Zooplankton Fecal Pellets Link

Fossil Fuel and Phosphate Deposits

Abstract. Fossil zooplankton fecal pellets found in thinly bedded marine and
lacustrine black shales associated with phosphate, oil, and coal deposits, link the
deposition of organic matter and biologically associated minerals with planktonic
ecosystems. The black shales were probably formed in the anoxic basins of coastal
marine waters, inland seas, and rift valley lakes where high productivity was
supported by runoff, upwelling, and outwelling.

Amorphous organic material from
black shale associated with oil, coal, and
phosphate deposits may provide a clue
to the origin of these resources. We
examined thinly bedded shale and phos-
phate nodule samples from five U.S.
formations using palynological meth-
ods (I, 2). The deposits, from 11 to 300
million years old, represent diverse
coastal, epicontinental sea, and lacus-
trine environments in which black shales
are formed (3). We found that the acid-
insoluble organic component, keroggn,
contained fossilized zooplankton fecal
pellets (¢).

Samples of marine shale are from the
Excello and Bandera Shale Members of
the Sonora and Oologah Formations
(Middle Pennsylvanian) of Oklahoma,
Kansas, and Missouri; the Meade Peak
Phosphatic Shale Member of the Phos-
phoria Formation (Lower Permian) in
Idaho, Wyoming, Montana, and Colora-
do; and the Puente Formation (upper
Miocene) in the Sante Fe Springs oil field
in California. Lacustrine shale is from
the Cumnock Formation (Upper Trias-
sic) of the Deep River coalfield of North
Carolina (1, 2).

In both thin sections and acid-insolu-
ble residues of shale and nodule samples,
the most abundant organic particles were
cylindrical and subcylindrical pellets
with average dimensions of 65 by 143 pum
(Fig. 1, b to f). Particles identified as
pellets have a length-to-width ratio of at
least 2:1 and represent at least one in
every 30 particles encountered in a scan
of a microscope slide. The pellets consti-
tute 2.5 to 62.6 percent by volume of the
acid-insoluble organic component of the
black shale samples and 2.0 to 8.2 per-
cent by weight of the shale (Table 1).
These are minimum estimates because of
destruction in sample preparation and
the counting of only intact pellets. The
particles appear flattened because of
compression and have thick centers and
thin edges. Other microfossil remains are
sparse, less than 1 percent by volume,
and include algal tissue, acritarchs,
spores and pollen, wood tracheids, fun-
gal hyphae, and worm segments (2).

Chemical analyses of the shale and
nodules (5) show high amounts of car-
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bon, phosphorus, and nitrogen (Table 1).
Organic carbon content ranges from 1.2
to 6.0 percent by weight; that of total
nitrogen, from 0.09 to 0.29 percent; and
that of total phosphorus, from 0.04 to
14.1 percent. Assuming that an average
fresh fecal pellet contains 20 percent
organic carbon, 4.5 percent nitrogen,
and 1.7 percent phosphorus (6), we
found that the intact pellet content ac-
counted for 50 percent or more of these
elements in 9 of our 15 analyses, making
the pellets a possible major source of
organic matter in the shales. The wide
range of carbon-nitrogen-phosphorus ra-
tios in the shale samples is consistent
with the diverse ratios reported from

- e

samples of recent sediments receiving
pellets as the primary source of these
elements (7).

The textures, shapes, sizes, and
length-to-width ratios of the fossil pellets
are typical of modern zooplankton fecal
pellets (Fig. 1a) such as those excreted
by copepods, common members of
planktonic ecosystems in lakes and
oceans (8). Copepod pellets are smaller
and more cylindrical than the coprolites
of bottom-dwelling benthic polychaetes,
molluscs, holothurians, and chironomids
commonly identified in marine and la-
custrine rocks (9). The fossil pellets
closely resemble aged copepod fecal pel-
lets that were produced by animals feed-
ing on natural plankton and were partial-
ly eroded during natural sedimentation.

Zooplankton fecal pellets can contain
intact and partially digested remains of
algae, bacteria, and small zooplankton as
well as detritus, minerals, and other par-
ticulate matter (7, 8, 10). Identifiable
remains, shown in Fig. la, include algal
and bacterial cells and cell walls, diatom
frustules, cell membranes, chloroplasts,
and exoskeletons of prey ingested by a

Fig. 1. Photomicrographs of a fresh copepod fecal pellet (a) showing partially digested algal
remains surrounded by a peritrophic membrane. Fossil pellets are from the marine (b) Puente,
(c) Phosphoria, (d) Excello, and (e) Bandera black shales and the lacustrine (f) Cumnock black
shale; (b, d, e, and f) are from acid-insoluble shale residues, and (c) is from a thin section of

shale. Scale bars are 10 pm.
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freshwater copepod (10). Planktonic pel-
lets can also contain clays and minerals
of terrestrial origin and anthropogenic
pollutants such as spilled oil, polycyclic
aromatic hydrocarbons, polychlorinated
biphenyls, and radionuclides (7, 11, 12).

Copepod fecal pellets are relatively
large, protected, and rapidly sinking par-
ticles that can enhance the preservation
and deposition of smaller particulate
matter ingested by zooplankton. Cope-
pod fecal pellets sink at rates of ten to
several hundreds of meters per day de-
pending on their size and content (8).
The inclusion of heavier minerals and
hard parts can ballast lighter organic
components in the pellets (/2). The pel-
lets are compacted in the gut of the
animal and are protected by a mucilagi-
nous or chitinous peritrophic membrane,
which also helps preserve the contents
from biological, geochemical, or physi-
cal disruption and dissolution. Copepod
pellets and fragments are the major parti-
cles that survive sedimentation and pre-
dominate in deep-sea sediment traps (7).
They also preserve calcium carbonate
skeletons of coccoliths to 5000 m, well
below the compensation depth at which

single carbonate skeletons would be dis-
solved (12). Pellets have been suggested
as the source of carbonate grains in some
Paleozoic sediments (I3).

Preservation of pellets and of banding
in sediments is best when benthic sus-
pension and deposit feeders are excluded
and microbial activity is reduced. This is
achieved by inhospitable chemical envi-
ronments in the water column above the
sediments. Anoxia or hypersalinity will
reduce or exclude benthic forms (/4) and
reduce microbial activity. These condi-
tions must be maintained in permanent
low-energy environments to limit biolog-
ical activity that would otherwise de-
stroy planktonic pellets and sediment
banding even through brief periods of
colonization and bioturbation. Suitable
anoxic environments occur in hypersa-
line and deep tropical lake basins, in
marine basins on shelves and in inland
seas, and in marine-silled fjords, trench-
es, and canyons. Unsuitable environ-
ments are shallow nearshore areas sub-
ject to wave and storm disturbance, sea-
sonally circulated and oxygenated lakes,
oxygenated deep seas, and unproductive
shelves. Suitable nonbasinal environ-

Table 1. Zooplankton fecal pellet abundances and organic chemistry of selected samples of
black shale associated with coal, oil, and phosphate deposits.

Pellet content

Organic chemistry
(% by weight)*

Pellet contribution
to sample (%)t

Sample Pe;cent Percent Or- Total Total Or- Total Total
volume by gamic nitro- phos- ganic nitro- phos-
of . car- h car- h
kerogen weight bon gen phorus bon gen phorus
Puente (upper Miocene)
Shale 1 26.8 3.6 3.3 0.20 0.11 20.6 81 55.6
Shale 2 229
Cumnock (Upper Triassic)
Shale 1 5.75 7.0 1.2 0.15 0.11 117 210 109
Phosphoria (Permian)
Shale 1 62.6
Shale 2 54.0
Shale 3 10.0
Shale 4 54.8
Shale 5 31.3
Shale 6 5.0
Shale 7 30.0
Shale 8% 19.6 8.2 3.7 0.11 13.80 44.3 335 1.0
Shale 9 36.9
Shale 10 2.5
Shale 11 10.9
Shale 12 13.6
Shale 13 6.9
Excello (Middle Pennsylvanian)
Shale 1 334
Nodule 1 21.5
Bandera (Middle Pennsylvanian)

Shale 1 9.0 3.5 6.0 0.29 0.04 11.7 54 149
Nodule 1 18.5 2.0 4.3 0.09 14.10 9.3 100 0.2

*The carbon-nitrogen-phosphorus ratios for the five chemically analyzed samples are 32:1.8:1, 10.9:1.4:1,

0.27:0.01:1, 150:7.3:1, and 0.30:0.01:1, respectively.

1Values greater than 100 percent indicate that the

pellet content of the shale can account for more of the organic component than actually remained in the

shale. 1A pisolitic, nodular shale.
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ments may also be found on shelves and
slopes in highly productive upwelling
regions, where high rates of deposition
and burial occur and midwater oxygen
minima intersect the sediment surface
(15). These depositional environments
are temporarily suitable although their
permanence over geologic time is ques-
tionable.

We propose model environments for
the deposition of the pellets on the basis
of modern environments in which pellet-
rich, thinly banded sediments are being
deposited today. The key factors re-
quired in the models are a high rate of
pellet deposition for long periods of time
under conditions suitable for the preser-
vation of both pellets and banding in the
sediments. Pellet deposition is greatest
when production rates are high and when
large numbers of pellets are preserved
after sinking through the water column.
Preservation in the sediments is greatest
in low-energy, anoxic, silled, or closed
basins. Thick deposits of sediments that
have pellets and thin banding indicate
deposition in anoxic basins over long
periods of time. This is contrary to mod-
els for phosphate, black shale, and epi-
continental sea deposits which propose
brief cataclysmic events or deposition in
shallow aerobic systems (3, 16).

We propose a coastal upwelling model
for the environment that produced the
Puente Formation, with deposition in
permanently anoxic basins with banded
sediments analogous to those in basins
off the coast of southern California and
Mexico today (13). The Excello and Ban-
dera shales were formed in epicontinen-
tal seas fed in part by outwelling from the
rich coastal wetlands. This is supported
by evidence of a shift from primarily
humic organics and terrestrial microfos-
sils in the eastern, landward extent of the
Excello shale to increasing algal remains
and hydrocarbons in its western, sea-
ward extent (/7). Our evidence suggests
that the Cumnock Formation was
formed in a deep, large anoxic lake sys-
tem similar to the African rift lakes (18),
where the water column is permanently
stratified due to climatic thermal stability
or hypersalinity. The Phosphoria Forma-
tion has been ascribed to the intersection
of a midwater oxygen minimum caused
by upwelling on a shelf or slope; howev-
er, we prefer to derive at least some of
the nutrients from the phosphate-rich
Precambrian Belt Series (/9).

Pellet microfossils link the deposition
of organic matter with that of elements
such as phosphorus, nitrogen, and trace
metals commonly associated with organ-
isms. The diversity of particulate matter
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in planktonic environments coupled with
biological processes of selective feeding,
digestion, and degradation during pellet
formation and deposition, provide an ar-
ray of organic compounds as diverse as
the ecosystems that produced them. This
chemical diversity of potential petroleum
precursors can explain, in part, the vari-
ety of hydrocarbon compounds found in
crude oils. The pellets are also a major
source of phosphate that later is avail-
able to precipitate into nodules. The spe-
cific environments in which pellet-rich
banded sediments are being produced
today may provide depositional strati-
graphic models for future fossil fuel and
mineral resource discovery and for the
simulation of hydrocarbon-producing
food chains.
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Didemnins: Antiviral and Antitumor

Depsipeptides from a Caribbean Tunicate

Abstract. Extracts of samples of a Caribbean tunicate (ascidian, sea squirt) of the
Sfamily Didemnidae inhibit in vitro at low concentrations the growth of DNA and
RNA viruses as well as L1210 leukemic cells. The active compounds isolated from
the tunicate, didemnins A, B, and C, are depsipeptides, and didemnin B (a derivative
of didemnin A} is the component active at the lowest concentration in inhibiting viral
replication in vitro and P388 leukemia in vivo.

We have isolated from a Caribbean
tunicate a new class of depsipeptides,
including highly active antiviral and anti-
tumor agents (/). Although these depsi-
peptides—termed didemnins after the
name of the tunicate family from which
they are isolated—are closely related to
one another, they vary in activity, sug-
gesting the possibility of further chemical
modification. This discovery confirms
our earlier observations (2, 3) that the
subphylum Tunicata or Urochordata
(phylum Chordata) is of special interest
both for the chemistry and for the bioac-
tivity of the compounds tunicates con-
tain 4, 5).

The tunicate in our study was collect-

ed at a number of sites (including Co-
lombian, Honduran, Mexican, Belizean,
and Panamanian waters) during the Al-
pha Helix Caribbean Expedition 1978
(AHCE 1978) (3). It has been assigned
(6) to the family Didemnidae and is a
member of the Trididemnum genus. Re-
peated tests of methanol-toluene (3:1)
extracts of the didemnid on shipboard
against herpes simplex virus, type 1,
grown in CV-1 cells (monkey kidney
tissue) indicated that it inhibited the
growth of the virus, over and above an
underlying cytotoxicity to the CV-1
cells. This result suggested that com-
pounds in the tunicate extract offered
promise both as antiviral agents and,
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