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Biostratigraphic and
Geochronologic Constraints on
Early Animal Evolution

John P. Grotzinger, Samuel A. Bowring, Beverly Z. Saylor,
Alan J. Kaufman

Two distinct evolutionary pulses, represented by the Vendian Ediacaran fauna and Cam-
brian small shelly faunas, are generally thought to characterize the emergence of mac-
roscopic animals at the end of Precambrian time. Biostratigraphic and uranium-lead
zircon age data from Namibia indicate that most globally distributed Ediacaran fossils are
no older than 549 million years old and some are as young as 543 million years old,
essentially coincident with the Precambrian-Cambrian boundary. These data suggest that
the most diverse assemblages of Ediacaran animals existed within 6 million years of the
Precambrian-Cambrian boundary and that simple discoid animals may have appeared at

least 50 million years earlier.

Early animal evolution is widely thought to
have occurred in two discrete steps, set
apart by tens of millions of years. Evolution-
ary models have had to explain an initial
episode at the end of Precambrian time
(Vendian Period) in which simple, mostly
soft-bodied, cnidarian-grade organisms, bi-
laterians, and problematica (collectively re-
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ferred to as the Ediacaran fauna) first ap-
peared, followed by a second phase early in
the Cambrian Period in which small shelly
invertebrates (1) and complex trace fossils
appeared in the Nemakit-Daldyn stage and
rapidly diversified during the subsequent
Tommotian, Adtabanian, and Botomian
stages (2—8). Because the affinities of the
earlier, Ediacaran fauna are still debated
(compare 5, 9, 10), the apparent wide sep-
aration in time of these two evolutionary
pulses has been used to support phyloge-
netic arguments that these creatures are not
simple precursors to later forms, but instead



represent a failed lineage, perhaps unrelated
to the animal kingdom (4-7, 11, 12).

Temporal calibration of past evolution-
ary events, correlated using emerging bio-
stratigraphic, chemostratigraphic, and mag-
netostratigraphic data sets, is possible only
with precise absolute age control such as
that offered by U-Pb zircon dating of vol-
canic rocks intercalated within sedimentary
successions (13—15). In this article, we re-
port new biostratigraphic and U-Pb radio-
metric age data from sedimentary and vol-
canic rocks of the Vendian-Cambrian
Nama Group in southern Namibia. Bio-
stratigraphic constraints are provided by
specimens of the common Ediacaran taxon
Pteridinium and a second frond-like form of
uncertain affinity, complex spiral burrows
of possibly late Vendian age, the Early
Cambrian trace fossils Phycodes pedum, P.
coronatum, and Curvolithus, and a new form
of skeletalized fossil whose stratigraphic
range is similar to that of Cloudina. Volcanic
rocks were selected for dating that give the
maximum age of the youngest Ediacaran
fossils, the minimum duration of the Ediaca-
ran fauna, the minimum age of the oldest
skeletalized fossils, and the age of the Pre-
cambrian-Cambrian boundary. The dated
sections have excellent chemostratigraphic
tie points and fossil assemblages.

The Vendian time scale. For the Phan-
erozoic Eon, the geologic time scale primar-
ily is based on a chronostratigraphy of bio-
logical events that are calibrated in absolute
time with radiometric age determinations.
The biostratigraphic basis for the Vendian
time scale has been slow in developing.
With the exception of simple, disk-shaped
impressions of possible soft-bodied metazo-
ans that occur in strata immediately below a
Varanger-aged (16) glacial unit in the
Mackenzie Mountains, Canada (17), all
other occurrences of soft-bodied impres-
sions are in strata younger than the
Varanger glacial rocks (18). These younger
impressions constitute the Ediacaran fauna,
which was long thought to have been re-
stricted to the first half of Vendian time.
The apparent absence of Ediacaran fossils in
younger Vendian strata provided the basis
for erecting the Kotlin interval of the Ven-
dian System (16, 19, 20). It has not been
possible to recognize distinct biozones with-
in Ediacaran-bearing strata because of ta-
phonomic, paleoenvironmental, and possi-
bly biogeographical factors (3), although
recently it has been argued that some broad
trends are apparent in their diversity (21,
22). Acritarchs may be useful in slightly
older and younger rocks, but cannot be used
to subdivide Ediacaran fossil ranges (20).
Trace fossils and shelly fossils provide addi-
tional help but have low diversities
throughout the Vendian (23, 24).

The carbon isotope record is proving to
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be critically important in unravelling Ven-
dian history. As more and more sections are
evaluated, it has become clear that the
Vendian can be subdivided based on the
oscillatory pattern of carbon isotope ratios
(18, 25). As currently understood, the Ven-
dian carbon isotope curve, beginning with
the first rocks deposited above the Varanger
glacial unit, features a shift to progressively
lighter values and reaches a minimum
(3C_,, = —2 to —4 per mil relative to
the PDB standard). It then increases to a
maximum of about +4 to +5 per mil before
decreasing to values that remain near O to
+2 per mil until the close of Proterozoic
time, when values decrease abruptly to —2
to —3 per mil just below the Precambrian-
Cambrian boundary (18, 21, 25, 26). These
excursions provide an independent frame-
work against which to compare the tempo-
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Fig. 1. Stratigraphy of northern (Hauchabfontein area) and southern (Swart-
kloofberg area) subbasins showing lithologies, distribution of key fossils,
carbon isotope anomalies, and stratigraphic positions of rocks dated in this
study. The complex trace fossils at the top of the section in the Swartkloof-
berg area are the spiral forms shown in Fig. 2D. All stable isotopic data are

ral distribution of Ediacaran, trace fossil,
and skeletal faunas.

Age estimates for the Vendian time
scale and Precambrian-Cambrian bound-
ary. Reliable age estimates for the Vendian
time scale are sparse. Volcanic and intrusive
rocks that underlie Varanger-age glacio-
genic rocks are dated at 602 * 3 Ma (mil-
lion years ago) in Massachusetts (27) and
606 = 3.7/— 2.9 in Newfoundland (28).
We accept 600 Ma as the best maximum
estimate for the age of the Varanger glacial
event.

A volcanic ash bed interbedded with
Ediacaran fossils in the Mistaken Point For-
mation of Newfoundland provides a direct
U-Pb zircon age of 565 * 3 Ma (29). Vol-
canic rocks of the Slawatycze Formation in
Poland have a U-Pb zircon age of 551 *+ 4
Ma (30), but provide only an indirect esti-
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mate; the Slawatycze Formation is known
exclusively from subsurface drill-hole data
and is thought to correlate lithologically
with the volcanogenic Volhyn Group in
the Ukraine, which, in turn, is overlain by
the Ediacaran-fossil bearing Redkino inter-
val (30, 31).

The Precambrian-Cambrian boundary is
defined as the point in rock at a section
located in southeastern Newfoundland
where the trace fossil Phycodes pedum first
appears (32). However, no volcanic rocks
are present at or in close proximity to the
boundary (32, 33). Consequently, the age of
the boundary can be calibrated only through
correlation with other reference sections
that do contain datable volcanic rocks. Over
the past decade, estimates of the absolute
age of the Precambrian-Cambrian boundary
have ranged from 600 to 530 Ma (13, 34,
35). Previous U-Pb zircon studies constrain
the age of the Precambrian-Cambrian
boundary to be younger than about 550 Ma
and older than about 544 Ma (13, 36).

The best minimum age estimates for the
boundary come from ion-microprobe U-Pb
studies of volcanic zircons from Lower
Cambrian (Tommotian and younger) sec-
tions in South Australia, Morocco, and
China (14, 37) and from conventional zir-
con studies of volcanic rocks in Siberia and
New Brunswick (13, 38). Isachsen et al.
(38) reported an age of 531 * 1 Ma for a
volcanic ash just below the Nemakit-Dal-
dyn-Tommotian boundary in New Bruns-
wick. Bowring et al. (13) obtained an upper
intercept age of 543.8 + 5.1/—1.3 Ma
(mean 2°7Pb/2%Pb age of 543.9 = 0.2 Ma)
for a volcanic breccia intercalated within
(39) basal Nemakit-Daldyn strata in north-
eastern Siberia and suggested that the age of

Fig. 2. New fossils from
Nama- Group. (A) Vase-
shaped shelly fossils from
middle Omkyk Member,
Hauchabfontein area. Spec-
imen at right-central part of
photograph is approximate-
ly 1 cm long. (B) Pteridinium
from upper Spitskopf Mem-
ber, Swartkloofberg area.
(C) Possible Nasepia or new
Dickinsonid-like form from
upper Spitskopf Member,
Swartkloofberg area. (D)
Spiral burrow, uppermost
Spitskopf Member, Swartk-
loofberg area. Specimen is
approximately 2 cm long. (E)
Curvolithus and Phycodes
pedum (bottom of photo-
graph) from the incised val-
ley fill of the basal Nomtsas
Formation, Sonntagsbrun
area. Width of photograph is
about 4 cm.
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the boundary is close to 544 Ma.

The best constraints on the maximum
age of the boundary are given by U-Pb
zircon ages of 560 = 1 Ma for the Ercall
granophyre of England (40), which is un-
conformably overlain by late Tommotian or
early Atdabanian strata, and 551.4 * 5.8
Ma for a rhyolite flow which lies well below
the boundary at Fortune Bay, Newfound-
land (36).

Previous studies of the age of the Nama
Group provide only broad limits. A K-Ar
study of detrital white micas from the Nama
Group (41) led to the conclusion that the
upper Nama Group is younger than the
youngest detrital white micas (570 Ma) but
older than low grade thermal alteration of
the upper Nama Group at 530 to 500 Ma.

Vendian to Cambrian Nama Group,
Namibia. The Vendian to Cambrian Nama
Group is a >3000-m-thick succession of
shallow marine and fluvial, siliciclastic and
carbonate sedimentary rocks located in
southern Namibia (Fig. 1). The Nama
Group contains globally recognized Ven-
dian and Cambrian body-fossil, microfossil,
and trace-fossil assemblages as well as en-
demic biotas (23, 42—46). Carbonate rocks
are abundant throughout most of the Nama
Group and their carbon-isotopic variability
(47) compares well with that from Vendian
sections on other continents (18, 25). The
Nama basin is partitioned into northern
and southern subbasins, set apart by the
intervening Osis arch, across which most
stratigraphic units thin (48, 49). We iden-
tified and selected several ash beds for dat-
ing on the basis of their strategic strati-
graphic positions.

Northern subbasin. One ash bed, 94-N-
10b, was collected from the Kuibis Sub-
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group in the northern subbasin (Fig. 1).
The Kuibis Subgroup thickens northward
from the Osis arch to more than 400 m near
Hauchabfontein, where the 30 cm-thick
ash bed lies in the Hoogland Member, 270
m above the base of the Kuibis Subgroup.
At Hauchabfontein, the Kuibis Subgroup
comprises a basal few meters of coarse,
transgressive sandstone overlain by shallow
marine carbonate platform deposits (50)
(Fig. 1). Deep-water limestone rhythmite in
the Hoogland Member grades upward to
shale, which dominates the upper 100 m of
the Kuibis Subgroup. The overlying
Schwarzrand Subgroup thickens northward
from Osis to form a nearly 800 m-thick
succession of alternating prodeltaic mud-
stone and tabular-bedded deltaic sandstone.

Carbon isotope data from the Kuibis
Subgroup at Hauchabfontein reveal a posi-
tive excursion characterized by 8'3C values
that increase upward monotonically from
slightly negative at the base to a peak of
nearly +5 per mil approximately 60 m be-
low the Hoogland ash; values then decrease
to an average of about O per mil (50) (Fig.
1). Skeletalized fossils occur throughout the
Kuibis Subgroup and include Cloudina and a
previously unreported goblet-shaped form
(Fig. 2A). Upward in the section, the Edi-
acaran fossil Pteridinium occurs in the Nied-
erhagen Member of the basal Schwarzrand
Subgroup (51), and distinctive acritarchs
occur in overlying shales (44). The carbon
isotope pattern and assemblage of fossils are
consistent with a Vendian age for at least
the Kuibis and lower Schwarzrand sub-
groups in the northern subbasin.

Southern subbasin. Three volcanic ashes
were sampled in the southern subbasin (Fig.
1). The stratigraphically lowest is a 50-cm-




thick bed (sample BZS-7) in the lower part
of the Spitskopf Member at Witputs. A
second ash (sample 94-N-11), 20 cm thick,
is exposed in the uppermost Spitskopf at
Swartpunt, 135 m above the lower Spits-
kopf ash. The third, stratigraphically high-
est ash (sample 92-N-2) is exposed in the
lowermost Nomtsas Formation at Swartk-
loofberg, a few meters above the sequence
boundary that includes the Precambrian-
Cambrian boundary.

The Kuibis and Schwarzrand subgroups :

in the southern subbasin thicken south-
westward from the Osis arch to more than
1200 m near Swartkloofberg, where the
thickest section is exposed (Fig. 1). The
Kuibis Subgroup comprises two depositional
sequences, each with basal fluvial to mar-
ginal marine sandstone overlain by subtidal
carbonate rocks (49). Fine-grained, silici-
clastic rocks deposited in a shelf and deltaic
environment in the lower Schwarzrand
Subgroup form two depositional sequences
with a combined thickness of more than
350 m (49). The upper 600 m of the
Schwarzrand Subgroup consists of shallow
marine limestone (Huns Member), overlain
by siliciclastic mudstone (Feldschuhhorn
Member), in turn overlain by mixed deltaic
to shallow marine siliciclastic-carbonate
rocks (Spitskopf Member). The Spitskopf
Member is overlain by the Nomtsas Forma-
tion, which forms the highest depositional
sequence in the Schwarzrand Subgroup
(49). The Spitskopf-Nomtsas contact is an
erosional surface cut by incised valleys filled
with fluvial to shallow-marine conglomer-
ate, sandstone, and shale of the lower Nomt-
sas Formation (Fig. 1). This surface minimal-

ly extends from Swartkloofberg to Sonntags-
brunn, about 100 km to the east (48).

313C values are negative in the lower
Kuibis Subgroup and increase to values of
about +4 per mil in the upper Kuibis Sub-
group, similar to the pattern in the northern
subbasin (47, 50) (Fig. 1). Above the
Kuibis Subgroup, 8'*C values begin near
+2 per mil and remain relatively stable
through the Huns Member (Kaufman et al.
1991) but systematically decrease through
the Spitskopf Member to near +1 per mil at
its top (50). The presence of this trend in
the Spitskopf Member is consistent with a
latest Vendian age for the top of the Spits-
kopf Member, as shown by recent work in
northern Siberia (52). The lack of an over-
lying negative excursion, however, ob-
served immediately beneath the Precam-
brian-Cambrian boundary at other locali-
ties (21, 25, 52, 53), suggests that the
youngest Vendian strata in the southern
Nama Group either were removed along
the sub-Nomtsas erosional surface or never
deposited (50).

The oldest Ediacaran fossils in the Nama
Group (48) occur just below the Mooifon-
tein Member of the Kuibis Subgroup, where
313C values are high. We found the young-
est Ediacaran fossils in the Nama Group
near the top of the Spitskopf Member, 90 to
100 m above the upper Spitskopf ash (Fig.
1). Two frond-shaped forms are present
(Fig. 2, B and C) including Pteridinium and
a Dickinsonid-like fossil that may be Nas-
epia or possibly a new taxon (54).

The range of skeletalized fossils in the
southern subbasin is similar to that of the
Ediacaran soft-bodied fossils (Fig. 1). Occur-
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Fig. 3. Concordia diagrams for Nama ash beds dated in this study (A through D). Ages, in millions of years
ago, are marked on the concordia curves. Individual analyses are depicted as 2o error ellipses. See text

for discussion.
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rences of Cloudina extend from the lower
Kuibis Subgroup through the Spitskopf Mem-
ber of the Schwarzrand Subgroup (48). In
addition, the same goblet-shaped skeletalized
fossils found in the northern subbasin are also
present in the south, extending at least from
the top of the Huns Member through the top
of the Spitskopf Member. Although previous
reports indicate that Cloudina-bearing reefs
occur in the lower Nomtsas Formation (48), it
recently has been shown that these reefs ac-
tually occur at the top of the underlying Huns
Member (49).

Simple trace fossils consistent with a
Neoproterozoic age are found in the
Schwarzrand Subgroup beneath the Nomt-
sas Formation (42, 48). Complex, spiral
trace fossils, possibly of late Vendian age,
are seen at the top of the Spitskopf Member
(Figs. 1 and 2D). The Cambrian index fossil
Phycodes pedum was reported from the
Nomtsas Formation at Swartkloofberg (42)
(Fig. 1). We found Phycodes pedum in the
Nomtsas Formation at Sonntagsbrunn
along with the previously unreported Cam-
brian index fossils Phycodes coronatum and
Curvolithus (Fig. 2E). Poorly preserved spec-
imens of Tricophycus pedum, regarded as a
Cambrian ichnofossil, recently have been
reported from the middle Schwarzrand Sub-
group (55). If this assignment is correct,
then it suggests that this ichnogenera may
have a range that extends below the Pre-
cambrian-Cambrian boundary, as recog-
nized through chemostratigraphic and bio-
stratigraphic correlations.

In summary, the chemostratigraphy and
biostratigraphy of both the southern and
northern subbasins of the Nama Group are
similar to other Vendian successions around
the world. The isotopically enriched car-
bonates of the Kuibis Subgroup, overlain by
the thick Schwarzrand Subgroup contain-
ing relatively stable 8'*C values of +1 to
+2 per mil, match well with the middle and
upper segments of the composite Vendian
carbon isotope curve (18, 25). Significant-
ly, many of the world’s most diverse assem-
blages of Ediacaran fossils, including the
type assemblage in the Ediacaran Hills of
South Australia, occur in rocks deposited
during the relatively stable 8'°C interval of
+1 to +2 per mil that occurs below the
Precambrian-Cambrian boundary (21, 25,
26). A final, brief negative shift, which oc-
curs at the Precambrian-Cambrian boundary
in several sections (25), is not present in
Namibia, probably because the time that the
negative excursion represents is incorporated
within the hiatus represented by the Spits-
kopf-Nomtsas unconformity. Accordingly,
the presence of trace fossils of the Phycodes
pedum zone in strata immediately above the
unconformity indicate an earliest Cambrian
age for the basal Nomtsas Formation.

U-Pb geochronology of Nama Group
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ash beds. We separated zircons using stan-
dard techniques from the four samples of
volcanic ash collected from the Nama
Group. All zircons were air abraded (56)
prior to dissolution. Both multigrain and sin-
gle grain analyses (13, 57) (Table 1) were
performed for the samples, of which two
show evidence of an inherited or detrital
component.

Sample 94-N-10B [lower Hoogland
Member (Fig. 1)] contains abundant clear,
doubly terminated zircon crystals. Seven
fractions of zircon, including four single
grains, yielded a normally discordant
(297Pb/29Ph age > 2°7Ph/235U age > 205Pb/
2381 age) cluster of data that do not yield a
satisfactory linear regression (Fig. 3A). The
age of the sample is best estimated by use of
the weighted mean of the 2°7Pb/?°Pb ages
calculated for all seven fractions. This mean
207Pp/20Ph age (95 percent confidence lim-
it) is 548.8 *+ 0.3 Ma (MSWD = 0.08) and
we adopt an age of 548.8 = 1 Ma as the best

estimate of the age of this ash bed. Because
this ash occurs below the base of the late
Vendian +2 to +1 per mil carbon-isotopic
interval that likely includes many of the
world’s most diverse assemblages of Ediaca-
ran fossils (18, 21, 22, 25), it represents a
lower limit for the age of those fossils.
Sample 91-N-1 [lower Spitskopf Mem-
ber (Fig. 1)] contains abundant, small (50—
100 pm), euhedral, zircon grains, many of
which are rich in inclusions. The zircons are
normally discordant and define a linear ar-
ray anchored by two concordant analyses (a
and b in Table 1). Eight fractions, including
four single grains, define a linear array with
individual points ranging from 0 to 6.3%
discordant. Regression of these eight anal-
yses yields an upper intercept age of 545.6
+ 2.5/— 1.9 Ma, a lower intercept of 22.3
*+ 83.2 Ma with a MSWD of 0.2 (Fig. 3B).
The upper intercept age of 545.6 Ma is
interpreted to be the crystallization age of
the zircons, but because the lower intercept
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is essentially 0, the weighted mean of the
207ph/296Ph ages may be a more robust esti-
mate of the crystallization age at 545.1 =
0.7 Ma (MSWD = 0.22). We suggest that
an age 545.1 = 1 Ma is the best estimate of
the age of sample 91-N-1, consistent with
its stratigraphically higher position.
Sample 94-N-11 [upper Spitskopf Mem-
ber (Fig. 1)] contains abundant clear zircons
that range from elongate, needle-like zir-
cons (100 to 150 pm in long dimension) to
stubby, doubly terminated crystals (50 to
100 pm in long dimension). Fourteen frac-
tions of zircon were analyzed, each contain-
ing from 2 to 13 grains (Fig. 3C). Most of
the data define a tight cluster around con-
cordia and thus preclude fitting of a regres-
sion line to the data. Three analyses (a, b,
and c in Table 1) contain a small compo-
nent of either inherited core material or
older detrital grains. The age of the sample
is best estimated from the weighted mean of
the 2°7Pb/?%Pb ages of the remaining 10

RO

Table 1. Uranium-lead isotopic data. Zircon fractions are indicated by letters, and the number of grains is shown in parentheses. Sample weights, estimated
using a video monitor with a gridded screen, are known to within 50% error.

Total Atomic ratios Ages
Fraction Weight U Pb common

(ug) (ppm) (ppm) 206Pb* 208Pb-{- 206Pb-{- o 207Pb-{- o 207PbT o 206Pb 207Pb 207Pb
Pb (pg) 204pp, 206py, 238 Yoerr 235 Joerr 206pp Joerr 238 2351 206pp,

Lower Hoogland Member (94-N-10B)
a(1) 4 1094.2 102.7 13.6 1668 0.140 0.08854 0.16 0.71419 0.21 0.05850 0.13 546.9 547.2 548.7
b(4) 4 3220 295 3.0 2164 0.144 0.08850 0.45 0.71383 0.47 0.05850 0.10 546.6 547.0 548.7
c(1) 10 2875 276 15.2 1017 0.145 0.08845 0.22 0.71354 0.29 0.05851 0.17 546.3 546.8 549.0
d(1) 5 4729 435 3.9 3262 0.151 0.08829 0.27 0.71216 0.29 0.05850 0.07 5454 546.0 5485
e(b) 2 1039.4 994 9.4 1068 0.1568 0.08816 0.34 0.71142 0.38 0.05853 0.16 544.6 545.6 549.6
f(3) 2 733.0 689 6.8 1340 0.154 0.08815 0.37 0.71111 0.39 0.05851 0.11 5446 5454 5489
a(1) 4 1368.0 130.1 8.7 3701 0.185 0.08802 0.12 0.710183 0.15 0.05852 0.08 543.8 544.8 5491

Lower Spitskopf Member (91-N-1)
a(b) 3 264.7 25.6 7.5 667 0.1568 0.08810 0.68 0.70923 0.73 0.05839 0.25 5443 5443 5443
b(5) 6 98.6 9.6 6.8 530 0.161 0.08778 0.95 0.70675 1.07 0.05839 0.46 5424 542.8 5444
c(6) 9 246.3 236 1.4 1073 0.172 0.08726 0.28 0.70317 0.30 0.05844 0.11 539.3 540.7 546.4
d(1) 8 250.3 287 12.0 909 0.143 0.08723 0.32 0.70239 0.35 0.05840 0.14 539.1 5402 544.8
e(17) 4 7701 731 10.2 1582 0.183 0.08671 0.22 0.69822 0.26 0.05840 0.14 536.1 537.7 5448
f(1) 3 1954 18.0 6.6 531 0.127 0.08552 0.97 0.68845 1.05 0.05839 0.37 529.0 531.9 5444
g(1) 7 1409 127 3.4 1643 0.178 0.08492 0.59 0.68369 0.61 0.05839 0.12 5254 529.0 5446
h(1) 8 130.0 11.6 6.6 797 0.1561 0.08261 0.64 0.66516 0.67 0.05840 020 511.7 517.8 5446

Upper Spitskopf Member (94-N-11)
a(10) 9 2470 243 4.7 2895 0.166  0.09281 0.25 0.78297 0.29 0.06118 0.14 5721 587.2 6457
b(13) 6 241.4 240 14.6 558 0.164 0.08694 0.45 0.71322 0.75 0.05950 0.57 537.4 546.7 5854
c(7) 8 1886 174 3.4 2460 0.1568 0.08776 0.35 0.70808 0.36 0.05851 0.08 5423 543.6 549.1
d(12) 12 235.7 216 5.5 2942 0.150 0.08757 0.23 0.70520 0.28 0.05841 0.16 5411 5419 5451
e(8) 7 233.5 221 5.2 1847 0.183 0.08752 0.37 0.70493 0.40 0.05842 0.14 540.8 541.7 5455
f(2) 4 243.6 22.2 2.4 2288 0.147 0.08760 0.40 0.70476 0.43 0.05835 0.14 541.3 5416 543.0
a®) 5 267.1 25.0 5.0 1518 0.171 0.08754 0.45 0.70386 0.46 0.05832 0.11 5409 5411 541.7
h(10) 15 1476 137 9.2 1346 0.139 0.08746 0.29 0.70871 0.36 0.05835 0.20 5405 541.0 5431
i(6) 7 171.0 156 3.2 2099 0.150 0.08750 0.44 0.70357 0.45 0.05832 0.12 540.7 540.9 541.7
i®) 13 46.8 4.6 7.2 488 0.174 0.08744 097 0.70809 1.02 0.05832 0.29 5404 540.6 541.7
k(4) 7 1291 12.2 6.6 - 806 0.151 0.08739 0.64 0.70254 0.76 0.05831 0.38 5401 540.3 5413
1(8) 7 191.3 173 3.3 2342 0.141 0.08724 0.38 0.70223 '0.39 0.05838 0.08 539.2 540.1 5441
m(2) 3 2711 251 3.0 1763 0.170 0.08726 0.47 0.70219 0.52 0.05836 0.22 539.3 540.1 5434

Nomtsas Formation (92-N-1)

a(18) 18 206.2 20.0 10.3 2015 0.167 0.09035 0.24 0.74780 0.33 0.06003 0.22 557.6 566.9 604.5
b(41) 10 3189 30.2 8.1 2157 0.169 0.08805 0.46 0.72012 0.47 0.05931 0.12 544.0 550.7 578.7
c(11) 9 2782 264 5.3 2715 0.187 0.08785 0.24 0.71906 0.26 0.05936 0.11 5428 550.1 580.3
d(18) 18 1741 16.4 8.4 2060 0.177 0.08708 0.22 0.69946 0.24 0.05826 0.09 538.2 5385 5394
e(6) 6 137.0 133 8.9 541 0.157 0.08696 0.69 0.69851 0.75 0.05826 0.26 537.5 5379 5394

*Measured ratio corrected for fractination only; Pb fractionation correction is 0.15% *+ 0.03% per atomic mass unit. tCorrected for fractionation, spike, blank, and initial common
Pb; U blank = 1 pg * 50%; Pb blank = 3.5 pg + 50%. Initial common Pb composition is calculated from Stacey and Kramer (75) with the interpreted age of the sample. Errors are
reported in percent at the two-sigma confidence interval.
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fractions. The ‘mean 2°7Pb/?*°Pb age (95
percent confidence limit) is 543.3 *= 1.0
(MSWD =.0.86). The simplest interpreta-
tion of the data is that it is a slightly dis-
cordant array, and the best estimate of the
age of the ash bed is 543.3 = 1 Ma. This is
interpreted as a maximum age for the Pre-
cambrian-Cambrian boundary.

Sample 92-N-1 [basal Nomtsas Forma-
tion (Fig. 1)] yielded few zircons that ranged
from short stubby clear grains to cloudy in-
clusion-rich grains. Two single-grain analy-
ses are concordant (d and e in Table 1), one
of which has a rather large error ellipse
because of a high common Pb content (Fig.
3D). The weighted mean of the 2°7Pb/?°*Pb
ages for these points is 539.4 = 0.3 Ma.
Three additional analyses indicate the pres-
ence of a detrital or inherited component
and have Pb-Pb ages that range from 577.6
to 603.6 Ma. We interpret 539.4 = 1 Ma to
be the best estimate of the age of this sample
and a minimum age for the Precambrian-
Cambrian boundary in Namibia.

Age of the Precambrian-Cambrian
boundary and duration of Ediacaran animals.
The age data of this study yield stratigraphi-
cally consistent results for the four ashes dis-
tributed over about 1000 m of section in the
Nama Group. We have constrained the Pre-
cambrian-Cambrian boundary in Namibia to
be younger than543.3 * 1 Ma and older than
539.4 + 1 Ma, in good agreement with the
upper intercept age of 543.8 + 5.1/—1.3 Ma
(weighted mean 207/206 age of 543.9 * 0.2
Ma) made on the basis of dating the lower-
most Cambrian in Siberia (13).

Fig. 4. Revised time scale for the

A slight contradiction might be implied
by the Siberian age of 543.9 Ma, which
overlies the terminal Vendian negative
313C isotopic excursion, and the Namibian
age of 543.3 Ma, which is inferred to un-
derly the same excursion, as we have as-
sumed that the excursion in both localities
is related to global seawater composition.
However, the analytical uncertainties for
the two age determinations overlap, and we
take this to indicate that the negative car-
bon-isotopic excursion lasted 1 million
years or less. Furthermore, the surfaces in-
terpreted to include the Precambrian-Cam-
brian boundary in two important reference
sections have approximately the same age,
despite strong paleogeographic separation.
Whereas the Nama Group was deposited in
a foreland basin, isolated near the center of
the Gondwanan supercontinent, Siberia
wandered independently among a separate
collage of continental fragments (58, 59).

Our results indicate that the Ediacaran
metazoans had a substantial age range with a
much younger upper limit than previously
thought. Recently, there have been sugges-
tions that some Ediacaran fossils may have a
younger upper age limit than was conven-
tionally accepted (30, 60, 61). By having
calibrated in absolute time an important tie
point in the carbon isotope record (62) we
arrive at the general conclusion that the
most diverse Ediacaran fossil assemblages are
no more than about 6 million years older
than the Precambrian-Cambrian boundary
(Fig. 4). Furthermore, the Pteridinium and
other specimens near the top of the Spits-
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kopf Member provide direct evidence, con-
firmed by the 543 Ma age for the upper
Spitskopf ash, that Ediacaran organisms ex-
isted essentially up to at least the time of the
Precambrian-Cambrian boundary.

The minimum lower limit for the age
range of the Ediacaran fauna is 565 Ma as
constrained at Mistaken Point, Newfound-
land (29). Including this age, we estimate
that Ediacaran organisms existed for at least
20 million years. This range may be broad-
ened considerably if the fossils of the Twitya
Formation, northwestern Canada, are in-
cluded. These disk and ring-shaped impres-
sions constitute a low-diversity assemblage
of forms that are akin to the simplest repre-
sentatives from the Ediacaran fauna of the
Russian platform (17, 21). An approximate
age for the Twitya fossils is provided because
they underlie Varanger age glaciogenic rocks
estimated to have formed close to 600 Ma,
as discussed above. Consequently, tissue-
grade multicellularity probably evolved at
least 35 million years before the oldest dated
diverse Ediacaran faunas. Considered collec-
tively, the record of macroscopic animal
evolution is interpreted to span a minimum
of 55 million years before the Precambrian-
Cambrian boundary (Fig. 4).

Implications for early animal evolution.
A large gap in the record has been long
perceived to exist between the youngest
Ediacaran fossils and the oldest diverse in-
vertebrate fossil assemblages near the. base
of the Cambrian System. However, it now
seems likely that the Ediacaran animals ex-
isted throughout much of the Vendian (Fig.
4) and that early faunal groups may have
experienced greater overlap than previously
recognized; the lesson learned from the fos-
sils at the top of the Spitskopf is a reminder
that their absence in other contemporane-
ous strata is more likely an artifact of pres-
ervation than an evolutionary obituary. At
the same time, a growing number of skel-
etalized invertebrate fossils can be shown to
overlap with the Ediacaran fossils, extend-
ing well below the Precambrian-Cambrian
boundary. Cloudina, once thought to be the
only Vendian skeletalized invertebrate, is
now joined by the goblet-shaped fossils of
the Nama Group. Their ranges completely
overlap with -the most diverse Ediacaran
fossil assemblages (Fig. 4), and they are
locally so abundant that they form bioclas-
tic sheets. In addition, through correlation
of carbon isotope anomalies, some Cam-
brian-aspect shelly fossils may now have
ranges that extend into the Vendian. Ana-
barites and Cambrotubulus appear in upper-
most (negative 33C values) Vendian strata
of Siberia (53, 63, 64), and Anabarites may
be present in somewhat older (positive 31°C
values) strata of Mongolia (65).

Once held as the position in the rock
record where the major invertebrate groups
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first appeared, the Precambrian-Cambrian
boundary now serves more as a convenient
reference point within an evolutionary con-
tinuum. Skeletalized organisms, including
Cambrian-aspect shelly fossils, first appear
below the boundary (46, 64, 65) and then
show strong diversification during the Early
Cambrian (Fig. 4) (8, 66-68). Similarly,
trace fossils also appear first in the Vendian,
exhibit a progression to more complex ge-
ometries across the boundary, and then par-
allel the dramatic radiation displayed by
body fossils (23, 24).

Perhaps the Precambrian-Cambrian
boundary will acquire new significance in
marking the point of extinction of some or
all of the Ediacaran organisms given that the
impressions at the top of the Spitskopf Mem-
ber occur just below the boundary. Such a
record might be a predictable outcome of
extensive predation by more advanced Cam-
brian organisms (11, 69), although this in-
terpretation conflicts with our evidence that
the Ediacaran organisms probably existed
concurrently with other major invertebrate
groups, including macrophagous predators
(70). Alternatively, by filling in most of the
temporal gap between Ediacaran and Cam-
brian faunas, the Ediacaran fossils at the top
of the Spitskopf Member in Namibia could
be used to support evolutionary models that
interpret the Ediacaran organisms as ances-
tors to certain Cambrian metazoans (9, 71—
73), or as a sister group to the metazoans
(74). Our data do not force abandonment of
any of these hypotheses. Considered collec-
tively, however, the most parsimonious in-
terpretation of the available fossil and age
data is that the early development of animals
proceeded as a single, protracted evolution-
ary radiation, culminating in the Cambrian
explosion (Fig. 4).
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