polymorphs in the impact craters (7). As
mentioned above, the water component
of the impact’s ejecta will partly evapo-
rate and the rest will freeze on the sur-
face, producing normal crystalline hex-
agonal ice. The vapor component will
partly escape into space and partly con-
dense as amorphous ice on the numerous
solid ejecta and around the craters. Con-
densation on solid ejecta is very impor-
tant because most meteorites, and thus
most craters, are small, and it is the
small craters for which more than half
the ejecta are solid.

It appears that ice freshly formed on
the surfaces of icy bodies by meteoritic
bombardment should be partly crystal-
line and partly amorphous, the ratio of
the two depending on the ratio of solidi-
fied liquid water to condensed water
vapor and on the fraction of solid ejecta.
In view of the various uncertainties dis-
cussed above, one can only say that less
than 50 percent of the volume of the
bombarded icy layer should be amor-
phous. This corclusion should be modi-
fied for the rings of Saturn because they
are probably continuously recovered by
condensation of water molecules sput-
tered from the outer edge of the A ring
(I4). The conclusion could be checked
by observing the sun through the rings
from a spacecraft: the ring particles col-
lide and produce interparticle dust (/5)
that, in analogy to observations from the
earth, should lead to a halo at 22° and 47°
if the dust is crystalline and to no halos if
it is amorphous:

It appears possible, in most cases, to
distinguish between the various poly-
morphs of crystalline ice on satellites (7).
On the other hand, the problem of identi-
fying amorphous ice is difficult because

the optical differences are usually limited ,

to the shape of the reflection lines at 3
and 13 wm. In principle, amorphous ice
on a satellite could be identified if, in
analogy to the early studies of our moon,
it were possnble to deduce the thermal
inertia (kpc) " of the satellite’s surface by
observing the rate of temperature change
near the terminators (/6, 17). The ther-
mal conductivity of amorphous ice k at
20 K is 10° times and at 150 K more than
10 times lower than that of hexagonal ice
(3), while the density p is essentially the
same and the specific heat ¢ in the perti-
nent range of temperatures should differ
very little (18). It would be necessary,
however, to ascertain first that the sur-
face is not a loose aggregate of fine
powders, and this may be a very difficult
task.

R. SMOLUCHOWSKI
Departments of Astronomy and Physics,
University of Texas, Austin 78712
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New Burgess Shale Fossil Sites Reveal

Middle Cambrian Faunal Complex

Abstract. Soft-bodied and lightly sclerotized Burgess shale fossils have been found
at more than a dozen new localities in an area extending for 20 kilometers along the
front of the Cathedral Escarpment in the Middle Cambrian Stephen Formation of the
Canadian Rockies. Five different fossil assemblages from four stratigraphic levels
have been recognized. These assemblages represent distinct penecontemporaneous
marine communities that together make up a normal fore-reef faunal complex.

The Burgess shale (~ 530 million
years old) contains one of the most re-
markable fossil faunas in the geological
record (/). Among its well-preserved fos-
sils are the earliest known representa-
tives of many soft-bodied and lightly
sclerotized animal groups (/) that togeth-
er provide a remarkably complete pic-
ture of marine life in the Middle Cambri-
an following the first major radiation of
the metazoans (2).

The Burgess shale is known essential-
ly from one locality. In 1981 and 1982,
new localities of soft-bodied and lightly
sclerotized fossils, representing several
distinct fossil assemblages, were found.
The new localities are in outcrops of the
Stephen Formation immediately adja-
cent to the Cathedral Escarpment. This
escarpment is the near vertical margin of
a massive dolomitized reef (3) that has
been traced for 20 km southeast from the
Burgess shale locality on Fossil Ridge
(4). The outcrops are on six mountains:
Fossil Ridge, Mount Field, Mount Ste-
phen, Mount Odaray, Park Mountain,
and Curtis Peak (Fig. 1).

Up to now, the Burgess shale fossils
had been obtained from two levels on
Fossil Ridge: the 2.3-m thick Phyllopod
bed (5) quarried by Walcott between
1910 and 1917, which yielded over 95
percent of the known fossils, and anoth-
er bed 23 m higher in the section quarried
by Raymond in 1930 (6). Two communi-
ties have been identified in this bed: the
benthic Marrella-Ottoia community and
the poorly represented pelagic Amisk-
wia-Odontogriphus community (7). The

Raymond quarry bed contains a sparser,
less diverse, and less well-preserved as-
semblage, characterized by the arthro-
pod Leanchoilia, the worms Ottoia and
Banffia, and the enigmatic animal Ano-
malocaris.

Few fossils are present in beds closer
to the escarpment or in between the
quarries. Away from the escarpment,
however, in lateral extension of the beds
exposed in the Raymond quarry, Ottoia
occurs in situ, while talus at about this
level up to 200 m south of the quarry
yielded the arthropods Sidneyid and
Leanchoilia (locality 2, Fig. 1). Most
significantly, a number of lightly $clero-
tized animals, including the arthropods
Proboscicaris, Tuzoia, Alalcomenaeus,
and the ‘‘appendage F’’ animal (8) were
found, almeost in situ, 65 m above the
Walcott quarry, indicating. that a fossil-
bearing layer is also present at about this
stratigraphic level (locality 1, Fig. 1).
This level occurs in beds characterized
by the trilobite EAimaniella burgessensis
9).

The Cathedral Escarpment is most
clearly exposed in outcrops on the south
face of Mount Field (4), about 1.9 km

“south-southeast of the Walcott quarry

(Fig. 1). Among the numerous soft-bod-

"ied, lightly sclerotized, and shelly fossils

found in uncleaved shales about 30 m
west from the reef front (locality 3, Fig.
1) were the rare echinoderm Echmato-

_crinus, which is regarded as the earliest

crinoid, and a specimen of the trilobite
Olenoides with preserved appendages.
The presence of Ottoia and the sponge
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Vauxia in a 2-m thick layer of shale
immediately above a tongue of limestone
suggests that some of the fossils came
from this band. The faunal content and
the quality of preservation at this locality
are similar to those at the Raymond
quarry. The same strata yielded a few
fossils, mainly algae and sponges, for
about 100 m further west of the escarp-
ment along the face of Mount Field. In
the talus below the cliffs in this area
(locality 4, Fig. 1) was a specimen of
Marrella, the arthropod most abundant
in the Phyllopod bed, and one of Burges-
sia, previously known from that source
only, suggesting a possible extension of
the Phyllopod bed away from the Wal-
cott quarry. Both specimens have the
preservation typical of the Phyllopod
bed. Between 300 and 350 m west of the
escarpment a patch of dark-gray talus
(locality 5, Fig. 1) contained a few fos-
sils, notably Tuzoia, Alalcomenaeus,
and Priscansermarinus, a probable bar-
nacle (/0). The first two genera are char-
acteristic of the uppermost fossiliferous
layer on Fossil Ridge and may have
come from the lateral extension of it on
Mount Field.

After crossing the Kicking Horse val-
ley, the Cathedral Escarpment crops out
on the north shoulder of Mount Stephen
and swings southward along the north-
west face of the mountain (4). Stephen
Formation shales in contact with the
escarpment on the north shoulder overlie
the boundary limestone (/7), a thick
limestone debris apron immediately in
front of the escarpment (Fig. 2). In a 3-m
thick band about 40 m above the bound-
ary limestone and 2 to 15 m from the reef
face (locality 6, Fig. 1) is a diverse as-
semblage, including Otroia and Lean-
choilia (Fig. 3A), with similar preserva-
tion and content to that of the Raymond
quarry. For about 100 m above this
band, talus near the escarpment (locality
7, Fig. 1) yielded shelly fossils, a few
poorly preserved worms, and the lightly
sclerotized arthropods Alalcomenaeus
and Proboscicaris, forms characteristic
of the highest fossiliferous layer on Fos-
sil Ridge. Talus some 450 m west of the
escarpment (locality 8, Fig. 1) contained
a few algae, sponges, and arthropods,
including genera characteristic of the
Raymond quarry assemblage and the
fossiliferous layer above it.

A new assemblage dominated by light-
ly sclerotized arthropods was discovered
in a large slipped block about 1500 m
southwest of the north shoulder of
Mount Stephen and at about the same
elevation (locality 9, Fig. 1). It occurs
within a narrow strip of shale bounded
by faults so that its distance from the
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escarpment is unknown. A thickness of
about 40 cm of pale gray-blue siliceous
shale has yielded a distinct assemblage
with large numbers of two arthropods—
Alalcomenaeus (Fig. 3B) (58 percent of
specimens found), which is rare else-
where (/2), and Branchiocaris (Fig. 3C)
(8 percent), a genus previously known
from five Walcott quarry specimens (/3).
Other notable animals include the
sponge Leptomitus, the arthropod Plen-
ocaris, and Fasciculus (Fig. 4), a genus
possibly related to the Cnidaria (/4),
which also bears a superficial resem-
blance to modern ctenophores. The pres-
ence of specimens of the index trilobites,
Pagetia bootes and E. burgessensis in
the talus, suggests that these strata are
similar in age to those on Fossil Ridge
9).

The famous Ogygopsis trilobite beds

Fossil Ridge ]

/
% ;

|
Kicking Horse River i

6,7 ’

|
1
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i

Mt. Field [ &
X
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Ox
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\
] ()
&
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Fig. 1. Map of part of Yoho National Park
around the town of Field, British Columbia,
showing fossil localities along the reconstruct-
ed course of the Cathedral Escarpment
(dashed line). Base map taken from Lake
Louise topographic map (sheet 82 N/8 West,
National Topographic System; 1:50,000), and
the location of the Cathedral Escarpment
from Mcllreath (4). Contours are in feet.

on the west side of Mount Stephen (lo-
cality 10, Fig. 1), which were discovered
before the Burgess shale (/5), contain
tens of thousands of this trilobite, as well

" as sponges such as Pirania and body

fossils of the spongelike Chancelloria.
Appendages of Anomalocaris are far
more common here than in the Burgess
shale (/6). We found a few other lightly
sclerotized genera, some for the first
time, but these are rare (Table 1). There
are also additional specimens of Mar-
rella (17) and Mollisonia (5) and a partial-
ly complete Wiwaxia. Ogygopsis is ab-
sent in the Phyllopod bed and Raymond
quarry assemblages; thus despite a few
other species in common, it is clear that
the Ogygopsis trilobite assemblage is dif-
ferent.

The stratigraphic position of the Ogy-
gopsis shale has proven difficult to deter-
mine (9). Results of 1982 fieldwork (/8)
indicate that the thin-bedded dolomite
conformably underlying the Ogygopsis
shale is probably dolomitized boundary
limestone rather than Cathedral Forma-
tion, as has been suggested (/9). This
interpretation is based mostly on the
occurrence of a thick bed of shale bear-
ing Glossopleura, the trilobite character-
istic of the basal Stephen Formation (9),
passing with apparent conformity be-
neath the thin-bedded dolomite and in
turn lying conformably on basinal Cathe-
dral Formation.

South of Mount Stephen the escarp-
ment cuts through a cirque flanked by
two spurs on the southwest side of
Odaray Mountain (). Here the escarp-
ment is followed for the most part by a
normal fault. On the south spur in the
cirque; a large block of Stephen Forma-
tion, triangular in cross section and lying
in its original stratigraphic position on
the escarpment side of the fault (Iocality
11, Fig. 1), yielded a few soft-bodied,
lightly sclerotized and shelly fossils. The
trilobites P. bootes and E. burgessensis
indicate a stratigraphic interval similar to
the beds on Fossil Ridge (9).

On the eastern flank of the south spur,
outside the cirque, more than 150 m of
relatively uncleaved Stephen Formation
below the Eldon Formation are exposed.
The lowest beds of the Stephen Forma-
tion lying conformably on thin-bedded
dolomite consist of about 7 m of dark-
gray shale lying beneath a bedded lime-
stone 24 m thick. In addition to shelly
fossils, including abundant specimens of
the trilobite Olenoides, these beds (local-
ity 12, Fig. 1) yielded a variety of soft-
bodied and lightly sclerotized forms, no-
tably Ottoia, Anomalocaris, Marrella,
and Perspicaris. Lightly sclerotized fos-
sils were also collected in situ about 8 m
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above the limestone (locality 13, Fig. 1).
The upper part of the section, faulted
against the Cathedral Formation, is simi-
lar in lithology to the beds that yielded
fossils within the cirque and from it,
trilobites, brachiopods, poorly preserved
specimens of Vauxia, Ottoia, and inde-
terminate worms were collected. Abun-
dant specimens of E. burgessensis, the
absence of Pagetia, and the proximity of
the overlying Eldon Formation indicate
that these beds belong to the upper part

Fig. 3 (left). (A) Leanchoilia from Mount Stephen (ROM 43189) (~ x1); (B)
Alalcomenaeus (ROM 43187) (~ x1.5); and (C) Branchiocaris (ROM 43188) from
Fig. 4 (right). Part and counterpart of Fasciculus, a possible ctenophore (20) (ROM 43186). Ctenophores with one

Mount Stephen (~ x1.7).

of the Stephen Formation and are proba-
bly younger than those in the quarries on
Fossil Ridge (9).

The escarpment continues south-
southeast to Park Mountain (4), where
the contact between the Cathedral dolo-
mite and Stephen shale is obscured by an
avalanche chute. Uncleaved shale within
50 m of the contact (locality 14, Fig. 1)
yielded a few nondescript soft-bodied
and lightly sclerotized forms, and shelly
fossils. The presence of E. burgessensis

indicates a position in the upper part of
the Stephen Formation. Further: south-
east the escarpment traverses a cirque
on the west side of Curtis Peak (4). An
outcrop of gray-green massive shales
near its center, whose precise strati-
graphic position is unknown, yielded (lo-
cality 15, Fig. 1) abundant hyolithids,
rare brachiopods, and the alga Margare-
tia, the only soft-bodied form found
here.

Five distinct assemblages with soft-
bodied and lightly sclerotized fossils
have now been identified (Fig. 2). A
possible sixth assemblage, characterized
by numerous Perspicaris, an otherwise
very rare arthropod (20), is present on
Odaray Mountain. Few new species are
present among the many hundreds of
specimens found at the new localities. It
is evident, therefore, that the 85,000
specimens already collected from the
Phyllopod bed provide a good indication
of the overall diversity of this Middle
Cambrian biota.

The location of the most prolific soft-
bodied fossil occurrences in close prox-
imity to the Cathedral Formation (Fig. 1)
supports the interpretation that the verti-
cal contact between the two formations
is sedimentary rather than tectonic.

Two important conclusions may be
drawn from these findings. First, the
fossil assemblages comprise, to a large
degree, the various faunas which lived

exception lack stinging cells (nematocysts) and are thought to have branched off very early from the Cnidaria. Their occurrence in the fossil
record has yet to be confirmed, however. Fasciculus and one specimen recently reported from the Devonian Hunsriick Slate of West Germany
are the current best candidates for such confirmation (~ x1).
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along the front of the submarine Cathe-
dral Escarpment. This is evident because
of their excellent preservation (all except
the Ogygopsis assemblage include soft-
bodied forms) and their penecontempora-
neity (all occur within the Bathyuriscus-
Elrathina biozone), and because trans-
port before burial was short (all are close
to the escarpment and include many ar-
ticulated specimens). Second, the wide-
spread distribution supports the observa-
tion that the Burgess shale faunas may
be more representative of Cambrian ma-
rine communities than are assemblages
of hard-shelled invertebrates (/). More-
over, it reinforces the view derived from
the discovery of many Burgess shale
fossils in Utah, that the Burgess shale
includes ‘‘a normal Cambrian open-shelf
biota’’ (21). This view can now be ex-
panded to that provided by the Stephen
Formation, which contains several ma-
rine faunas of the Burgess shale type that
together make up a normal fore-reef fau-
nal complex.
DEsMOND COLLINS
Department of Invertebrate
Palaeontology, Royal Ontario Museum,
Toronto, Ontario M5S 2C6, Canada
DEREK BRIGGS
Department of Geology, Goldsmith’s
College, University of London,
London SES 3BU, England
SiMoN CONWAY MORRIS
Department of Earth Sciences,
The Open University,
Milton Keynes MK7 6AA, England

References and Notes

1. S. Conway Morris and H. B. Whittington, Sci.
Am. 241, 122 (July 1979).

. J. J. Sepkoski, Paleobiology 5, 222 (1979).

. C. S. Ney, Guidebook to the Fourth Annual
Field Conference (Alberta Society of Petroleum
Geologists, Calgary, 1954), p. 119.

. 1. A. Mcllreath, thesis, University of Calgary,
Calgary, Alberta (1977).

. C. D. Walcott, Smithson. Misc. Collects. 57(6),
148 (1912).

. P. E. Raymond, Bull. Mus. Comp. Zool. (Har-
vard Univ.) 76(6), 205 (1935).

. S. Conway Morris, in Encyclopedia of Paleon-
tology, R. W. Fairbridge and D. Jablonski, Eds.
(Dowden, Hutchinson and Ross, Stroudsburg,
Pa., 1979).

8. H. B. Whittington and D. E. G. Briggs, Proc.

3rd North Am. Paleontol. Conv. 2, 573 (1982).

9. W. H. Fritz, Proc. North Am. Paleontol. Conv.
(1971), part 1, p. 1155.

10. D. Collins and D. M. Rudkin, J. Paleontol. 55,
1006 (1981).

11. 1. A. Mcllreath, Soc. Econ. Paleontol. Mineral.
Spec. Pub. 25, 113 (1977).

12. H. B. Whittington, Phil. Trans. R. Soc. London
Ser. B-292, 329 (1981).

13. D. E. G. Briggs, Geol. Surv. Can. Bull. 264
(1976).

14. A. Simonetta and L. Delle-Cave, Atti Soc. To-
scana Sci. Nat., Pisa Mem. P. V. Ser. A 85, 45
(1978).

15. C. Rominger, Proc. Acad. Nat. Sci. Philadel-
phia (1887), part 1, p. 12.

16. D. E. G. Briggs, Palaeontology 22, 631 (1979).

17. l’} B. Whittington, Geol. Surv. Can. Bull. 209
(1971).

18. T. P. Fletcher, personal communication.

19. C. Deiss, Geol. Soc. Am. Bull. 51, 731 (1940).

20. D. E. G. Briggs, Palaeontology 20, 595 (1977).

21. S. Conway Morris and R. A. Robison, J. Pa-
leontol. 56, 116 (1982).

22. We thank I. A. Mclireath, T. P. Fletcher, F. W.

w N

N N v A

14 OCTOBER 1983

Beales, J. Eckert, D. Rudkin, and P. Fenton for
help in the field. From Parks Canada we thank J.
Holroyd, K. Seel, and P. Benson (Western
Region); D. Lohnes and M. Finkelstein (Head
Office); and particularly A. Fisk, G. Ruthertord,
C. Sime, H. Abbott, E. Langshaw, A. Knowles,
and D. Mickle for help in Yoho National Park.
We are grateful for help from W. W. Nassichuk,
E. W. Bamber, W. H. Fritz, and M. McKenzie
of the Geological Survey of Canada, and we

thank 1. A. Mclireath and H. B. Whittington for
reviewing the manuscript. Canadian financial
support came from EMR awards 175/4/81 and
179/4/82, NSERC grant A8427 and a contract for
helicopter time from Parks Canada. British
funding came from the Royal Society, Gold-
smiths’ College Research Fund, and the Open
University Overseas Travel Fund.

2 February 1982; revised 13 May 1983

Expression of Naphthalene Oxidation Genes in

Escherichia coli Results in the Biosynthesis of Indigo

Abstract. A fragment of plasmid NAH7 from Pseudomonas putida PpG7 has been
cloned and expressed in Escherichia coli HBI10I. Growth of the recombinant
Escherichia coli in nutrient medium results in the formation of indigo. The produc-
tion of this dye is increased in the presence of tryptophan or indole. Several bacteria
that oxidize aromatic hydrocarbons to cis-dihydrodiols also oxidize indole to indigo.
The results suggest that indigo formation is due to the combined activities of
tryptophanase and naphthalene dioxygenase.

Indigo is one of the oldest dyes known
to man. In ancient times it was obtained
as a plant extract from several species of
the genus Indigofera and to a lesser
extent from the European woad plant.
The dye’s brilliant color led to its devel-
opment as a principal item of commerce
between Europe and the Far East.
Baeyer’s elucidation of the structure of
indigo in 1883 was followed by the devel-
opment of a commercially practical syn-
thesis. Today synthetic indigo has large-
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Fig. 1. Synthesis of indigo during growth of an
E. coli containing pE317. Growth of the orga-
nism in Luria broth containing ampicillin (200
pg/ml) was monitored by measuring the ab-
sorbance of the culture at S00 nm (@). Indigo
synthesis (A) was measured by removing 1.0
ml of the culture fluid at various time intervals
and extracting twice with equal volumes of
ethyl acetate. The organic phases were com-
bined and the absorbance of the ethyl acetate
solution at 600 nm was determined. The con-
centrations of indigo were taken from a stan-
dard curve for synthetic indigo (Kodak) dis-
solved in ethyl acetate.

ly supplanted the plant-derived product,
and large amounts of indigo are used for
dyeing cotton and wool fabrics (/). We
now report the construction of a strain
of Escherichia coli that excretes indigo.
The organism contains genes from Pseu-
domonas putida that code for enzymes
responsible for the conversion of naph-
thalene to salicylic acid.

The oxidation of naphthalene by Pseu-
domonas putida PpG7 is catalyzed by
enzymes that are encoded by a plasmid.
The plasmid, NAH7, carries two gene
clusters that enable the organism to grow
on naphthalene as a sole carbon source
(2). Several compounds produced during
naphthalene oxidation, including naph-
thoquinone and salicylic acid (3), are
widely used in the chemical and pharma-
ceutical industries. To determine the fea-
sibility of utilizing microorganisms to
produce these compounds, we carried
out a detailed genetic and physical analy-
sis of the NAH7 plasmid. We found that
the entire pathway for the conversion of
naphthalene to salicylic acid is encoded
by genes that can be expressed in E. coli.
Our results also led to the unexpected
finding that a subset of these genes is
responsible for the microbial production
of indigo. In addition, we have shown
that indigo formation is a property of the
dioxygenase enzyme systems that form
cis-dihydrodiols from aromatic hydro-
carbons (4).

As a first step in these experiments,
we cloned fragments of the NAH?7 plas-
mid in E. coli. Plasmid NAH7 DNA was
isolated from Pseudomonas putida PpG7
that had been digested with Hind III; the
fragments were ligated into Hind ITI-cut
plasmid vector pBR322 for transforma-
tion into E. coli HB101. Ampicillin-re-
sistant colonies of transformed E. coli
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