault zones, is considered the principal source
for Mg. We postulate that the palygorskite formed
according to the reaction epidote + chlorite + water -)
palygorskite + goethite + Ca2+ + smectite-group mineral.

MrNon aun Rans-EenTH ELEMENTS

Concentrations of selected trace elements found inthe
palygorskite samples, together with means and standard
deviations, are listed in Table 2.They contain a signifi-
cant amount of Sr (557 t 123 ltglg), which probably
substitutes for Ca. Large amounts of U and Th are
pre$ent in palygorskitc 9.8 t2.5 and 20.3 t 5.3 plg,
respectively. These elements are probably inherited
from the parental epidote. Analyses ofone ofthe epidote
samples associated with palygorskite (#2) show 30.4
pg/g U and 256 pgg Th, which are extremely high
amounts relative to those in the host granite (Table 3),
where U and Th are 2.88 and 10.8 (pg/g), respecrively.
The Th,/U ratio of palygorskite ranges from 1.36 to 2.85
and is consistently lower than the values observed in

TABLE 3. CONCENTRATION OF REE, U AND Th IN AOST ROCK
AND EPIDOTE ASSOCIATED IIITE PALYEORSruTB

gost-rock
(1!E/g)

Epidote
(lls/s)

10 000

LA CE Nd SM EU Gd Tb HO TM Yb LU

Ftc. 4. Chondrite-normalized plot ofREEs of epidote (open
circles), average palygonkite (solid circles) and host rock
(hiangles). Concentrations of the REEs are normalized on
the basis of kedy values (Masuda at al. 1973).

both parental epidote (Th./U = 3.75) and host rock (TMU
= 8.39). This finding indicates that U is preferentially
concentrated in palygorskite relative to Th. Thorium is
concentrated in goethite, which is cogenetic with paly-
gorskite. Kamineni (1986) reported up to 38 pglg Th in
goethite associated with palygorskite.

Chondrite-normalized REE plots of palygorskite
show steepfractionatedpatterns @ig.4). This figure also
shows that the REE pattern of palygorskite occupies an
intermediate position between chondrite-normalized
patterns of epidote and host rock, and it mimics both
these pattems. The host rock (ZREE = 222) and epidote
(IREE = 2919) patterns can be considered as two end
members that contributed to the development of an
intermediate paftern (XREE = 2000) defined by the
palygorskite.

U-SERrES Isoropss

The natural 238U decay series is a sensitive indicator
of the timing of geochemical disturbances affecting
rocks within the last I Ma. In a closed system over a
period exceeding five times the half-life of ryU, the
radionuclides from the 238U decav chain are in secular
equitbriunr, with both 2sUPslJ ^nd23uTWQvU activity
ratios equal to unity. In contrast, if the rock is subjected
to open-system interaction with fluids, the preferential
mobility of 2341J,238U and 226Ra relative to Th produces
fractionation between parent and daughter isotopes,

a t O O O
o

t
E
o
.N

f, roo
z
o

!

o
o t o

U
Th

Ce
Nd
So
Bu
cd
rb
go
Tn
I D

Lu

2 . 8 8
10.80
62.55

108.46
41.63
6.58
1.50
2 . 9 0
0 . 4 9
0 . 5 8
0 . 1 5
1 . 1 5
0 . 1 5

30.52
256
808

1455
520
61.50
1 6 . 1 1
35.50
4 . 5 0
6 . 2 0
1  1 1

9.80
r , 2 a

Depth for host rock ud epidote ls saqe as
p a L y g o r s k l t e  2 ,  ! . e . ,  2  n .
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resulting in disequilibrium of activity ratios. When
considering early members o1 6" z38g chain, any
disequilibrium values of 4Ul38U and 23WtPvtJ indr-
cate mi$ation of U-series isotopes over the last I Ma
and 350 ka respectively.

The analytical results for the palygorskite samples are
reported as isotope activity ratios in Table 4. Figure 5
shows the quadrant plot of 2!UF8IJ versus 23\hlB8IJ
(adapted ftom Rosholt 1983, Thiel et al.1983, Latham
& Schwarcz 1989).

Among the six palygorskite samples, five have
234rJP38lJ activity ratios close to unity, indicating secular
equilibrium. A clear deviation is observed only in
sample 2, which has a low ratio (0.88) due to significant
loss of 234U. Larger variations are seen in theaWtPYlJ
ratios, with values close to 0.90 for samples 3 and 4, and
close to 1.26 for samples 5 and 6. The 23oftlsU ratio
for samples I and2 are close to unity (Table 4). These

TABLE 4. CONCENTRAIION OF U, Th AND ISOTOPE NATTOS*

Sadple U
No. ( !s/s)

variations in 23elhl34U isotope ratios indicate that some
geochemical disturbances affecting palygorskite have
occurred in recent geological time, over the last 350 ka.
Samples 5 and 6 trav6 higir 23oIhl238rJ ratios, bui
equilibrium values for 2sUl38U (Fig. 5), which indicate
a general removal of U with no preferential loss of 2sU

compared to r8U. Interestingly, these samples are from
the shallowest depths below ground surface, where
shallow groundwaters appear to move at a rapid rate. In
conl:rast. low *eI'h/238U ufi23av/2381J ratios of - I in
samples 3 and 4 indicate a general deposition of U. These
two samples are from about 7 m below samples 5 and 6.
The locations of samples 3,4,5 wrd 6 and the U-series
isotope characteristics suggest that the U removed ftom
surface or near surface (in samples 5 and 6) is concen-
trated in deeper regions ofthe fracture zone (in samples
3 and 4).

Samples 1. and 2, which are located at the deepest
position (- 25 m) in the fracture zones investigated,
behave differently. No isotopic disequilibrium is present
in sample l, suggesting lack of recent miglation of U in
this fracture. In contrast, sample 2 reflects some loss of
eU to groundwater within the last I Ma, as shown by
8aUP38IJ ratio (0.88). However, as the 23(ThllU ratio
is close to unity, the process involved in eU loss
without total leaching of U must be caused by the
o-recoil process from surface sites on the mineral
(Fleischer 1988, Gascoyne 1982).

An approximate rate of leaching of 48U and eU can
be calculated for samples 5 and 6, using equations of
Latham & Schwarcz (1987) for weathering processes.
Samples 5 and 6 collected from near-surface fracture
zones have been exposed to chculation of meteoric
water. When groundwater moves through the fracture
periodically, U leaching resumes. Because water flow
must occur within a period of time shorter than the half
life of aolh (7.5 x lff a), the removal of U can be
considered as a continuous process. A secular equilib-
rium is reached after five half-lives of 2sU. which is
- I Ma. Then, the rate of leaching can be approximated
using the equations oflatham & Schwarcz (1987):

c r=M[ r -  I  I
L 230Th/234u J

c+ : tr+ 
t(#- 

-')-*(' - 
"*^"---r-")]

where Cs and Ca are the leach rates of 2381J and2?AIJ,
respectively, and \ and l,a are the decay constants of
uelh and eU. These equations were formulated assu-
ming no leaching of 23ofh, which is an element of low
mobility (t angmuir & Herman 1980).

Using the activity ratios in Table 4, and assuming
equilibrium, the rates of leaching for 238U and eU for
samples 5 and 6 are: C, = 1.84 10-6 a-1, and Cq= 1.96x
l0{ a.t. The resulting activity ratios are presented in
Figure 6.

T h  : ! 4 u

@s/s)
2 3 8 U

2  s o t h  2 3 o T h

* ,  - ! U

4,64  10 .30  0 .98
17,60  33 .31  0 .8S
t5.94 23,77 1.01
12,28 13.52 0.99
11.€0  17 .30  0 .97
t2 ,25  18 .18  0 .95

0.98
0.89
0.92
0.90

1 . 1 8

r .00
1.01
0 . 9 1
0 . 9 0
t . 2 6
L . 2 4

*AI l  lsotopic rat los are at 10 uncartainty I  0.02
Depths @ itr table 1.

Ileposltlon

' ' r  .

f z

u'S, S'

Removal

0'6 0.7 0.8 0.0 1.o 1.'l 1.2 r.3 r.4 1.5
uorhln'u

1 . 6

t . 6

1 .3

1 .2

1 . 4

3  1 . 1
o

\  r .o
3

& o.e

0.8

o,7

...t
o,8

Rc. 5. Plot of 23Ul238u versus 234frP38U for palygorskite.
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Time (a)

--a_eUlNU -*_arqry&U --x-aoltr/*U

Frc. 6. Plot of activity ratios 2sUl238U ard 23oI'h/234U uarsar time (a).

During this time, the palygorskite would have been
losing U at an exponential rate controlled by C, (U, =
"Ure{at). Accordingly, palygorskite should have lost
about 5O7o of its U in 400,000 years, bur its rotal
concentration of uranium (=8 pglg), which is only
slightly lower than in other samples, suggest otherwise.
Values of 23sn{2341J between 1 and 1.2 are typical of
weathered samples below the surface (Gascoyne 1982).
Samples 5 and 6 indeed fall in this category. According
to Latham & S chwarcz (1987 ), samples from the surface
haves\Wa3au ratios between 1.2 and 1.8: because of
the high hydraulic permeability in these shallow regions,
such equilibrium values (1e., 1.2 and 1.8) can be attained
within 10,000 years. Such values generally are inter-
preted to be due to large removal of labile U from the
rock i.e., U on the grain surfaces. Replacement ofepidote
by palygorskite is likely to have occurred less than or
about I Ma ago (Kerrich & Kamineni 1988), suggesting
that a ratio of I .25 for23\N238U in the latter was attained
within a time shorter than 1 Ma, resulting in overestima-
tion of Cr in our calculation. As discussed by Latham &
Schwarcz ( 1 987), this overestimation can result from the
presence of easily removable U. This implies that U is
located on palygorskite surfaces rather than in its
strucfire.

Ste-Br-e Isorops Rsl-erroNsHrps

Collectively, the palygorskite samples are charac-
terized by 6D and 6180 values that span -75 to -128 and
1.8.4 to 23.47oa" respectively (Table 5). The majority of
samples have relatively uniform 6180 values, between
21 .9 to 23 .47ao" with a relatively large range of 6D values
that vary more or less systematically from -128%a atthe

surface to -:75%o at depth, and define a vertical trend in
6D versus 6180 coordinates (Fig. 7). These data are
difficult to interpret in the absence of experimentally
determined mineral-water fractionations for palygor-
skite, and estimates of formation temperatures.

Palygorskite is a member of one of five clay mineral
gtoups, the remainder being the kaolinite, illite, smectite
and vermiculite groups (Deer et al. '|,966). At <50'C,
differences in the oxygen isotope mineral-water frac-
tionations for smectite. kaolinite and illite are less than
57oo, at any specified temperature. Similarly, hydrogen
isotope mineral-water fractionations of kaolinite and
smectite are within lMoo at <50'C (Figs. 18 and 19 in
Kyser 1987). Accordingly, we assume that the palygor-
skite-water fractionations approximate those of smec-
tite-water to within a few Voo. Given the restriction of
palygorskite to low-temperature, near-surface environ-
ments, limiting temperatures of formation between 0o to
25oC are assumed.

One of the palygorskite samples (#2) plots near a
low-temperature equilibrium clay-water line, and &is
sample also plots close to previously analyzed mixtures
of kaolinite, halloysite and palygorskite from fracture
fillings in the Eye-Dashwa l.akes pluton (Kerrich &

TABTE 5. OTTCSN AND EYDR@EN ISOTOPE COXPOSI1IONS OT PALIGORSU1E

SaEple No. 6D. /..

18.4 -85
21.9 -95
23.4 -r25
23.4 -L20
22.7 -L2A

1
2
3

6

Rates of removal
au: 1.84x lo6a-r
eu: 1.96 x 106 a{

Ilepths as in table 1.



PALYGORSKITE FROM FRACTURE ZONES 1 8 1

0
-20

-40

E -oo
GI

3 -so

8-roo
-120

-140

-160

-10 0 1 0 2 0
6'b water
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palygorskite from present study. Arrow represents trend of deuterium depletion.

Kamineni 1988). Collectively, those samples formed in
or close to equilibrium with modern groundwaters at
Atikokan, where 6D HrO is between -80 and -l\Wao,
and 6t8O H2O, between -10 and,-l2Voo (Fig. 7).

The group of five samples that form a vertical trend
on Figure 8, to the right of the low-temperature clay line,
requires a two-stage history. An alternative explanation
is that the isotopically anomalous samples of palygor-

-€0

-80
o(o

-100

-120

0.9

23oTh/t 2sa1

Frc, 8. Plot of 6D versus23W238u forpalygorskite. Excluding
sample 4, a negative correlation is apparent.

skite initially formed in the presence of fluids more r8o-

and D-enriched than present surface-waters. Sub-
sequently, they experienced variable degrees of H-iso-
tope exchange with depleted surface-waters in the
absence of O-isotope exchange. This interpretation is
supported by the trend of decreasing 6D values with
depth, such that near-surface samples underwent the
largest shifu in 6D.

Wilson & Kyser (1987) and Kotzer & Kyser (1991)
have previously reported anomalously low-6D serpen-
tines and clay minerals in rocks from &e Canadian
Shield. These were interpreted to have formed under one
set of conditions, and subsequently exchanged H (but
not O) with D-depleted meteoric waters at low tempera-
tures in the near-surface environment, thereby generat-
ing a vertical trend in 6D versas 6180 coordinates (for a
review, see Kyser & Kenich 1990).

Samples 5 and 6, which are characterized by removal
of U, also show relative depletion in D. Plots of 6D
versus aoflt43su and 6D versus 23vf\PYIJ substantiate
this correlauon. For example, with the exception of
sample 4, a decrease in 6D is associated with greater
values of 23\W238lJ and 23oIl,PvU, which implies
removal of both 238U and a4U 1Figs. 8, 9). At present,
we are uncertain about the process(es) that conserved
isotopes of U in sample 4 despite its low 6D values, but
the processes of U removal and proton exchange are
different.
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Suruueny em CoNcLUsroNs

(1) Palygorskite in fracture zones ofthe Eye-Dashwa
Lakes granitic pluton formed by alteration of pre-exist-
ing epidote. Chemically, the analyzed samples of paly-
gorskite define a tight range and plot within the compo-
sitional field defined for this species; they are enriched
in the light rare-earth elements. The chemistry of the
palygorskite suggests that, in addition to epidote, a
Mg-bearing phase such as chlorite or Mg-bearing solute
must have participated in its formation.

(2) The 234UP38U ratios of palygonkite samples
cluster around unity, implying secular equilibrium,
whereas samples located at higher elevation contain
greater xoT\PsU ratios, indicating geochemical distur-
bance in recent times (within the last 350 ka). The latter
is reflected in uranium removal in these samples, and
also correlates with greater hydraulic permeability in
t}le field.

(3) Stable isotope characteristics ofthe palygorskite
are generally compatible with those of the clay-mineral
group and indicate formation in equilibrium with mod-
ern groundwaters. The samples occurring very near the
surface have experienced preferential exchange of H
isotopes, and this produced afrend of decreasing 6D with
depth.
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