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Measurements of the Cretaceous Paleolati tude ry Bedded sedimentary are 
preferred because the paleohorlzontal can 

of Vancouver Island: Consistent with the be readllv observed, ellmlnatlng the prob- 

Baja-British Columbia Hypothesis lem of anomalously low paleolatitudei due 
to tilting and deformation. 

Peter D. Ward," Jose M. Hurtado, Joseph L. Kirschvink, ~ h r e e  sets of paleomagnetic data from 

Kenneth L. Verosub 
the region (Fig. I ) ,  for which tilt correc- 
tions have been performed (Mount Stuart 

A previously unsampled outcrop of gently dipping or flat-lying Upper Cretaceous sed- 
imentay strata in the Vancouver Island region, which contains unaltered aragonitic 
mollusk fossils, yielded a stable remanent magnetization that is biostratigraphically 
consistent with Cretaceous magnetochrons 33R, 33N, and 32R. These results, char- 
acterized by shallow inclinations, indicate an Upper Cretaceous paleolatitude of about 
25 ? 3 degrees north, which is equivalent to that of modern-day Baja California. These 
findings are consistent with the Baja-British Columbia hypothesis, which puts the Insular 
Superterrane well south of the Oregon-California border in the Late Cretaceous. 

T h e  Cordillera of western North America 
is composed of an amalgamation of tectonic 
terranes, which were accreted at various 
times onto the stable North American con- 
tinent (Fig. I ) .  The accretional history of 
the Insular Superterrane ( I ) ,  which is com- 
posed of the northern Cascades of Wash- 
ington State, the Coast Ranges of western 
British Columbia, Vancouver Island, the 
Queen Charlotte Islands, and a large region 
extending from southeastern Alaska to the 
Wrangel Mountains in northern Alaska, is 
currently in dispute. Two conflicting and 
mutually exclusive hypotheses are favored 
(2). The first hypothesis suggests that the 
Insular Superterrane lay north of the Fran- 
ciscan-Sierran convergent plate boundary 
in California during most, if not all, of the 
Cretaceous period (3). The second hypoth- 

esis is that all of the Insular Superterrane 
north of latitude 49ON and up to 58ON was 
situated at a minimum of 2400 km south of 
its present position relative to North Amer- 
ica 90 million years ago (Ma) (4,  5, 6) .  In 
this model, the Intermontane Superterrane 
(Fig. 1)  is also expected to be found at least 
1000 km south of its modern-day position 
in the mid-Cretaceous (2). This latter hy- 
pothesis is called the Baja-British Colum- 
bia (BBC) hypothesis because it predicts 
that, 90 Ma, the Vancouver Island region 
would have been offshore of present-day 
Baja California (2, 4). 

Evidence that can be used to refute 
either or both of these hypotheses comes 
from two main sources: geological and pa- 
leomagnetic evidence. Geological evi- 
dence includes ( i )  provenance studies of 
sediments included within the Insular Su- 

batholith, silverquick conglomerate and 
volcanlcs, and the Duke Island ultramafic 
complex), support the BBC hypothesis (6, 
7). Only the Duke Island Complex, howev- 
er, comes from the Insular Superterrane; the 
others are from the Coast Mountains oro- 
gen and the Intermontane Superterrane. 
Furthermore, until now, no  paleomagnetic 
data, from either superterrane, have come 
from well-bedded sedimentary rocks of Cre- 
taceous age in which the original horizon- 
tality is unambiguous. Here we present pa- 
leomagnetic evidence from well-bedded " 

sedimentary rocks of the Insular Superter- 
rane south of Alaska that is consistent with 
the BBC hypothesis. 

We sampled strata from the Upper Cre- 
taceous Nanaimo G r o u ~  of Vancouver Is- 
land, which had been considered unsuitable 
for paleomagnetic investigation, because all 
previous sampling efforts showed a pervasive 
remagnetization (8). However, we located 
previously unsampled outcrops along the 
eastern margin of the Nanaimo basin that 
contain ammonite and inoceramid bivalve 
fossils composed of unaltered aragonite con- 
taining organic macromolecules within con- 
cretionary mudstone and siltstone facies. It 
has been proposed that the presence of such 
unaltered fossil material is an indication that 
thermal and chemical remagnetization is 
minimal to absent (9) because (i) the con- . . . . 

P. D. Ward, Department of Geological Sciences, Univer- perterrane, (ii) the correlation of features version temperature of aragonite to calcite 
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J Y ~ .  Kirschvink, Division of Geological and Planetary Sci- transcurrent faults to Galues less than natural remanent magnetism (NRM) in 
ences, California Institute of Technology, Pasadena, CA 
91 125, USA. those proposed by the BBC hypothesis. many clastic sediments and (ii) the presence 
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agenetic changes occurring after deposition 
that can also affect primary magnetization. 
Thus, we believe that the degree of alter- 
ation of aragonite to calcite in fossils can be 
an indicator of the gradient between primary 
and overprinted magnetization of the Nan- 
aim0 Group (or other) strata. 

Although the sampling of sedimentary 
rocks for paleomagnetic analyses offers the 
advantage of unambiguous bedding orienta- 
tions, it has been argued that it may lead to 
anomalously low paleolatitudes because of 
"compaction shallowing" of paleomagnetic 
inclinations (1 0, 1 1 ). Although compac- 
tion shallowine occurs in certain fine- - 
grained sedimentary facies, the strata we 
sampled appeared to be free of such effects, 
because our samples were from bioturbated 

/ 

stern limit of 
leran thrust belt 

3 n a u a  
D s'4- 

Great Valley 
Group 

Pre-Cretaceous 
Klamath-Slerran 
terranes 

Fig. 1. Present geographic positions of major 
crustal and tectonic elements of the West Coast, 
including the Insular and Intermontane superter- 
ranes. The sampling sites from this study (Texada 
and Hornby islands) are located on the interior 
side of Vancouver lsland (marked VI). MS refers to 
the position of the Mount Stuart batholith. Other 
tectonic elements are indicated in the key. 
Present-day latitudes are indicated. Modified from 
(2). 

poorly sorted siltstones and mudrock con- 
taining abundant carbonate concretions - 
that formed during the early stages of di- 
agenesis, preserving undeformed fossils at 
their center. Recent studies of such concre- 
tions have indicated that the initial CaCO, 
cements were deposited at the contact be- 
tween grain boundaries, immobilizing the 
particles from further grain rotation and 
preventing sediment compaction (12). In 
bioturbated sediments, this cementation 
may also lock in a postdepositional rema- 
nent magnetization. Thus, the Nanaimo 
sediments offer an additional method of 
testing the hypothesis of inclination error 
by comparison of the paleomagnetic results 
from concretions with the silty mudstones. 
We  collected samples from Texada and 
Hornby islands, which are part of the east- 
ern margin of the -200-km-long Nanaimo 
basin. The Pender Formation on Texada 
Island, located at the northern marein of " 

the basin is of early to middle Campanian 
(-83 to 78 Ma) age (13). The Spray For- 
mation on Hornbv Island. located in the 
northern half of the basin: is late Campa- 
nian and perhaps early Maastrichtian (-75 
to 70 Ma) age (13). These sampled strata 
encompass the Baculites chicoensis through 
Pachvdiscus suciaensis ammonite zones. Pa- 
leomagnetic samples were obtained with 

standard techniques. All samples were col- 
lected from freshlv excavated strata, and, in 
all cases, sites exhibiting any signs of surface 
oxidation or degraded fossils were avoided. 

The 131 cores collected from Texada 
and Hornby islands were analyzed on a 
two-axis superconducting quantum interfer- 
ence device magnetometer system housed 
in a shielded-metal room. The background 
noise of the instrument was less than lo-'' 
A.mZ. Alternating field (AF) demagnetiza- 
tion was performed with a computer-con- 
trolled three-axis coil system. Thermal de- 
magnetization was performed in a magnet- 
ically shielded furnace. All samples were 
initially measured for NRM and then sub- 
jected to low AF demagnetization up to 10 
mT at 1.25-mT steps to remove low-coer- 
civity magnetizations. The samples were 
then treated with thermal demagnetizations 
from 100°C until they became unstable. 
The highest temperature attained was 
400°C. AF demagnetization and then ther- 
mal steps up to 150°C were required to 
remove an observed trend toward viscous 
behavior in some samples (Fig. 2). 

Results from the demagnetization exper- 
iments were similar to those from other 
studies of nearshore, drab-colored marine 
siltstones and limestones from Cretaceous 
sediments of the Cordillera (9, 14) (Fig. 2). 

1 k 
NRM 

NRM 
o o o c  I 

E 

NRM 

Fig. 2. Examples of representative demagnetization behavior of samples from Hornby and Texada 
islands. Solid symbols on the orthogonal diagrams show the projection of the demagnetization vector 
into the plane of the bedding, whereas the open symbols show the corresponding projection onto the 
north-south vertical plane. Each division is a magnetic moment of A.m2. On the equal-area 
projections, lower and upper hemisphere directions are indicated by solid and open symbols, respec- 
tively. (A) Hornby lsland sample C-80 and (B) Texada lsland sample G-16 yielded normal and reversed 
demagnetization line directions, respectively. (C) Texada lsland sampie H-151 and (D) Hornby lsland 
sample F-213 yielded demagnetization planes (remagnetization circles). (E) Hornby lsland sample A-7 
became unstable before useful data could be obtained. (A) and (B) show convincing trajectories toward 
the origin on orthogonal projections. 
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The  majority of samples (103 of 13 1) could 
be characterized as well-behaved, with ei- 
ther (i) a single component of magnetiza- 
tion that decayed linearly to  the origin of 
the Zijderveld plot and clustered o n  the 
equal-area plot (Fig. 2, A and B) or (ii) 
intervals on  the demagnetization path that 
were composed of two well-defined compo- 
nents that produced a planar subset of de- 
magnetization data (Fig. 2, C and D). W e  

analyzed the demagnetization data using 
principal component analysis to  isolate sta- 
ble components of magnetization (15) and 
to assess the polarity of samples with mul- 
tiple components. Only demagnetization 
lines with maximum angular deviation val- 
ues below 10" and planes below 15" were 
included in the statistical analysis (Table 
1). T h e  remaining samples displayed con- 
fusing results during demagnetization (Fig. 

Fig. 3. Equal-area project~ons of 
the stable tilt-corrected directions 
from this study. For all diagrams, 
the solid dots and dark arcs are on 
the lower hemisphere, whereas the 
open symbols and light arcs are on 
the upper hemisphere. (A) All de- 
magnetization lines. (B) All demag- 
netization planes, showing the arc 
constraints. (C) All line and plane 
directions from concretions and 
sandstones, which are the sedi- 
mentary rocks least likely to display 
inclination shallowing. (D) All line 
and plane directions from all silt- 
sones and claystones. 

Table 1. Paleomagnetic results from Upper Cretaceous sediments on Hornby and Texada islands. L, 
lines; P, planes; N, number of samples; Dec., declination; Inc., inclination; K, Fisher's precision param- 
eter; a,,, alpha 95 values; VGP lat., virtual geomagnetic pole latitude; VGP Ion., VGP longitude. 

Direction 

L 

Land P 

L 
I 

Land P 

Normal L 

Reversed L 

All L 

All P 

All L and P 

All L and P 

All L and P 

Dec Inc. VGP lat. 
(?N) 

VGP Ion 

Hornby lsland 
32.2 50.5 20.8 5.0 
30.1* 42.2* 19.5* 4.6* 
32.3 48.7 15.7 4.8 
29.4* 41 .O* 14.4* 4.6* 

Texada Island 
32.4 41.7 10.4 11.0 
31 .O* 40.7* 13.1* 9.6* 
35.3 46.5 10.9 7.3 
31.6* 45.2* 11.6* 7.1* " 

Combined results 
33.6 50.9 19.9 5.1 
31.3* 42.1* 19.5* 5.1* 
29.6 40.1 11.2 10.8 
28.3* 40.9* 12.9* 10.0* 
32.2 47.8 15.5 4.8 
30.4* 41.7* 17.2* 4.6* 
35.9 48.7 10.1 7.2 
28.8* 46.1* 7.9* 8.1* 
33.2 48.0 13.8 3.9 
30.1* 42.5* 13.3* 3.9* 

lnclination error test: Concretion and sandstones 
32.9 47.5 11.0 10.9 
29.6* 42.5* 12.8* 10.1* 

Inclination error test: Siltstones 
33.3 48.1 14.3 4.2 
30.2* 42.6* 13.2* 4.4* 

'Va lues  corrected for tilt of bedding. 

2E). Mean directions were obtained with 
Fisher statistics (1 6), and the method of 
McFadden and McElhinny (1 7) was used 
for combining demagnetization lines and 
~ l a n e s .  T h e  reversals test and the test of 
Lean  directions followed those of McFad- 
den and McElhinny (1 8). 

Upon demagnetization, 76% (38 of 50) 
of the Texada and 80% (65 of 81) of the 
Hornbv sam~les  vielded usable directions. 

L ,  

Normal and reversed directions can be de- 
tected in samples from Texada and Hornby 
islands (Fig. 3) .  Lower Campanian rocks o n  
Texada are dominantly reversely magne- 
tized, whereas normal ~o la r i tv  dominates 
the Hornby collection: ~rev ious  magne- 
tostratigraphic investigation of Cretaceous 
strata from the Upper Cretaceous North 
Pacific Biotic Province has shown that the 
biostratigraphic zones sampled in our study 
areas correlate with magnetochrons 33R to 
32R and that zones of normal and reversed 
polarity should be present (14, 19). Our 
results yielded normal and reversed inter- 
vals a t  biostratigraphic levels that are con- 
sistent with previous paleomagnetic sam- 
pling of these biozones in the North Pacific 

40" - 

BBC - 

Selected cretaceous 
plutonlc belts 

Intermontane 
Supenerrane 

Coast Mountains 
orogen 

Insular Supenerrane 

Franciscan Complex 

Great Valley Group 

Pre-Cretaceous 
Klarnath-Sierran 
terranes 

Fig. 4. Paleographic reconstruction for Late Cre- 
taceous time (75 to 85 Ma) showing the hypothe- 
sized geographic position of BBC and the position 
of the hypothesized BBC fault. The paleolatitude 
for North America at this time is shown at the left of 
the diagram. Modified from (2). 
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Biotic Province and in the Tethvan region - 
of Europe. This consistent stratigraphy is 
evidence for the presence of a stable origi- 
nal magnetization. Furthermore. we found 
no  evidYence for inclination shallowing, as 
magnetic directions from early diagenetic 
carbonate concretions are statistically indis- 
tinguishable from siltstones and claystones 
in the section (Table 1 and Fie. 3). W e  note " ,  

that even if such inclination shallowing did 
exist in our sam~les,  it would still not * .  

change our basic finding of large-scale ter- 
rane movement: although inclination errors 
on the order of 10" have been documented 
in some clay-rich sediments (1 I ) ,  this 
would change our paleolatitude estimate 
from 25"N to 33"N. This is not enough to 
explain the latitude discrepancy we have 
observed unless large-scale tectonic trans- 
port took place. Our results show a mean 
paleolatitude value for the lower Campani- 
an Texada sites of 26.7" ? 5.7"N, whereas 
the upper Campanian Hornby sites yielded 
a mean value of 23.5" ? 3.5"N. Because 
these mean directions are not statistically 
distinct (Table 1). we infer that there was , , 

no measurable translation of the Insular 
Superterrane during Campanian time. Our 
results place Vancouver Island off the coast 
of Baja California between 70 and 80 Ma, 
with an  inferred geographic displacement of 
about 3500 km (Fig. 4). Within the error 
limits, our,data imply that the Insular Su- 
perterrane occupied latitudes similar to 
those of the present-day Rosario Formation 
of Baja California, Mexico. 
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Fossilized Metazoan Embryos from 
the Earliest Cambrian 

Stefan Bengtson and Yue Zhao 

Small globular fossils known as Olivooides and Markuelia from basal Cambrian rocks in 
China and Siberia, respectively, contain directly developing embryos of metazoans. 
Fossilization is due to early diagenetic phosphatization. A nearly full developmental 
sequence of Olivooides can be observed, from late embryonic stages still within an egg 
membrane, to hatched specimens belonging to several ontogenetic stages. Earlier 
cleavage,stages also occur, but cannot be identified to taxon. Olivooides shows simi- 
larities to coronate scyphozoans and to their probable Paleozoic representatives, the 
conulariids. Markuelia eggs contain looped embryos of a segmented worm with short, 
conical processes covering the body. 

Reports  of fossilized eggs of marine inver- 
tebrates are rare. This may, however, largely 
be due to the difficulties of recognizing 
them. There is an  abundance of small elob- - 
ular structures in the fossil record, including 
that of the Cambrian (1). Zhang and Pratt 
(2) reported Middle Cambrian spherical 
fossils, 0.3 mm in diameter, that under a 
smooth membrane preserved a polygonal 
pattern which the authors interpreted as 
remains of blastomeres belonging to 64- and 
128-cell stages of arthropod embryos. In 
some other cases, at least a general resem- 
blance to eggs has been noted. W e  report 
here that two such occurrences of globular 
fossils from basal Cambrian rocks are eggs 
containing identifiable embryos (3) of 
metazoans. 

As the name implies, the Early Cam- 
brian Olivooides Qian, 1977, has been com- 
pared to eggs, and Zhang and Pratt (2) 
mentioned this fossil as a possible further 
example of fossilized eggs. We  have found 

S. Bengtson, Department of Palaeozoology, Swedish 
Museum of Natural History, Box 50007, S-104 05 Stock- 
holm, Sweden. 
Yue Zhao, Institute of Geology, Chinese Academy of 
Geological Sciences, Baiwanzhuang Road, 100037 Bei- 
jing, People's Republic of China. 

that the globular fossils indeed contain 
developing embryos of the co-occurring 
fossil hitherto known as Punctatus He, 
1980 (= Pyrgites Yue, 1984). The  material 
(thousands of eggs and about 10 more or 
less complete hatched specimens) derives 
from limestones of an  interbedded chert- 
limestone-phosphorite sequence in the up- 
per part (beds 23 to  27) of the Dengying 
Formation in the Shizhonggou section, near 
Kuanchuanpu village, Ningqiang County, 
Shaanxi Province, China (4). The  level is 
equivalent to  the Kuanchuanpu Formation 
sensu Qian (5, 6). Associated fossils, Ana-  
barites trisulcatus, Siphogonuchites triangularis, 
and Cannachites spinatus, indicate that these 
are Lower Cambrian (Lower Meishucu- 
nian) rocks. 

The hatched animal (Fig. 1, J and K) is 
conical, with rounded cross section and dis- 
tinct transverse annulations. The largest 
specimen is 3.3 mm long. A characteristic 
surface pattern of star-shaped projections, 
stellae, in the apical part is replaced in the 
more apertural parts by fine longitudinal 
striae (6, 7). Growth seems to have taken 
place by addition of striated tissue: Smaller 
specimens (Fig. 1J) are dominated by stel- 
late tissue, whereas larger ones may have 
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