A proposed origin for fossilized Pennsylvanian plant
cuticles by pyrite oxidation (Sydney Coalfield,
Nova Scotia, Canada)

ERWIN L. ZODROW & MARIA MASTALERZ

Fossilized cuticles, though rare in the roof rocks of coal seam in the younger part of the Pennsylvanian Sydney Coalfield,
Nova Scotia, represent nearly all of the major plant groups. Selected for investigation, by methods of Fourier transform
infrared spectroscopy (FTIR) and elemental analysis, are fossilized cuticles (FCs) and cuticles extracted from compres-
sions by Schulze’s process (CCs) of Alethopteris ambigua. These investigations are supplemented by FTIR analysis of
FCs and CCs of Cordaites principalis, and a cuticle-fossilized medullosalean(?) axis. The purpose of this study is three-
fold: (1) to try to determine biochemical discriminators between FCs and CCs of the same species using semi-quantita-
tive FTIR techniques; (2) to assess the effects chemical treatments have, particularly Schulze’s process, on functional
groups; and most importantly (3) to study the primary origin of FCs. Results are equivocal in respect to (1); (2) after
Schulze’s treatment aliphatic moieties tend to be reduced relative to oxygenated groups, and some aliphatic chains may
be shortened; and (3) a primary chemical model is proposed. The model is based on a variety of geological observations,
including stratal distribution, clay and pyrite mineralogies associated with FCs and compressions, and regional geologi-
cal structure. The model presupposes compression-cuticle fossilization under anoxic conditions for late authigenic depo-
sition of sub-micron-sized pyrite on the compressions. Rock joints subsequently provided conduits for oxygen-enriched
ground-water circulation to initiate in situ pyritic oxidation that produced sulfuric acid for macerating compressions,
with resultant loss of vitrinite, but with preservation of cuticles as FCs. The timing of the process remains undetermined,
though it is assumed to be late to post-diagenetic. Although FCs represent a pathway of organic matter transformation
(pomd) distinct from other plant-fossilization processes, global applicability of the chemical models remains to be
tested. CCs and FCs are inferred endpoints on a spectrum of pomd which complicates assessing origin of in-between
transformations (partially macerated cuticles). FCs index highly acidic levels that existed locally in the roof rocks.  Key
words: Carboniferous, fossilized cuticles, natural maceration, pyrite oxidation, FTIR.
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Fossilized-plant cuticles (referred to as FCs) have been
known to exists for almost 250 years in the sedimentary ba-
sins of Devonian to Miocene ages. In the Pennsylvanian
Sydney Coalfield (Fig. 1), they occur as intact cuticle-
fossilized pinnate structures as large as 30 cm, particularly
of medullosalean and marattialean groups, or as detached
leaves. These plant-cuticle structures are “ready made” for
light and electronic microscopic observations, and surpass
in size even the larger pteridospermous [leaf] cuticles obta-
ined by Krings & Kerp’s (1997) maceration process, not to
mention the ferny cuticles from which otherwise only
millimeter-size cuticles could be extracted (Barthel 1962,
summary: PSenicka 2005, Zodrow & Mastalerz 2002).
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The primary origin of FCs remains unknown, and
therefore pathways of organic matter transformation as re-
lated to phytochemotaxonomic investigation remain unex-
plored. The circumstance and inconsistent nomenclature
for FCs probably contributed to the infrequent references
to FCs in the literature (e.g., Roselt 1956, p. 84; Migdefrau
1956, Schopf 1975, Taylor & Taylor 1993). FCs were
probably first described by Goppert (1841, pl. IV), while
Unger (1852) published morphological studies on epider-
mal structures. Schulze (1855) experimented with brown
coal and established a chemical protocol known today as
Schulze’s [maceration] process which is used for extract-
ing cuticles from [coalified] compressions (herein referred
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Figure 1. Location map of Sydney and Mabou, Nova Scotia, Minto, New Brunswick and Bay St. George,

Newfoundland and Labrador Sub-Basins, Canada.

to as CCs). Bornemann (1856) provided the impetus for the
use of epidermal-fossil remnants in palaeobotanical stud-
ies. Subsequently, the cuticular coal that occurred in the
Moscow Basin was named “Blitterkohle” by Auerbach &
Trautschold (1860, p. 26), and referred to as “Papierkohle”
(“cuticles fossiles) by Zeiller (1882, p. 218) because of its
textural characteristics resembling paper. Gothan (1916)
also mentioned Carboniferous neuropterid cuticles. Neavel
& Miller (1960), Neaval & Guennel (1960) and DiMichele
et al. (1984) studied Indiana “paper coal”, where the latter
authors referenced natural maceration as a fossilization
process for the stems of Karinopteris sp. (see also Stach
1982, pp. 114, 115). Giannasi & Niklas (1977) and
Lockheart et al. (2000) referenced angiospermous oak and
elm-tree cuticular sheaths of Miocene age. The Permian
Dohlener Basin, Germany, is also known for these cuticles
(Barthel 1976, Reichel & Schauer 2006). Looy (2007,
p- 959) referenced mineralized cuticles (= fossilized cuti-
cles three-dimensionally preserved by carbonate impreg-
nation) without supportive mineralogic and geochemical
data. Recently, “paper coal”, similar to that from Indiana,
has been discovered in Upper Triassic sediments in
Cacheuta, Argentina (pers. comm. Dr. J.A. D’ Angelo, Jan-
uary 2008). This short summary illustrates (1) the lack of a
consistent nomenclature, and (2) contributes to confusion
about what is meant by “fossilized cuticle”, or “paper
coal”. To address this problem requires a theoretical frame-
work in which certain classification questions can be ad-
dressed (e.g., whether post-diagenetic influences should be
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Figure 2. Coal Seams of Sydney Coal-
field, Nova Scotia, Canada. “S” marks
sampled roof rocks, where the coal-seam
names are according to the Geological
Survey of Canada (Bell 1938). Strati-

graphic section of the Mabou Sub-Basin
is omitted but see Zodrow & Vasey
(1986).

a part of the model, consistent nomenclature), but from
which also emerges a clear concept of the primary fossil-
ization process involved, in relation to other processes of
plant preservation. In effect, such a theoretical framework
would eventually lead to a basic reassessment and revision
of Schopf’s (1975) classic classification of fossilization
processes.

In this paper, we discuss the origin of FCs, based spe-
cifically on data originating from the Sydney Coalfield,
Nova Scotia, although other Carboniferous Maritimes
Sub-Basins provided ancillary data, i.e., Mabou, Nova
Scotia, Minto, New Brunswick, and Bay St. Georges in
southwestern Newfoundland (Fig. 1).

Materials

From more than 170 FCs collected, 151 glass-mounted sli-
des were made all of which are curated in the Palacobotani-
cal Fossil Collection at Cape Breton University. This inclu-
des 20 types and figured specimens. These represent only ca
1% of the 15,000 compressed fossil plants collected from
the Sydney Coalfield (Table 1), but they include all of the
major floral groups. From this collection, Alethopteris ambi-
gua (Lesquereux pars) Zodrow & Cleal, 1998, and Cordai-
tes principalis (Germar) Zodrow et al., 2000 were selected
for study because they are represented both by FCs and CCs.
In addition, the only collected cuticle-fossilized medullosa-
lean(?) axis, 4 cm long and 0.75 cm wide, is included in the
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study. These samples originated from the clay-rich roof
rocks, Table 2 (see also Zodrow 1983) in the Sydney Mines
Formation (Fig. 2), Sydney Coalfield (Cleal er al. 2003).
Associated coal seams show random vitrinite reflectance
(Ro %) between 0.70% to 0.75% (Hacquebard & Cameron
1989, Fig. 15); however, our measurements at point of sam-
pling show lower values (i.e., 0.60% to 0.65%).

A few samples of Indiana and Argentine “paper coals”
(cuticular sheaths or envelopes devoid of coal) were also
examined for an initial comparison with Sydney’s FCs,
though results will be published later.

Methods

Table 3 documents (1) the chemical treatments of samples
studied, together with (2) ratios calculated from integrated
areas under the absorbance curves (Zodrow & Mastalerz
2007) from Fourier transform infrared spectroscopy
(FTIR) technique.

(1) FCs of A. ambigua (Lesquereux pars) were freed
from the shale matrix using 48-51% HF, and CCs of this
species were macerated using a modified protocol of
Schulze’s process which is suitable for Sydney’s com-
pression fossils (Cleal & Zodrow 1989). The FCs of C.
principalis (Germar) and the cuticle-fossilized medul-
losalean(?) axis were physically lifted dry from the shale
matrices, and subdivided into three parts for independent
analyses.

(2) CH,/CHys; is the methylenic/methyl ratio (Fig. 3) cal-
culated in the aliphatic stretching region of 2800 cm™ to
3000 cm™' wavenumber. Smaller ratios indicate more
branched and shorter aliphatic chains, whereas from larger
ratios longer unbranched chains may be inferred (see Van
Bergen et al. 2004). Al/Oy is the ratio of the integration
area of the aliphatic stretching region of 2800 cm™ to
3000 cm™ to that of the oxygenated groups in the

Table 1. Overview of generic taxa (number of species bracketed) repre-
sented by fossilized cuticles. Carboniferous Maritimes Basin, Canada

Morphogenus

Sydney Coalfield, Nova Scotia:
Annularia (1) Mariopteris (37)
Alethopteris (3)
Aphlebia (27)
Calamites (?)
Cordaites (1)

Cyclopteris (2)

Neuropteris (4)
Odontopteris (3)
Oligocarpia (2)
Pecopteris (5)
Reticulopteris (1)
Sphenophyllum (47)
Eusphenopteris (2)

Laveineopteris (1)
Linopteris (2)

Lobatopteris (1) Sphenopteris (?)
Lonchopteris (1) Lepidodendron (?7)

Macroneuropteris (3)

Minto Coalfield, New Brunswick:

Mariopteris (2?) Neuropteris (7)

Bay St. Georges Basin, Newfoundland and Labrador:
Lobatopteris (1)

1600 cm™ to 1800 cm™ region. From this ratio the oxida-
tion state of the cuticle may be inferred (Pradier et al. 1992,
Lin & Ritz 1993, Zodrow & Mastalerz 2007).

Samples for FTIR analysis were prepared by mixing
0.5 mg to 2 mg of the dry cuticle material with ca 250 mg
KBr and pressing this mixture into pellets. The KBr pellets
were then analyzed on a Nicolet 20SXC, equipped with a
DTGS detector, collecting 1,024 scans/samples at a resolu-
tion of 4 cm™ wavenumber which were recorded in the
400 cm™ to 4000 cm™ region.

Elemental analyses were performed on a Carlo Erba
1108 CHNS-O Elemental Analyzer using 1 mg to 3 mg of
dried cuticles for analysis. Duplicates were performed to
test for cuticular homogeneity.

Table 2. Semi-quantitative X-ray mineralogic data (wt.%), grain sizes, and rock types of some roof rocks sampled. Sydney Mines Formation (Fig. 2),
Sydney Coalfield, Nova Scotia. Detection limit is 1 to 3 wt.%. Amorphous matter wt.% is rather approximate, but the numbers imply large amounts of
organics in these lithologies, confirmed as unidentifiable plant debris, spores and megaspores by thin-section examination. qtz — quartz, mi — mica/illite,

chl — chlorite

coal seam stratigraphic sample mineral species

maximum grain size (mm)

o amorphous

position above the seam atz mi chl otz i chl matter rock type
Lloyd Cove

10 m 23 20 <10 26 22 - > 40 clayey siltstone

100 cm 24 32 38 78 160 55 - silty shale

20 cm 25 25 15 80 165 57 >25 clayey siltstone
Stubbart

60 cm 16 60 15 8 19 8 <15 shale
Gardiner

100 cm 25 20 15 42 80 61 <35 clayey siltstone
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Table 3. Fossilized cuticles (FCs) and their chemical treatments, cuti-
cles by Schulze’s process (CCs), and FTIR-calculated CH,/CHj3 and
Al/Oy ratios. Sydney Coalfield, Nova Scotia. * Zodrow et al. (2000, Ta-
ble 3). 91-263 and SY-369 originated from the same stratal horizon at one
locality in the roof rocks of the Lloyd Cove Seam (Fig. 2)

species chemical CHZ/CH3 Al/Oy

accession No. FC/CC treatment allphgtlc oxygenated
(hours) chains groups

Alethopteris ambigua
91-240-0 FC HF (10) 4.87 0.76
7-7/11-3a CcC - 5.20 0.37
Cuticle-fossilized Medullosalean(?) axis
7-9/27-9b FC HF (15) 7.01 1.77
7-9/27-9a FC Schulze’s (15) 4.83 0.52
7-9/27-9¢ FC H,0 (10) 4.51 1.77
Cordaites principalis
91-263-0 FC HF (24) 5.80 1.77
91-263-1 FC Schulze’s (24) 4.18 0.32
91-263 FC H,0 (10) 3.50 0.66
SY-369* CcC - 2.80 0.30

Results: FTIR and elemental analyses

FTIR characteristics and influence
by chemical treatments

Figs 4 to 6 show the FTIR spectra of the samples studied.
Relevant CH,/CH; and Al/O, ratios are summarized in
Table 3, together with the chemical treatments applied.

By virtue of the sample, an opportunity exists (1) to
compare infrared signals from FCs with CCs of the same
species, and (2) to assess effects of Schulze’s chemical
treatmens on cutan moieties (Fig. 3) in FCs that were phys-
ically removed from the rock matrix without chemical in-
tervention, i.e., the medullosalean(?) axis and C.
principalis (Germar). Cutan is the biopolymer proposed as
main constituent of fossil cuticles, but its complete struc-
ture is as yet unknown, either for extant plants or fossils
(McKinney et al. 1996, fig. 5; Van Bergen et al. 2004). Al-
though some data to this effect had been obtained from se-
lected FCs by Zodrow & Mastalerz (2001, Table 3), these
data did not evaluate changes in cutan moieties, as is done
in the present work.

In respect to (1) (comparison of infrared signals be-
tween FCs and CCs of the same species), two data sets
are available. One is for A. ambigua (Lesquereux pars)
(Fig. 4A, B and Table 3) which shows that differences in
the CH,/CH; ratios between FCs and CCs are small (per-
haps insignificant), but that the Al/O, ratios are signifi-
cantly larger in FCs. This indicates an increase in oxy-
genated groups relative to aliphatic stretching bands as
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Figure 3. Organic moieties in the cutan biopolymer, simplified structure
showing long-chain alkyl units linked by ether (Van Bergen et al. 2004,
McKinney et al. 1996). A — ether linkage, B — ester or ether linkage (de-
pending on R group), C — methylenic groups in long aliphatic hydrocar-
bon chains, R — monomer or p-coumaric acid.

a result of the chemical treatment. Interestingly, CCs
for this species have a prominent peak at 1024 cm™
wavenumber, which is not the case for FCs. A peak at
this location of CCs could come from minerals matter or
from C-O bonds in alcohol. As mineral matter is ex-
pected to have been removed during chemical treatment
(with HF), C-O is the postulated source. The lower Al/O,
ratio in FCs suggests relative enrichment in the oxygen-
ated groups by the chemical treatment, and not diagnos-
tic differences. The second set of data for (1) is for CCs
C. principalis (Germar) (Fig. 5D) and FCs (Fig. 5C)
treated only by water-washing. In this case, differences
in both the CH,/CH; and Al/O, ratios are distinct, with
each of the ratios being lower in CCs. A lower Al/O, ra-
tio in CCs corresponds to that seen in A. ambigua
(Lesquereux pars) (Fig. 4), again suggesting a relative
reduction in aliphatic groups in favor of oxygenated
groups during chemical treatment. A lower CH,/CHj; ra-
tio in CCs of C. principalis (Germar) compared to
Fig. 4A may suggest that chemical treatment shortened
aliphatic chains, though this was not observed for A.
ambigua (Lesquereux pars) (Fig. 4).

In respect to (2) (assessing the chemical effects on
FCs), influence of Schulze’s process is demonstrated on
the cuticle-fossilized medullosalean(?) axis (Fig. 6A—C)
and C. principalis (Germar) (Fig. SA—C). Noted is that
CH,/CH; and Al/O, ratios (Table 3) are consistently
smaller in comparison with those after HF treatment, as
noted in our previous study on FCs (Zodrow & Mastalerz
2001, Table 3). These changes in ratios from Schulze’s
treatment result in loss of information, as seen in rela-
tively reduced aliphatic moieties compared to the oxygen-
ated functional groups, as well as in some elimination of
longer-aliphatic chain compounds (see Fig. 3). However,
in the cases where the FCs parts were treated only with
distilled water, the CH,/CHj; ratio is comparatively the
lowest, whereas the Al/O, ratio is intermediate or equal to
that after HF treatment. This result, after treatment with
distilled water, is rather unexpected and requires further
study.



Table 4. Elemental analysis of Alethopteris ambigua as fossilized cuti-
cle (FCs) and as cuticle by Schulze’s process (CC) in weight percent
(Wt.%). Sydney Coalfield, Nova Scotia. Average of two analyses. Oxygen
by subtraction

accession No.

nitrogen  carbon hydrogen  sulfur  oxygen
91-240-0 FC 2.05 47.52 435 15.41 na
7-11/7-3a CC 3.69 49.98 5.36 0.28 40.67

Elemental data

Table 4 shows elemental data of the FCs and CCs of A. am-
bigua (Lesquereux pars). Although carbon of CCs is com-
parable to that of FCs, in FCs both hydrogen and nitrogen le-
vels are appreciably lower, whereas sulfur is very high. The
high sulfur content is probably due to pyrite contamination,
as other elemental analyses of cuticles from Sydney Coalfi-
eld showed low sulfur content (0.15 to 0.19 wt.%, Zodrow et
al. 2000, Table 4). Because of this unresolved situation, we
refrained from calculating the oxygen component. Howe-
ver, the 40.67 wt.% oxygen level of CCs reported is nearly
double that of all our previously reported oxygen analyses of
cuticles (n = 12, Lyons et al. 1995, Table 1; Zodrow et al.
2000, Table 4), and requires further study.

Nature and occurrence
of fossilized cuticles in Sydney Coalfield

Preservation state

A compressed pinnule (Fig. 7), or the mesophyllous com-
ponent of the original leaf vitrinized during coalification,
may have the cuticle well preserved (Fig. 8). In contrast,
fully developed FCs specimens in the Sydney collection
are characterized by the absence of the vitrinitic-
compressive component (Zodrow & Mastalerz 2001), they
are seen flatly adpressed on a rock matrix, and are not im-
pregnated with any mineral matter [they have no third di-
mension as cuticles have described by Looy (2007)].

Physical characteristics of FCs compared to CCs

The amber color of fully developed FCs matches that of
CCs, though significant physical differences exist between
the two. One such difference is that FCs have waxy surfa-
ces that makes them extremely water repellent, and on this
account resemble over-macerated CCs, e.g., when macera-
tion is repeated on CCs (including the alkaline treatment).
Assuming that the molecular structure of the FCs, inclu-
ding multilayering, is similar to that of cuticles from extant
plants, the water-repellent characteristic is probably expla-
ined by the presence of lipid layers that constitute a cuticle
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Figure 4. FTIR spectra. Alethopteris ambigua (Lesquereux pars) cuti-
cles. * A — FC freed from the rock matrix by HF. 91-240-0. « B — CC.
7-11/7-3a. Lloyd Cove Seam, Sydney Coalfield, Nova Scotia.
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Figure 5. FTIR spectra. Cordaites principalis (Germar), cuticle. Chemi-
cal-treatment comparison. ® A — FC treated by Schulze’s process. ¢ B — FC
freed with HF. » C — FC distilled-water washed only. 91-263-1, 91-263-0,
91-263, respectively, contiguous specimen. * D — CC from Zodrow et al.
(2000, fig. 3A). Lloyd Cove Seam, Sydney Coalfield, Nova Scotia.

231



Bulletin of Geosciences * Vol. 84, 2, 2009

3432

CH,/CH,=4.83
AlQ, = 0.52

2b

CH,/CH,=7.01
A0, =177

2c

1637 1459

CH,/CH, = 4.51
A0, =177

4000 3500 3000 2500 2000 1500
Wavenumbers (cm™)

1000 500

Figure 6. FTIR spectra. Cuticle-fossilized medullosalean(?) axis. Com-
parisons of chemical treatments. « A — FC treated by Schulze’s process.
* B —FC freed with HF. « C — FC distilled-water wash only. 7-9/27-9. Har-
bour Seam, Sydney Coalfield, Nova Scotia.

(Walton 1990, and references therein; Van Bergen et al.
2004). A second difference between FCs and CCs is that
FCs are comparatively more static (more electrically char-
ged), which makes it difficult to manipulate them, particu-
larly when they are dry. A third difference reflects on the
nature of preservation. For example, FCs of Linopteris ob-
ligua (Bunbury) Zodrow, Tenchov & Cleal, 2007 are enti-
rely intact as are the FCs of Reticulopteris muensteri (Eich-
wald) Zodrow & Cleal, 1993 (Fig. 9). In contrast, CCs
of L. obliqgua (Bunbury) consistently disintegrated upon
maceration, completely or partially, along the reticulate ve-
nation into individual areolae (Fig. 10) (ELZ 2007, unpub-
lished research). A satisfacory explanation for the integra-
tion is not available, but such phenomenon has not been
observed in any other CCs studied (e.g., Cleal & Zodrow
1989), and since then.

Epicuticular preservation on FCs
FCs may have preserved trichomes, papillae, and lateral-
venation. Most noticeable, though, is that upper and lower

surfaces are generally inseparable, which does not rule out
preservation of only one fossilized surface. If only one sur-
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Figure 7. Oblique view (top to bottom) of the compressed leaf of the
seed fern Macroneuropteris macrophylla (Brongniart). SEM stub # 12,
photo 2, 40° tilt, x 2,000, 982-229. Lloyd Cove Seam, Sydney Coalfield,
Nova Scotia.

face is preserved, then it is likely the upper surface because
itis generally thicker than the lower one. In either case, sto-
matal, costal and intercostal cells are seldom preserved,
though three exceptions are noted from the Sydney Coalfi-
eld, i.e., R. muensteri (Eichwald), A. ambigua (Lesquereux
pars), and Odontopteris cantabrica Wagner 1969. Cleal et
al. (2007) compared FCs and CCs of specimens of O. can-
tabrica.

FCs identification problem

Careful field examination in the Maritimes Basin can in
most cases differentiate between true compressions and
true amber-colored FCs. However, as demonstrated la-
ter, “compressions” can be naturally macerated to vary-
ing degree. A subjective-state assessment would consist
of transmission-microscope examination of the “com-
pression” that had been freed from the rock matrix, im-
mersed in distilled water or some other suitable medium.
Conclusions reached, however, can be confounded by
variable thickness of the compression, e.g., thin “com-
pressions” of Alethopteris serlii (Brongniart) Zodrow &
Cleal, 1998 or Macroneuropteris scheuchzeri (Hoff-
mann) Cleal, Shute & Zodrow, 1990, vs. thick “compres-



100 um

Figure 8. Histological cross section of the seed-fern leaf Alethopteris
sullivantii Lesquereux, coal-ball preparation. Tissue between the upper
and lower cuticle is termed mesophyll, where the cuticle is ~5 um thick.
(u) upper epidermis, (hy) hypoderm, (p) palisades, parenchyma, (x) xy-
lem, (s) spongy parenchyma, (b) bundle sheath, (e) bundle-sheath exten-
sion, and (1) lower epidermis. After Reihman & Schabilion (1976).

sions” of A. pseudograndinioides Zodrow & Cleal,
1998, for example. A more objective assessment requi-
res observing the blackening degree of the alkaline sol-
vent (during Schulze’s process), where the comparative
scale is that completely macerated FCs do not discolor
this colorless solution. The most conclusive approach,
however, is by methods of liquid-state 'H or 3C NMR,
or FTIR spectroscopy.

In practical terms, cuticles extracted from variably af-
fected natural-macerated compressions (partial FCs/CCs),
may inherently show poor-cell topography, which could be
misinterpreted as having originated from “eroded” com-
pression-state preservation which overlooks the true nature
of the preservation and taphonomic histories.

Geological observations on FCs
in the Sydney Coalfield

Geological field and experimental evidence gathered over
the last three decades by ELZ is summarized below, in sup-
port of the proposed chemical model, ever since the late
professor C.A. Arnold in 1975 pointed to the presence of
FCs (Ptychcarpus unitus) from the Hub Seam in Sydney

0.5 mm

Figure 9. Reticulopteris muensteri (Eichwald). FC with discernible in-
tercostal cellular structure. Three cells separate flexuous lateral veins (ar-
rowed). 982-430D. Mabou Sub-Basin, Nova Scotia.

Coalfield (ELZ 1977, pers. comm.). Additional observati-
ons include data on vertical rock-joint distribution, results
from thin-section analyses, sulfur determination in shale
(Zodrow & Mastalerz 2001, table 1), and most importantly
the recognition of the role of oxidizing authigenic pyrite as
an agent for change.

(1) FCs and compressions can be preserved side by side
in a bedding plane which implies that localized genesis of
FCs is possible.

(2) In addition to individual FCs, cuticle-pinnate struc-
tures of 30-cm length can be preserved. Included are frond
segments of O. cantabrica Wagner (Zodrow 1985, pls
1-3), ferny sphenopteroid Oligocarpia brongniartii
(Zodrow & Mastalerz 2002, fig. 3), and larger pecopteroid
structures from Newfoundland (Bashforth 2005, pl. 9,
figs 1-3).

(3) Naturally macerated ferny and seed-fern axes are
rare in comparison with FCs.

(4) FCs are fresh-looking and free from signs of alter-
ation.

(5) FCs never show any siliciclastic mineral matter
lodged between separable upper and lower surfaces, nor is
it observed in the only collected axis that cannot be sepa-
rated into surfaces.
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Figure 10. Linopteris obliqua (Bunbury), CC.
Basal part of the pinnule fragmented into more or
less loose areolae along lateral veins, after attempt-
ing maceration. MV is the remnant mid vein.
977-644-2. Hub (Stubbart) Seam, Sydney Coalfield.

/4

Scotia.

(6) FCs are typically free from pyrite, as seen in situ and
in FCs freed from the shale matrix. These contrasts sharply
with compression fossils (with preserved cuticle) that may
show massively deposited sub-micron-sized authigenic
pyrite (Fig. 11), and siderite that are unaltered at time of
collection (Zodrow et al. 2007).

(7) FCs with naturally macerated in situ sporangia and
intact palynomorphs are rare (e.g., Zodrow et al. 2005).
Rare are also in situ naturally macerated sporangia without
preserved FCs, though recovered palynomorphs are intact
for taxonomic determination.

(8) FCs are confined to argillaceous roof-rocks (Ta-
ble 2), but areal distribution in any particular stratal local-
ity is nearly impossible to circumscribe. One exception
is a locality that was exposed by surface-coal mining in
the basal Cantabrianat the Lloyd Cove Seam, a ca 5 m?
area. It yielded FCs of A. ambigua (Lesquereux pars),
L. obliqua (Bunbury), P. unita (Brongniart), C. prin-
cipalis (Germar), and Neuropteris flexuosa Sternberg.
The other exception is found in the Mabou Sub-Basin
where R. muensteri (Eichwald) is abundantly present in
thick, oxidized shale units (Zodrow & Cleal 1993,
Zodrow & Vasey 1986).

(9) FCs are absent in coarse-grained clastic rocks which
include channel deposits that replaced roof shale (Fig. 12).

(10) Near the Westphalian D base, Fig. 2 (Zodrow &
Cleal 1985, fig. 5a), thermal maturity increased to Ro
0.85% or more (Hacquebard & Cameron 1989, fig. 15).
FCs are not known from below this boundary, though com-
pression-cuticles are common (Zodrow & Cleal 1998).

(11) Transitional phases between coalification-FCs
over sub-mm distances in one compression leaflet can be
observed and can be confirmed by infrared analysis on
other specimens (Zodrow & Mastalerz 2001, p. 272).
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Pyrit Formation B
FeS,

Fe+2

Figure 11. Authigenic-pyrite deposit on a compression. * A — sub-micron sized cubes and
octahedra of pyrite on the abaxial surface of Macroneuropteris scheuchzeri (Hoffmann). SEM
stub # 34, 982-376b, x 10,000. ¢ B — pyrite formation on a Carboniferous foliar compression,
modified after Berner (1980, figs 5-13; 1984). Lloyd Cove Seam, Sydney Coalfield, Nova

Proposed origin of FCs
in the Sydney Coalfield, Nova Scotia

Acid source for in situ maceration

Essential for the pathway of FCs transformation is an in
situ acid source that performed a function analogous to the
acid phase of Schulze’s process. This source is identified
with the two-stage sulfuric acid production that takes place
when in situ coal pyrite oxidizes at ambient conditions,
with resulting orderly paragenesis of secondary,
hydrated-sulfate minerals (Zodrow & McCandlish 1978,
Zodrow et al. 1979, Zodrow 1980; ELZ 1978-1989, un-
published research notes). This is expressed in the follo-
wing equation, see Fig. 13: The oxidation reaction, which
involves soluble ferric iron for crystallization to fibrofer-
rite, can only proceed at higher acidic levels, as in this reac-
tion. These secondary hydrated sulfate precipitates are not
expected to be associated with FCs, as they are
water-soluble (Palache ef al. 1957, p. 395).

Proposed chemical model

This section summarizes the processes and geological
events leading to the fossilization process of FCs. Favo-
rable fossilization conditions, coupled with anoxic conditi-
ons for pyrite precipitation on compressions (Berner 1980,
figs 5-13) prevailed in the Sydney Coalfield from
time-to-time. Linked with Late Alleghanian compressive
forces in the Appalachian orogen and basin inversion (Gib-
ling et al. 2002, fig. 2; Gibling et al. 2004, p. 171) is the
development of vertical joints intersecting with inclined
joints that today are mappable as complex joint systems,



Fig. 14 (ELZ 2006-2008, unpublished research notes).
These sets of joints subtend at the top of coal seams. Erosi-
onal contact planes, even contacts between plant fossils or
between lycophyte-root systems and the entombing rock
matrix of roof rocks or shale splits, provided additional
conduits for ground-water circulation (Taylor et al. 1998,
p- 271). The circulating oxygen-enriched ground water (see
Berner 1970, 1984) provided the chemical prerequisites for
initiating pyrite oxidation and sulfuric acid reaction neces-
sary to macerate the vitrinitic component of the compressed
fossil. Under these conditions, loss of vitrinite is expected,
preserving concomitantly the fatty FCs (summary: Van Ber-
gen et al. 2004, p. 144; Derenne & Largeau 2001). The local
acid environment additionally provided protection from
bacterial, fungal, or enzymatic attacks on FCs. This implies
that FCs can be used as proxy for higher-level acidic conditi-
ons, post-coal deposition that prevailed from time-to-time in
the roof rocks or shale splits.

Discussion

Krauskopf (1967, p. 416) warningly remarked that all for-
mulated oxidation reactions of sulfides are “only approxi-
mate representations of a complex natural process”, and
Fig. 13 is no exception. However, congruency of this equa-
tion with in situ sulfate mineral paragenesis is firmly suppor-
ted by observation of stage-by-stage phase transformation
over time, starting with precursor pyrite in coal, or in roof-
rock bedding planes. The paragenetic-mineralization pro-
cess fortuitously allowed in situ sampling of each of the pha-
ses for determining chemical identity, supported by X-ray
powder-diffraction analyses to verify the unit-cell parame-
ters. Independent confirmatory sources are found in in vitro
reactions that duplicated the paragenetic sequence phase-
by-phase (Fig. 13). Thus, the model is empirically circum-
scribed in its ability to produce sulfuric acid by in situ pyrite
oxidation, in the presence of oxygen and water. Variants of
the paragenetic sequences have been documented from ex-
posed coal surfaces (ELZ 1979-1989, unpublished research
notes): (1) pyrite-melanterite-fibroferrite-rhomboclase-co-
piapite (Fig. 15), where the rhomboclase phase is stable only
in an acid geochemical environment (Palache et al. 1957,
p- 436). Measurements of mine-acid effluence showed pH
levels as low as 2 (ELZ 1978-1989, unpublished research
notes), and (2) pyrite-sideronatrite-metasideronatrite.

It is important to note that in all of these sequences, sol-
uble ferric iron is present in at least one of the paragenetic
minerals which confirms that sulfuric-acid production has
taken place in accordance with Fig. 13.

The assumption that the circulating ground water is ox-
ygen-enriched is based on the hypothesis that the Carbonif-
erous atmosphere attained a level of 36% oxygen (Berner
etal 2003). By Henry’s Law, gas solubility is directly pro-

portional to the partial pressure of the gas above the solu-
tion, and by assuming the same total atmospheric pressure
today as in Carboniferous time, the oxygen enrichment fac-
tor is 36/20, or 1.8 times as much dissolved oxygen. This
could presumably be augmented if hydroxyl groups
[(OH)-1] (Dill et al. 1997, p. 296) were available for the
oxidation process. Noted is that pyritic oxidation is en-
hanced, as the increased surface area by the sub-micron py-
rite size (Fig. 11A) promotes reaction rates (Daniels et al.
1996). The rates are likely additionally accelerated by the
activity of sulfur-loving bacteria (Zodrow 2005) which
raises the question whether the proposed model is not re-
ally a combination of organic-inorganic processes.

The presence of fresh, unaltered micron-sized pyrite de-
posits on compression organs, as has been frequently ob-
served by ELZ over years of collecting in the Sydney Coal-
field, implies absence of oxygen and water, preventing in
situ pyritic oxidation. The variable natural maceration ef-
fects visibly observed over compressions/FCs, and detected
by FTIR, are linked to uneven pyritic distribution and conse-
quently to uneven oxidation. By comparison, Schulze’s pro-
cess routinely results in uniformly macerated cuticular sur-
faces (excepting axes and stomatal apparatuses as they tend
to be more cutinized). Moreover, naturally macerated
pteridospermous ovules have not been found in Sydney
Coalfield, Nova Scotia, or Maritimes Basin, which may be
explained by insufficient amounts of deposited authigenic
pyrite to be able to macerate the mm-thick seed coat, though
ovular cuticles are preserved (Cleal & Zodrow 2009).

In situ preservation of naturally macerated sporangia
without preserved FCs is at variance with the chemical
model that is expected to produce FCs. This is particularly
so as we do not know of any organic solvent, including
ionic liquids (Novoselov et al. 2007), that would solubilize
either cuticles of extant plants or FCs. It is known that
raised heat levels, higher maturity levels, can obliterate the
otherwise inert sporopolleninous spores (Traverse 1988,
p- 43). That that is not the case for either the Sydney Coal-
field or for the Maritimes Basin (Hacquebard 1997) is dem-
onstrated by the excellent preservation of spores (Dolby
1988-1989). Comments are in order why (1) leaf laminae
may not be preserved as FCs in the presence of preserved
naturally macerated sporangia, (2) FCs are typically not
separable into two surfaces, and why (3) FCs may not have
preserved cellular or stomatal features. The non-preserva-
tion of the lamina of FCs (1) suggests that the model does
not apply, i.e., genesis may be different, whereas (2) and
(3) are expected results of the model and explained by re-
moval of the vitrinized mesophyll by maceration that
caused the cuticular sheath to collapse. Moreover, the col-
lapse may also have pressed the surfaces tightly into one
single unit, preventing clayey or other debris from enter-
ing, and also could have contributed to obscuring impres-
sion of epidermal features onto the cuticle (Fig. 8).

235



Bulletin of Geosciences * Vol. 84, 2, 2009

Figure 12. Fluviatile channel flanked by in situ calamites (arrowed) as roof-rock replacement in the Lloyd Cove Seam at the base of the Cantabrian
Sub-Stage (Fig. 2). Sydney Coalfield, Nova Scotia. Scale bar is the 1-meter stick.
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—
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Figure 13. The oxidation reaction, which involves soluble ferric iron for crystallization to fibroferrite, can only proceed at higher acidic levels, as in this

reaction.

The FTIR-derived CH,/CH; and Al/Oj ratios have gen-
erally not been helpful in discriminating between FCs and
CCs of A. ambigua (Lesquereux pars) and C. principalis
(Germar), particularly as we have been unable to document
more definitive changes in the moieties due to Schulze’s
chemical treatment at this level of sample population.
Though differences of infrared signals between these two
preservation states are subtly indicated, and increase of the
oxygenated groups relative to the aliphatic hydrogen
groups (and slight shortening of aliphatic chains) are evi-
dent. These differences are ascribed due to the chemical
treatments. For example, changes in CH,/CHj; ratios occur
in some instances, but in others they are not definitive.

Elemental data relating to A. ambigua (Lesquereux
pars), though distinguished by different pathway of or-
ganic transformations of FCs and CCs, are ambiguous
discriminators because of interfering high-sulfur content in
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FCs which requires further clarification before a scientifi-
cally meaningful comparison is possible.

Although, generally speaking, FCs have advantages,
FCs are also recognized to have certain disadvantages over
CCs. The latter relate to information loss due to the non-pre-
served vitrinized mesophyll that could have been obtained
from the acid and alkaline solutions from Schulze’s process
(ELZ 2008, unpublished research notes). The significance
of this novel sampling methodology is that these solutions,
as proxy for cuticle-free compression, could be studied by
means of liquid-state proton ('H), liquid-state FTIR spec-
troscopies, and high-performance liquid chromatography
coupled with tandem mass spectrometers (ELZ 2007-2008,
unpublished research notes). Information by these high-tech
instruments relates to aliphatic/aromatic ratios, C-H and
other moieties, and CH,/CH; and aliphatic/oxygenated
groups ratios (Sobkowiak & Painter 1992, D’Angelo &



Figure 14. System of vertical sets of joints at the Carboniferous unconformity, Pleistocene-Asturian boundary, top of photograph. The joints do not ex-
tend into the coal seam. * A —joint intersection near 90°. Scale-tape measure is 10 cm. * B — closely spaced system of joints, variably separated from 3 cm
to 41cm (horizontal tape measure). Hub (Stubbart) Seam, Sydney Coalfield, Nova Scotia.

Marchevsky 2004, Zodrow & Mastalerz 2007, D’ Angelo
2006, table 1, p. 677).

An alternative to the chemical model proposed is a pro-
cess that could have caused physical detachment of the
vitrinitic part of the compression from the preserved cuti-
cle. This process is presumably exemplified by the
karinopterid axes of the Indiana “paper coal” which con-
tain rock debris inside the cuticular sheaths, where each of
the surfaces retained well-preserved impressions of elon-
gate-epidermal cells (DiMichele ez al. 1984, p. 629; Neaval
& Guennel 1960; ELZ 2008, unpublished research notes).
However, samples of karinopterid foliage could not be sep-
arated into upper and lower surfaces, and additionally
showed no cellular or stomatal preservations. Similar ob-
servations hold true for the “paper coal” from Cacheuta,
Argentina (ELZ 2008, unpublished research notes). This
situation is at odds with certain observations underpinning
the proposed chemical model [e.g., see Geological obser-
vations on FCs in the Sydney Coalfield, points 5) and 6)],
and refutes physical detachment of vitrinite from cuticular
sheaths in Sydney Coalfield to preserve FCs, as they are.

Questions may arise about why vitrinite is preserved in
the presence of pyrite in coal beds, if pyritic oxidation trig-
gers “dissolution” of the vitrinitic mesophyll to generate
FCs in the roof-rock. Such questions neglect to consider sa-

lient factors of the geochemistry of pyrite [in the presence
of organic matter] that in the absence of water and oxygen
oxidation cannot take place.

In summary, the proposed chemical model of the origin
of FCs is based on the late diagenetic to post-diagenetic in-
terventions idiosyncratic of the Sydney Coalfield,
Maritimes Basin. In general, it is suggested that the rela-
tionship between CCs and FCs probably parallels that be-
tween coal and non-coaly kerogen (Forsman 1963, p. 173,
fig. 4; Van Denbroucke & Largeau 2007, pp. 772, 774).

Conclusion

The definition of FCs occurring in the Sydney Coalfield, or
Maritimes Basin, Canada, is linked to a chemical model and
its ability to generate in situ acid for maceration of plant or-
gans to fossilized cuticles, analogously to Schulze’s process,
where timing is late to post-diagenetic. Observed vertical
distribution of FCs in the Sydney Coalfield suggests that, as
a result of burial depth, increased maturity levels limited
preservation to the youngest strata. In these strata, the fossi-
lization process is localized in roof shale (and shale splits),
and compressions are not always evenly macerated which is
related to irregular authigenic-pyrite deposition. It follows
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Figure 15. Paragenetic aluminocopiapite crystals after in situ pyritic
oxidation in coal, tabular crystal habit, triclinic, pinacoidal {010}.
SEM-stub documentation is lost. Hub (Stubbart) Seam, Sydney Coalfield,
Nova Scotia. Scale bar is 10 um.

that the designation of “coalified compression”, unless in-
vestigated for variable-stage natural maceration, conveys
ambiguity in respect to the spectrum of “pure compression”
to “pure fossilized cuticle”.

The proposed chemical model is a working hypothe-
sis, as it is based only on data pertaining to the Sydney
Coalfield. It is suggested that for the development of a
comprehensive theory of fossilized cuticles, the world-
wide and the vertical distributions of cuticular envelopes,
compression-free cuticles, “paper coal” require study. In-
cluded in the study would be genesis, timing and determi-
nation of late to post-diagenetic influences from which a
consistent nomenclature would follow. Additionally, in-
frared and nuclear-magnetic resonance investigations
would lead to a clearer understanding of any possible bio-
chemical differences involving the same species between
FCs and CCs to underpin consistent nomenclature.
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