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ABSTRACT

Jabiluka is the largest of four known unconformity-type
uranium deposits that are hosted by brecciated and altered
metasedimentary rocks in the Pine Creek geosyncline,
Northern Territory, Australia. The alteration zone at
Jabiluka is dominated by chlorite, but also contains white
mica, tourmaline and apatite; hematite is present, but only
in minor amounts. Added quartz is mainly restricted to frac-
tures and breccias. Chlorite, which formed during episodic
fluid movement, partly to totally replaced all pre-existing
minerals. Chloritized rocks are enriched in Mg, and depleted
in X, Ca, Na and Si. Five types of chlorite are optically
and chemically distinguishable in the rocks at Jabiluka: (1)
Mg-rich and coarse-grained, (2) Mg-Fe-rich and coarse-
grained, (3) Mg-Fe-rich, typically 10-70 gm in size, (4) clay-
size and Mg-rich, and (5) 7 A amesite. Chloritization is
proposed as a mechanism that lowered the pH of the cir-
culating fluid, and also caused significant loss of silica from
the altered rocks. The proposed constraints on alteration,
and presumably on at least part of the uranium minerali-
zation, neither require nor preclude the existence of the
unconformity as necessary for the formation of ore.

Keywords: Jabiluka, unconformity-type uranium deposit,
alteration, chlorite, sericite, dravite, apatite, Australia.

SOMMAIRE

Le gisement d’uranium de Jabiluka est le plus important
des quatre exemples connus de gisements associés & une non-
conformité, situés dans un encaissant de roches métasédi-
mentaires bréchifiées et altérées dans le géosynclinal de Pine
Creek (Northern Territory, en Australie). La zone d’alté-
ration contient surtout de la chlorite, mais aussi mica blanc,
tourmaline et apatite; I’hématite y est accessoire. La pré-
sence de quartz est surtout localisée prés des fissures et dans
les bréches. La chlorite, formée lors de flux épisodiques
d’une phase fluide, a remplacé, en partie ou in foto, tous
les minéraux primaires. Les roches ainsi chloritisées sont
enrichies en Mg, et appauvries en K, Ca, Na et Si. On dis-
tingue optiquement et chimiquement cing variétés de chlo-
rite: 1) chlorite magnésienne 3 granulométrie grossiére; 2)
chlorite Mg-Fe, & granulométrie grossiére; 3) chlorite Mg~
Fe, en grains de 10 & 70 um; 4) chlorite magnésienne dans
la fraction argileuse, et 5) amesite en feuillets de 7 A. La
chloritisation serait responsable d’un abaissement du pH
de la phase fluide, ainsi que d’une perte importante de silice
des roches altérées. Les caractéristiques des phénomeénes
d’altération, et présumément de la minéralisation en ura-
nium, au moins en partie, n’impliquent pas de fagcon néces-
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saire P’existence de la non-conformité dans la formation du
minerai.

(Traduit par la Rédaction)

Mots-clés: J abiluké, gisement d’uranium associé 4 une non-
conformité, altération, chlorite, sericite, dravite, apa-
tite, Australie.

INTRODUCTION

The extensive chlorite-dominated zone of altera-
tion that encloses the ore at the world-class Jabiluka
uranium deposit, Northern Territory, Australia, is
characteristic of unconformity-type deposits in
Australia. These unconformity-type deposits, as well
as similar deposits in Canada, were first discovered
in the late 1960s and early 1970s; therefore, current
geological studies are at the stages of description and
preliminary genetic modeling. Because an under-
standing of the complex alteration that affected
Jabiluka is a fundamental part of any model for the
deposit, I document in this study the properties of
chlorite and associated minerals in the alteration
zone, and describe the chemistry of altered rocks.
The observations incorporated in this study are based
on core logging and core samples collected in 1980
during a three-week stay at the Jabiluka camp, dur-
ing which Pancontinental Mining Limited kindly
allowed R.I. Grauch and me, both of the U.S. Geo-
logical Survey, access to drill cores and company
data. Nineteen cores were logged and about 1100
samples, mostly metasedimentary rocks and ore,
were collected; detailed descriptions of some of the
core sampled at Jabiluka are reported in Nutt (1983,
1984a, 1986). Because most of the deposit is over-
lain by sandstone and is not yet mined, this investi-
gation is based solely on drill-core samples.

GEOLOGICAL SETTING

Jabiluka is the largest of four known
unconformity-type deposits located in the Alligator
Rivers Uranium Field (ARUF) of the Pine Creek
geosyncline, Northern Territory, Australia (Fig. 1).
These deposits are called ‘‘unconformity-type’’
because they occur near a regional unconformity that
separates Early Proterozoic metasedimentary rocks
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F1G. 1. Location of the Pine Creek geosyncline and the
Alligator Rivers Uranium Field (ARUF) in northern
Australia.
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Fia. 2. Geological map of the Alligator Rivers Uranium
Field and location of the unconformity-type deposits;
modified from Ewers ef al. (1984).

and Middle Proterozoic sedimentary rocks. The geol-
ogy of the ARUF is described in Needham (1984),
Needham & Stuart-Smith (1980) and Ewers ef al.
(1984), and is only briefly summarized here.

In the ARUF, most uranium deposits and
prospects are located in the Cahill Formation or
equivalent rocks (Fig. 2). This formation is part of
a thick (as much as 14 km) sequence of Early Pro-
terozoic pelitic, carbonate and evaporite sediments,
and subordinate volcanic rocks; the sequence was
deposited on Archean basement, which is now
exposed as the Nanambu Complex (Fig. 2). Zircon
from the complex yielded a U-Pb isotopic age of
about 2470 Ma (Page ef al. 1980). The Early Pro-
terozoic sequence was intruded by dolerite and,
between 1890 and 1870 Ma (Page ef al. 1980), by gra-
nitic rocks of the Nimbuwah Complex. This igne-
ous activity in the Nimbuwah Complex marked the
onset of metamorphism, which continued until about
1800 Ma (Page et al. 1980) and which multiply
deformed and metamorphosed ARUF rocks to
amphibolite-facies conditions. Peak metamorphism
was followed by intrusion of granitic magma at 1755
to 1732 Ma, and the Oenpelli Dolerite at 1688 + 64
Ma (Page et al. 1980, reinterpreted by Ludwig ef al.
1987). Following a period of erosion, the Early Pro-
terozoic sequence was covered by sediments of the
Middle Proterozoic Kombolgie Formation. This for-
mation, greater than 650 m thick, consists of quartz-
rich sandstone with two volcanic members, one of
which has a Rb-Sr isotopic age of 1648 + 29 Ma
(Page et al. 1980). Post-Kombolgie dykes, some of
which are near deposits, have been isotopically dated
by Rb-Sr and K-Ar methods at 1370-1200 Ma (Page
et al. 1980), which should be considered as minimum
ages (Ludwig ef al. 1987).

The Cahill Formation, about 3000 m thick, con-
sists of a lower member, which hosts the Jabiluka,
Ranger and Koongarra unconformity-type deposits
(Fig. 2), and an upper member dominated by psam-
mitic rocks. The Nabarlek deposit (Fig. 2) is in
stratigraphically equivalent rocks that have been
metamorphosed to a higher grade. The lower mem-
ber of the Cahill Formation consists of carbonate
rocks (primarily dolomite) that attain a thickness of
500 m near the base of the unit, graphitic schist, and
quartz + feldspar + muscovite + biotite schists.
The Cahill Formation has been altered by regional
retrograde metamorphism; in particular, the lower
member is now mildly chloritized and sericitized.

Isotopic data indicate that ARUF unconformity-
type deposits are Early to Middle Proterozoic in age.
At Jabiluka, U-Pb whole-rock isotopic data were
interpreted by Ludwig ef «/. (1987) to show that the
ore is 1437 + 40 Ma, an age that clearly postdates
deposition of sandstones of the Kombolgie Forma-
tion. Data from Ranger, however, indicate that ore
formed at 1737 + 20 Ma (Ludwig ef al. 1987), appar-
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ently before erosion and subsequent deposition of
the Kombolgie Formation. Sm-Nd isotopic ages of
primary ores and uraninite from Jabiluka indicate
an older, but still post-Kombolgie age of about 1600
Ma, which is similar to Sm-Nd ages determined from
ore at Nabarlek and Koongarra (Maas 1987). Sm-~
Nd data from Ranger cannot be unambiguously
interpreted, but Nd-Sr initial ratios are consistent
with the pre-unconformity age determined by the U-
Pb study (Maas 1987).

Jabiluka consists of two orebodies (Figs. 3, 4):
Jabiluka 1, which contains 3500 tonnes of U,0; at
a grade of 0.26%, and Jabiluka 2, which contains
more than 206,000 tonnes of U;O; at a grade of
0.39% (Ewers ef al. 1984). Jabiluka 2 also contains
8100 kg of Au at a grade of 15.3 g/t. Gold-bearing
assemblages, which include uraninite and tellurides,
apparently formed late in the ore paragenesis
(Grauch ef al. 1985). Uranium ore minerals are con-
fined to metasedimentary rocks, even though the
deposit formed after deposition of the Kombolgie
Formation and even though the Kombolgie Forma-
tion sandstone is altered.

The host rock belongs to a brecciated and altered
pelitic sequence that is now composed of quartz +
chlorite + muscovite + sericite + graphite schist,
which commonly contains chlorite-replaced garnet
porphyroblasts, and massive chlorite rock. In places,
the schists contain apatite- or tourmaline-rich layers.
Unaltered amphibolite-facies schists northwest of
Jabiluka are probably compositionally and textur-
ally similar to the pre-alteration schists at Jabiluka
(Binns et al. 1980a). These relatively unaltered schists
are medium to coarse grained and are composed of
quartz, feldspar, biotite, muscovite, garnet and sil-
limanite. Carbonate rocks are found between and
beneath Jabiluka orebodies, but are largely absent
within the orebodies except where they occur at depth
in the easternmost part of Jabiluka 2. Intrusive rocks
recognized at Jabiluka include tourmaline pegma-
tite and dolerite.

The Kombolgie Formation at Jabiluka does not
host ore and, therefore, has not been studied in the
same detail as sandstones of the Athabasca Group,
which are major hosts for unconformity-type ore
deposits of the Athabasca Basin, in western Canada.
The most detailed study of the Kombolgie Forma-
tion at Jabiluka is by Gustafson & Curtis (1983), who
reported that the unit consists of well-bedded sand-
stone and subordinate conglomerate and mudstone.
The sandstone is composed of detrital quartz grains
cemented by quartz, chlorite, sericite and carbonate.
Some of this chlorite, and probably sericite, was also
formed by hydrothermal solutions. Post-diagenetic
chlorite, quartz and carbonate veins cut the sand-
stone, and in places massive chlorite replaces sand-
stone. Hematite occurs along quartz grain bound-
aries, as a minor constituent in quartz veins, and in
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FiG. 3. Bedrock geological map and surface projections of
the orebodies at Jabiluka; map modified from Ewers
et al. (1984). Drillholes from which samples were col-
lected are: 1 GN042V, 2 AN045V, 3 ANO048V, 4
BNO054V, 5 YOS7ND, 6 Y069V, 7 X102V, 8 V111V, 9
V123V, 10 T129V, 11 U132V, 12 V135V, 13 U138V,
14 T141V, 15 T147V, 16 0162ND, 17 S177V, 18 S189V,
and 19 N204V.

veins and disseminations formed during subaerial
weathering and oxidation.

HOST-ROCK ALTERATION

Alteration at Jabiluka was so pervasive that an
alteration halo at least 200 m wide encircles the ore-
bearing rocks (Binns ef a/. 1980a) and extends into
the overlying Kombolgie sandstone. Chlorite is by
far the most abundant mineral in the alteration zone,
but white mica, tourmaline and apatite also occur.
Added quartz is primarily restricted to fractures and
brecciated zones. Hematite, which is prominent at
some ARUF deposits, is irregularly distributed and
generally is a minor constituent of altered rocks in
the cores that were sampled. In the cores sampled
from Jabiluka 2, the rocks on the eastern side of the
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F1G. 4. Long section A-A’ (see Fig. 3) through the Jabiluka 1 and 2 orebodies. Section constructed from cores that
were logged for this study, and from data supplied by Pancontinental Mining Limited. Section lines from which
a core was sampled are numbered. Contacts are not shown in the east because of poor stratigraphic control.

Hegge fault (Fig. 4) are less intensely altered than
those on the western side; compared to the rocks on
the western side of the fault, the rocks to the east
are less intensely chloritized and contain more white
mica. These differences suggest that the fault either
separates rocks of different porosity or juxtaposed
different parts of the deposit.

The widespread occurrence of chlorite was recog-
nized early during the drilling of Jabiluka (Hegge
1977). Ewers & Ferguson (1980) and Wilde (1988)
studied suites of chlorite samples from all the
deposits in the ARUF, and Gustafson & Curtis (1983)
primarily studied chlorite from altered sandstone of
the Kombolgie Formation and massive chlorite zones
near the unconformity. These studies contain a
limited amount of microprobe data on chlorite.
Ewers & Ferguson (1980) noted that in the breccias,
the chlorite has high Mg and Y'Al contents and low
oxide totals. Because their data are presented mainly
on triangular plots, the exact composition of most
chlorite samples is unknown. Binns ef al. (1980b)
reported the presence of septechlorite, better known
as 7 A chlorite, and proposed that uranium minerals
were deposited with the 7 A chlorite. Wilde (1988)
identified the white mica at Jabiluka as phengite. The
presence of phosphorus enrichment and the forma-
tion of apatite in altered rocks are reported by Frish-
man et al. (1985), Binns et gl. (1980a) and Gustaf-
son & Curtis (1983). Binns et al. (1980a) noted a

slight boron enrichment in the ore zones, whereas
Nutt (1984b) and Durak ef al. (1983) reported the
presence of Mg-rich tourmaline in, respectively, the
metasedimentary rocks and the sandstone of the
Kombolgie Formation.

The zone of pervasive alteration that surrounds
the orebodies is characterized by a chlorite and white
mica assemblage that is similar to but more intense
than the regional retrograde alteration assemblage
of the lower member of the Cahill Formation. This
white mica is distinguished from muscovite by its fine
grain-size and typical association with chlorite. Wilde
(1988) identified the white mica associated with fine-
grained chlorite as phengite, but in this study exami-
nation of samples with the electron microprobe using
energy dispersion showed that some of the coarser,
but still fine-grained, mica is compositionally simi-
lar to the muscovite and is not Mg-rich. Although
it is recognized that the white mica may be phengitic,
it is herein called sericite because in most samples
examined white mica is so intimately mixed with
chlorite that it is difficult to determine if the mica
is Mg-rich or if sericite and chlorite are mixed or
interlayered at a submicroscopic scale. Powder-
camera X-ray-diffraction analyses of fine-grained
sericite in the matrix show that the mica is a 3T
polytype.

In the vicinity of Jabiluka, feldspars and fer-
romagnesian minerals were totally replaced by seri-
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cite and chlorite, respectively, so that these rocks now
consist of coarse-grained quartz, chlorite and mus-
covite set in a fine-grained to clay-size chlorite-
sericite matrix thai makes up 5-95% of the rock.
Where in contact with chlorite matrix, quartz grains
are embayed. Quartz dissolution apparently is
proportional to the intensity of chloritization because
the amount of quartz dissolved is greatest in the rocks
with the greatest proportion of chlorite matrix. Fine-
grained acicular tourmaline, identified as dravite by
X-ray diffraction (powder method), is disseminated
in the schist matrix and is concentrated along
cleavage planes of coarse-grained chlorite. Typically,
the dravite occurs in sprays composed of fine grains
(up to 0.2 mm but in most cases much shorter) that
are clear to light green in transmitted light and that,
in many instances, lack detectable birefringence (Fig.
5).

Ore-bearing brecciated and altered zones, typically
a few meters or less in thickness, occur in chloritic
schist, graphitic schist, siliceous zones and, where
present, carbonate rocks. In these zones uranium
occurs in fragments of chloritized schist and broken
uraninite and quartz-uraninite veins, as well as in
the breccia matrix. Fragments are cemented by
quartz, quartz + dravite, chlorite, chlorite + dra-
vite or chlorite + apatite. The quartz is coarse
grained and euhedral to subhedral, whereas the chlo-
rite is clay-size in most places. Coarse-grained quartz
commonly has growth zones that are easily visible
in hand specimen. Apatite occurs both as stubby
clear grains and euhedral grains containing hema-
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FiG. 5. Photomicrograph (transmitted light) of acicular
dravite (dr) in a quartz + dravite vein that cuts across
foliation of schist. Bar scale 25 um.

tite inclusions. The presence of chloritized fragments
cemented by quartz, which in turn is replaced by
chlorite, attests to the complexity of the alteration
sequence in these zomnes.

Veins cut foliation in the schists and bedding in
the Kombolgie Formation sandstone, and also occur
parallel to metamorphic foliation and along the
unconformable contact. Most veins fill fractures,
which are no wider than 1 cm, with assemblages of
chlorite, quartz + chlorite, quartz + dravite (Fig.
5), organic matter, or, less commonly, chlorite +

TABLE 1. CHEMICAL COMPOSITION OF METASEDIMENTARY AND SEDIMENTARY ROCKS FRUM JABILUKA
A B ¢ b E F G H 1
Stu, wt.%  63.84 64,14 67.78 67.85 63.86 56.22 43.18 96.80 41.43
Al,03 16.24 14.88 13.15 14.23 16.86 14.69 18.45 1.21 18.14
Fel 3.54 3.20 1.7% 1.79 2.28 1.71 4.01 0.12 4.58
Fe, 03 1.18 1.07 1.03 0.83 0.86 3.00 1.99 G.42 2.15
Mgl 3.64 6.33 7.51 6.48 6.36 8.35 18.42 0.47 17.26
Ca0 1.73 0.27 0.17 0.14 0.12 0.18 0.42 0.01 2.55
Na,U 1.48 U.26 0.04 0.05 0.12 0.06 0.05 0.01 0.02
Ky0 3.58 2.59 1.74 2.33 3.24 2.18 0.44 0.01 0.64
Tid, 0.54 0.33 6.23 0.26 0.32 0.30 0.24 0.02 0.13
P0g 0.15 0.09 U.11 0.08 0.09 0.10 0.25 0.03 2.03
#nd 0.06 0.05 0.0z 0.03 0.02 0.02 ¢.04 0.01 0.03
Lol 3.57 §.06 6.61 5.15 5.02 12.07 10.94 0.58 9.76
Total 99.55 98.33 99.14 99.22 99.12 98.88 98.43 99.69 98.72
Th {ppm} 19 16 15 19 18 16 18 3 45
U {ppm) 5 64 1,836 810 1,162 2,633 5,583 2 11

A Average composition of lower member Cahill Formation metapelite from Ewers and Higgins (1985);

34 samples

Quartz-chlorite schist; 11 samples

Quartz-chlorite-sericite schist; 62 samples
Quartz-chlorite-muscovite schist; 70 samples
Quartz-chlorite-graphite schist; 45 samples

ETMMCO®

high U

S1ightly altered quartz-chlorite-(biotite)-muscovite-schist; 10 samples

Massive chlorite rock; 14 sampies, oxides only from 11 because of interference in rocks with

H Least altered sandstone, Kombolgie Formation; 2 samples
1 Highly altered sandstone, Kombolgie Formation; 8 samples

For B-I:
INAR; TiO
Ignition (LOI) determined at 900°C.

Si0,, A]203, Mg0, Cal, Kzl), P205 determined by XRF; Na,0, MnO, Th, U determined by
determined by ICP; FeQ determined by titratg

on; Fe203 calculated, Loss on
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apatite, quartz + apatite, dolomite or sericite. Ore
minerals are predominantly associated with the chlo-
rite, quartz + chlorite, quartz + dravite and organic
matter.

Massive chlorite rocks, which are major hosts of
disseminated uranium minerals, occur as zones of
light to dark green rocks that are composed of up
to 95% chlorite. Embayed quartz is present as rem-
nants of dissolved grains. Apatite, florencite (Ce-
Al phosphate) and dravite occur disseminated in the
chlorite rock, but sericite is rare.

Whole-rock chemistry of altered rocks

The average chemical composition of whole-rock
samples from Cahill Formation metasedimentary
rocks and Kombolgie Formation sandstones is shown
in Table 1. The average composition of metapelites
from the lower member of the Cahill Formation
(Ewers & Higgins 1985) is shown for comparison.
No adjustments could be made for changes in volume
because no conclusive evidence exists for any such
change. Similarly, a quantitative comparison of
altered and unaltered rocks from core material was
not made because it is uncertain that similar rock-
types are being compared, and because the extent of
open space in breccia zones prior to alteration is
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unknown, Treating Ti as an immobile element actu-
ally suggests a volume increase in altered
metasedimentary rocks (Table 1), which might be
reasonable given all the water that is added to these
rocks during chloritization. The major chemical
trends described below should be valid because they
hold true for up to 30% volume reduction during
alteration of schist to massive chlorite rock, and
because they correspond to the observed mineralog-
ical changes.

The chemical data for the metasedimentary rocks
confirm the observation that the rocks have under-
gone intense alteration that added Mg, and suggest
a relationship between uranium mineralization and
chloritization. Binns ef @/. (1980a) found similar rela-
tionships in their geochemical study of Jabiluka. All
the Jabiluka schists (Table 1, columns B-F), includ-
ing rocks that show minimal megascopic effects of
alteration, are enriched in Mg and depleted in Ca,
Na and K (Fig. 6); Si is not noticeably depleted,
whereas Al content is variable and apparently related
in part to the original composition of the rock. In
the massive chlorite rocks (column G), which are
assumed to be the end product of chloritization, the
chief chemical changes that produced chlorite alter-
ation were a dramatic increase in Mg and a loss of
Si, Ca, Na and K (Fig. 6). The Ti, Mn and P con-

Slightly altered
quartz—chlorite—(biotite) —muscovite schist,

column B in Table 1

- Quartz-chlorite—sericite schist,

column D in Table 1

Quartz—-chlorite-muscovite schist,
column E in Table 1

Chlorite rock, column G in Table 1

Sample/average composition of metapelites
w
1

«— | —
Depleted Enriched

D/":{;\_"B/—'"'I/
B [/ ~
7 T T \; . T T 1
Si Al Fe?*Fe3*Mg Ca Na K Ti P Mn
Element

F1G. 6. Variation diagram, normalized to average composition of the metapelite in the lower member of the Cahill For-
mation, showing changes in composition associated with alteration of some metasedimentary rocks.
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tents in all the Jabiluka rocks are about the same
as in rocks outside the deposit, although within
Jabiluka the P concentrations are higher in the mas-
sive chlorite rock. Uranium abundances are, as
expected, high in the Jabiluka rocks, but they are
not accompanied by an enrichment in Th,

Samples of sandstone from the Kombolgie For-
mation have been divided into two groups accord-
ing to the extent of alteration. Compared with the
least altered samples (column H), the altered sand-
stone samples (column I) are enriched in Mg, Al, Fe,
Ca, K, Ti, P, U and Th, and strongly depleted in Si.

The chemical compositions of the rocks are con-
sistent with the observed mineralogy. In the altered
schists (columns B-F), Ca, Na and K, like the feld-
spars that originally contained them, are depleted.
Introduction of Mg caused chloritization of fer-
romagnesian minerals and the incipient replacement
of all minerals by chlorite matrix, The most altered
chlorite rocks are best characterized by their enrich-
ment in Mg and their depletion in Si, Ca, Na and
K. The high Mg content is due to the presence of
ubiquitous chlorite, and the decrease in Si is a result
of the observed dissolution of quartz. Binns ef al.
(1980a) did not report Si depletion, but the rocks in
their category of low-grade ore are notably high in
Mg and low in Si, and possibly these are highly chlo-
ritized rocks from which Si has been lost. Depletion
of K is expected inasmuch as sericite is rare in the
most chloritized rocks. The enrichment in P and Ca,
relative to other altered rocks, is due to the presence
of apatite.

This data set does not show the K enrichment
reported to be present in the ‘‘greisen’’ of Binns et
al. (1980a). This disparity, which may be due in part
to the fact that different cores were sampled, empha-
sizes the need for further study of the distribution
of white mica. The lack of detectable K-enrichment
in this study does suggest that the sericite largely
replaced pre-existing K-rich minerals such as K-
feldspar and muscovite. Potassium is depleted in the
U-rich, highly altered rocks, as expected from the
optically observed replacement of all minerals,
including sericite and muscovite, by chlorite.

The analytical data on sandstones of the Kombol-
gie Formation show that alteration there was simi-
lar to that which affected the metasedimentary rocks,
although the altered sandstones are also enriched in
iron. High Mg and Al concentrations in the altered
rocks reflect the presence of chlorite, but in these
rocks chlorite is not accompanied by significant
enrichment in U. As in the metasedimentary rocks,
chloritization was accompanied by depletion of Si.
High Ca and P concentrations reflect the addition
of apatite to the sandstone but, as with chlorite, apa-
tite is not associated with significant enrichment in
U. Potassium in altered sandstones resides in either
sedimentary clay layers or sericitized rocks. Iron,
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EXPLANATION
D  Coarse-grained chlorite 1 in schist

) Clay-size chlorite matrix in schist
[+]
©  7A amesite in vein cutting across schist

©  10-70 um chiorite in 7,& amesite vein

FIG. 7. Triangular plot of Fe-V?Al-Mg showing the varia-
tion in chlorite compositions that can occur in a single
thin section. Sample YOS7ND-160.5.

more abundant in the sandstone than in the
metasedimentary rocks, occurs in both chlorite and
hematite.

GENERAL OBSERVATIONS ON CHLORITE

Chlorite is ubiquitous at Jabiluka and invariably
is associated with uranium minerals but, because of
complex textural relationships and variety in its size,
morphology and color, the mineralogy of the chlo-
rite has been poorly described and understood. To
better document the mineralogy, chlorite samples

coarse-grained chlorite 1

coarse-grained chlorite 2

- -

clay-size chlorite

74 amesite

10~70/1m chlorit

Fic. 8. Paragenetic sequence of the chlorites.
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were examined petrographically and grouped accord-
ing to color, texture, and mode of occurrence. Exam-
ples of each type of chlorite were analyzed by elec-
tron microprobe to determine if optical and chemical
properties are correlative. Microprobe analyses were
performed on an ARL-SEMQ apparatus using a

wavelength-dispersion system (use of the trade name
is for identification purposes and does not imply
endorsement by the U.S.G.S.). The following oper-
ating conditions were used: 15 kV; 10 nA on brass;
15 um beam; 40-s counting time for Si, Al, K, and
20-s counting time for Fe, Mg, Ca, Na, Ti, Mn. The

Fic. 9. Photomicrographs (transmitted light) of chlorite from the alteration zone (ch chlorite, q quartz, am amesite).
A. Coarse-grained chlorite 1 (ch) partly replaced by the surrounding clay-size chlorite. Bar = 0.1 mm. B. Coarse-
grained chlorite 2 (ch) in a vein that cuts quagtz~chlorite schist. Bar = 0.1 mm. C. Clay-size chlorite (ch) surrounds
embayed quartz grains. Bar = 25 um. D. 7 A amesite (dark) has partly replaced quartz grain (crossed polars). Bar
= 50 ym. E. 10-70 gm chlorite (ch) cuts clay-size chlorite matrix. Bar = 25 um.
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TABLE 2.

ELECTRON MICROPROBE DATA ON THE CHLORITES

49

Coarse-grained chlorite 1

Coarse~grained chlorite 2

Clay-size chlorite

1

2 3 4 Sa ol 6 7 8 9 10 11 12 13 14 15 16 7 18
n=10 n=7 =g n=13 n9 n=10 n=g n=10 n=8 =5 n=l0 n=20 n=12 =7 n=10 =9 n=20 =15 =10
sio, 23 N1 T6 N3 A0 B6 B4 82 246 249 342 3.7 321 23 302 315 332 39 320
A1203 230 213 218 2.2 2,4 239 2.8 237 2.8 208 286 249 284 20 27 233 25 288 230
FeQ 14.7 9.8 19.0 9.6 3.0 279 273 30.L 305 312 6.0 5.9 5.1 3.6 3.0 2.1 2.4 5.5 2.8
Mg0 18.0 256 163 238 9.2 9.8 13.1 8.5 95 106 190 195 23 BT N0 BS5 BB 246 23
Ca0 - - - - - - - - 0.1 - 0.2 0.2 0.2 0.1 - - 0.1 - -
Na,0 - - - - - - - - - - - - - - - - - - -
K20 0.3 - - 0.2 - - - - - - - - - - - 0.2 0.4 0.4 -
T102 0.8 0.2 - 1.2 - - - - - 0.1 - - - - - - - - -
M0 0.2 - 0.2 - 11 1.0 05 0.9 0.7 0.3 - - - - - - - -
Total 86.3 87.0 849 853 8.7 8.2 8.0 g4 8.2 8.9 80 .2 80 857 8.9 8.6 8.4 8.2 8.1
Structural formula on the basis of 14 oxygen atams
St 293 292 2.8 2.9 2.62 271 273 263 268 271 333 303 304 306 290 297 341 303 297
A L07 108 112 101 138 129 127 137 132 129 0.67 087 0.8 09 L10 103 089 0,97 1.03
Al 164 1.3 186 145 150  1.69 136 1.66 149 137 208 2,03 184 141 1,35 15 148 1,70 149
Fe 123 079 166 0,79 283 247 245 273 279 284 049 049 042 0.9 024 07 019 044 022
Mg 2.68 370 254 3.3% 149 155 2,00 138 154 172 276 287 32 406 429 A0 401 348 4,06
Ca - - - - - - - - 0.01 - 0.02 0,02 002 0.02 - - 0.01 - -
K 0.04 - - 0.02 - - - - - - - - - - - 0.02 004 0.05 -
T 0.06 0,01 - 0.09 - - - - - 002 - - - - - - - - -
h 0.02 - 0.02 - 0,10 0.9 005 0.8 006 0.1 - - - - - - - - -
(ctahedral
total 567 585 578 5,70 5,92 580 596 585 589 5.9 531 541 553 578 688 575 673 567 5.77
Fe/(Fetg) 0.31 0.8 040 019 0.66 0.61 054 066 068 062 005 015 041 007 005 004 005 011 0.5
2 Chlorite in Chlorite at the Chilorite from sawle artside
A amesite 10-70um chlorite unconfority mineralized area
15 1% 2 21 22 23 24 25 26 2 2 3 30
=22 n=11 n=8 =8 n=l2  n=12 n=8 n=25 n=11 =10 n=15 n=1% n=13
S0, 8.2 0.0 286 26 219 284 24 85 275 338 30.6 28.2 3.6
A1203 247 218 255 240 26 2.3 20 219 215 17.6 24,1 2.6 2.9
Fe0 11 0.9 1.2 87 155 131 142 138 210 2.5 74 1.9 5.1
Mg0 00 3R86 256 22 B2 27 22 25 172 318 234 219 2.3
a0 - - - - - - - - - 0.1 - - 0.1
a0 - - - - - - - - - - - -
K0 - - - - - - - - - 0.2 - - 0.4
Ti02 - - - - - - - - - - - - -
M0 - - - 0.1 - - - - - - - - 0.1
Total 8.0 8.3 8.8 8.6 852 855 858 86.7 87,2 860 85,5 84.6 875
Structural formula an
the basis of 7 oxygen atams Structural formula on the basis of 14 oxygen atams
St 135 142 1,3% 292 284 286 277 2.8 2.8 319 2.96 2.69 3.19
Al 0.65 058 0.64 1.8 Li6 1.4 123 L17 117 081 1.04 131 0.81
Al 0.7 0,64 879 171 15 1.3 139 140 143 118 1.71 1.68 2.11
Fe 004 004 0.05 0,72 . 132 110 120 115 181 020 0.60 0.15 0.33
Mg 215 230 2.09 3.26 292 340 334 330 263  4.47 3.37 3.97 2.80
Ca - - - - - - - - - 0.01 - - 001
K - - - - - - - - - 0.02 - - 0.05
Ti - - - - - - - - - - - - -
M - - - 0.01 - - - - - - - - 0.01
Uctahedral
total 294 298 293 670 580 5.8 593 5.85 5.87 5.8 5.68 5.80 5.37
Fe/(FetMg) 0.2 002 0.02 0,18 031 025 026 0.2 041 004 0.15 0.04 0.2

n = number of spots analyzed; -

presence of small inclusions of rutile.

Sample numbers,

in order:

= not detected.

Total Fe calculated as FeO; Ti0, value may be due to the

Sample 9 from slightly altered schist from the edge of the deposit.
T147V-300, YO57ND-160.5, T147V-302.6, T147V-204.2, S189V-219C, S189V-219D, YO69V-34.4,
T147V-~302.6, V123V-156, T147V-233.3A, T129V~205.2, T147V-302.6, V123V-156, AN048-51,08, YO67V-73.5, T147V-233.3,

Y069V-67.0, T147V-300, YO57ND-160.5, YO57ND-160.5A, YO57ND-160.58, Y067V-73.5, T129V-198,6B, V123V-156,
Y069V-73.5, YO57ND-160, V123V-44.1, S$177V-147.1, S189V-161.0A, T129v-85.8, CA75-124, CA76-203-6.,

Description of clay-size chiorite samples; where measured, whole-rock uranium values are shown:

matrix, 12200 ppm; no. 11, breccia matrix, 6500 ppm; no. 12, alteration zone, 950 ppm; no. 13, chlorite vein;
14 ppm; no. 14, chlorite vein, 359 ppm; no. 16, schist matrix near quartz-uraninite vein, 17100 ppm; no. 16,
schist matrix, 18 ppm; no. 17, schist matrix, 1400 ppm; no. 18, schist matrix, 1105 ppm.

no. 10, breccia
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following standards were used: albite (Si, Na, Al),
orthoclase (K), diopside (Mg, Ca), spessartine gar-
net (Mn), hematite (Fe) and rutile (Ti). Data reduc-
tion was performed using the Magic IV program
(Colby 1971). A 15-um beam was used to minimize
volatilization and, in the case of the clay-size to cryp-
tocrystalline chlorite, to obtain an average compo-
sition. Analyses of numerous samples confirm that
five petrographically identified categories (two types
of coarse-grained chlorite, clay-size chlorite, 10-70
pm chlorite and 7 A amesite) are chemically distinct.
Commonly, more than one chlorite occurs at the
scale of a thin section (Fig. 7). The proposed
paragenetic sequence among the chlorites is shown
on Figure 8.

Coarse-grained chlorite

Chlorite grains that are coarse grained (0.1 to 2.0
mm across) relative to the clay-size matrix in schists
and breccias predominantly replaced pre-existing bio-
tite and amphibole grains in the altered metasedimen-
tary rocks. The coarse-grained chlorite can be divided
into two groups based on optical and chemical

characteristics. Both types of chlorite are found
throughout the sequence, but chlorite 1 is most
prominent in altered schist, whereas chlorite 2 is com-
mon in highly altered, ore-bearing chloritic rocks and
breccias and occurs in veins as well as disseminations
in the schist. In addition, only chlorite 2 contains
(rarely) small uraninite grains. Chlorite 1 is
pleochroic green to brown, has low birefringence,
contains abundant inclusions of dravite and TiO,
minerals, is corroded, and is typically partly replaced
by matrix chlorite (Fig. 9a). In contrast, chlorite 2
is pleochroic green to tan, has purple to bronze
birefringence, and in places has radial extinction (Fig.
9b). Compared with chlorite 1, chlorite 2 appears
fresher, has fewer TiO, inclusions and no inclusions
of dravite, and shows only minor embayment along
boundaries that are in contact with the clay-size
matrix chlorite. These two types of chlorite, which
were originally classified on their optical characteris-
tics, have distinctly different compositions (Table 2).
Compared to chlorite 2, chlorite 1 is enriched in Mg
and Si (Fig. 10), contains less Fe and Mn, and gives
slightly lower oxide totals; in addition, the range of
Fe and Mg contents in chlorite 1 is much larger than
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EXPLANATION
O Coarse-grained chlorite 1, metamorphic rocks & Chlorite vein, sandstone
Coarse-grained chlorite 2, metamorphic rocks A Chlorite interstitial to quartz grains, sandstones
Coarse-grained chiorite, slightly altered metamorphic rock +

Clay-size chlorite, metamorphic rocks

o
7A amesite, metamorphic rocks
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10-70 um chlorite, metamorphic rocks

Chiorite at the unconformity

X Clay-size chiorite from samples collected at

unmineralized sites

FiG. 10. Variation of Fe/(Fe+Mg) and Si (both expressed as atomic fractions) in the different varieties of chlorite.
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that in chlorite 2. The oxide totals of chlorite 2 are
the highest of all the analyzed chlorites and are the
only ones that fall in the range expected for ‘‘nor-
mal’’ chlorite. Chlorite 1 ranges from clinochlore,
(Mg 70Al 35F€0.79Tig01) (Sl 92Al; 56)O19(OH)g, to iron
clinochlore, (Mg; ssFe; gAls ssMng g2)(Si; 8341, 15)
0,0(OH)g; the nomenclature follows Bailey (1980)
and Bayliss (1975). Chlorite 2 is classified as magne-
sian aluminian chamosite; a structural formula for
a typical chlorite 2 is (Fez.47A11‘69Mg1.55Mn0.09)
(Siy.71Al; 56)01o(OH)g.

A chlorite from a slightly altered schist from the
castern edge of Jabiluka 1 was also analyzed (Table
2, no. 9; Fig. 10). This chlorite is fresh, coarse
grained, and is similar in composition to chlorite 2
but does not occur with radial extinction, or in veins.

Clay-size chiorite

Clay-size chlorite, which is the main constituent
of schist and breccia matrix as well as massive chlo-
rite rock and veins, is the chlorite that is most con-
spicuously associated with ore minerals. This chlo-
rite, which ranges from 50 gm in length to so fine
grained as to appear cryptocrystalline, is called clay-
size to emphasize that it is most commonly less than
5 pm across. Optically, clay-size chlorite varies from
white to green, and has low to negligible birefrin-
gence. At Jabiluka, to some extent this chlorite has
replaced all of the primary minerals in the
metasedimentary rocks. Textures are massive to
pseudomorphic after the primary minerals. Quartz
is invariably embayed along contacts (Fig. 9¢) and
even in rocks having little matrix, chlorite partly rims
some quartz grains, whereas grains of coarse-grained
chlorite 1 are surrounded and partly to totally
replaced by clay-size chlorite. Muscovite grain
boundaries are feathery where in contact with chlo-
rite, and small grains are in places replaced by a mix-
ture of chlorite and sericite. Even sericite, which is
mixed with chlorite in the schist matrix, is less
abundant in the more intensely chloritized schist.

The clay-size chlorite is characterized by high Mg
and, compared to other chlorites at Jabiluka, high
Si contents (Table 2, Fig. 10). The ratio of YIAl to
VAL is highly variable but, as found by Ewers &
Ferguson (1980), is consistently high (Fig. 11). The
observed range in compositions of the clay-size chlo-
rite may reflect both the compositions of the replaced
minerals and variations in the intensity of chloriti-
zation. Samples were picked in part for their low con-
tent of sericite, but the analyses do show that the
K content, and presumably the amount of intergrown
or partly replaced sericite, is highest in schistose rocks
and decreases in highly altered rocks. The small
amounts of Ca that were detected, particularly in the
breccia matrix, veins and alteration zones, may be
due to the presence of submicroscopic grains of apa-
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Fi16. 11. Values of the ratio of V1Al to IVAl in the chlorites
in metasedimentary rocks at Jabiluka. Clay-size chlo-
rite shows by far the largest range in values. Symbols
as in Figure 10.

tite. Oxide totals range from 83.0 to 87.1% but are
generally low. Causes for these low totals may be
the presence of interlayered or intergranular water,
the presence of an interlayered mineral, or unrecog-
nized problems in the analysis of such fine-grained
material.

X-ray-diffraction studies give d(060) values be-
tween 1.53 and 1.54, indicating that the clay-size
chlorite is trioctahedral (Bailey 1975). The clay-size
chlorite is mainly clinochlore, although the chlorite
with the highest Si content would more properly be
classified as silician clinochlore. Structural formulas
range from (Mg, 20Al; 35F€0.24) (Siz 90Al; 1)010(OH)g
to (Mgy 76Al2 04F€0.49Ca0,02)(S13 33410, 67)010(OH)s.
Cation totals, which range from 5.3 to 5.9 and typi-
cally are about 5.7, likely reflect the presence of
vacant sites that compensate for the substitution of
A* for divalent cations in the octahedral sheet.

Microprobe data and X-ray-diffraction patterns
both suggest that the clay-size chlorite is mixed with
an unidentified mineral, such as 7 A amesite, that
is compositionally similar to chlorite. The X-ray-
diffraction pattern of clay-size chlorite shows weak
(001) and (003) reflections (Fig. 12), which is more
typical of chlorite containing heavy cations, such as
Fe-rich chlorite (Bailey 1975); examination of the
samples with the electron microprobe using energy
dispersion, however, revealed no elements except
those shown in Table 2. X-ray-diffraction patterns
of two glycolated samples did not show any expan-
sion that would be associated with the presence of
expandable interlayered clays. Three of the samples,
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Fi1G. 12. Part of X-ray-diffraction pattern typical of clay-
size chlorite at Jabiluka. Sample V123V-156.

which occur in breccia matrix (Table 2, nos. 10, 11)
and in a highly altered zone (no. 12), have notice-
ably low oxide totals and high YAl In these sam-
ples, the YAl content expected as a function of
d(001) is higher than that calculated from microprobe
data, a disparity that suggests a lower Si content in
the chlorites than indicated by the microprobe ana-
lyses (Bailey 1975). High Si contents in these sam-
ples may reflect the presence of cryptocrystalline
intergrowths of quartz or another intergrown silica-
rich phase.

7 A amesite
The 7 A amesite occurs in veins and pods that cut

the clay-size schist matrix, and in breccia matrix both
of barren lithologies and ore zones. This mineral has

a composition similar to that of chlorite, but is
characterized by serpentine-like layers with a d(001)
of 7 A. Amesite was identified by X-ray-diffraction
data obtained using a Gandolfi camera (Cu radia-
tion, 40 kV, 30 mA, 18-hour exposure); d values are
similar to those regorted for amesite in Brindley et
al. (1951). The 7 A amesite, which is typically less
than or equal to 50 um in size, is distinguishable from
the clay-size chlorite in thin section by its birefrin-
gence (1st order, but slightly higher than the chlo-
rite), its equidimensional shape, and its white to
brown color. The 7 A amesite is invariably inter-
grown with, and in places replaced, clay-size chlo-
rite in the matrix and, to a lesser extent, in veins.
Quartz in contact with the 7 A amesite is highly
embayed (Fig. 9d). Where the paragenetic relation-
ship can be established, the 7 A amesite typically is
later than much of the clay-size chlorite. Uranium
minerals are commonly associated with 7 A amesite;
however, the relationship is incidental, in part,
because the 7 A amesite has replaced the minerals
in pre-existing uranium-bearing rocks.

The compositions in Table 2 were obtained from
veins of optically white 7 A amesite. The 7 A ames-
ite is Mg-rich. Silica content and Fe/(Fe +Mg) and
VIAL/IYAL values are lower than those of the clay-
size chlorite (Figs. 10, 11). The average structural for-
mula for the 7 amesite iS (Mg2.18A10.73Fe0'04)
(8i; 337l 2)Os(OH),.

10-70 um chlorite

The 10-70 pm chlorite, so called because most of
this variant occurs in this size range, is not distin-
guishable in hand specimen, but optically it is iden-
tifiable by (1) size, which is slightly coarser than the
clay-size chlorite, (2) a flaky appearance, and (3)
occurrence in veins that cut across the clay-size
matrix chlorite (Fig. 9¢). The veins are narrow, 0.1
to 0.2 mm in width, and discontinuous. In addition
to veins, this chlorite also occurs in clumps scattered
through the clay-size chlorite and 7 amesite.
Although this chlorite occurs throughout the ore
zone, only rarely are uranium minerals directly
associated with it.

The 10-70 um chlorite ranges in composition from
clinochlore (Mg; Al 71F€p 7M1 01)(Siz 1Al 08)O10
(OH)g, to iron clinochlore (Mg, Al; seFe; 3,)(Sis 84
Al 19)0,(OH);. The composition of the 10-70 pm
chlorite, including a trace amount of Mn in one sam-
ple, is similar to that of the coarse-grained chlorite
1 (Table 2, Fig. 10). The 10-70 um chlorite appears
to have two origins: (1) its existence in veins suggests
that it formed from relatively Fe-rich fluids, and (2)
its occurrence elsewhere in clumps, as well as its com-
position, suggest that the chlorite is relict coarse-
grained chlorite 1 grains that were replaced by clay-
size chlorite.
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Chlorite in Kombolgie Formation sandstone

Chlorite from three samples of Kombolgie sand-
stone were analyzed, as was a sample of massive
chlorite collected from along the unconformity
(Table 2). Two sandstone samples (nos. 25, 26) have
chlorite that is interstitial to quartz grains, whereas
one sample (no. 27) contains chlorite in a cross-
cutting vein and associated alteration halo. In the
two samples containing interstitial chlorite, the chlo-
rite compositions are similar to those of the 10-70
pm chlorite and coarse-grained chlorite 1 (Fig. 10).
In contrast, the chlorite in the cross-cutting vein and
alteration halo and in the massive chlorite near the
unconformity have low Fe/(Mg + Fe) values and high
Si contents similar to those of the clay-size chlorite.
As in the highly chloritized metasedimentary rocks,
the quartz in contact with this chlorite is highly
embayed.

Chlorite outside the deposit

The data set includes two samples, kindly supplied
by Stuart Needham of the Australian Bureau of
Mineral Resources, that were collected as part of a
suite representative of unmineralized rocks (Table
2). The rocks are a quartz-chlorite-muscovite-
sericite schist (no. 29), and a chloritized dolomitic
schist (no. 30). Both have a chlorite matrix similar
in composition to the clay-size chlorite at Jabiluka
(Fig. 10). It is interesting that dravite also occurs in
one sample.

PARAGENETIC SEQUENCE OF ALTERATION

Minerals that formed during alteration of the
rocks at Jabiluka include chlorite (coarse-grained 1,
coarse-grained 2, clay-size, 10-70 um, and 7 A ames-
ite), sericite, apatite and dravite; quartz was also
deposited but is largely confined to breccias and frac-
tures. A proposed paragenetic sequence for these
minerals is shown in Figure 13. The sequence is
largely schematic because the rocks were subjected
to overlapping periods of alteration that are not eas-
ily separated into discrete events. As proposed in the
Figure, chlorite, dravite, quartz and apatite formed
episodically in response to fluctuations in fluid com-
position.

In contrast to the other minerals in the alteration
zone, most sericite formed during the early stages
of alteration. Evidence for early formation of seri-
cite includes geochemical data, which show that K
is depleted in the more altered rocks; petrography,
which shows that sericite is rare in breccia matrix and
massive chlorite rocks; and microprobe data, which
show that some types of chlorite contain trace
amounts of K that may reside in submicroscopic seri-
cite that was mostly replaced by chlorite. The rela-

tionship between sericitization and chloritization is
unknown; sericite may have been replaced by chlo-
rite as fluid conditions such as agx+ progressively
changed, or sericite alteration may have preceded and
been unrelated to chloritization. Although chloriti-
zation largely overprinted minerals and textures
formed during sericitization, the abundance of seri-
cite in ore-bearing rocks from the eastern part of
Jabiluka 2 permits speculation that some minerali-
zation occurred with sericitization.

Dravite and apatite are only sporadically
associated with uranium minerals. Dravite, which
occurs in quartz + dravite veins and breccia cement,
and along cleavage planes in coarse-grained chlorite
and disseminated in clay-size chlorite, apparently
formed over an extended period. The presence of
dravite in a chloritized rock from outside the deposit
suggests that boron metasomatism accompanied
regional retrograde metamorphism. Apatite, which
is not as common as dravite, is mainly associated
with clay-size chlorite.

Clay-size Mg-rich chlorite, the most abundant
chlorite, can be considered the end product of Mg
alteration at Jabiluka. The presence of cross-cutting
veins of clay-size chlorite is evidence that episodic
chloritization affected the rocks. The 7 A amesite,
which predominantly occurs mixed with clay-size
chlorite or in veins that cut clay-size chlorite, formed
after most mineralization and largely remobilized
uranium. The 7 A amesite may have formed either
during the late stages of hydrothermal alteration or

sericite

coarse-grained chlorite 1

- ey eoEme - e e

coarse-grained chlorite 2
clay-size chlorite
7A amesite

10-704m chlorite

-— vy @ e e

dravite
quartz
apatite

—— —— e — L W )

U mineralization & remobilization

Fia. 13. Proposed paragenetic sequence of minerals in the
alteration zone.
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FIG. 14. Part of triangular plot of Fe - YIAl - Mg showing the compositional variations among the chlorites. Symbols

as in Figure 10.

much later, during circulation of cooler, near-surface
fluids.

The general trend toward Mg enrichment during
alteration is illustrated in Figure 14. The paragenetic
sequence, consisting of coarse chlorite 1, clay-size
chlorite, and 7 A amesite, is one of progressively
more Mg-rich phases. The intermediate Fe/(Fe + Mg)
value of the 10-70 um chlorite may be inherited from
the coarse-grained chlorite 1 that it replaced, or,
alternatively, may be due to crystallization from
more Fe-rich fluids that circulated long after the
major alteration events. Chlorite 2, which appears
to have formed contemporaneously with some of the
clay-size chlorite and perhaps at the time of miner-
alization, is the exception to the trend of Mg enrich-
ment during alteration, and is enigmatic in that this
Fe-rich chlorite occurs in highly altered rocks. The
similarity between the composition of chlorite 2 and
coarse-grained chlorite from only slightly altered
rocks is unexpected, but suggests that chlorite 2
formed by recrystallization of earlier Fe-rich chlorite.

Chlorite, in particular the clay-size chlorite, is spa-
tially related to ore, but the presence of chlorite-
replaced quartz + uraninite vein and breccia cement
suggests that some chlorite merely replaced uranium-
bearing rocks. Certainly some alteration must have
only remobilized and redistributed uranium concen-
trations at the nearby Ranger deposit. Ranger has
a U-Pb isotopic age of ore formation that appar-
ently predates deposition of the Kombolgie sandstone
(Ludwig et al. 1987), but sandstone as well as ore-
bearing schists are chlorite-altered there.

COMPARISON WITH ALTERATION
AT OTHER UNCONFORMITY-TYPE DEPOSITS

Alteration zones around other unconformity-type
deposits in the ARUF and the Athabasca Basin of
Saskatchewan, as well as those associated with ura-
nium deposits in the western part of the Pine Creek
geosyncline (Rum Jungle Uranium Field), have
mineral assemblages similar to that found at
Jabiluka, although it is recognized that each deposit
has a unique assemblage. Chlorite, sericite-illite, dra-
vite and, in some cases, hematite and apatite are
common constituents of the alteration zones at
deposits in all of these districts.

In the ARUF deposits, the clay-size chlorite is typi-
cally Mg-rich and has high VIAl/'VAl and low oxide
totals (Ewers & Ferguson 1980, J.T. Nash, pers.
comm. 1986, Wilde & Wall 1987). Apatite is reported
from Ranger (Nash & Frishman 1985, Frishman ef
al. 1985), Nabarlek (Ewers et al. 1983) and White’s
East deposit in the Rum Jungle (Paterson ef al. 1984),
and dravite has been detected at Ranger (D. Frish-
man, pers. comm. 1986) and the White’s East
deposit. Silica depletion is reported at Nabarlek
(Wilde & Wall 1987) and in the altered schists at
Ranger (Nash & Frishman 1985).

In the Athabasca deposits, altered zones are
characterized by the presence of illite-sericite, chlo-
rite and, in some deposits, dravite (Hoeve & Quirt
1984). A halo of quartz dissolution surrounds ore
and extends along the unconformity and into sand-
stone overlying ore. Sandstone is bleached and, in



JABILUKA URANIUM DEPOSIT, AUSTRALIA 55

a shell surrounding the high-grade ore, hematite-
altered (Hoeve & Quirt 1984). Illite-sericite in altered
rocks at unconformity-type deposits and in sand-
stones of the Athabasca Group has been extensively
documented by Hoeve & Quirt (1984). Results from
this and previous work have led to the “‘diagenetic-
hydrothermal’> model in which fluids associated with
diagenesis of the sandstone transport the uranium
to a site of mixing with reduced hydrothermal fluids
(Hoeve & Sibbald 1978, Hoeve & Quirt 1984, 1987).
Chlorite, which is predominantly in altered
metasedimentary rocks, is typically Mg- or Mg-Al-
rich and is di-trioctahedral or trioctahedral (Hoeve
& Quirt 1984). In the deposits of the Cluff Lake area
Mg-, Al- and Mg-Fe-rich chlorites that have high
VIAL/IVAL, low oxide totals, and low cation totals
are found in ore zones (Ey et al. 1985, Pagel & Svab
1985). Mellinger (1985) proposed that, at Maurice
Bay, chloritization overprinted earlier illitization and
mineralization.

The Rabbit Lake deposit in Saskatchewan is
hosted by a metamorphosed pelitic and carbonate
sequence and is probably most similar to Jabiluka
in geological setting. As at Jabiluka, altered
metasedimentary rocks are enriched in Mg and
depleted in Si, Na, K, Ca and Fe; at least three gener-
ations of chlorite, one associated with dravite, have
been identified (Hoeve & Sibbald 1978). In contrast
to the Jabiluka occurrence, hematite is more abun-
dant, and 7 A amesite is absent in the altered rocks
at Rabbit Lake. At Jabiluka, no hematite shell has
been identified.

DISCUSSION OF ALTERATION AT JABILUKA

Alteration at Jabiluka consisted of sericitization
followed by repeated episodes of chloritization. Ura-
nium minerals are principally in chlorite-altered rocks
and in quartz veins and breccia cement. Some ura-
nium mineralization may have accompanied sericiti-
zation, but because chlorite overprinting has
obscured many textures, no genetic relationship was
established by this study. The presence both of
chlorite-altered, silica-depleted rocks, and of quartz
+ uraninite veins and breccia cement, suggests that
the fluid fluctuated between being silica-saturated
and silica-undersaturated.

Clay-size Mg-rich chlorite that has high VIAI/'VAL
and low oxide totals occurs not only at Jabiluka, but
in all the ARUF deposits and also in some Canadian
deposits, and it may be typical of unconformity-type
deposits. Because chlorite is not in equilibrium with
quartz, the chlorite solid-solution model of Walshe
(1986) cannot be used to compute the temperature
and oxidation state of the solution associated with
chloritization. It is not apparent if sparse pyrite,
originally sedimentary, is stable or metastable in mas-
sive chlorite rock; the equations based on pyrite-

chlorite equilibrium that Shikazono & Kawahata
(1987) used to characterize the fluid associated with
Kuroko massive sulfide mineralization cannot be
applied with confidence to Jabiluka rocks.
Cathelineau & Nieva (1985) showed that in a suite
of chlorites collected from a geothermal field, the
temperatures of chlorite formation were inversely
related to octahedral vacancy. Using this relation-
ship in the most general way, the data from Jabiluka
indicate that the clay-size chlorite formed at a max-
imum temperature of 200°C. The large number of
octahedral vacancies in some of the clay-size chlo-
rite from breccia matrix and massive chlorite zones
could be cited as evidence that these chlorite sam-
ples formed at lower temperatures than did the chlo-
rite in schist matrix, but the calculated octahedral
vacancy may be inordinately low because of contami-
nation by another mineral. Because in this data set
the clay-size chlorite samples having the lowest oxide
totals and lowest octahedral site occupancy are from
permeable breccia and massive chlorite zones, it is
possible that these clay-size chlorite samples were
subsequently altered by circulating fluids,

The significance of the presence of 7 A amesite
is difficult to assess because 7 A chlorite is mainly
a low-temperature form of chlorite in sedimentary
rocks (Velde 1985). Velde (1973) found that instead
of chlorite, 7 A amesite formed and coexisted with
chlorite in extremely Mg-rich systems. Although
Velde’s experimental work was done at 300-700°C,
probably hotter than most temperatures of chloriti-
zation at Jabiluka, and 7 A amesite replaces, instead
of coexists with, chlorite, it may be that fluids were
particularly Mg-rich during the last stages of altera-
tion during which 7 A amesite formed.

The chemical and textural data in this paper sup-
port the suggestion by Gustafson & Curtis (1983) that
the widespread chloritization at Jabiluka could have
lowered the pH and may have caused destabilization
of the U in solution (probably carried as a carbonate
or phosphorous complex). In the presence of a reduc-
ing agent, which could have been structurally trapped
fluid or organic matter similar to that occurring in
fractures, U™ in solution could have been reduced
and precipitated as a U*"mineral. The Mg-rich
alteration mainly involved exchange of Mg for Fe
during replacement of earlier-formed chlorite by
clay-size chlorite, but conversion of the quartz - feld-
spar - muscovite assemblage consumed OH and
therefore drove down the pH. The reaction quartz
+ muscovite + K-feldspar + Mg?* + H,0 —
Mg-chlorite + K* + H,SiO4(aq) + H* illustrates
in a simplified manner how a drop in pH, as well
as a loss of Si, should accompany chloritization of
a quartz - K-feldspar - muscovite schist. Dissolu-
tion of dolomite and magnesite, which are so notice-
ably absent in the ore zones at Jabiluka and are a
likely source of Mg, may have prevented extreme
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drops in pH. The presence of carbonate in the eastern
part of Jabiluka 2, which is also the least chloritized
part of the deposit, supports a link between chlo-
ritization and carbonate dissolution.

Other studies have documented a drop in solution
pH and a loss of Si in the rocks during Mg
metasomatism. Experimental studies of water-rock
interaction under the conditions of formation of
massive sulfides (seawater-basalt and seawater-
greywacke at 200°C and higher temperatures) estab-
lished that Mg is quickly removed from the fluid and
incorporated in clays; accompanying the fixation of
Mg in the altered rocks are a loss of Ca and K, and
a drop in the pH of the fluid (Bischoff & Dickson
1975, Bischoff et al. 1981). Reed (1983) calculated
seawater-basalt reactions at 300°C and reported that
the formation of chlorite, accompanied by loss of
Si, occurred at high water-rock ratios. In addition,
Goldhaber ef al. (in press) propose that in a zone
of quartz dissolution, chloritization of the rocks in
a sandstone-type uranium deposit lowers the pH. The
results of these studies are not directly applicable to
the Jabiluka deposit; it probably formed at temper-
atures higher than those relevant to the sandstone-
type uranium deposits, but probably near the lower
limit of temperatures used in the experiments. The
results do suggest, however, that chlorite formation
and quartz dissolution, as well as a loss of Ca and
K, can be expected from interaction of a Mg-rich
fluid with country rock at a high water-rock ratio.

Silica solubility would have been enhanced by any
increase in fluid temperature (Kennedy 1950). Wilde
& Wall (1987) and Hoeve & Quirt (1984) have
attributed the dissolution of quartz at the Nabarlek
and Athabasca deposits, respectively, to increases in
fluid temperature. Wilde & Wall proposed that the
temperature increase was due to heating during
downward movement of the fluid through the sand-
stone, whereas Hoeve & Quirt suggested that heat-
ing was caused by the introduction of warm fluids
from the basement rocks. This study emphasizes that
although a rise in temperature increases quartz solu-
bility, a Mg-rich hydrothermal fluid, in particular
a silica-undersaturated brine, interacting at high
fluid-rock ratios with the country rock, can produce
silica~-depleted altered rocks.

The alteration at Jabiluka was more intense than,
but similar to, the alteration accompanying the
regional retrograde metamorphism that affected the
lower member of the Cahill Formation. This similar-
ity suggests that either the alteration at Jabiluka was
related to the regional retrograde event or, alterna-
tively, that the fluid involved in both the regional
event and the localized alteration at Jabiluka were
derived from a common source; such fluids may have
moved down large fractures and faults through the
metamorphic rocks. The most likely source of the
Mg, P and B that were enriched in the alteration zone

is the metasedimentary sequence, which contains Mg-
rich carbonate and layers that are apatite- or
tourmaline-rich. The original source of the fluid is
unknown, although Nd-Sr isotope data from
Jabiluka permit speculation that some component
of the fluid moved through the Kombolgie Forma-
tion (Maas 1987). Note, however, that at Ranger,
where rocks are altered to an assemblage quite simi-
lar to that at Jabiluka, Nd-Sr data from ore is con-
sistent with a fluid that only had contact with Early
Proterozoic and Archean rocks (Maas 1987).

The present study suggests that chloritization and
quartz dissolution were the products of alteration by
a Mg-rich fluid, perhaps a brine, at high values of
the fluid-rock ratio. The low Fe/(Fe + Mg) values
of the clay-size chlorite attest to the Mg-rich com-
position of the fluid throughout chloritization.
Lowering of pH may have caused dissolution of car-
bonate rocks and destabilized uranium in solution,
although the presence of chlorite-dominated altera-
tion in sandstone indicates that falling pH was not
the sole control on mineralization. The presence both
of chlorite-altered, silica-depleted rocks, and of
quartz-uraninite veins and breccia cement, suggests
that during alteration and mineralization the fluid
fluctuated between being silica-saturated and silica-
undersaturated. These fluctuations could have been
caused by periods of heating and cooling, by repeated
influxes of fluid that underwent changes in chemis-
try during alteration and cooling, or by repeated
influxes of fluids having different compositions.
Fluctuations in temperature or composition could
have been caused by fluid mixing at the unconfor-
mity, as proposed by Hoeve & Quirt (1987) for
Athabasca deposits and by Wall er al. (1985) for
ARUF deposits, but alternative hypotheses such as
repeated influxes of hydrothermal fluid cannot be
dismissed. The constraints on alteration as presented
in this paper neither require nor preclude the uncon-
formity as necessary for ore concentration.
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