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Five coalified ovules of the type Trigonocarpus grandis are investigated four of which co-occur with tree-fern
foliage Alethopteris pseudograndinioides in the medullosalean forest (basal Cantabrian), and the fifth occurs in
top Asturian D (Sydney Coalfield, Canada). Addressed are questions of variability (what is a coalified ovule?),
comparison with petrified ovules, pyrolysates and the original make-up of the grandis seeds, and can similar
chemistry proxy for organic connection between ovule and foliage?
The results demonstrate variable preservation quality despite similar thermal-maturity levels in the geolog-
ical interval in which the ovules were collected. Nevertheless, the proposed T. grandis model is based on ev-
idence from epidermises associated with inner and outer integuments, and a two-layered nucellus with
granulose exine that is covered by a diaphanous layer (tectum?) and nucellar cuticle. The latter separates
the inner cuticle of the inner integumentary surface from the megaspore membrane. Parenchymatous and
sclerenchymatous cell structures are rare, whereas evidence for integuments, vasculature, and sclerotesta
is equivocal. Overall, these features compare with petrified seeds.
13C nuclear-magnetic resonance analysis suggests that the A. pseudograndinioides tree fern bore T. grandis
seeds. Pyrolysates from low and high molecular weights can almost exclusively be grouped with alkenes
and aromatics; phenolics, furan and branched alkenes; and with n-alkene/n-alkane homologous series (~3
to 1) for cuticles from the inner integumentary surface which suggests a cutin-based, aliphatic-rich
biomacromolecule. More generally, preservation is presumed correlative with aliphatic content, but not
exclusively, and organ–organ linkage by spectrochemical means certainly has potential as a new research
vector in palaeobotany.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Structure of North American pachytestal ovules (Pachytesta
Brongniart) of Pennsylvanian age are well-known from sectioned coal
balls (e.g., Darrah, 1968 and others; Hoskins and Cross, 1946; Taylor,
1965), and from Zimmerman and Taylor's (1970) scanning- and
transmission-electron transmission images. In contrast, coalified Car-
boniferous trigonocarpalean ovules remain largely uninvestigated,
except that Arnold (1948) studied cutinized Trigonocarpus Brongniart
from the Michigan Basin, where “cutinized” is synonymous with
fossilized-cuticle (Zodrow, 1977). His observations that “… these two

protective layers [sic integumentary cuticle and nucellar epidermis]
….. retain the outlines of the integument cavity and the form of the nu-
cellus” (Arnold, 1948, p. 138) served as guide for our investigative
interpretation.

We studied five coalified ovules of the type Trigonocarpus grandis
Lesquereux, 1884 (P821, pl 111, Figs. 1–3) emend. Cleal et al., 2010
from two successive coal seams in the Sydney Coalfield (Fig. 1). One
ovule is from the older seam. The others co-occur with massive
amounts of compressed foliage of Alethopteris pseudograndinioides
Zodrow et Cleal, 1998 and Linopteris obliqua Zodrow et al., 2007. Foliage
of these twomedullosalean tree ferns absolutely dominate the fossil re-
cord at this open-pit coal mine (Zodrow, 2002, 2004, 2007), which is
aptly named a lagerstätte for a medullosalean forest in the Canadian
Carboniferous Maritimes. Concomitantly, the lagerstätte offers an op-
portunity for assessing the physical association between ovule–foliage
(see organ–organ association: Meyen, 1984; Rothwell, 1985).

This study addresses the following questions: (i) what structure/
tissue components of the original seed are preserved and what
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influences preservation variability? (ii) What was the original make-up
of the seeds viewed through pyrolysates of selected components?
(iii) What is the evidence for comparison with petrified pachytestal
ovules, e.g. P. gigantea? We also advance the hypothesis that com-
mon chemistry of ovule–foliage proxies for organic connection,
subject to certain conditions. Used in this instance are methods of
13C CP/MAS NMR (Berns et al., 2011; Knicker, 2011). A synthetic
model of the histochemistry of T. grandiswill be published at a future
date.

2. Ovular nomenclature

Medullosalean coalified ovules differ frommedullosalean foliar com-
pressions in twomegascopical aspects: (1) they aremuch thicker, 10–60
times, than a general 30-μmpteridospermous compressionwith cuticle,
and (2) structures are variably preserved as intercalated coaly and
non-coaly layers. In its most simple representation, a medullosalean
[fertilized] seed (Fig. 2) is comprised of an integument (seed-coat
cover) surrounding the nucellus (cf. megasporangium) which contains
the embryo. Durable cuticles separate/cover these components
(Arnold, 1948; Oliver, 1903; Sporne, 1974, Fig. 3; Thomas and
Spicer, 1987, and others), which in turn are covered by a structured
diaphanous layer (tectum? cf. Zimmerman and Taylor, 1970, Pl. 6,
Figs. 1 and 5). We follow van Bergen et al. (summary: 1994a) who
used the term cuticle for describing unicellular integumentary layers
of high-aliphatic content for angiospermous fossil water-plant seeds
(cf. Cleal et al., 2010; Hoskins and Cross, 1946; Taylor, 1965; and

Zimmerman and Taylor, 1970). We caution that it remains to be
established if the cuticle from extant gymnospermous ovules, so
named by Favre-Duchartre (1956) and De Sloover (1964), correlate

Fig. 1. Study location. (A) Canada. (B) Maritimes Basin with Sydney Coalfield (Sub-Basin), Nova Scotia. (C) Local coal stratigraphy. The two sampled coal seams are marked (X), and
the medullosalean forest occurs in the roof rock of the Lloyd Cove Seam. CANT. = Cantabrian age (Zodrow and Cleal, 1985).

Fig. 2. Schematic longitudinal section of an ovule. MI=micropyle, IN=integuments,
NU=nucellus, and MSM=megaspore membrane.
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withwhat we refer to as cuticle in this paper, which actually represents
an epidermis.

3. Material and background of thermal maturity

Three-dimensional sandstone casts (cf. syntypes of T. grandis:
Gastaldo and Matten, 1978, Figs. 3–5) are not known from Sydney. A
flattened shaley cast with prominent tripartite ridges (Cleal et al.,
2010, Pl. 1, Figs. 2–3), though, compareswith the syntypes. Impressions
of the Sydney ovules in the shaley matrix, 6–9 cm long and 4–6 cm
wide, are reasonably complete dimension-wise, but of the brittle coaly
compressions (300 μm to 1700 μm thick) less than 20% remain for
analysis, generally.

Supportive of this investigation is Nomarski phase-contrast mi-
croscopy of more than 200 macerated structure/tissue fragments
that are organized on 56 glass-covered slides: 20 for 5-6/8-1, 24 for
85-202, 8 for ovule 3-258a, 3 for 5-10/11-5, and 1 for 2-306. Four
ovules, viz. 2-306, 3-258a, 5-10/11-5, and 5-6/8-1, originated from
the roof rock of the Lloyd Cove Seam that entombs the medullosalean
forest which was exposed in 200 m by 100 m open-pit mine, now a
lake (Fig. 1C). Provenance of the fifth ovule, 85-202, is the roof rock
of the Hub Seam (Fig. 1C), where it is a rare component among a

Late Asturian D flora. Hereafter, 5-6/8-1 is referred to as 8-ovule
(Fig. 3A), and 85-202 as 202-ovule (Fig. 3B and C).

Coal samples (vitrain) from the Lloyd Cove (2.4 m height) and the
Hub (2.3 m height) seams are included in the analyses. Key references
relating to petrography,mineralogy, and physicochemical characteristics
of these seams are Birk (1990) and Hacquebard (1993, 1998). The band-
ed, bituminous B, seams are dominated by bright coal (vitrain and
clarain, up to 97%), high pyrite contents (total sulfur 4.7% and 5.7%, re-
spectively; Zodrow, 1987), clay and other mineral classes. Although the
seams are separated by a 121-m shale-sandstone Pennsylvavian
cyclothem (Gibling and Bird, 1994), their thermal histories are compara-
ble which is inferred from identical vitrinite-reflectance values (Ro% is
0.65%; Zodrow et al., 2009, Table 1; Hacquebard and Donaldson, 1970),
confirmed by 13C CP/MAS NMR analyses (Fig. 4). In contrast, Ro% values
for 8-ovule range from 0.62% to 0.83% (mean=0.72%, n=20).

4. Methods

4.1. Chemical treatment, and names of sample forms

Schulze's (1855) oxidative process is used for macerating the
ovules and foliage of A. pseudograndinioides to retrieve the study

Fig. 3. Trigonocarpus grandis. 8-ovule and202-ovule. (A) 8-ovule (arrowed) from themedullosalean forest. Detail of block 5-6/8-1with eight detached ovules, Lloyd Cove Seam. (B) 202-ovule,
where “1”, “2” and “3” identify cupric V layers (sample name: Table 1, supplementary data). Hub Seam. (C) Detail of (B) showing one of the cupric V layer after HF liberation.
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materials (see analytical details in D'Angelo et al., 2010a; Zodrow et
al., 2012). The names of the sample forms (unmacerated hand speci-
mens) are distinguished from structure/tissue component(s) that the
forms yielded after maceration. One form did not need maceration,
and the present form names are coordinated with those introduced
by D'Angelo and Zodrow (2011, Fig. 3) (Table 1, supplementary
material).

4.2. Py-GC/MS

Selected structures/tissues from 8-ovule, including the alkaline
sample, 202-ovule and 3-258a were thermally fragmented to
volatile-pyrolysis products (pyrolysates) as follows. A 0.5 mg sample
loaded in a cup was quickly introduced into a Frontier Lab vertical
micro-furnace pyrolyzer set at 650°C. The pyrolyzer is interfaced to an
HP5890 GC equipped with an HP5971A MS. An Rtx-1301 column
(60 m, 0.25 mm id, 1.4 μm) is used for the analysis of low molecular-
weight (M.W.) pyrolytic products, whereas a DB-5ms column (30 m,
0.25 mm id and 0.25 μm) is used for the analysis of the higher boiling
point alkenes/alkanes, higher M.W. The pyrolysis interface and GC in-
jector are set at 280 °C and theMS interface at 290 °C, and columnpres-
sure is 15 psi and the split flow 20 mL min−1. Oven-temperature
program: 40 °C for 5 min then 7 °C min−1 to 240 °C, held for 5 min
(for the Rtx-1301 column); 60 °C for 4 min then 5 °C min−1 to
280 °C, held for 5 min (for the DB-5ms column). The mass-spectrum
scan ranges from m/z 34 to 350, and identifying pyrolysates are based
on standards, or on NIST mass-spectrum library.

4.3. 13C CP/MAS NMR experiments

Used was a Bruker Avance NMR spectrometer equipped with a
9.4 T magnet (Larmor frequency 400 MHz for 1H and 100.65 MHz
for 13C). Finely powdered material (12.3 mg) of 8-ovule, 24.9 mg of
cuticles of A. pseudograndinioides, and 73 mg for each vitrain sample
from the Lloyd Cove and Hub Seams were packed into 4-mm rotors
without further preparation. They were spun between 7.0 and
12.0 kHz to characterize the signal overlap of the spinning sidebands
(SSB) with the isotropic shift peaks. All spectra shown were acquired
at 12 kHz, and a recycle delay of 3 s was determined to be sufficient.
The other parameters (proton decoupling) were optimized on gly-
cine, whose carbonyl resonance also served as external, secondary
chemical-shift standard at 176.06 ppm.

CP (cross-polarized)-contact time dependences on the aliphatic and
aromatic signals influence the aromaticity fraction (see Werner-
Zwanziger et al., 2005), but such a ratio takenwith identical experimen-
tal conditions, as we have done, can be used to determine similarity
between the Lloyd Cove and Hub Seam coals. The integral limits
we used for the aromatic groups covered the well-separated exper-
imental features between 170 ppm and 90 ppm. Spectra of 8-ovule
and A. pseudograndinioides were acquired at 2 ms CP-contact times
to enhance the weak aromatic signals. Spectra with good signal-
to-noise ratios were acquired with 17,680 scans (Lloyd Cove),
20,500 scans (Hub Seam), 51,200 scans (8-ovule), and 14,336
scans (A. pseudograndinioides), for a total acquisition time of 43 h
(Fig. 4).

5. Results

5.1. Structure/tissue summary

5.1.1. 8-ovule
One thick tissue layerwas separable into seven surfaces (Fig. 5A toG).

Fig. 5A presumably is an inner cuticle of the inner integument (folded-
over) from which a structured, noncutinized diaphanous membranous
layer is seen slipping off, diaphanous layer for short. Fig. 5B shows
narrow-elongate rectangular sclerenchymatous cells (19–30 μm wide),
but accurate length measurements are difficult to determine despite
some cross walls (the implied sequential position is not certain).
Fig. 5C–D and E–F document each a two-layered granulose megaspore
membrane (exine: Taylor, 1965) characterized by variable cell shapes
and sizes (70–300 μm long, 60–200 μm wide), including slightly elon-
gate to near-isodiametric cells. Cuticle A (Fig. 5G, Table 1, supplementary
data) shows 3–10 μm wide anticlinal walls (or borders of cells), and
variable cellular topography of namely two conspicuous patterns. One
of them constitutes single (33–43 μm wide and 73–126 μm long),
doublet, or triplet rectangular cells that occur irregularly; the other
near-isodiametric cells (43–53 μmby46–56 μm)among themoval, pen-
tagonal, or triangular cells. An imprint/overlay of a diaphanous layer is
presentwith large irregularly shaped cells bounded by 1–3 μmwide cur-
vilinear cell walls. Fig. 5G probably corresponds to Fig. 5A. A nucellar
image (Fig. 5H) shows a megaspore membrane and brownish cutinized
cuticular cell walls adhering to granulose exine; faint nucellar cells are
near-isodiametric in shape.

5.1.2. 202-ovule
Consists of layers of vitrain intercalated with non-coaly layers,

e.g., cupric V (Fig. 3C, Table 1, supplementary data), where cupric re-
fers to copper content (D'Angelo and Zodrow, 2011). The variety of
structure/tissue components macerated from cupric V, vitrain, and
unoriented samples, are imaged in Figs. 6 to 8. Cupric V, Fig. 6A be-
fore and Fig. 6B after maceration, harbors three layers in original po-
sitions, referred to as “1” to “3”. Layer “1”, separated into two
surfaces (Fig. 6C and D), is interpreted as covering the inner integu-
ment (itself not preserved). Both surfaces have moderately thick an-
ticlinal walls, but differing cellular and diaphanous-layer topographies.
Fig. 6C has occasional rectangular doublets (30–47 μmwide and 73 μm
long) and near-isodiametric cells (30–44 μmwide and 37–47 μm long),
together with subtriangular and pentangular five-sided cells; cells of
the diaphanous layer (50–67 μm by 50–127 μm) are separated by
ca. 1.5 μmwide anticlinal walls. In contrast, Fig. 6D only has occasional
single rectangular cells (33 μm wide and 67 μm long), among
predominating near-isodiametric cells (27–40 μm by 27–43 μm). The
cells of the diaphanous layer tend to be larger (83 μm by 133 μm).

Layer “2” is separated into three distinct granulosemegasporemem-
branes (Fig. 7A to C), where Fig. 7A is a thin exine surface, and Fig. 7B
shows megaspore-membrane cells and also what appears to be adher-
ing cutinized nucellus-cuticle material (62–152 μm by 57–152 μm). At
×500 magnification (Fig. 7C), the granulose-surface structure of

Fig. 4. 13C CP/MASNMR spectra of vitrain of the Lloyd Cove Seam (a and c) and Hub Seam
(b and d); CP-contact times of 0.5 ms (a and b) and 1 ms (c and d). The star * identifies
spinning side bands.
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Author's personal copy

Fig. 7B remains unresolved. Oliver (1903, p. 472) who conjectured that
similar-pitted structures in the nucellus of recent Torreya (Family:
Taxaceae) performed a water-transfusion function. The inseparable
two-surface cuticle “3” (Fig. 7D) is interpreted as covers (epidermises)
of the outer integument. Cell topography consists of rare rectangular
doublets (33–37 μm wide and 73–76 μm long), and near-isodiametric
cells (33–47 μm wide and 37–57 μm) with moderately thick anticlinal
walls, and faint imprints of the diaphanous layer.

Maceration products (101 h) of what a ca. 1 mm sized outer-vitrain
fragment preserved, where sample size is limited by brittleness, are
illustrated by parenchymatous tissue (Fig. 7E) whose square-like cells
have cutinized anticlinal walls and very thin luminae, and sclerenchy-
matous cells (Fig. 7F), as suggested by the long and narrow cells
(compare Figs. 5B, and 8C).

An unoriented 0.75-mm wide and 10-mm long linear structure
with intact lateral margins is documented before (Fig. 8A) and after
73 h maceration (Fig. 8B). The structural linearity correlates with

the elongate cells (49–114 μm long and 11–15 μm wide) that have
relatively thick anticlinal walls both on the reverse and obverse sur-
faces that are parallel with the lateral margins (Fig. 8C; cf. Fig. 5B).
An unoriented amber-colored sample form (Fig. 8D, HF-freed: no
maceration) resembles a fossilized-cuticle (Zodrow and Mastalerz,
2007), but lacks cellular structure. We named it fossilized layer
(Table 1, supplementary data).

5.1.3. 3-258a ovule
Repeatedmaceration of samples of the entire specimen only yielded

a cuticle? (Fig. 9A) that has small, more or less near-isodiametric cells
(22–84 μm by 30–50 μm). Megaspore membranes are not preserved.

5.1.4. 5-10/11-5 ovule
One single layer, after macerating the entire specimen, separated

into a granulose megaspore membrane (Fig. 9B) without adhering
nucellar cuticle, and presumably the inner cuticle of the inner

Fig. 5. Trigonocarpus grandis. 8-ovule. (A) Folded-over inner cuticle of the inner integument with the diaphanous layer sliding-off. Slide 05-6/8-1/2 (8-ovule). (B) Elongate cells of rib-
related tissue. Slide 8ovule8L. (C) to (F). Granulose megaspore membranes. Slides 05-6/8-1/firstLay, 05-6/8-1/2Layer, 05-6/8-1/3Layer and 05-6/8-1/4Layer, respectively. (G) Equivalent
to cuticle A, with diaphanous layer imprint. Slide 8ovule8C. (H) Type slide of the granulose megaspore membrane with adhering nucellar cuticle, arrowed, and outlines of nucellar cells.
Slide 8ovule8E. Nomarski phase-contrast microscopy. (I) Scanning-electron micrograph of the megaspore membrane of Pachytesta composita. Source Zimmerman and Taylor (1970,
Plate 2, Fig. 4 x178).

28 E.L. Zodrow et al. / International Journal of Coal Geology 109–110 (2013) 24–35
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integumentary surface (Fig. 9C). Cell topography includes relatively
frequent rectangular doublets (30–36 μm long and 66–107 μm
long), and near-isodiametric cells (33–54 μm wide and 42–67 μm
long). Imprints of the diaphanous layer are not observed. We
named it cuticle B (Table 1, supplementary data).

5.1.5. 2-306 ovule
Preserved tissue includes narrow elongate cells (cf. Fig. 8C), and

nucellar cuticle still attached to a nucellar megaspore membrane
with exine sculpture, not shown.

5.2. Py-GC/MS chromatograms

5.2.1. Cuticle A, 8-ovule
Fig. 10A and B represents lowM.W. and higherM.W. pyrolytic prod-

ucts, respectively, where peak identification (1 to 10) is keyed to Table
2, (supplementary material). The lowM.W. products (Fig. 10A) include
isoprene(5), benzene(7) and related structures, e.g., toluene(1) whose

precursor likely is coalified lignocellulose or lignin (Hatcher et al.,
1989; Lyons et al., 1995), though other sources cannot be ruled out
such as macromolecule-bound diaromatic carotenoids (Hartgens et
al., 1994). Documented in Fig. 10B is the homologous series (a series
of compounds with both similar molecular formula and similar chemi-
cal properties) of normal n-alkenes and n-alkanes of n-C9 to n-C16, and
up to C23 n-alkenes, with a ratio ~3 to 1 in favor of alkene (aliphatic
unsaturated hydrocarbons). In contrast, Tegelaar et al. (1989) and
McKinney et al. (1996) have shown an alkene-peak predominance.
The alkaline solution of 8-ovule (Fig. 11A and B) shows very little pyro-
lytic information, where isoprene(5), 1-hexene(6), and heptene(9) are
comparatively very small (compare with Figs. 11A or 10A).

5.2.2. Cupric V, and fossilized layer, 202-ovule
Fig. 12A to C, respectively. Cupric V shows quality lowM.W. products

(similar to 8-ovule in Fig. 10A), which are propene(1), 2-butene(2),
toluene(10), and 2,4-octadiyne, noting that isoprene(5) and benzene
(7) are not recorded, and that toluene(10) is present in comparatively

Fig. 6. Trigonocarpus grandis. 202-ovule. (A) Cupric V HF-liberated. (B) After 147 h maceration, surfaces “1, 2, and 3” are retrieved (see text), and “15-18, 20-21” are keyed to the slide
numbers. (C) and (D) Inner/outer cuticles covering the inner integument. Slides 85-202/15 and 85-2002/16, respectively. (A) and (B) photographed immersed in water, and (C) and
(D) by Nomarski phase-contrast microscopy.
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higher amounts. In the higher M.W. chromatograms (Fig. 12B and C) n-
alkenes/n-alkanes are absent which confirms a non-cuticle state for the
fossilized layer.

5.2.3. 3-258a ovule
The pyrolysates (Fig. 13A) from a chemically untreated coalified

ovule with some preserved cuticle (cf. Fig. 9A) show an array of low
M.W. products of which propene(1) and toluene(10) are the most
prominent. The higher M.W. chromatogram (Fig. 13B) records
branched C12 alkenes(17) and branched C14 alkenes(18), and the
remaining pyrolysates—vinyl furan(12), m-cresol(13), o-cresol(l4),
3-Et phenol(15), and 2-Et phenol(16)—could be interpreted as pyro-
lytic markers of “fern” lignin.

5.3. 13C CP/MAS NMR spectra

5.3.1. Coal
Coal-sample spectra are compared in Fig. 4, where each pair repre-

sents data from the Lloyd Cove and the Hub Seams, which document
the well-separated aliphatic and aromatic carbon signals. Features in
the aromatic range (between about 165 ppm to 100 ppm) are typical
with their well-understood signatures of oxygen-substituted aromat-
ic carbons around 154 ppm, the bridge aromatic carbons around
139 ppm, and protonated aromatic carbons around 127 ppm with
shoulders around 120 ppm (Werner-Zwanziger et al., 2005 and

references therein). The SSB intensities of these aromatic peaks
around 3 ppm, mostly from the largest peak at 127 ppm, are indicat-
ed by a star *. Aliphatic signals resonate between 65 ppm to 3 ppm.
The maxima at 20 ppm, and possibly a shoulder at 15 ppm, can be at-
tributed to methyl-groups, whereas the other features resulted from
linear chain and branching aliphatic carbons, and possibly from
some methoxy carbons (lignin-related). The Lloyd Cove sample
shows a small pronounced sharper peak with a maximum at
30 ppm attributed to linear chain-CH groups. This peak can be quite
dominating in younger-aged coals (Werner-Zwanziger et al., 2005),
but is quite weak and not visible at the longer contact times. In addi-
tion, the sample also shows a weak signal intensity at 74 ppm, stem-
ming from alcohol-aliphatic carbons. The aromaticity ratios for a
contact time of 0.5 ms f=0.55±0.03 (Lloyd Cove coal), 0.56±0.06
(Hub coal), and for contact time 1 ms, f=0.59±0.07 (Lloyd Cove),
0.61±0.04 (Hub coal).

5.3.2. T. grandis and A. pseudograndinioides 13C CP/MAS NMR spectra
Fig. 14A and B shows the full spectra, and the two spectra that

highlight the weaker signals, respectively of A. pseudograndinioides.
The two spectra in Fig. 14B can be distinguished from one another
based on their noise levels, where the signals from the cuticle of
A. pseudograndinioides are more noisy (heavily zigzagging traces).
Both spectra (Fig. 14A) are dominated by the strong aliphatic peak,
with maxima around 30 ppm, i.e., aliphatic unsubstituted carbons

Fig. 7. Trigonocarpus grandis. 202-ovule. (A) to (C) “2” Granulose exine, noting that (C) is magnified x500. See text. Slides 85-202/20, 85-202/17, and 5-202/21, respectively. (D) “3”
Cuticles of the outer integument. Slide 85-202/18. (E) Parenchymatuos cells. Slide 85-202/9. (F) Sclerenchymatous cells. Slide 85- 85- 202/10. See text for explanation of “2” and “3”.
Nomarski phase-contrast microscopy.
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with the linear chain carbons resonating in the sharper peak. The latter
is more pronounced in the cuticles of A. pseudograndinioides, which cor-
roborates infrared results of cuticles (Zodrow and Mastalerz, 2007,
Fig. 8).

Concerning the weaker signals, both organs show the full range of
carbon-chemical shifts. In addition to the unsubstituted carbons
assigned above, these groups are present:

(1) maxima near 62 ppm: CH2-groups (methylene) from alcohols
and ester

(2) maxima near 75 ppm: CH2–O ether linkages CH
(3) near 85 ppm: C alcohol and ether linkages
(4) maxima near 104 ppm: acetal groups which are not present for

A. pseudograndinioides
(5) near 171 ppm: aromatic resonances as described above, car-

boxyl groups, and
(6) near 200 ppm: aldehydes and ketones.

6. Discussion

6.1. Preservation comparison among the specimens, and what a coalified
ovule is

Overall, the relative decreasing abundance of preserved structural
components is as follows: cuticles, megaspore membranes, diapha-
nous layers, nucellar cuticle, followed by rare sclerenchymatous and
parenchymatous tissues. Evidence for the integuments is possibly
represented by the fossilized layer, and sclerotestal tissues (Figs. 5B,
7F, 8A to C). These could relate to the trigonous ribs (Taylor, 1965,
p. 26), manifest as external-lithified impressions that are the basis

for trigonocarpalean taxonomy (e.g., Brongniart, 1881, p. 39). Vascu-
lature is apparently not preserved. However, taken as a whole, the
microscopical data leave little doubt that not all specimens consis-
tently preserved the same structures/tissues, nor to the same degree
of quality. 3-258a ovule is an extreme as megaspore membranes
and diaphanous layer are not preserved. The sum-total components
from the variably preserved ovules present the nature of coalified
ovules from Sydney, and by inference coalified ovules from other
Carboniferous coalfields, if preserved under similar conditions.

6.1.1. Pyrolysates and original make-up of the T. grandis seed
These data offer a first attempt at deciphering aspects of original

make-up of structural parts of Carboniferous ovules, highlighting at
the same time limits of the Py-GC/MS methodology (Zodrow and
Mastalerz, 2001, 2002 outlined advantages).

The homologous n-alkenes/n-alkanes series of cuticle A (8-ovule)
suggests a cutin-based composition of hydrocarbon-chain structure.
Analogous with “Most fossil cuticles [sic foliar] that reveal the pres-
ence of a macromolecule based on long-chain aliphatic moieties….”
(van Bergen et al., 1994a, p. 144; Edwards et al., 1997, p. 348; Koch
and Ensikat, 2008; Stoyko and Rudyk, 2013). The series is presumed
to have arisen from the random pyrolysis of polyethylenic (CH2)n
chains that must be linked to the organic structures by bonds more
stable than the ester linkages in extant cutin since such structures
cleave preferentially to yield a carboxylic acid from the acyl moiety
and an alkene from the alkyl moiety. Isoprene, probably in the
0.5 to 1.0% range (D'Angelo et al., 2010b), in agreement with van
Bergen et al. (1994a), could have been derived from some
tocopherol precursor as vitamin E-like compound. These results

Fig. 8. Trigonocarpus grandis. 202-ovule, (A) to (C) Rib-related structures. (A) Isolated
linear structure before maceration. Photographed immersed in water. (B) After macer-
ating; ca. 1/3 of the structure is shown. Slide 85-202/1. Plane-polarized light. (C) Cen-
tral part of (A) with elongate-cell structure. Slide 85-202/1. (D) Fossilized layer with
cutinized, Y-shaped ridges. Slide 85-202/5. (B) to (D) Nomarski phase-contrast
microscopy.

Fig. 9. Trigonocarpus grandis. (A) 3-258a: Cuticle with near-isodiametric cells. “1” single,
“2” folded-over layer. Slide 03-258a/1. (B) 5-10/11-5: granulose megaspore membrane
separated from (C). (C) Cuticle B. Inner? cuticle of the inner integument without diapha-
nous layer. Slides 5-10/11-5/1”1”. Nomarski phase-contrast microscopy.
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contrast with cupric V and the fossilized layer (202-ovule) that hardly
yielded any pyrolytic information, though FTIR data indicate CH2/CH3

ratios (6–13) compatible with cutin (D'Angelo and Zodrow, 2011).
This is likely due to interference caused by organic matter being mac-
romolecular with small side-groups that are easily fragmented off to
give products as in Fig. 12A. Alternatively, the macromolecules may
be too cross-linked to give higher M.W. in Fig. 12B or C. Ovule 3-
258a demonstrates that useful information relating to branched
alkenes is possible from the vitrain of a compressed ovule.

In contrast with the informative IR data from alkaline solutions
(Zodrow et al., 2009), the Py-GC/MS data show very little information
which is likely the result of traces of the alkaline base that is known to
severely influence the pyrolysis of any organic matter that is present.
Alternatively, the results could just mean that the organic matter is a
highly cross-linked, complex, macromolecule and that pyrolyzing it
only produced char. These results emphasize the importance of
using multiple analytical techniques when studying different sample
forms (e.g., coalified ovule, alkaline solution, and cupric V) of fossil
remains).

6.2. Comparison of the coalified with certain petrified ovules

6.2.1. Integumentary cuticles
Although we present detailed descriptions of cuticles, comparison

with coal-ball cuticles is hindered as in the North American literature
they are described but mostly inadequately figured (Arnold, 1948;
Hoskins and Cross, 1946; Taylor, 1965; Zimmerman and Taylor, 1970).
Darrah (1968), however, documented rectangular doublet (andquadru-
plet) cell topographies. We agree with the conveyance by these authors
that integumentary cuticles have little or no taxonomic-systematic

value. This, however, ignores the significance for the histochemical
approach taken in this paper, which aids in elucidatingmolecular struc-
ture, and at the same time offering an explanation for the preservation.

6.2.2. Nucellus
Nucellar features are considered salient characteristics for com-

paring compressed (coalified) ovules with petrified seeds. Cleal et
al. (2010, Pl. 3, Fig. 3) assigned large cells with granulose surfaces of
8-ovule to the nucellus. In this study, we refined the analysis and fig-
ured higher-resolution images for a more comprehensive comparison
with the corresponding petrified materials. This includes first of all
the similarity of the topical features between the coalified “type”
specimen in Fig. 5H and the petrified seed in Fig. 5I, i.e., clear outlines
of nucellar cells and cuticles by prominent ridges, and granulose
exine surfaces (Zimmerman and Taylor, 1970, pl. 2, Fig. 4 ×178).
The similarity of granulose megaspore membrane is highlighted for
our specimens (×125 and ×500 magnifications) on comparison
with Darrah's exine image of P. gigantea (1968, pl. 2, Fig. 8: transmit-
ted light, ×225). The comparison indicates minimal differences.

Darrah (1968) emphasized that in petrified P. gigantea, P. vera,
P. composita, P. stewartii, and P. saharaspermum only two-layered
megaspore membranes occur (demonstrably established via coal-ball
sectioning), the same as was observed in older coalified Trigonocarpus
(Pettitt, 1966, pl. 18, Fig. 3; p. 251). Our data conform with these
observations. We infer from the one or three megaspore membranes
that we reported remnants of a two-layered megaspore membrane
for T. grandis. We add that work on the two-layered megaspore
membrane is still in progress, confirming a two-layered membrane.

In addition, nucellus-cell sizes are also considered comparable pa-
rameters, though not of crucial importance. The nucellar cuticle must
be distinguished from the inner nucellar layer, where the former has

Fig. 11. Py-GC/MS. 8-ovule. Pyrolytic products. Alkaline solution. (A) LowM.W. (B) Higher
M.W.

Fig. 10. Py-GC/MS. 8-ovule. Pyrolytic products. Cuticle of the inner integumentary sur-
face. (A) Low M.W. (molecular weight), (B) Higher M.W. n-alkene/n-alkane products.
Expansion of Y-axis for more accurate hydrocarbon observation. *CO2 from air contam-
ination, which also applies to Figs. 11 to 13. See Table 2 (supplementary data) for iden-
tification of products 1 to 19. ane=alkane, ene=alkene.
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thick cutinized anticlinal walls, diaphanous luminae, and larger cell
sizes that range between 200 and 230 μm in length and 150 and
230 μm in width. What we think represent measurements of the
inner nucellar layer range between 53 and 240 μm in length and 40
and 230 μm width, which broadly compare with 115 μm to 175 μm
reported by Hoskins and Cross (1946, Fig. 17B, p. 223)“… giving us
another character by which to identify it [sic nucellus]”. Taylor
(1965, p. 25–26) reported a nucellar thickness of up to 1.7 mm for
P. gigantea, isodiametric cells 70 μm to 13 μm (compare Darrah,
1968, Table 2: 177 μm by 104 μm), and referenced even larger cells
(110 μm to 400 μm) as being nucellar tissue in the pollen-chamber
region. The point is made that nucellar cells are considerably larger
and of different configuration than those of the cuticles, and measure-
ments on our specimens conform with the observations from the
petrified specimens.

6.3. T. grandis–A. pseudograndinioides “linkage”

Given the widely different maceration times for 8-ovule (20 d),
and only up to 168 h for A. pseudograndinioides, the similarity of
their spectra is quite remarkable. Schulze's process has probably
oxidized all available chemical species and the final products are

presumably determined by the original chemical structure of the
fossil plant. The inference is based on controlled time-maceration ex-
periments with foliage of A. pseudograndinioides, where increased
maceration time to 168 h did not substantially affect oxygenated
groups, as determined by FTIR experiments (Zodrow and Mastalerz,
2007). Despite 13C CP/MAS NMR spectral similarities, indicative of
the differences of the original plant materials is the intensity

Fig. 12. Py-GC/MS. 202-ovule. Pyrolytic products. Cupric V and fossilized layer. (A) Low
M.W. of cupric V (see Fig. 3C). (B) Higher M.W. of cupric V. (C) Higher M.W. of fossil-
ized layer (see Fig. 8D), noting that the low M.W. pyrolytic products are similar to
those of (A).

Fig. 13. PY-GC/MS. 3-258a. Pyrolytic products. Coalified ovule. (A) Low M.W. (B) Higher
M.W.

Fig. 14. 13C CP/MAS NMR spectra: cuticle of Alethopteris pseudograndinioides and
cuticle of the inner surface of the integument of 8-ovule. (A) Full traces of high
aliphatics. (B) Highlights of weaker signals.
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difference in the unbranched CH2 groups, and the small, but very sharp
methyl-group peak at 13.8 ppm in the cuticles of A. pseudograndinioides
(Fig. 14).Methyl groups in this chemical-shift range are the terminating
groups of unbranched chains. Missing the sharper component, 8-ovule
has a broader resonance in this spectral region which is caused by less
mobile or higher branched, unstructured aliphatic groups, showing
higher networks. Also remarkable, and not observed in other cuticles
of Carboniferous seed-fern species we have studied so far, is the peak
at 10 ppm (U. Werner-Zwanziger, Banghao Chen and E. Zodrow
2008–2009. Unpublished 13C CP/MS NMR research notes). Carbon
signals at these shifts result from acetal groups, for example from
polysaccharides that are the chemical building blocks of cellulose
and starch, i.e., the structural components or energy-storage mate-
rials of plants (Nip et al., 1989). These signals from 8-ovule indicate
that its tissues were part of the stronger, structurally relevant
ovular tissue rather than the protective surface layer (cuticle) of
the leaves of A. pseudograndinioides. The sharp methyl-group signal
of A. pseudograndinioides and the stronger unbranched CH2 groups,
on the other hand, indicate longer, linear chains and thereby a hy-
drophobic, oily or waxy cuticular structure (van Bergen et al.,
2004; Zodrow et al., 2009, Fig. 3, for a molecular presentation of
the cutan biopolymer).

In summary, we caution that especially the ketones, acids, oxygen-
ated and hydroxygenated carbons may have been introduced during
Schulze's maceration process (U. Werner-Zwanziger, Banghao Chen
and E. Zodrow 2008–2009. Unpublished 13C CP/MS NMR research
notes). Differences between the spectra of the 8-ovule and the associ-
ate pinnule cuticle of A. pseudograndinioides are seen in the higher
intensity of the sharper linear-chain signals in the pinnule spectrum
(around 30 ppm), the methyl peak (around 13.8 ppm) which is
absent in the 8-ovule spectrum, and the acetal peak (104 ppm) in
the 8-ovule spectrum which is missing in the pinnule data set.

The assumption that cuticle A represents part of the outer integu-
ment (cupule), thought to be homologous with laminate foliage,
requires further study as the morphological interpretation by Cleal
et al. (2010) is “inner cuticle of the inner integument”. However,
the approach for “connecting” isolated ovules with physically associ-
ated foliage by chemical similarity is a testable hypothesis for which
pitfalls that concern circumscribing “chemical similarity” have to be
ironed-out. The alternative to this modus operandi is relying on ser-
endipitous finds of organically connected ovules that, however, after
more than 100 years of collecting world-wide (Wagner, 1968)
yielded only three or so ovules of the smaller types that are indisput-
ably attached to foliage (cf. Retallack and Dilcher, 1988; Zodrow and
McCandlish, 1980).

7. Concluding remarks

Seldom can it be said for a group of Carboniferous plant organs,
preserved as compressions, coal balls, and fossilized-cuticles, that
morphology, histology and chemical aspects have been so thoroughly
studied as for these larger medullosalean ovules. Preservation in
coalified ovules is likely favored by original seed chemistry which is
inferred from cuticle A (normal or linear alkene/alkane series), and
can probably be said to apply to integumentary cuticle (epidermises),
megaspore membranes, diaphanous layers, and nucellar cuticle as
well. Supportive in this respect are 13C CP/MAS NMR data. By the
same token, namely vasculature, fleshy seed coats, and sclerotestal
material are not, or poorly preserved. Preservation variability among
the specimens, despite near-identical maturity levels in the sample
section, is ascribed to factors that override aliphatic chemistry, possibly
clay-diagenesis effects combined with variable Eh–pH conditions
(cf. Krumbein and Garrels, 1952; van Bergen et al., 1994b).

A practical implication is the chemotaxonomic potential based on al-
iphatic chemistry, as indeed has been concluded previously by Osborne
et al. (1993) for some extant gymnospermous cycadean foliage. Koch

and Ensikat (2008) experimentally underpin the implication. Initial ev-
idence suggests that cuticular topography and diaphanous layers have
the potential for differentiating integuments, i.e., decide when inner/
outer integuments are at issue. Not overlooked either can be ovules as
a potential kerogen source, given the vast extent of Carboniferous
medullosalean forests and prodigious productions as attested to by
the fossil record (e.g. Arnold, 1938).

Unlike coal-ball formation by carbonate-replacement chemistry
(summary Zodrow et al., 2002; Raymond et al., 2012) for preserving
seed structures in the finest detail, formation of coalified ovules is dif-
ferent, and its complexity is probably far from being understood. The
decidedly variable maceration times to produce workable surfaces
likely reflect the complex history of formation. The compression
process ostensibly preserved sufficient seed structure/tissue compo-
nents for comparison with the larger Pachytesta species. And the
two-layered granulose exine megaspore membrane is cited evidence
for a generic union. We note that what we illustrate as diaphanous
layer bears topographical resemblance with a tectum as illustrated
by Zimmerman and Taylor (1970, Pl. 6, Figs. 1 and 5), but the fossil-
ized layer is difficult to correlate with coal-ball seeds. The challenge
that remains is how does the chemical make-up of pachytestal tissues
compare for a detailed description of the pathways of organic matter
transformations with coalified ovules?

Test results of the novel modus operandi, re. organ–organ linkage,
are encouraging for a budding scientific branch whose overall aim is
intended to promote whole plant-fossil reconstruction of which
connective anatomy is an important component (Dilcher, 1991). But
more data for organ–organ testing of homologous structures by
various spectrometric methods are necessary for a sound scientific
theory.

In summary, T. grandis is considered the seedofA. pseudograndinioides,
although where attachment occurred to the mother tree remains
unknown. Anatomically it is described as a seed having inner and outer
integuments and a two-layered nucellus with granulose exine, covered
by nucellar cuticles and diaphanous layers.
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