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Post-eruptive lacustrine sediments that infill a Middle Eo-
cene kimberlitic diatreme near Lac de Gras (Northwest Ter-
ritories, Canada) have spectacular preservation of diatom
microfossils. A single undiagnosed species belonging to the
genus Aulacoseira is abundant in this material and re-
veals, in addition to the full complement of siliceous struc-
tures comprising the frustule, an array of soft parts that
hitherto have been unavailable for study in diatoms of this
age. These features include the velar complex, which lines
the interior of valves, layered internal membranes, lamel-
late plastid fragments with pyrenoid-like inclusions, and
extracellular mucilagenous bodies. Both ultrastructural
and cytoplasmic characters have pronounced affinities with
extant congeneric taxa, with an especially close resem-
blance to the resting cells observed in living Aulacoseira.
These observations suggest that modern cellular organiza-
tion and associated ecological adaptations were present ear-
ly in the history of nonmarine aulacoseiroid diatoms, im-
plying that prolonged evolutionary stasis has characterized
the ecologically important genus Aulacoseira.

INTRODUCTION

The colonization of fresh-water habitats by diatoms
(Heterokontophyta: Bacillariophyceae) most likely began
in the Late Cretaceous (Chacón-Baca et al., 2002; Amb-
wani et al., 2003). This invasion appears to have been
polyphyletic, in the sense of being accomplished by a num-
ber of taxa sharing no common ancestry (Heraldo-Cam-
pesi et al., 2004). By the Middle Eocene, diatoms were
firmly established in lakes of western North America,
where they were predominantly represented by the fami-
lies Aulacoseiraceae and Fragilariaceae (Krebs, 1994).
However, detailed descriptions of Paleogene nonmarine
diatom floras remain few (Lohman and Andrews, 1968;
Wolfe and Edlund, 2005), despite their relevance towards

understanding limnological conditions associated with Ce-
nozoic hothouse climates (Zachos et al., 2001). Moreover,
diatoms appear to play an important role in enhancing the
preservation of several additional fossil groups that com-
monly occur in Eocene lake sediments (e.g., fish, insects,
plant macrofossils) by coating organic tissues with algal
biofilms that retard decomposition (Harding and Chant,
2000; O’Brien et al., 2002).

To this point, the Tertiary diatom record provides no ac-
count of cellular organization beyond the siliceous frus-
tule, largely because diatom protoplasm degrades rapidly
under typical diagenetic conditions. Here, a first exception
to this rule is provided by light- and electron-microscopic
observations of Middle Eocene diatom cells that preserve,
within their frustules, a variety of recognizable soft parts,
including unambiguous chloroplast remnants. Pro-
nounced morphological and cytological similarities with
modern taxa provide insights concerning the evolutionary
history of aulacoseiroid diatoms.

DEPOSITIONAL SETTING

The Giraffe Pipe (648449N, 1098459W) is one of many
Cretaceous to Eocene kimberlites that intrude Neoar-
chaean crystalline and metasedimentary rocks of the
Slave Craton in the Lac de Gras region, approximately 300
km northeast of Yellowknife, Northwest Territories, Can-
ada (Heaman et al., 2003). A drill core targeting the Gi-
raffe kimberlite body penetrated nonmarine sedimentary
strata at depths between 50 and 163 m beneath the sur-
face. These sediments include a lower sequence of fine-
grained lacustrine shale and massive brown mudstone
(106–163 m) overlain by terrestrial peaty material. The
Rb-Sr model age for diatreme emplacement is 47.861.4
Ma (i.e., Lutetian), based on results from kimberlitic
phlogopite (Creaser et al., 2003). The lacustrine sediments
contain diagnostic Early to Middle Eocene palynomorphs,
including Pistillipollenites and Platycarya, which occur in
association with pollen produced by Metasequoia, Glyptos-
trobus, Quercus, and Alnus. Thermal maturation of this
material is only slightly greater than that of modern peat,
implying no post-depositional exposure to temperatures
.308C. Organic content of the sequence ranges between
15–50%, with stable values of ;40% in the lower lacus-
trine unit. This organic matter comprises disseminated
macerals, including fluorescent huminites, sporinites, and
alginites (Hamblin et al., 2003).

The depositional history of the site can be summarized
as follows. Explosive phreatomagmatism during kimber-
lite emplacement left a deep (.115 m) crater on the diatre-
me surface, which subsequently filled with meteoric wa-
ters to become a small, closed-basin lake with an estimat-
ed diameter of 250–400 m. The lake was sufficiently stable
to accumulate 57 m of stratified sediment. With progres-
sive infilling, the lake shallowed and eventually became
terrestrialized, first by peat-forming mosses such as
Sphagnum, then by woody vegetation. Because pollen as-
semblages constrain the entire lacustrine sequence to a
Middle Eocene age, the deposit represents a maximum of
;10 Ma of deposition, but probably considerably less (e.g.,
104–106 yrs), given typical sediment accumulation rates in
extant sub-tropical lakes (Grimm et al., 1993). The ab-
sence of carbonates suggests that the lake had a soft-water
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FIGURE 1—Color LM micrographs of diatoms from thin sections of Giraffe Pipe lacustrine mudstone. Arrows indicate protoplasmic remnants
encased within intact frustules. Scale bars510 mm. Discrete green masses occur at the junction between valve face and mantle (A), clustered
near the central lumen (B), or disseminated as irregularly shaped bodies (C, D).

chemistry. Elevated dissolved and particulate organic
loads enhanced benthic respiration in the lake, sustaining
low oxygen concentrations during deposition of the lacus-
trine facies. This is supported by the outstanding preser-
vation of algal microfossils, and by the presence of authi-
genic minerals that denote reducing conditions, namely
pyrite (FeS2). Commonly preserved algae include colonial
chlorophytes (Botryococcus sp.), scaled chrysophytes (e.g.,
Mallomonas and Synura spp.), and centric diatoms (Aula-
coseira sp.). All of these algae combine planktonic or tycho-
planktonic life strategies with the ability to form resting
stages (Graham and Wilcox, 2000). The absence of obligate
benthic algal taxa supports the interpretation of low-
transparency, low-oxygen bottom waters.

MICROSCOPIC TECHNIQUES

Brown lacustrine mudstone samples from between 125–
133 m in the Giraffe Pipe core (125.7, 127.6, 129.2, 129.8,
130.7, and 132.8 m) were investigated using light and elec-
tron microscopy. All samples have comparably preserved
diatoms, including clear evidence of protoplasmic rem-
nants in approximately 30% of complete frustules (Fig. 1).
For light-microscopy (LM) observations of diatom cells in
situ, sediment monoliths (;1 cm3) were embedded in
Buehler Epothint resin and ground to thin sections ;30-
mm thick. These were examined at 1000x under oil immer-
sion using Leica differential-interference contrast optics.
For scanning electron microscopy (SEM), fresh fractures
perpendicular to the bedding plane were mounted onto
stubs with silver paint, sputter-coated with Au, and ex-
amined with a JEOL-6301F field emission SEM. For
transmission electron microscopy (TEM), small sediment
granules (;5 mm3) were embedded unstained in low-vis-
cosity resin (Spurr’st), sectioned to ;50 nm with a Reich-
ert-Jung Ultracut E microtome, and examined with a
Philips Morgagni FEI TEM. Because none of these sam-

ples was treated chemically prior to examination, the ob-
served features are directly comparable among all three
microscopic techniques.

DIATOM MICROPALEONTOLOGY

The only diatom morphotype present in the lower lacus-
trine facies of Giraffe Pipe sediments is a filamentous cen-
tric form that conforms fully to the genus Aulacoseira
Thwaites 1848 (Round et al., 1990). In LM (Fig. 1) and
SEM (Fig. 2), this diatom appears superficially similar to
the extant species A. lirata and A. alpigena, which com-
monly occur in the phytoplankton of modern low-alkalini-
ty lakes (Haworth, 1988; Siver and Kling, 1997). The Eo-
cene Aulacoseira also is comparable to undiagnosed Late
Cretaceous forms recovered from inter-trappean lacus-
trine strata from India, which potentially represent the
oldest nonmarine diatoms reported to date (Ambwani et
al., 2003). In forms from the Giraffe Pipe, however, the
presence of linking spines that terminate in secondary to
tertiary dichotomous branching (Fig. 2F), as well as the
concave-convex complementary relationship between ad-
jacent valve faces (Figs. 1B, 2B), constitute subtle morpho-
logical differences with any known species. Thus, a formal
taxonomic description of the diatom is warranted, and will
be presented elsewhere. Here, emphasis is placed on the
preservation of cellular contents within its frustules.

PRESERVATION OF SOFT PARTS

Specimens of Aulacoseira from Giraffe Pipe lacustrine
sediments present a first opportunity to investigate the
structure and preservation of protoplasmic vestiges in an
Eocene diatom (Figs. 2, 3). This remarkable degree of pres-
ervation likely is the consequence of several factors, in-
cluding hypolimnetic anoxia and rapid sedimentation,
coupled to thermal and tectonic stability of the basin since
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FIGURE 2—SEM micrographs of Aulacoseira from Giraffe Pipe sediments. (A) Diatoms embedded in the matrix of an untreated fractured
mudstone surface. (B) A complete cell with concave face and linking spines (top) and spineless terminal valve (bottom). (C–E) Various
morphologies of balled protoplasmic remnants preserved inside valves, indicated by arrows. A single rimoportula (r) arises from the Ringleiste
in (E). (F) Linking spines and fractured cingulum comprised of overlapping copulae. (G) Close-up of areolae showing occlusions as volae (v)
and residual extracellular mucilage (m). (H) Intact velum showing the internal occlusion of mantle areolae.
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FIGURE 3—TEM (A–C, E–H) and SEM (D) micrographs of Aulacoseira. All scales given on photos. (A, B) Cross-sections through a modern
A. granulata mantle revealing velum (v) and two overlapping copulae (c). (C) Identical structures are present in Eocene Aulacoseira from the
Giraffe Pipe. (D) Fracture through the face and mantle revealing protoplasm remnants, velum (v), and Ringleiste (r). (E) A similar perspective
to (D) in TEM illustrating unidentified internal organelles (o) and extracellular mucilage (m), both of which are coated by microcrystalline pyrite.
(F–H) Higher-magnification TEM through valve-internal protoplasmic material reveals complex multi-layered membranes (mlm), chloroplast
vestiges with preserved lamellar structures (ls), and a pyrenoid-like inclusion (pli).
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deposition. In TEM sections (Fig. 3), microcrystalline py-
rite is conspicuous as very small (,20 nm) and variably
shaped electron-dense aggregations adhered to organic
surfaces. Pyrite likely is important in maintaining the
three-dimensional structures observed, and its presence
on both the interior and exterior of individual frustules in-
dicates full permeability of cells to FeS(aq) in the diagenetic
environment (Grimes et al., 2002). However, nowhere in
the Giraffe Pipe material is complete pyritization of dia-
tom soft parts observed, presumably due to partial limita-
tion with respect to H2S and/or Fe(II) availability in sedi-
ment pore waters.

In all specimens observed, the velum can be discerned
clearly on the insides of valves (Figs. 2H, 3C, D), including
its expression as perforate occlusions (volae) that cover in-
dividual mantle areolae internally (Fig. 2F–H). The velum
is an internal, organic-rich biosilica lining that is rarely
preserved in fossil diatoms (Crawford and Likhoshway,
2000). The velum of Giraffe Pipe Aulacoseira is ;50-nm
thick and structurally identical to that of modern A. gran-
ulata (Fig. 3A–D), forming, in both cases, a continuous lin-
ing of the interior of the mantle between its junction with
the valve face and the marginal pseudoseptum (Ring-
leiste). In TEM, these elements of similarity are especially
striking; the sole difference being the presence of diage-
netic pyrite associated with the Eocene fossil specimens
(Fig. 3B, C).

Green protoplasmic remnants visible in LM (Fig. 1) are
recognized in SEM as multiple obovate and plicate bodies
approximately 1-mm long and clustered into dense aggre-
gations (Figs. 2C–E, 3D). In high-magnification TEM sec-
tions through these, various layered membranes are ob-
served appressed to the interior of the siliceous valve, as
well as lamellate regions resembling chloroplast frag-
ments, and secondary pyrenoid-like inclusions within
these (Fig. 3F–H). To the authors’ knowledge, these imag-
es are the first sections of ancient diatom cellular contents
since the advent of TEM in diatom cytology, over forty
years ago (Drum and Pankratz, 1963). It is emphasized
that the close association of the observed organic remains
to the siliceous component of cells (e.g., Fig 3F), coupled to
their common occurrence within intact frustules (Fig. 1),
firmly demonstrate the impossibility that these features
represent post-mortem internal contamination of frus-
tules.

Finally, upon close examination of valve surfaces (SEM;
Fig. 2G) and sections (TEM; Fig. 3E), remnants of mucila-
genous bodies also are preserved. Once again, these secre-
tions can be identified readily by the presence of micro-
crystalline pyrite sheathing their surfaces. Although the
production of extracellular polysaccharides is common-
place in extant diatoms (Round et al., 1990), its preserva-
tion in fossil material has not been documented previous-
ly.

DISCUSSION AND CONCLUSIONS

Despite detectable similarities with the cellular organi-
zation of modern aulacoseiroid diatoms (Crawford, 1973),
the organelles preserved in Giraffe Pipe Aulacoseira ap-
pear to represent an intergrade between primary struc-
tures and partial diagenetic reassembly. Because nuclei
were not observed conclusively in any of the specimens ex-

amined, it is plausible that partitioning of the protoplast
between the nucleus and chloroplast occurred following
deposition and burial, leading to the preferential preser-
vation of the latter. These processes are well documented
for angiosperm leaf-tissue cells (Niklas, 1983; Niklas et al.,
1985), but have not been reported previously in algae.
Rapid burial appears essential for this mode of preserva-
tion, in terms of both arresting cellular catabolism and
minimizing exposure to post-depositional microbial at-
tack.

Irrespective of the exact processes responsible for or-
ganelle preservation in Eocene Aulacoseira, the specimens
illustrated here universally reveal condensed and intense-
ly colored protoplasm occupying a relatively small propor-
tion of the total cell volume (Fig. 1). This organization
bears a compelling similarity to the resting cells of modern
Aulacoseira (e.g., A. granulata), which are similarly char-
acterized by reduced protoplasm volume and balled plas-
tids (Sicko-Goad et al., 1986). Diatom resting cells, for
which the siliceous components are indistinguishable
from those of vegetative cells, represent a critical peren-
nation stage in the life histories of several freshwater gen-
era, given their capacity to remain viable for years to de-
cades following burial in sediment (Stockner and Lund,
1970; Sicko-Goad et al., 1989). The observations presented
here imply that the ability to form resting cells had devel-
oped in Aulacoseira by the Middle Eocene, thus conferring
the ecological advantages of a robust resting stage.

Taken together, both morphological and cytological
lines of evidence suggest that most characters found in
modern aulacoseiroid diatoms had evolved by the Middle
Eocene in western North America—still relatively early in
the history of nonmarine diatoms. Accordingly, specimens
of Aulacoseira from Giraffe Pipe sediments are far more
similar to extant congeners (e.g., A. lirata and A. alpigena)
than to any extinct Cretaceous forms from the marine
realm, including Archepyrgus melosiroides, the putative
ancestor of the aulacoseiroid lineage (Gersonde and Har-
wood, 1990; Harwood and Nikolaev, 1995). Unfortunately,
the exact position of the Giraffe Pipe Aulacoseira within
the recent phylogenetic scheme of Edgar and Theriot
(2004) remains uncertain, in part because their combined
morphological and molecular approach fails to place A. li-
rata and A. alpigena in the same clade, despite arguments
based on ultrastructure that these taxa may in fact repre-
sent the same species (Siver and Kling, 1997). Nonethe-
less, similarities between Giraffe Pipe specimens and
these extant taxa imply that the Eocene diatom falls well
outside a clade defined by Edgar and Theriot (2004) con-
taining extinct Neogene (primarily Miocene) and Lake
Baikal endemic Aulacoseira, which these authors consider
to be relatively recently derived taxa (e.g., ,25 Ma old).

Several genus-level radiations occurred within nonmar-
ine Aulacoseiraceae during the Tertiary, producing strat-
igraphically short-lived genera such as Eoseira, Pseudoau-
lacosira, Miosira, and Alveolophora, of which the latter
two may be synonymous (Wolfe and Edlund, 2005). Yet,
within this lineage, it is only Aulacoseira that has survived
to the present, remaining highly successful in lakes and
rivers worldwide. Furthermore, Aulacoseira appears to be
the oldest of the nonmarine aulacoseiroid genera, perhaps
by as much as several tens of Ma (e.g., Ambwani et al.,
2003). It is thus hypothesized that prolonged intervals of
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evolutionary stasis have characterized the genus Aulaco-
seira. This observation, in turn, strengthens assumptions
concerning ecological uniformitarianism, which are cor-
nerstones for paleoecological interpretations (Stoermer
and Smol, 1999). Indeed, the paleoenvironment of the lake
occupying the Giraffe diatreme is envisaged to have been
dilute and slightly acidic, much like the habitats in which
the most morphologically similar congeneric taxa flourish
at present (Siver and Kling, 1997).

Finally, the notion of limited evolutionary innovation
since the Middle Eocene, based on the observations of Au-
lacoseira presented here, appears equally well expressed
by other algal groups represented in the Giraffe Pipe ma-
terial. For example, scaled chrysophyte remains, which in-
clude representatives of at least four genera (Mallomonas,
Synura, Chrysosphaerella, and Spiniferomonas), differ
very slightly or not at all from modern counterparts (Siver
and Wolfe, 2005). Additional observations are required to
assess more fully the implications of these similarities for
the early history of nonmarine siliceous algae. The unique
depositional environment associated with diatremes that
intrude tectonically stable terranes offers considerable op-
portunity to explore these paleobiological questions fur-
ther.
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E., 2004, Microfossil algae associated with Cretaceous stromato-
lites in the Tarahumara Formation, Sonora, Mexico: Cretaceous
Research, v. 25, p. 249–265.

KREBS, W.N., 1994, The biochronology of freshwater planktonic dia-
tom communities in western North America: in Kociolek, J.P., ed.,
Proceedings of the 11th International Diatom Symposium: Califor-
nia Academy of Sciences, San Francisco, p. 485–499.

LOHMAN, K.E., and ANDREWS, G.W., 1968, Late Eocene nonmarinedi-
atoms from the Beaver Divide Area, Fremont County, Wyoming:
United States Geological Survey Professional Paper 593-E, 24 p.

NIKLAS, K.J., 1983, Organelle preservation and protoplast partition-
ing in fossil angiosperm leaf tissues: American Journal of Botany,
v. 70, p. 543–548.

NIKLAS, K.J., BROWN, R.M., JR., and SANTOS, R., 1985, Ultrastructur-
al states of preservation in Clarkia angiosperm leaf tissues: impli-
cations on modes of preservation: in Smiley, C.J., ed., Late Ceno-
zoic History of the Pacific Northwest: American Association for
the Advancement of Science, San Francisco, p. 143–159.

O’BRIEN, N.R., MEYER, H.W., REILLY, K., ROSS, A.M., and MAGUIRE,
S., 2002, Microbial taphonomic processes in the fossilization of in-
sects and plants in the late Eocene Florissant Formation, Colora-
do: Rocky Mountain Geology, v. 37, p. 1–11.

ROUND, F.E., CRAWFORD, R.M., and MANN, D.G., 1990, The Dia-
toms—Morphology and Biology of the Genera: Cambridge Univer-
sity Press, Cambridge, 747 p.

SICKO-GOAD, L., STOERMER, E.F., and FAHNENSTIEL, G., 1986, Reju-
venation of Melosira granulata resting cells from the anoxic sedi-
ments of Douglas Lake, Michigan. II. Electron microscopy: Jour-
nal of Phycology, v. 22, p. 28–35.

SICKO-GOAD, L., STOERMER, E.F., and KOCIOLEK, J.P., 1989, Diatom
resting cell rejuvenation and formation: time course, species rec-
ords and distribution: Journal of Plankton Research, v. 11, p. 375–
389.

SIVER, P.A., and KLING, H., 1997, Morphological observations of Au-
lacoseira using scanning electron microscopy: Canadian Journal
of Botany, v. 75, p. 1807–1835.



304 WOLFE ET AL.

SIVER, P.A., and WOLFE, A.P., 2005, Eocene scaled chrysophytes with
pronounced modern affinities: International Journal of Plant Sci-
ences, v. 166, p. 533–536.

STOCKNER, J.G., and LUND, J.W.G., 1970, Live algae in postglacial
lake deposits: Limnology and Oceanography, v. 15, p. 41–58.

STOERMER, E.F., and SMOL, J.P., 1999, The Diatoms—Applications
for the Environmental and Earth Sciences: Cambridge University
Press, Cambridge, 482 p.

WOLFE, A.P., and EDLUND, M.B., 2005, Taxonomy, phylogeny,andpa-

leoecology of Eoseira wilsonii gen. et sp. nov., a Middle Eocene di-
atom (Bacillariophyceae: Aulacoseiraceae) from lake sediments at
Horsefly, British Columbia, Canada: Canadian Journal of Earth
Sciences, v. 42, p. 243–257.

ZACHOS, J., PAGANI, M., SLOAN, L., THOMAS, E., and BILLUPS, K.,
2001, Trends, rhythms, and aberrations in global climate 65 Ma to
present: Science, v. 292, p. 686–693.

ACCEPTED AUGUST 4, 2005


