ORNAMENTATION AND SHELL STRUCTURE OF
ACROTRETOID BRACHIOPODS

by ALWYN WILLIAMS aind LARS E. HOLMER

ABSTRACT. The surface ornamentation of acrotretoid brachiopods includes three kinds of microstructural
features which appear to reflect the nature of the periostracum and the outer mantle lobe responsible for
secreting the first-formed layers of the phosphatic shell. Radial folds, less than 1 gm in wavelength, must have
been casts of wrinkles in a thick, inner scaling membrane of a vesicular periostracum. Coarser folds are discrete
segments of concentric ridges (fila), disposed as outwardly convex arcs (drapes) with chords up to 40 gm in
length. The drapes could have becn formed by spasmodic stresses within the outer mantle lobe induced by
muscles controlling setae. Sporadically developed, microscopic networks of superficial grooves simulate the
outhines of radially elongated vesicular cells forming the outer mantle lobe of living brachiopods, and are
interpreted as casts of intercellular spaces. The grooves are continuous internally with the partitions of
camerate laminae forming the secondary shell of some acrotretoids. In other acrotretoids, secondary as well
as tertiary laminae contain columns and domes. The relatively smooth surfaces, bounding the laminae and
defining slots within the partitions and canals within the columns, are believed to represent interfaces between
organic membrancs and secded phosphatic crystallites so that the uniquely camerate and columnar nature of
the acrotretoid laminac are original features of shell successions.

WitH a few notable exceptions, such as the spinose siphonotretids and the porous paterinides,
inarticulate brachiopods have always been regarded as having a more modestly developed surface
ornamentation than the articulates. However, this generalization only holds good for those features
which can be discerned with little or no magnification. Under the electron microscope the picture
is very different, the external surfaces of chitinophosphatic shells being surprisingly rich in inherent
fine structures.

These microstructures are of two kinds, both frequently displayed to perfection on the surfaces
of well-preserved acrotretoid shells. One group comprises sporadically occurring markings which
may be categorized as epithelial imprints or as casts of strain structures developed in the bounding
periostracum or in repaired areas of damaged shells. They may also arise through abnormal changes
in shell secretion at the mantle edge and become manifest as growth lines. The other group consists
of regular features developing periodically, or at a certain stage. or even continuously, during shell
growth. They include concentric ridges (fila), superficial pits on larval shells and radial ridges (costae
and costellae), respectively.

Such microstructures, which can occur on a nanometric scale, could only have been so finely
preserved 1f the casting material had been secreted as a coat of quick-setting paste. Yet some
markings also reflect the nature of the shell succession underlying this external, minerahzed coat.
Indeed, the extraordinary fabric of the acrotretoid shell (first described by Poulsen in 1971) 1s best
understood when considered in conjunction with its surface expression. With that in mind, we have
studied the superficial configurations and shell successions of as many genera of this micromorphic
group as were available. The resultant data (Text-fig. 1) have led us to conclude that, although the
ornamentation and structure of the acrotretoid shell may have been strikingly distinctive, the mantle
controlling exoskeletal secretion was differentiated and functioned in much the same way as in living
articulate as well as inarticulate brachiopods.
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TEXT-FIG. 1. Main features of the ornamentation and shell structure of acrotretoid brachiopods relative to the
inferred periostracal cover; the diagrammatic section of a camerate lamina faces anteromedially.

MATERIALS AND METHODS

The acrotretoid specimens studied for this paper were retrieved by dissolving various Cambrian and
Ordovician limestones in 10 per cent acetic acid. They underwent no further preparation because
of the delicacy of their shells. The surfaces of dried valves of Glottidia and Lingula were also
untreated except for being freed of extraneous particles with a jet duster. The Discina specimens
were fixed in 3 per cent glutaraldehyde and buffered to pH 72 with phosphate buffer, then
dehydrated through an acetone series before being subjected to critical point drying.

All natural and fractured surfaces as well as polished sections were coated with gold for
examination under a scanning electron microscope.

Details of specimens used to illustrate the features described in the paper are as follows:

Lingulida
Glottidia pyramidata (Stimpson), Recent, Florida.

Acrotretida

Discina striata (Schumacher), Recent, The Gambia.

Angulotreta postapicalis Palmer, Upper Cambrian Riley Formation, road south of Sandy
P.O., Blanco County, central Texas (16T-6-10A(LL), Palmer 1954, p. 782).

Angulotreta triangulata Palmer, Upper Cambrian Wilberns Formation, White Creek section,
Blanco County, central Texas (WC-751, Bell and Ellinwood 1962, p. 388).

Apsorreta expansa Palmer, Upper Cambrian Wilberns Formation, Threadgill Creek section
straddling Mason—Gillespie County line, central Texas (TC-855-60, Bell and Ellinwood
1962, p. 388).

Conotreta? siljanensis Holmer, lower Viruan (Middle Ordovician) Gullhgen Formation,
Gullh6gen quarry, Vistergétland (Holmer 1989, p. 84).

Hisingerella billingensis Holmer, lower Viruan Gullhégen Formation, Gullhégen quarry,
Vistergétland (Holmer 1989, p. 90).
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Hisingerella tenuis Holmer, Harjuan (Upper Ordovician) Bestorp Limestone, Gullhdgen
quarry, Vistergétland (Holmer 1986, p. 107).

Linnarssonella girtyi Walcott, Upper Cambrian Wilberns Formation, White Creek section,
Blanco County, central Texas (WC-870, Bell and Ellinwood 1962, p. 388).

Prototreta sp. Middle Cambrian Meagher Limestone, Nixon Gulch, 3 Forks Quadrangle,
Montano (MG 138 M4-3, Bell 1941, p. 201).

Rhiinotreta muscularis Holmer, upper Viruan (Middle Ordovician), Gullhégen quarry,
Vistergotland (Holmer 1989, p. 115).

Scaphelasma nmica Popov, upper Viruan (Middle Ordovician), Gullhégen quarry, Vister-
gotland (Holmer 1989, p. 121).

Undescribed acrotretoid A°, Arenig lower Latorp Limestone, Borghamn core, Oster-
gotland, also Sjurberg section, Dalarna. )

Undescribed “acrotretoid B, Tremadoc Ceratopyge Limestone, Ottenby, Island of Qland.

Undescribed “acrotretoid C’, Tremadoc Ceratopyge Limestone, Ottenby, Island of Oland.

Specimens with number prefixed by *L™ are in the Hunterian Muscum, the University of Glasgow.
Those with numbers prefixed by “Br™ are in the Swedish Muscum of Natural History except for
‘acrotretoid A’ (PL. 2, fig. 6), which is in the Swedish Geological Survey collection (SGU) and is
presently without a number.

ACROTRETOID ORNAMENTATION

The regularly developed ornament of acrotretoids consists of hemispherical or flat-bottomed pits
and fila. The pits range from about 250 nm to over 5 gm in diameter and vary in distribution from
hexagonal close packing to less regular arrangements with overlapping pit boundaries (P1. 2, fig. 6).
They are restricted to the external surfaces of the larval shell (Biernat and Williams, 1970) becoming
faint. shallow impressions within a band no more than 10 gm wide at the boundary with the juvenile
shell (PI. 1, figs 1-2). In some acrotretoid genera, like Ritinotreta, the edge of the larval shell is sharply
defined, usually as a raised rim, within which the boundary of the pitted ornamentation is relatively
abrupt and may even intersect with the rim which bears fully developed pits. There is no significant
variation in the size of the hemispherical pits distributed medianly in three dorsal larval shells of
Angulotreta postapicalis Palmer although they tend to be smaller in the marginal zones (P1. 1, fig. 1).
In contrast, the flattened pits of Linnarssonella girtyi (Walcott (PL. 1, fig. 2) and Opsiconidion
aldridgei (Cocks) do not vary significantly in size towards the margins of their distribution.

The fila, which constitute the regular ornamentation of the post-larval shell, are equally
distinctive (PI. 1, figs 3, 5). They resemble parallel-sided anticlines with rounded crests overturned
towards the valve margin where they were secreted, essentially as continuous rings or arcs of
thickened shell. The rings were evidently concentric with the expanding commissure of their
respective valve, but are excentrically disposed about the umbo, being most widely spaced
anteromedianly. As a result, a complete filum may subtend up to four ancillary fila as anastomosing
arcs in a wide-angled sector of about 240° (PI. 1, fig. 4). In a dorsal valve of Angulotreta postapicalis,
nine filar rings, concentrated within 55 gm of the posteromedian edge of the larval shell, are spread
over 195 gm along the anteromedian vector where they subtended 15 filar arcs. The wavelength and
spacing of fila increase anteriorly in Angulotreta: the average wavelength for 49 fila within 50 ym
of the margin of the larval shell is 39 zm, compared with 50 gm for 19 fila between 250 gm and
300 pm and 8-1 gm for 10 fila between 500 gm and 550 gm anteriomedianly of the larval /juvenile
shell boundary. These dimensions of the Angulotreta fila fall within the range noted for other
genera. In the Cambrian Prototreta sp., for example, the fila within 50 gm and 250 gm to 300 gm
of the margin of the larval shell have average wavelengths of 3-3 gm (for 14 measurements) and
43 um (for 18 measurements), respectively.

Superimposed on these corrugated exteriors of the acrotretoid post-larval shell are markings of
a sporadic nature. Traces of fine, impersistent, radial lineations occur rarely in Prototreta and about
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0-03 mm* of the posteromedian surface of a ventral valve is seamed with a network of fine, shallow
grooves, normally about 100 nm wide but increasing here and there to 250 nm or more (Text-fig. 2;
Pl. 1, fig. 6; Pl. 2, fig. 1). The grooves delineate radially disposed, parallel-sided strips of shell,
27 of which averaged 1-5 gm wide (maximum 2-9 zm) in a 40 gm traverse. These strips are usually
terminated anteriorly by wedge-shaped or lobate convergences of adjacent grooves. They are less
commonly truncated by continuous transverse grooves which more frequently occur as short offsets
from the radial ones. The length of the strips is accordingly variable, with the 27 measured averaging
10-8 gm and ranging from 2:0 gm to 25-5 pm.

Exfoliation of the primary shell further reveals that these grooves can be coincident with the
boundaries of discrete chambers which make up the camerate secondary shell (Holmer 1989, p. 31).
Valves of Hisingerella, for example, are frequently ornamented by a well-developed network of fine
radial grooves defining parallel-sided strips, more or less identical with those of Prototreta, while
24 strips, in a 110 gm traverse across the interridge on a ventral valve of H. billingensis, average
4:6 gm (maximum 9-0 gm) in width. In places where the primary shell is missing, the grooves are
seen to be continuous with narrow slits between the walls of adjacent camerae in the underlying
seccondary shell (Holmer 1989, fig. 26D ; Text-fig. 3; PIL 2, fig. 2). There can be little doubt that these
grooves were the casts of intercellular boundaries but of a specialized type of epithelium, as will be
discussed later.

Before describing the superficial fold systems, we have to identify those features which may be
similar in morphological style, but which were growth adjustments to shell damage or malformation.
Neither of these conditions commonly affected the acrotretoid shell, but two examples are described
to illustrate the criteria used in distinguishing the fold systems under scrutiny.

The effects of shell damage and malformation are well displayed in a single dorsal valve of
Prototreta and confirm that these phenomena are usually related. The zone of shell damage, which
extends radially for about 200 gm and disrupted 10 fila, is marked by two sets of sht-like
indentations (Text-fig. 4a: Pl. 2, fig. 4). We have interpreted one set as gashes in a radially disposed
scar originating at a fracture in the shell; the other, an en échelon set, as having been formed in a
lateral shear zone, parallel with the trace of tissue undergoing repair. Some of the latter tension
gashes are associated with minute folds superimposed on fila, which are consistent with the assumed
stress fields.

Malformations, excluded from our analysis of the acrotretroid fold systems, are sets of fila which
are disposed asymmetrically about an axis (or axes) and skewed relative to radial and concentric
traces on the shell. Although malformations are here distinguished from in vivo fractures of the shell,
the majority were probably propagated in stress ficlds set up when such injury was inflicted. For
example, the malformation shown in Text-figure 4A (see Pl. 2. fig. 3) is about 200 gm posterolaterally
of the zone of damage illustrated in the same Text-figure. It involved ten fila, in a 150 gm band,

EXPLANATION OF PLATE 1

Fig. 1. Angulotreta postapicalis. L14899A ; diminution and loss of hemispherical pits towards the margin of a
dorsal larval shell with draped fila in the lower median sector of the micrograph, x 700.

Fig. 2. Linarssonnella girtyi. L14898; fading of discoidal pits towards the margin of a dorsal larval shell at the
left-hand edge of the micrograph, x 3200.

Figs 3 4. Angulotreta postapicalis. 3. L14899B; external view of dorsal valve showing concentric fila and their
interruption into sets of drapes, x 83. 4, L14899B: an enlargement of the right posterolateral sector of the
dorsal valve to show the anastomosing nature of the fila, x410.

Fig. 5. *Acrotretroid A’. Br 133879 external view of dorsal valve showing the interruption of fila into radially
disposed sets of drapes, x 78.

Fig. 6. Prototreta sp. L14900A : exiernal view of posterolateral surface of a ventral valve showing a network
of interconnected grooves superimposed upon fila, x 2050.

All scanning electron micrographs.
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TEXT-FIG. 2. Interpretation of a tracing of markings on the posteromedian exterior of a ventral valve of
Prototreta sp. as casts of vesicular cells (see Pl 2, fig. 1).

which have been skewed along axes subtending an anterior angle of 30° with the valve radius. The
relationship suggests that the malformed band was secreted by a strip of torn mantle edge before
it became fused with the scar tissue in the damaged zone.

The fold systems, which are such distinctive components of acrotretoid ornamentation, are of two
types. Both look like flexures or waves in the deformational sense and the finer sets are so in every
respect. The coarser folds, however, are really segments of consecutive fila disposed as variable sets
of short, adjacent arcs which are always outwardly convex like drapes of cloth hanging between
short loops of cord (Text-fig. 4B; P1. 2, fig. S: PL. 3, fig. 1). The basic units, the filar segments, were
therefore genetically rather than mechanically induced, but they can be interpreted as flexure
systems relative to the mantle edge and are conveniently so described.

Filar (F,) folds (drapes) usually occur in arcuate sets which vary in spacing as well as in individual
width and chord length. In Angulotreta, for example, 20 or so sets of drapes occasionally form
continuous bands, up to 40 gm broad medioradially, which can be traced around a valve to its
posteromedian pseudointerarea. A modal count of three drapes (range 2-7) was obtained for 72 sets
developed in a concentric band, 200 um broad medioradially, on a juvenile dorsal valve of
Angulotreta. Each set usually starts abruptly at, or as an encroachment on, the anterior face of a
filum which forms a continuous posteromedian boundary so that successive drapes tend to become
more convex radially and may even overlap onto a succeeding continuous filum (Text-fig. 4B).

The first-formed drapes seldom indent the margin of the larval shell, beyond which they
immediately occur. However, the antero-median edges of two out of three circular larval dorsal
valves of “acrotretoid A” are deeply notched for up to 20 gm by the nick points of two submedian
sets of drapes. These nick points persisted throughout shell growth to form a deep, median trough
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valve margin growth

TEXT-FIG. 3. Interpretation of a tracing of grooves and ridges on the partly exfoliated exterior of a dorsal valve
of Hisingerella billingensis as casts of vesicular cells (PL. 2, fig. 2).
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TEXT-FIG. 4. Interpretations of features on the cexternal surfaces of acrotretoid shells. A, breaks and gashes
found pmtex omedianly on a dorsal valve of Prototreta sp. interpreted as in vivo fracture and malformation (see
also PL 2 figs 3-4). B, discrete folds interrupting the fila on the posteromedian exterior of a dorsal valve of
Aln,;:u/mu ta postapicalis (see also P13, fig 1). ¢, deformed fila in the median area of a ventral valve of Prototreta
sp. (see also Pl 3, fig. 3); the opposing arrows represent inferred stress couples set up during shell secretion,
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extending to the margin of the adult valve (PL. 1, fig. 5). The outlinc of the dorsal larval shell of
“acrotretroid B’ is also indented by the nick points of seven sets ol drapes, more or less evenly
spaced along a 230 gm arc of the anteromedian edge of the shell (PI. 2, fig. 6).

The number of nick points along the edge of the larval shell varies with the size of the shell (Text-
fig. 5). There is also a tendency for scts to become larger with shell growth, irrespective of their
initial size. In Angulotreta, the chords of 40 arcuate sets average 17 gm at the edge of three larval
shells compared with 38-8 um for 42 estimates between 200 and 250 gm medioradially of the larval
shells. On a dorsal valve of “acrotretoid B’, which is characterized by much larger sets, the average
chord widths of 12 and 13 sets at the edge of the larval shell and 350 gm radially from the edge are
38 and 87 ym respectively. In general, however, sets of drapes are less pronounced towards the
margins of adult shells. In the dorsal valves of Toryuelasma sueciion Holmer, for example, drapes
are well developed within a 350 gm wide arc bordering the larval shell but are lacking from the rest
of the juvenile and adult shell.

The most striking aspect of the drapes is the symmetrical disposition of adjacent sets (Text-fig. 48,
Pl. 3, fig. 1). Typically, the backward curving sides of adjacent drapes converge posteriorly at
an obtuse angle (nick-point) about a radial axis. In the juvenile part of a dorsal valve of Angulotreta,
47 pairs of sets subtend an average angle of 130° within a range of 100 to 150°. Individual drapes
on either side of the axis do not always match. They may even branch or anastomose singly and are
seldom continuous from one set to another so that two adjacent sets are normally separated by a
flat strip of shell, which may be up to 11 zm wide and which only exceptionally bears a few narrow,
radial folds.

Variations in the disposition and structure of the drapes do occur, as when they aggregate into
parallel-sided rather than arcuate sets (Pl. 3, fig. 2). However, the only significantly different pattern
so far seen was found on a ventral valve of a Prototreta sp. On this specimen, continuous fila were
more frequent and drapes correspondingly less convex. The interspaces of adjacent drapes usually
bore rounded folds. up to 4 ym wide, as radially disposed projections from the fila, extending
posteromedianly as well as outwardly (Pl. 3, fiz. 3). Some of these folds intertwined with one
another and with consecutive fila in radially arranged trails (Text-fig. 4¢).

Other microarchitectural features of fila, like the pustules ornamenting “acrotretoid C°, are
distinguishable from sets of drapes in one important respect: they occur at regular intervals along
filar arcs. The pustules of “acrotretoid C°, for example, consist of sharp folds about 2 gm in
wavelength (PL. 3, fig. 5), which plunge posteromedianly and occur at an average interval of 20 zm
(for 21 pustules) in alternating arrays along regular fila with a wavelength of about 8 gm between
350 and 400 gan medioradially of the edge of a dorsal larval valve. Sporadic, subdued sets of drapes
are impressed on this pattern.

The finer (F)) folds, occasionally superimposed on fila and drapes, are immediately distinguishable
not only by their wavelength which is not more than 1 gm, but also by their disposition. They cut
across fila and drapes: but are usually found, more or less radially arranged, in the interspaces of
drapes, occasionally in scts of three or four fanning outwards at an acutely divergent angle for up
to 30 gm from their point of origin (PI. 3. fig. 4). This is commonly the disposition of those splaying
radially for up to 15 yam from the anterior faces of the pustules ornamenting the fila of “acrotretoid
C’ (P 3, fig. 5).

ACROTRETOID SHELL STRUCTURE

The fabric of the acrotretoid shell is already well known mainly through the researches of Poulsen
(1971), Rowell (1986). Popov and Ushatinskaya (1986), Ushatinskaya er a/. (1988) and Holmer
(1989). However, in order to understand some of the newly described features of acrotretoid
ornamentation, skeletal successions have to be considered further and can be best discussed in the
context of a brief review of the variability of the shell structure as presently known. For that
purpose, we have founded our skeletal correlation mainly on the published work of one of us
(Holmer 1989). That study was primarily concerned with mid-Ordovician species from Sweden. But




















































































