The wave equation for pressure given
above has a direct analog in electromagnetic
theory, where the scalar potential (for the
electric field) replaces the pressure, and the
charge density constitutes the source rather
than the heat deposition rate. Given this
simple analogy and the comprehensive in-
vestigation of Maxwell’s equations that has
taken place over the last century, it is natural
to ask why electromagnetic solutions analo-
gous to Egs. 2, 4, and 5 have not appeared.
The answer to this question lies in an impor-
tant distinction between the kinds of sources
that are possible according to acoustic and
electromagnetic theory: the photoacoustic
wave forms described here arise from mono-
pole radiation resulting from a uniform ex-
pansion of the body that is naturally pro-
duced by the absorption of radiation—the
analogous rapid switching on of a macro-
scopic quantity of electrical charge of a
single polarity that would constitute a
monopole source of electromagnetic radia-
tion is not possible under the restriction of
charge conservation.
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A Bangiophyte Red Alga from the
Proterozoic of Arctic Canada

NICHOLAS J. BUTTERFIELD, ANDREW H. KNOLL, KEENE SWETT

Silicified peritidal carbonate rocks of the 1250- to 750-million-year-old Hunting
Formation, Somerset Island, arctic Canada, contain fossils of well-preserved bangio-
phyte red algae. Morphological details, especially the presence of multiseriate filaments
composed of radially arranged wedge-shaped cells derived by longitudinal divisions
from disc-shaped cells in uniseriate filaments, indicate that the fossils are related to
extant species in the genus Bangia. Such taxonomic resolution distinguishes these
fossils from other pre-Edicaran eukaryotes and contributes to growing evidence that
multicellular algae diversified well before the Ediacaran radiation of large animals.

ULTICELLULAR  ORGANISMS

characterized by cellular integra-

tion and differentiation occur in
all four eukaryotic kingdoms, including at
least eight separate phyla in the Protista (1).
Most of these experiments in complex multi-
cellularity must have made their first appear-
ance well before the Edicaran radiation of
large animals (600 million years ago, Ma),
but fossil evidence is limited and in many
cases equivocal. Interpretational problems
result from the lack of preserved cellular
structure in many fossils, the nondiagnostic
nature of such structures as may be pre-
served, and the absence of biochemical and
ultrastructural information. In this report,
we describe well-preserved fossils in 1250-
to 750-million-year-old rocks from arctic
Canada in which the habit and patterns of
cell division are sufficiently distinctive to
permit their assignment to the bangiophyte
red algae.

The fossiliferous rocks were collected on
Somerset Island, a narrowly separated exten-
sion of the Boothia Peninsula in the south-
castern part of the Canadian arctic archipela-
go (District of Franklin, Northwest Terri-
tories) (Fig. 1). In the Aston Bay area on its
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northwest coast, little altered middle to up-
per Proterozoic sedimentary rocks sit on
crystalline basement of the Canadian Shield
(2). The sedimentary sequence comprises
two unconformity-bounded units. The low-
er unit, the Aston Formation, consists large-
ly of quartz arenite, whereas the overlying
Hunting Formation is dominated by inter-
tidal to supratidal carbonate rocks. The fos-
siliferous horizons are thin (1 cm thick)
chert layers in stratiform laminated shallow-
subtidal to intertidal carbonate rocks of the
Hunting Formation, approximately 150 m
above the Aston-Hunting contact.

Hunting deposition is only broadly con-
strained in time, bracketed by two genera-
tions of mafic dikes (2) that are dated else-
where at 1267 = 2 Ma (3) and 723 + 3 Ma
(4). Constituent stromatolites (stratiform to
simple Baicalia-type columns) and associated
microfossils (dense filamentous mats, spher-
oids, and the stalk-forming cyanobacterium
Polybessurus) are useful as paleoenvironmen-
tal indicators but cannot provide finer time
resolution. On the other hand, several analy-
ses of Hunting carbonate rocks indicate that
they have 8°C values between +2.5 and
+3.8 per mil (5), values lighter than those
typical of 700- to 800-million-year-old car-
bonate rocks in the Canadian arctic and
clsewhere (5, 6). The Hunting isotopic sig-
nature more closely approximates that of
unweathered dolomite from the 1100- to
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1200-mullion-year-old Mescal Limestone,
Arizona (7), and 1150- to 1300-million-
year-old marble of the Upper Marble unit,
Grenville Series, New York (8). Thus, the
carbon isotopic evidence, although not de-
finitive, suggests that Hunting sedimenta-
tion might have occurred closer to the older
rather than the younger dike-defined chro-
nological boundary.

The fossils are moderately to extraordi-
narily well preserved, having been perminer-
alized by very early diagenetic chert. Petro-
graphic thin sections cut perpendicular to
bedding have so far exposed over 500 fossil
filaments. In their most simple (and most
common) state, the fossils consist of stacked
disc-shaped cells enclosed in a relatively
transparent enveloping sheath and form un-
branched uniseriate filaments 15 to 45 pm
in diameter and up to 2 mm long (Fig. 2).
Almost all of the fossils are oriented vertical-
ly and they commonly occur in groups
attached to locally stabilized surfaces (Fig.
2A); the basal ends of the filaments are
elaborated into multicellular structures that
appear to serve as attachment rhizoids (Fig.
3). Larger diameter specimens (>45 um
across) of these same populations are gener-
ally muldseriate with a number of cells
occupying any given level along the filament
(Figs. 2B and 4B). Transverse cross sections
of these more complex forms (Fig. 4C)
reveal that the component cells are wedge-
shaped and arranged axially around a central
core. The specimen in Fig. 4C preserves
three of what were originally eight such
cells, and in different focal planes of the
same specimen, four adjacent layers show a
similar pattern of cell division. Other fila-
ments have a fourfold radial cleavage (b in
Fig. 2B).

In most details of their morphology, and
particularly in their distinctive patterns of
cell division, these fossil filaments compare
closely to the gametophytic (1N) generation
of species belonging to the modern red algal
genus Bangia (Bangiaceae, Bangiales, Bangio-
phyceae, Rhodophyta). Bangia is a cosmopoli-
tan seaweed that today ranges from boreal to
subtropical oceans and from marine waters to
freshwater lakes and streams (9-13). It toler-
ates extended emersion and desiccation and is
usually found in the upper intertidal zone of
marine coastlines and at or above the water-
line in fresh water; it commonly occurs with
filamentous cyanobacteria above the zone
occupied by green algae (9, 11).

In its most simple form, gametophytic
Bangia is characterized by unbranched uni-
seriate filaments composed of stacked, disc-
shaped cells. The polysaccharide cell walls
are distinctly biphasic with an inner wall
defining individual cells and an outer wall
enveloping the whole organism (14) (Fig.
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Fig. 1. Schematic geological map of Somerset
Island showing the location of fossiliferous Hunt-
ing Formation strata.

4D). In more mature, multiseriate forms
this ‘outer’ wall also occupies the central
core of the filament (Fig. 4F); a sub-micron
thick “cuticle” gives the filament a sharply
delineated boundary layer (14). Unlike the
apical cell division typical of florideophyte
red algae, vegetative growth in bangio-
phytes generally occurs by transverse inter-
calary cell division (12, 13, 15); consequent-
ly, Bangia filaments often show a hierarchical
packaging of successive cell generations
(Fig. 4D). In the fossil filaments both a
differentiated inner and outer cell wall and a
pattern of transverse intercalary cell divi-
sions are clearly evident (Figs. 2B and 4A).

Mature filaments of Bangia generally be-
come multiseriate through longitudinal in-
tercalary division (12, 14) (Fig. 4E). They
do not, however, become simple construc-
tions of randomly arranged, equidimen-
sional cells. Not only is the position of each
parent cell broadly retained in the multiser-
iate filament, but initial cleavage of the disc-
shaped cells is also radially oriented. This
orientation yields a distinctive pattern of
wedge-shaped cells arranged axially around
a central core (12, 14) and is particularly
apparent in transverse cross sections of ma-
ture Bangia filaments (Fig. 4F). Because
many of the gross morphological character-

Fig. 2. Populations of fossil bangiophyte fila-
ments in petrographic thin sections of Hunting
Formation chert cut perpendicular to bedding.
(A) Low magnification photomicrograph illus-
traung the vertical orientaton and substrate at-
tachment of the fossils; scale bar equals 0.25 mm.
(B) Fossil filaments showing a number of mor-
phological features characteristic of bangiophytes:
a, uniseriate filament consisting of ensheathed
paired cells; b, transverse cross section of a fila-
ment showing fourfold radial cleavage; c, trans-
verse, oblique, and longitudinal cross sections of
multiseriate filaments with approximate eight-
fold radial cleavage; scale bar equals 0.15 mm.

istics of sub—tissue grade organisms are con-
vergent or ecophenotypic (9, 10, 13, 16),
such underlying cellular patterns are likely to
be of considerable phylogenetic significance.
Along with its other cellular and extracellu-
lar details, the radial pattern of cells in the
fossil material strongly supports its assign-
ment to the bangiophyte red algae, possibly
to the level of family (Bangiaceae).

The fossils are not identical to extant
species of Bangia. The modern alga varies
widely in filament width but averages 100
pm diameter (10). The Proterozoic fila-
ments fall in the size range of modern Bangia
but are generally smaller, having a mean
diameter of 26 pm (1 = 519; SD = 7.4 um)
and a minor mode of 53 pm in the case of
multiseriate forms (n = 13; SD = 9.1 pm).
Maximum measured diameter in our sam-
ples is 72 pm. The fossils also differ in
possessing multicellular rhizoids or holdfast
structures (Fig. 3), whereas Bangia has long,
nonseptate rhizoids descending from a num-
ber of basal vegetative cells (12). Multicellu-
lar rhizoids are nevertheless common in the
red algae, and holdfasts essentially identical
to those of the fossils are found in the
filamentous  bangiophytes  Erythrotrichia
(Erythropeltidaceae) and Porphyra (Bangia-
ceae) (12, 13).

Are there other possible interpretations of
these fossils? Stigonematacean cyanobacteria
often form a comparably thick external
sheath and are commonly multiseriate.
However, these prokaryotes are also charac-
terized by true branching and several types
of differentated cells (for example, hetero-
cysts and akinetes), which are not observed
in the fossils. More importantly, the mult-
seriate thallus of stigonemataceans appears
to be a relatively loose knit association of
cells and filaments lacking any particular
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Fig. 3. Basal portion of a fossil filament showing
the multicellular rhizoid structure; scale bar
equals 30 pm.

geometrical or developmental regularity
(17); the distinctive pattern of radial cell
division characteristic of both Bangia and the
fossil material is unknown in any cyanobac-
terium (18). Other extant eukaryotes, such
as species of the green algal family Schizo-
meridaceae, likewise form uniseriate and
multiseriate filaments (13), but these also
lack radially oriented cells.

These fossils are neither the only nor the
oldest Proterozoic metaphytes. Undoubted
multicellular algae are known from several
late Riphean (900 to 700 Ma) shale biotas
and include coenobial colonies (19) and

Fig. 4. Comparison of fossil
filaments (A to C) with
modern Bangia atropurpurea
(collected at Marblehead,
Massachusetts, January,
1990) (D to F). (A) Uniser-
iate ﬁlamcnt showing the hi--

erarchical packaging of cells
into pairs and quartets in-
dicative of intercalary cell di-
vision; all cells are enclosed
in a sharply delineated outer
wall. (B) Multiseriate fila-
ment with a number of con-
strictions (similar constric-
tions are also found in mod-
ern Bangia). (C) Transverse
cross section of a multiser-
iate filament with an cight-
fold radial cleavage. Three
com wedge-shaped
cells are visible, and the
bases of an additional five
cells can be discerned. (D)
of a uniseriatc Bangia fila-
ment ing the inner and
outer cell walls and the hier-

branching filamentous forms, both septate
(20) and coenocytic (21). Macroscopic
tawuiids and lonfengshaniids (1100 to 700
Ma) have a worldwide distribution and rep-
resent at least probable metaphytes (22), as
do filamentous macrofossils in 1400-mil-
lion-year-old deposits from Montana and
China (23). Problematic bedding plane
markings in middle Proterozoic sandstones
of Western Australia may be imprints of a
relatively large filamentous seaweed (24). In
latest Proterozoic rocks a calcareous, en-
crusting phylloid alga (25) and a variety of
structured multicellular fossils (26) have
been documented, and filamentous organic-
walled vendotaenids are generally, although
not universally (27), thought to be of algal
origin (28). None of these fossils, however,
can be placed confidently into any extant
higher-order taxon. The same can be said for
most of the organic-walled fossil algac of
Phanerozoic age (16). In contrast, the clearly
interpretable morphology of the Somerset
Island fossils provides a detailed datum
point for the reconstruction of ecarly red
algal and protistan phylogeny.

The two classes of the Rhodophyta, Ban-
giophyceae and Florideophyceae, are distin-
guished on the basis of thallus form, growth
habit, and various intracellular characteris-
tics (12, 13, 15). They appear to be linked
phylogenetically by the microscopic chon-
chocelis phase (2N sporophyte) observed in
some species of Bangia and Porphyra (Ban-
giaceae); the conchocelis exhibits a number
of otherwise florideophyte characteristics

archical packaging of cell pairs. (E) Longitudinal cross section of multiseriate Bangia. (F) Transverse

crosssecnonofamulnsenatcBangmﬁlamtshowmg

ximate eight-fold radial and a

central core of “outer wall.” Scale bar [shown in (F)] equals 20 um for (A); 50 pm for (B); 30 pm
for (C); 35 pm for (D); 80 pm for (E); and 50 pm for (F).
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(15). The Bangiophyceae are generally con-
sidered to be less advanced than, although
not necessarily ancestral to, the Florideo-
phyceae (13). As gametophytic bangio-
phytes, the Hunting Formation fossils pre-
date the carliest record of probable florideo-
phytes (16) by at least 200 million years and
thus provide at least circumstantial support
for a bangiophyte to florideophyte phylo-
genesis. Whether the bangiophyte life cycle
included an alternation of generations by
Hunting time is speculative at this point as
we have found no evidence of a chonchoce-
lis phase in our samples. The oldest reported
chonchocelis comes from Silurian rocks in
Poland (29).

Molecular data from both small subunit
(30) and large subunit (31) ribosomal RNA
suggest that the three principal clades con-
taining multicellular algac (Rhodophyta,
Chlorophyta, Phacophyta) diverged during
a brief but marked radiation relatively late in
cukaryotic history. This interpretation is
broadly supported by the moderate diversity
of mid to late Proterozoic fossil metaphytes.
Multicellularity, however, is almost certainly
a derived condition, and Tappan’s (32) in-
terpretation of the 2000-million-year-old
Gunflint microfossil Eosphaera as a Porphyri-
dium-like rhodophyte, although controver-
sial, underscores the probability that unicel-
lular red, green, and chromophyte algae
antedated their multicellular descendants by
a significant interval. Although the timing
of early algal diversification remains incom-
pletely known, the Hunting Formation fos-
sils contribute to a growing palcontological
record which indicates that several and per-
haps all major groups of multicellular algae
were well established long before the Edia-
caran and Cambrian radiations.
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Not So Hot “Hot Spots™ in the Oceanic Mantle

ENRICcO BONATTI

Excess volcanism and crustal swelling associated with hot spots are generally attribut-
ed to thermal plumes upwelling from the mantle. This concept has been tested in the
portion of the Mid-Atlantic Ridge between 34° and 45° (Azores hot spot). Peridotite
and basalt data indicate that the upper mantle in the hot spot has undergone a high
degree of melting relative to the mantle elsewhere in the North Atlantic. However,
application of various geothermometers suggests that the temperature of equilibration
of peridotites in the mantle was lower, or at least not higher, in the hot spot than
elsewhere. The presence of H,O-rich metasomatized mantle domains, inferred from
peridotite and basalt data, would lower the melting temperature of the hot spot mantle
and thereby reconcile its high degree of melting with the lack of a mantle temperature
anomaly. Thus, some so-called hot spots might be melting anomalies unrelated to
abnormally high mantle temperature or thermal plumes.

HE CONCEPT OF HOT SPOTS HAS

played an important role in the the-

ory of plate tectonics (1-3). Oceanic
hot spots are areas of thicker than normal
crust and excess volcanism and are common-
ly marked by islands. They are generally
attributed to anomalously high tempera-
tures of upwelling mantle plumes, which
result in overabundant production of melt
and in crustal swelling (7—4). In this report I
discuss data from one such inferred hot spot,
the Azores hot spot complex (AHS), located
between 34° and 45°N in the Mid-Atlantic
Ridge (MAR). These data imply that this
so-called hot spot may not be caused by
anomalously high upper-mantle tempera-
tures, but rather by a mantle with a compo-
sition different from that underlying normal
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segments of the Mid-Atlantic Ridge.

The geochemical nature of the oceanic
upper mantle has been inferred from studies
of the melts extracted from it (oceanic ba-
salts) or of the solid residue left behind in
the mantle after melt extraction (oceanic
peridotites). The reconstructed primary
mineralogy of oceanic peridotites [olivine +
orthopyroxene (opx) % clinopyroxene (cpx)
+ spinel] suggests that they equilibrated in
the spinel peridotite facies [pressure >8 to 9
kbar at 1000° to 1300°C (5)]. I compare the
chemistry of these mantle-equilibrated relic
phases in samples of peridotite bodies em-
placed in young (<35 million years old)
North Atlantic crust (Fig. 1) and represent-
ing the uppermost sub-Atlantic mantle [see
(6-8) for methods and raw data].

Regional, long-wavelength (~1000 km)
variations of peridotite modal and mineral
composition (Fig. 2), detected along the

MAR (6, 9), must reflect fundamental re-
gional differences in upper mantle composi-
tion, thermal structure, or both (10). The
chemistry of the primary minerals, namely
their content of Mg, Cr, and other refrac-
tory elements versus that of Al, Fe, and
other incompatible elements (10-12), sug-
gest that greater amounts of melt [up to
>20% melting relative to a pyrolite-like
source (6)] have been extracted from the
mantle rocks in the AHS region than else-
where in the MAR, where the degree of
melting can be as low as 8% (6). These
regional variations along the MAR are asso-
ciated with variations of geophysical param-
eters (Fig. 2) such as zero-age sea-floor
depth (13) and geoid residual anomaly (14),
and basalt properties such as Na,O content
(15) and La/Sm ratio (16). Basalt Na,O
content has been related to the degree of
partial melting undergone by the source
material in the mantle (15). It is inversely
correlated with the 100Cr/(Cr + Al) ratio
of spinels in peridotite. Along with other
mineral chemistry relations (6), it provides
independent support for high degree of
melting of the AHS mantle.

This high degree of melting could reflect
higher upper-mantle temperatures in the
AHS than elsewhere along the MAR, con-
sistent with the notion that the anomalous
region is a hot spot (15, 16). If temperature
differences in the upper mantle were the sole
cause of the different degrees of melting,
estimated differences in mantle temperature
between mid-ocean ridge segments with
highest and lowest extent of melting should
be ~250° to ~300°C at equivalent depths in
the melting region (15). If we consider only
the North Atlantic part of the ridge, these
differences are reduced somewhat. The tem-
perature differences would be smaller at
shallower depth in the mantle where final
subsolidus equilibration of the peridotite
occurs, but should still exceed 100°C.

In order to test the assumption that man-
tle temperature is the cause of differences in
the degree of melting along the MAR, I
have calculated peridotite equilibration tem-
peratures using the Wells’ (17) and Linds-
ley’s (18, 19) geothermometers. Both are
based on the temperature dependence of
reactions between coexisting opx and cpx
(20, 21). Among the various proposed
peridotite geothermometers, these appear to
be the most reliable, particularly for perido-
tites equilibrated in the spinel lherzolite
stability field (22). However, because of the
limitations of these and other peridotite
geothermometers, I regard the estimated
temperatures (Fig. 2) as expressing relative
trends rather than absolute values (23). The
calculated temperatures are generally con-
sistent within each geotectonic area (24-26).
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