Aromatic Free Radicals
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Occurrence of Vascular Plants in the Middle Precambrian
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The Middle Precambrian chert of Gunflint formation
contains an exceptionally high amount of bitumen
free radicals. The Gunflint chert appears to be the
oldest formation in which the presence of these radi-
cals has been found. Their presence in this deposit
constitutes evidence for the existence of primitive pro-
tovascular plants in the early Proterozoic environ-
ment of the Lake Superior Region of Canada.

Organic free radicals in coals and petroleums have
been investigated extensively over the years and these
studies have helped in understanding the genesis and
transformation of natural bitumens. However, other
carbonaceoussedimentaryrocksalso have an apprecia-
ble concentration of stable organic free radicals in
their native forms; formed, presumably, during dia-
genesis of fossil organic matter. Thus, organic free
radicals can be associated with those reactions by
which the organochemical substances in living ancient
matter are converted to fossil organic matter. In addi-
tion, the organic free radicals offer an excellent means
of understanding the structure of fossil organic mat-
ter, or at least that part of their structure that has
unpaired spins. Surprisingly, organic free radicals in
ancient carbonaceous rocks have received little atten-
tion. Despite their obvious significance and the fact
that the examination of the chemical nature of these
organic free radicals and their relationship to the
chemical nature of fossil organic matter in ancient
carbonaceous rock may show them to be identical
to those found in younger carbonaceous rocks, in
which the origin is biologically controlled, thus con-
firming the presence of biological material in particu-
larancient rocks. Furthermore, we could then, conceiv-
ably, relate these organic free radicals to the biota
extant during the rock formation.

Electron spin resonance (ESR), a sensitive and non-
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destructive method for investigation of paramagnetic
species, has been used for the study of organic free
radicals in coals [1] and petroleums [2] by several
workers. ESR allows detection of many organic free
radicals in situ at ppm level in small samples (0.1 g
or less) without prior extraction. One great advantage
of in situ study lies in the avoidance of external con-
tamination. It also permits examination of organic
free radicals in their context with their host and their
association with fossil organic matter. We have be-
come interested in the possibility of using ESR spec-
troscopy to obtain information concerning the nature
and origin of organic free radicals in ancient sedimen-
tary rocks which have had a relatively simple geologi-
cal and chemical history and which are of special
interest for paleobiological research. For this reason,
we have investigated the organic free radicals in the
Gunflint chert (Middle Precambrian, ca. 1.9 x10° y
old, Ontario, Canada) [3] hoping that this might help
to elucidate the nature of the ancient living matter
present on the Earth. The antiquity of the organic
matter in the Gunflint chert and its definite biogene-
city lend much interest to various aspects of the Gun-
flint formation, particularly with reference to prob-
lems of the nature of Precambrian life.

Organic Free Radicals in the Gunflint Chert
and in Natural Bitumen

The black, fossiliferrous chert from the Gunflint for-
mation is composed of about 98% cryptocrystalline
quartz and contains about 1% organic matter; it ap-
pears to be a chemical sediment of primary origin.
The chert was prepared for ESR analysis by first
cutting thin chips of several rock specimens and wash-
ing carefully with distilled water. They were then
treated with boiling 30% hydrochloric acid to remove
carbonates and other soluble inorganic constituents.

The chips were then etched in 48% hydrofluoric acid
and air-dried. Spectra of etched chips were recorded
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Fig. 1. Variation of spin concentration S (spins g ') with the pyro-
lysis temperature T for the bitumen free radicals in the Gunflint
chert

at ambient temperature on a Bruker 200D ESR spec-
trometer employing 100-kHz modulation and a nomi-
nal frequency of 9.5 GHz.

A typical ESR spectrum of the Gunflint chert pre-
pared by the procedure described above, is a single,
nearly Lorentzian, symmetrical line without hyperfine
structure, having a g value 2.0027+0.0001 and line-
width 4AH,_,=0.26 +0.03 mT. The g value and line-
width of these specimens is similar to those organic
free radicals in coals [1] and petroleums [2] which
are believed to be rather complex aromatic ring struc-
tures.

The chert samples (0.1 g to 0.2 g) were pyrolyzed by
heating to the desired temperature (from 295 to
900 K), and held at this temperature for 2 h. The
spin concentration, linewidth and g value were then
carefully measured at room temperature. The spin
concentration is seen to change dramatically within
the temperature range covered (Fig. 1). Up to about
800 K, only moderate changes in spin concentration
occur. Spin concentration increases sharply at about
800 K and drops substantially on going to about
900 K (Fig.2). At this temperature it decreases
sharply and, simultaneously, the lineshape becomes
closer to Lorentzian. The g value shows no change
on laboratory pyrolysis up to 900 K. This temperature
ESR behavior on laboratory carbonization is very
similar to that found for coals of higher rank and
is basically characteristic of vitrinite and sporinite
macerals [4].

In order to eliminate the possibility that the free radi-
cals studied are associated with organic matter which
is present on the surface of etched chips or in micro-
fissures or pore system (and of relatively recent ori-
gin), the chips were powdered and then extracted ex-
haustively with 7:3 (v/v) benzene-methanol in a Soxh-
let apparatus for 24 h. This extraction did not effect
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Fig. 2. Variation of the ESR linewidth AH,_, with the pyrolysis
temperature 7 for the bitumen free radicals in the Gunflint chert
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Fig. 3. Temperature dependence of the integrated ESR absorption
I (in arbitrary units) for the bitumen free radicals in the Gunflint
chert

the concentration of radicals found which indicates
that the organic free radicals in the Gunflint chert
are associated with insoluble organic amorphous ma-
terial or morphologically intact insoluble material of
(known) biological origin. Obviously, this result also
suggests that these radicals are almost certainly indig-
enous to the chert samples.

One way to understand the nature of spins and their
interactions within a complex paramagnetic system
is to carry out a basic investigation into the area
of spin excitation. For this reason, the signal intensity
of organic free radicals in the Gunflint chert sample
was measured as a function of temperature in the
range from 170 K to 400 K. The results (Fig. 3) indi-
cate that, over the temperature range covered, there
is no evidence for a significant decrease in intensity
that could be attributed to a component obeying the
Curie-Weiss law [5]. For the present, we may take
it that nearly all free organic radicals in the Gunflint
chert arise from charge-transfer interactions and that
the number of simple doublet states independent of
their surroundings is very small, if they exist at all.
The absence of fine and hyperfine structures, the nar-



row linewidth independent of temperature, as well
as a quasi-Lorentzian lineshape at g~2, would sug-
gest that we are dealing with Wannier triplet excitons
[6]. Such paramagnetic excitations may be associated
with organic charge-transfer compounds within the
Gunflint chert containing stacks of alternatively do-
nor and acceptor types of aromatic systems.

From the data presented here, it seems most likely
that the organic free radicals in the Gunflint chert
are the condensed aromatic systems similar to those
found in coal asphaltenes and petroleum asphaltenes
[5]. In analogy to the genesis of the organic free radi-
cals in coals, the organic free radicals in the Gunflint
chert were probably formed in a similar manner by
slow pyrolysis during metamorphosis of initial or-
ganic matter. If the Gunflint chert has indeed had
a relatively mild thermal and chemical history, inevi-
tably, the question of the nature of the precursor(s)
of these radicals arises.

Elemental analysis showed that the Gunflint chert
contains about 1% of total organic carbon, but our
data suggest that the soluble organic substances in
this rock is in the 1-ppm range. The trace quantity
of soluble organic matter in the sediment samples
studied indicates an almost complete diagenetic con-
version of the organic matter to gases and insoluble
organic material, a process analogous to that ob-
served during coalification. On the other hand, petro-
logic and geologic evidence suggests that most, and
presumably all, of the organic matter in this sedimen-
tary rocks was emplaced prior to lithification, at the
time of original sedimentation {3].

If 156 is taken as the minimum molecular weight
of the aromatic free radicals in the Gunflint chert
(corresponding to two stacked benzene rings as the
minimum  structural element required for charge-
transfer complexes) and 4 x 106 spins g ™! is accepted
the approximated mean spin concentration (Fig. 1)
then the organic material with free-radical character
must be =10 ppm by weight.

Protovascular Plants as a Source
of Bitumen Free Radicals in the Gunflint Chert

The presence of aromatic polymers in sedimentary
rocks is associated with its derivation from lignins,
but the presence of lignins in the Middle Precambrian
is rather questionable since lignins are not believed
to have evolved (in plants) before the Devonian peri-
od. Brooks and Shaw showed that sporopollenin,
when heated, gives a specific mixture of aromatic
compounds which is almost identical to that produced
from most metamorphosed sedimentary kerogens [7].
Potonie and Renhelt showed that aromatic com-
pounds are present in fossil sporopollenin [8]. For

this reason, Brooks [9] postulated fossil sporopollenin
as a precursor for the aromatic compounds in the
carbonaceous cherts of the Onverwacht formation
(Early Precambrian, ca. 3.4x10°y old, Transvaal,
Southern Africa) and the overlying Fig Tree Forma-
tion (Early Precambrian, ca. 3.1x10%y old) [10].
Thus one may also infer a fossil sporopollenin precur-
sor for the aromatic free radicals in the Gunflint chert.
This need not imply any high degree of heating al-
though in both the Onverwacht and the Gunflint chert
the presence of black organic matter would certainly
suggest some degree of coalification. Paleobiological
evidence seemingly supports sporopollenin as a pre-
cursor because of the occurrence of spore-like fossil
organisms of diverse and heterogeneous origin in the
Gunflint chert [3].

In view of this, we have investigated the ESR spectra
of the Onverwacht and Fig Tree chert. However, the
ESR spectra obtained did not reveal the presence
of bitumen free radicals in these or other carbona-
ceous rocks: namely, Paradise Creek chert (Late Pre-
cambrian, ca. 1.6 x 10° y old, Queensland, Australia)
[L1]; Brioverian chert (Late Precambrian, ca.
0.7 x 10° y old, Normandy, France) [12]; Rhynie chert
(Late Devonian, ca. 0.4x10°y old, Scotland) [11]
and Karadjordje chert (Late Triassic, ca. 0.2x10°y
old, Serbia) [13]. The origin, lithology, mode of pres-
ervation of organic constituents and thermal history
of these rocks appear to be quite similar [10-13] to
those of the Gunflint chert [3]. Thus, our results
suggest that the paramagnetic assembly of aromatic
structures in the Gunflint chert do not seem to be
related to the products of diagenetic degradation of
ancient fossil sporopollenin similar to those found
in the Onverwacht and Fig Tree chert. Alternatively,
there is also the possibility that the sporopollenin
precursor of aromatic compounds in the Onverwacht
and Fig Tree chert had a different chemical constitu-
tion to the sporopollenin progenitor of aromatic free
radicals in the Gunflint chert. The presence of
bitumen free radicals in the Gunflint chert and their
absence in both geologically older and younger cherts
emphasizes their uniqueness among the cherts of Pre-
cambrian time. Additionally, we have found no ESR
signal attributable to bitumen free radicals in the car-
bonaceous shales of Precambrian time: Fig Tree shale
(Early Precambrian, ca. 3.1 x 10 x9 y old, Transvaal,
Southern Africa) [10]; Soudan shale (Early Precam-
brian, ca. 2.7x10°y old, Michigan, USA) [l4];
Nonesuch shale (Late Precambrian, ca. 1.1x10%y
old, Michigan, USA) [15]; and in the Michigamme
algal coal (Middle Precambrian, £1.9x10°y old,
Michigan, USA) [16].

We have found large quantities of paramagnetic aro-
matic structures in the organic fraction of the Gun-
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flint chert (=1000 ppm or 4 x 10'® spins g~') that
resemble those found in pure macerals, vitrinites and
sporinites of geologically young coals (ca. 108 spins
g~ 1) [4]. This focuses attention on the somewhat start-
ling conclusion that during the Middle Precambrian
in the depositional environment of the Gunflint for-
mation of the Lake Superior Region, primitive (proto)
vascular plants existed. These plants must have been
rich in cellular tissues (a vitrinite progenitor) and/or
rich sources of spores (a sporinite progenitor). In ei-
ther of the possibilities (proto)lignins are the precur-
sor of the paramagnetic aromatic species in the Gun-
flint chert. As far as we aware this is the first direct
evidence of the existence of plants during the Middle
Precambrian.

The occurrence of primitive plants during the deposi-
tion of the Gunflint chert seems further supported
by paleobiological evidence. The Gunflint chert con-
tains three-dimensional microfossils as the product
of deposition in a silica-rich aqueous environment
[3]. Present paleobiological evidence of the Gunflint
chert indicates the presence of, at least, eight genera
of primitive Gunflint (proto)plants ranging from
branched and unbranched filamentous structures
from 0.6 to 6.0 um accross (length may be greater
than 300 um) to spheroidal spore-like bodies from
about 1.1 to 30.0 um in diameter, representing a mor-
phologically and physiologically diverse population
[3].

Indirect support for a lignin precursor of aromatic
free radicals in the Gunflint chert seemingly comes
from the study of decomposition products of brown
algae (Fucus vesiculosus) [17] giving definite evidence
of the presence of lignin in these algae. This fact
suggests the possibility that, at least locally, the algae
similar to Fucus vesiculosus, rich in conductive tissues,
existed in the Middle Precambrian environment of
the Lake Superior Region. These algae, undoubtedly,
would have been multicellular, thus eukaryotic, pho-
tosynthetic, autotrophic and oxygen-consuming, The
stable-carbon-isotope studies suggest that the Gun-
flint organic matter was produced by photosynthesis,
by analogy with contemporary photosynthetic prod-
ucts such as wood or with known fossil products
of photosynthesis such as coal [18]). We thus infer

482

the presence of primitive vascular plants in the Middle
Precambrian time metabolically similar to modern
plants, supporting the view that considers the Gun-
flint biota as a “bench mark” of Precambrian life
in the early Proterozoic [19].
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