mountain building, and so forth), nor
has it yet been possible to derive it
from solar activity. On the other hand,
the wavelength in question is of the
right order of magnitude to be related
to the basic astronomical motions of
the earth. Now that a reliable time
scale for the entire Brunhes epoch has
been established, it should be possible
to determine appropriate weightings
for the various factors involved, so
that the hypothesis that the astronomi-
cal motions of the earth are the basic
cause of climatic change during the
Pleistocene may be tested with more
rigor than hitherto possible.
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Transvaal Stromatolite: First Evidence for the
Diversification of Cells about 2.2 X 10° Years Ago

Abstract. The well-preserved fossil remnants of filamentous blue-green algae
have been found in petrographic thin sections of a dolomitic limestone stromato-
lite in the Transvaal Sequence of South Africa. Some of these filaments contain
enlarged cells which are interpreted as akinetes. A new species and genus, Pet-
raphera vivescenticula, is proposed for this microfossil, which is morphologically
similar to the living cyanophyte genus Raphidiopsis. This would constitute the
first known occurrence of cell diversification in the Precambrian with an age of
about 2.2 X 10° years.

Evidence is presented for the oldest
known occurrence of the diversification
of cells in the Precambrian with an
age of approximately 2.2 X 10° years.
Some of the microfossils are morpho-
logically similar to certain recent
cyanophytes.

A geological milestone in the study

of early life-forms is the appearance
of stromatolites (/). The oldest known
stromatolite structures occur in a lime-
stone of the Bulawayan Group in
Southern Rhodesia (2, 3). It is as-
sumed that this stromatolite was
formed by algal activity although

microscopic examination has revealed

Fig. 1. (A and B) Comparison drawings modified from Desikachary (I7) of the
recent blue-green algae Raphidiopsis mediterranea and Raphidiopsis indica, respectively;
scale bar, 10 um. (C) New microfossil, Petraphera vivescenticula, showing en-
larged akinete-like structure; scale bar, 10 um. At the completion of this investigation
the slide (No. TR1A) containing the type specimen will be deposited in the algal her-
barium collection of the Academy of Natural Sciences of Philadelphia. (The specimen
is marked with a diamond scribe.) (D and E) Broken filamentous forms; scale bar,
10 um. (F and G) Simple round forms which could represent coccoid blue-green algae;
scale bar, 5 um. (H) Assemblage of a broken filament and round forms; scale bar,
10 um. All the Transvaal photomicrographs are from petrographic thin sections.
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no microstructures (2). Table 1 is a
list of Precambrian ages and events
that are pertinent to this discussion.

Within the Transvaal Sequence in
the eastern Transvaal of South Africa,
Precambrian stromatolites have been
known for some time (4). Isotopic age
determinations of some of the igneous
rocks have yielded an age of 1954 = 30
million years at the top and more than
2300 = 100 million years at the base
of this sequence (5). Recently, nine
new stromatolite horizons have been
reported in this area (6). These struc-
tures are included in thin sedimentary
members which are associated with a
succession of basic lavas. Some of these
stromatolites were probably formed in
a lacustrine environment. The stroma-
tolite: used in this investigation was
located geographically north of Burgers-
fort and stratigraphically approximately
750 m above the basement granite.
From this and other information its age
has been calculated to be approximately
2.2 X 10? years (7). According to the
classification of Logan et al. (8) this
stromatolite is of the laterally linked
type and is composed of a finely lami-
nated dolomitic limestone. Isotopic
studies of the carbonate fraction showed
that §13C, the per mil enrichment in
1BC compared to the standard Pee Dee
belemnite (PDB), was — 0.8 per mil,
which is in the marine limestone range
(9). According to Craig (/0) the ma-
jority of marine limestones have a §13C
value close to zero.

In 1968 Cloud and Licari (/1) pub-
lished data which implied that mor-
phologically simple spherical structures
found in the banded iron formations of
the Pretoria Series (1.9 X 109 years old)
located at the top of the Transvaal Se-
quence were probably of biological ori-
gin. The criteria proposed by Cloud and
Licari (/2) for biogenicity give useful
guidelines for understanding the origin
of morphologically simple structures.

The well-preserved fossil remnants of
filamentous and coccoid blue-green al-
gae have been found in petrographic
thin sections of the Transvaal stromato-
lite. Some of these structures resemble
members of the living cyanophyte
families Nostocaceae and Rivulariaceae
and are morphologically similar to the
genus Raphidiopsis. Single filaments of
the genus Aphanizomenon also have
a superficial similarity to this new fossil
form. Microscopic examination of these
petrographic thin sections revealed
well-preserved, tapered, segmented fila-
ments, some containing large spherical
or elongated cell-like structures 6 to 12
pm in diameter. These cell-like struc-

8 FEBRUARY 1974

Table 1. Pertinent Precambrian ages and events.

Age (years) Event and location Reference
(3760 = 70) X 10° Oldest dated terrestrial rocks; Godthaab Qn
district, West Greenland
(3355 +70) X 10° Simple round microstructures of uncertain 22)
. origin; Lowermost Onverwacht Horizon,
eastern Transvaal, South Africa
(3355 = 70) X 10° Oldest dated sedimentary rock; Onverwacht (23)
Series, eastern Transvaal, South Africa
(3.1-2.7) X 10° Oldest known stromatolite; Bulawaya, 2,3)
Southern Rhodesia
(2980 =20) X 10° Rod shaped bacteria; Fig Tree Series, (24)
eastern Transvaal, South Africa
(>22-<23) X 10° Oldest diversification of cells; Transvaal This report
Sequence, South Africa
(2.0-2.1) X 10° Unequivocal filamentous microfossils; (15, 25)
Gunflint Iron Formation, Canada
(1.4-1.2) X 10° Oldest known nucleated eukaryotic cells; (26)
Beck Springs, California
(~ 900) x 10¢ First large assemblage of eukaryotic cells 27)

and evidence of sexual reproduction;
Bitter Springs, Australia

tures are of the same amber color as
the filament but some appear darker
and are interpreted as akinetes (I3)
in the case of the new microfossil de-
scribed in this report. Other structures,
which are to be described elsewhere
(14), are interpreted as heterocysts
(13) and they may well belong to a
different taxon. Licari and Cloud (15)
found both heterocysts and akinetes in
algal filaments in sediments from the
Gunflint Iron Formation (2.0 x 102
years old). Their heterocysts were
nearly transparent in contrast to the
darker adjacent cells, presumably be-
cause of differential mineralization of
the pigmented and nonpigmented ad-
jacent cells. While most modern blue-
green algae produce nonpigmented
heterocysts, there are some species of
Rivularia and other genera whose
heterocysts retain their pigment for
long periods (16).

Figure 1, A and B, shows drawings,
modified from Desikachary (17), of
two recent species of cyanophytes
(Raphidiopsis mediterranea and Rhaphi-
diopsis indica, respectively). These
species often show bent or curved tri-
chomes and the terminal cell is nar-
rowed to a sharp point; the end of a
broken filament will usually become
rounded. The cells of these species are,
respectively, two to four and six to
eight times as long as they are wide,
and the akinetes are two to three times
as long as they are wide. However,
other recent species belong to this genus
(18). Fritsch and Rich (/9) described
this genus as nonheterocystous but con-
taining spores or akinetes.

Figure 1C shows a segmented tapered
filament in petrographic thin section
from the Transvaal stromatolite with
an enlarged and elongated akinete-like
structure; these filaments are interpreted

as being blue-green algal in origin. The
name Petraphera vivescenticula is pro-
posed for this new microfossil (20),
which is 55.2 um long; the akinete-like
structure is 10.8 um long. One end of
the best-preserved fossil form is broken,
therefore it is not possible to estimate
the original total length of the type
structure. A number of microfossils of
this type have been found in these
petrographic thin sections. However,
the best-preserved specimen was chosen
for presentation in this report. There
are morphological differences between
the two recent species and the fossil
form but the comparison is good. These
petrographic thin sections also contain
numerous broken segmented filaments
(Fig. 1, D and E) and single round
forms. The latter (Fig. 1, F and G)
may represent remnants of coccoid
blue-green algae; they are 9 and 5 um
in diameter, respectively. Figure 1H
illustrates an assemblage of a broken
filament and two round forms.

Lois ANNE NAGY
Department of Geosciences,
University of Arizona, Tucson 95721

References and Notes

1. Stromatolites are laminated sedimentary struc-
tures caused by the trapping and binding of
sedimentary particles by microscopic-sized
algae or photosynthetic bacteria or both.
There appears to be no known inorganic
process which could cause such structures.

=% J. W. Schopf, D. Z, Oehler, R. J. Horodyski,
K. A. Kvenvolden, J. Paleontol. 45, 477 (1971).

3. J. R. Vail and M. H. Dodson, Trans. Geol.
Soc. S. Afr. 72, 79 (1970); no direct isotopic
age determinations have been made on unmeta-
morphosed sediments in Rhodesia, although
the ages of some pre- and post-Bulawayan
igneous events have been determined.

4. R. B. Young, ibid. 35, 29 (1932); ibid. 43, 17
(1940); and E. Mendelssohn, ibid. 51,
53 (1948).

5. R. D. Davies, H. L. Allsopp, A. J. Erlank,
W. 1. Manton, Spec. Publ. Geol. Soc. S. Afr.
1, 763 (1970); T. N. Clifford, in African Mag-
matism and Tectonics, T. N. Clifford and I,
Gass, Eds. (Oliver & Boyd, Edinburgh, 1970),
pp. 1-26; C. B. Van Niekerk and A. J.
Burger, Ann. Geol. Surv. S. Afr. 3, 75 (1964).

515



6. A. Button, Trans. Geol. Soc. S. Afr. 14,
201 (1971); Univ. Witwatersrand Econ. Geol.
Res. Unit Circ. 69 (1972), p. 1; J. F. Trus-
well and K. A. Eriksson, Trans. Geol. Soc.
S. Afr. 75, 99 (1972).

7. D. A. Pretorius, personal communication;
sample and location map obtained from A.
Button, Economic Geology Research Unit,
University of Witwatersrand, Johannesburg.

8. B. W. Logan, R. Rezak, R. N, Ginsburg, J.
Geol. T2, 68 (1964).

9. J. E. Zumberge and A. Long, unpublished re-
port.

=+ H. Craig,
133 (1957).

11, P. E. Cloud and G. R. Licari, Proc. Natl.
Acad. Sci. U.S.A. 61, 1719 (1968).

, Abstr. Program Ann, Meet. Geol. Soc.
Am. Mexico City (1968), p. 576.

13. Heterocysts are large, usually colorless or
pale yellow, thick-walled cells placed at regu-
lar intervals along a filament, They are found
sitnated either in the middle of the filament
(intercalary) or at the ends of the filament (ter-
minal heterocysts). They are associated with
nitrogen-fixing activity; akinetes or “resting
cells” are enlarged, thick-walled, pigmented
germination cells which can occur adjacent
to heterocysts as single cells, However, not
all akinetes form next to heterocysts. Akinetes
are considerably longer and larger in diameter
than heterocysts. They can remain viable for
long periods of time and can stand desiccation
and elevated temperatures. F. E. Fritsch, Proc.
Linn. Soc. Lond. 162, 194 (1951); N. J. Lang,
J. Phycol. 1, 127 (1965); M. M. Miller and
N. J. Lang, Arch. Mikrobiol. 60, 303 (1968).

14. L. A. Nagy, in preparation.

15. G. R. Licari and P. E. Cloud, Proc. Natl.
Acad. Sci. U.S.A. 59, 1053 (1968).

16. G. S. West and F. E. Fritsch, 4 Treatise on
the British Freshwater Algae (Cambridge Univ.
Press, Cambridge, 1927), p. 445; F. E. Fritsch,
Ann, Bot. Lond. 21, 235 (1907).

17. T. V. Desikachary, Cyanophyta (Indian Coun-
cil of Agricultural Research, New Delhi, 1959),
pp. 420-423.

=+ W. R. Eberly, Trans. Am. Microsc. Soc. 85,
130 (1966); C. C. Jao, New Sci. 2, 16 (1951).

19. F. E. Fritsch and J. Rich, Trans. R. Soc.
S. Afr. 18, 91 (1929).

20. Petraphera, new genus. Diagnosis: Trichome
uniseriate, unbranched, solitary terminal cells
attenuated to a sharp 'point. Akinetes thick-
walled, intercalary, Heterocysts absent. Type
species: Petraphera vivescenticula.
Petraphera vivescenticula, new species. Diag-
nosis: Trichome straight or slightly curved in
shape, constricted at cross walls, cells cy-
lindrical to barrel-shaped, 13 to 16 um in
diameter, 0.5 to 1 time longer than wide, end
cells 12 to 15 um long, conical, tapering into
a sharp point. Akinetes intercalary, barrel-
shaped, 9 to 12 um long and 5 to 8 um in di-
ameter, with a smooth wall about 1 gm thick.
Vegetative cells lighter and akinetes darker in
color; both with smooth, nongranular texture.
In Precambrian dolomitic limestone stromato-
lite in the eastern Transvaal, South Africa. Ety-
mology: With reference to early life forms
in Precambrian rocks. At the completion of
this investigation the slide containing the
type specimen will be deposited in the algal
herbarium collection of the Academy of
Natural Sciences of Philadelphia. The code
of this slide is TR1A; the type specimen is
marked with a diamond scribe on the cover
slip.

21. S. Moorbath, R. K. O’Nions, R. J. Pankhurst,
Nature (Lond.) 245, 138 (1973).

22. L. A. Nagy, Grana 11, 91 (1971).

23. P. M. Hurley, W. H. Pinson, B. Nagy, T. M.
Teska, Earth Planet. Sci. Lett, 14, 360 (1972).

24, A. K. Sinha, ibid. 16, 219 (1972); E. S.
Barghoorn and J. W. Schopf, Science 152,
758 (1966).

25. G. L. La Berge, Geol. Soc. Am. Bull. 718,
331 (1967); E. S. Barghoorn and S. Tyler,
Science 147, 563 (1965).

26. P. E. Cloud, G. R. Licari, L. A. Wright,
B. W. Troxel, Proc. Natl. Acad. Sci. U.S.A.
62, 623 (1969).

=+ J. W. Schopf and J. M. Blacic, J. Paleontol.
45, 925 (1971).

28. I would like to thank E. S. Barghoorn,
P. E. Cloud, R. Hoshaw, G. O. W. Kremp,
R. Lewin, B. Nagy, J. W. Schopf, and G. T.
Sill for Thelpful suggestions or critically
reading the manuscript, or both. Supported
by NASA grant NGR 03-002-171.

1 October 1973
516

Geochim. Cosmochim, Acta 12,

Chlorinated Hydrocarbons in the Sargasso Sea

Atmosphere and Surface Water

Abstract. Polychlorinated biphenyls (PCB), DDT, and chlordane concentrations
were measured in air sampled from a tower on the south shore of Bermuda and
in Sargasso Sea surface water approximately 80 to 320 kilometers south of Ber-
muda. The atmospheric chlorinated hydrocarbons appeared to be gaseous, and
the DDT concentration was two orders of magnitude higher than previously re-
ported particulate values. The PCB and DDT were enriched in the surface micro-
layer (150 micrometers) relative to their concentrations in water at a depth of 30
centimeters. Atmospheric residence times for PCB and DDT of 40 to 50 days,
calculated from the concentrations in the air and water, are 20 times shorter than
values previously estimated for DDT from rainfall and DDT production data.

The presence of polychlorinated bi-
phenyls (PCB) and DDT (/) and its
metabolites in fish and seabirds is a
well-documented fact, and the contam-
ination of marine zooplankton (2) and
seawater itself (3) by PCB has recently
been reported. Suggestions have been
made that a major transport route of
these pollutants to the oceans is via
the atmosphere. This hypothesis has
been supported by the identification of
PCB and organochlorine insecticides in
rainwater (4, 5) and the detection of
DDT in dust carried by the northeast
trade winds (6). Recently we developed
a method which allows hundreds of
cubic meters of air per day to be sam-
pled for chlorinated hydrocarbons (7).
During the period from February
through June 1973 we measured PCB,
DDT, and chlordane (/) concentrations
in the marine atmosphere and surface
water in the Bermuda—Sargasso Sea
area of the North Atlantic as part of a
program at the University of Rhode
Island to investigate the atmospheric
transport and deposition of organic and
heavy metal pollutants on the ocean
surface.

Air was pulled at 0.4 to 0.8 m?*/min
through a glass-fiber filter (20 by 25
cm) (Gelman A) and then through
a 15-cm plug of polyurethane foam
(10 cm in diameter). The efficiency of
the collection system for PCB vapors
was better than 90 percent (7). Air
samples were collected during February
through April 1973 from a tower 20
m high located at High Point, Bermuda
(8). Samples 1 through 4 (Table 1)
were collected regardless of wind di-
rection, whereas samples 5 through 8
were taken only while the wind blew
from the open-ocean sector (90°E
through 240°SW). Marine air was also
sampled from a tower 8 m high on the
bow of the R.V. Trident during a
cruise from Bermuda to Narragansett,
Rhode Island, in June 1973. Local col-
lections of atmospheric organochlorine

compounds were made on the Univer-
sity of Rhode Island campus and in
downtown Providence, Rhode Island,
without regard to wind direction.
Seawater from the Sargasso Sea was
collected in 3.8-liter glass jugs from a
rubber raft operated several hundred
yards away from the R.V. Trident or
its wake. We sampled the surface micro-
layer (150 pm) by means of the screen
technique of Garrett (9), using stain-
less steel screens 40 by 40 cm (16
mesh) (10). We collected subsurface
water by holding the jug approximately
30 cm below the surface. The samples
were preserved with dichloromethane
and were analyzed within 1 month of

collection.

The chlorinated hydrocarbons were
recovered from the glass-fiber filter and
polyurethane foam by reflux or Soxhlet
extraction with petroleum ether. We
extracted the unfiltered seawater with
dichloromethane and removed the chlo-
rinated solvent before analysis by add-
ing hexane and evaporating to a small
volume. The extracts were separated
into PCB and pesticide fractions by
silicic acid column chromatography and
analyzed by electron-capture gas chro-
matography ((Tracor Microtek 220, $Ni
detectors) on OV-17/QF-1 and SE-
30/QF-1 columns. The identities of
DDT and chlordane were confirmed by
dehydrochlorination reactions. The ana-
Iytical recovery for seawater spiked
with Aroclor 1254 was 80 percent. De-
tails and analytical results for the atmo-
spheric and seawater samples are given
in Tables 1 and 2.

Only a small amount of the chlo-
rinated hydrocarbons was found on
the glass-fiber filter (Table 1), which is
capable of removing 98 percent of the
particles having radii greater than 0.015
pm (11). Most of the PCB, DDT, and
chlordane was trapped on the polyure-
thane foam. This finding suggests that
PCB and chlorinated insecticides reside
in the atmosphere mainly as vapors
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