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ABSTRACT

The Eocene Tallahatta Formation exposed in the eastern United States
Gulf coastal plain includes enigmatic siliceous facies characterized by
variably indurated claystone, porcelanite, and subordinate thin sandstone
and siltstone beds. Ichnosedimentologic studies at localities in eastern
Mississippi and Alabama indicate that these strata accumulated in
middle-shelf settings (offshore transition). Sandstone and siltstone beds
record storm events of variable magnitude. Moderately diverse Cruziana
ichnofacies assemblages that reflect overall hospitable fair-weather
conditions characterize most mudrock intervals; however, periodically
oxygen-deficient or otherwise unfavorable conditions are indicated locally
by unbioturbated mudrock. Storm beds associated with bioturbated mud
typically contain mixed Cruziana-Skolithos ichnofacies assemblages
reflecting the work of both opportunistic(?) and fair-weather tracemakers.
In contrast, ichnofabrics of storm beds that were not disrupted by fair-
weather bioturbation likely record short-term colonization of substrates
by organisms that were transported, sorted, and redeposited by storm
currents. Ichnofabrics and diagenesis of the siliceous facies are linked.
Ichnofossils locally influenced silica cementation in some storm beds,
whereas preferential conversion to porcelanite of siliceous clay intervals
immediately below and above many storm beds dramatically enhanced the
visibility of fair-weather ichnofabrics.

INTRODUCTION

Nearly all of the lithostratigraphic units in the Cretaceous through
Tertiary passive-margin sedimentary succession exposed in the eastern
United States Gulf coastal plain are dominated by siliciclastic,
carbonate, and mixed siliciclastic-carbonate facies. As a unique
exception, the Eocene Tallahatta Formation comprises a relatively
thick and regionally extensive siliceous succession dominated by
differentially lithified mudrock (siliceous clay, cristobalitic claystone,
and porcelanite), but also containing subordinate thin, variably
cemented siliciclastic sandstone and siltstone event beds. Owing in part
to generally poor exposure and diagenetic overprinting, the character
and paleoenvironments of this unusual succession are poorly docu-
mented. In order to better understand these strata, ichnosedimentologic
studies of siliceous mudrock and associated event beds were conducted
on selected exposures in Mississippi and Alabama. As described herein,
observations of ichnofossils and ichnofabrics manifested in Tallahatta
siliceous facies (1) provide an improved understanding of depositional
conditions and processes in what were storm-influenced shelf settings,
(2) highlight the potential role of allochthonous tracemakers in the
production of storm-bed ichnofabrics, and (3) demonstrate the impact
of ichnofossils on diagenesis as well as the role of diagenesis in
preserving or enhancing ichnofabrics.

STRATIGRAPHIC BACKGROUND

Tallahatta Formation

The lower–middle Eocene Tallahatta Formation, the basal unit of the
Claiborne Group, crops out in an arcuate belt that extends from far
western Georgia across southern Alabama and through Mississippi
(Fig. 1A). Bounded unconformably by the Hatchetigbee Formation
(Wilcox Group) below and the Lisbon or Winona Formations above,
the Tallahatta is interpreted to represent a single third-order
depositional sequence (sequence TE2.1 of Baum and Vail, 1988;
Mancini and Tew, 1991). Lithologic character of the Tallahatta varies
both vertically and laterally along the outcrop belt, reflecting both
temporal sea-level dynamics and spatial changes in distance from
paleoshorelines.

In easternmost Mississippi and western Alabama, the Tallahatta
Formation is divided into two members. The Meridian Sand, assigned
to the lowstand system tract and representing deposition in high-energy
nearshore settings, is dominated by typically cross-stratified, fine-to-
very-coarse sand or sandstone locally characterized by the Skolithos
ichnofacies (Hestor and Pryor, 1972; Reynolds, 1992; Ivany, 1998). The
overlying Basic City Shale, representing transgressive and highstand
shelf deposits, is dominated by siliceous mudrock with common, thin
(1–30 cm) interbeds of variably lithified, fine-to-medium quartzose
sandstone and siltstone (Cushing et al., 1964). This association of
mudrocks and subordinate coarser clastic beds, the focus of the current
study, is hereafter referred to as the siliceous facies.

In eastern Alabama and westernmost Georgia, the Tallahatta
Formation is generally thinner and not differentiated into members.
In these areas, siliceous facies become less prominent and are present
only near the bottom and top of the unit (Toulmin, 1977). Fine-to-
coarse quartzose sand, glauconitic calcareous muddy sand, muddy
sand, sandy mud, and their weakly lithified equivalents are prevalent
(Copeland, 1966; Toulmin, 1977; Gibson et al., 1982; Bybell and
Gibson, 1985), reflecting deposition in overall more proximal nearshore
and shallow marine settings. Further to the east, the Tallahatta
Formation is not recognized. Notably, however, Eocene siliceous clay
in east-central Georgia and South Carolina may be equivalent to the
Tallahatta siliceous facies (Weaver and Wise, 1974; Eversull, 2005).

Siliceous Facies

The composition of mudrocks in the Tallahatta siliceous facies
reflects significant diagenetic alteration. X-ray diffraction (XRD),
petrographic, and scanning electron microscope (SEM) studies
(Reynolds, 1966, 1970; Laws and Thayer, 1992; Kabir and Panhorst,
2004) indicate that these moderately to well-indurated mudrocks are
now dominated by authigenic opal-CT (disordered low-cristobalite–
low-tridymite), which typically occurs as microcrystalline (,1.0 mm)
blades commonly arranged in the form of small (1–10 mm) lepispheres;
subordinate constituents commonly include zeolites (mainly clinoptilo-
lite and heulandite) and smectite clay. This mineral assemblage has been* Corresponding author.
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FIGURE 1—Location and general character of study sections. A) Outcrop distribution of the Tallahatta Formation (black) in the eastern Gulf coastal plain, United States, and

position of the three sections addressed in the current study. Coordinates for I-20, Campbell, and Point A sections are, respectively: 32u219140N, 88u489480W; 31u549250N,

88u009030W; and 31u219300N, 86u319150W). B–D) Generalized stratigraphic columns for the I-20, Campbell, and Point A sections (note significant variations in vertical scale).

No attempt was made in the columns to differentiate siliceous clay and claystone from porcelanite, which typically is prevalent immediately sub- and superjacent to sandstone

and siltstone beds within the siliceous facies in the I-20 and Campbell sections. Thicknesses of some sand, sandstone, and siltstone layers have been exaggerated for graphic

clarity. SB/TS 5 a co-planar sequence boundary–transgressive surface. See text for further explanation.

PALAIOS ICHNOFABRICS IN SILICEOUS TALLAHATTA FORMATION 643

Downloaded from https://pubs.geoscienceworld.org/sepm/palaios/article-pdf/25/10/642/2843835/i0883-1351-25-10-642.pdf
by Univ College Dublin user
on 11 January 2019



interpreted by some authors (Reynolds, 1970; Dockery, 1986; Kabir
and Panhorst, 2004) to indicate that cristobalitic mudrock was derived
mainly from alteration of volcanic ash. Other workers (Wise and
Weaver, 1973; Weaver and Wise, 1974; Wise et al., 1981; Laws and
Thayer, 1992), however, have recognized in Tallahatta siliceous
mudrock an abundance of diatoms and other siliceous microfossils
(sponge spicules, radiolarians, and silicoflagellates). In particular, Laws
and Thayer (1992) documented the progressive conversion of diatom
tests (opal-A) to opal-CT and, rarely, to microcrystalline quartz (chert).
Although a contribution by volcanic ash cannot be excluded altogether,
these authors demonstrate convincingly that these siliceous mudrocks
originated as diatom oozes and diatomaceous mud.

Although limited by diagenetic overprinting, consideration of
microfossil assemblages indicates that the Tallahatta siliceous mud
accumulated in inner to outer shelf settings (Weaver and Wise, 1974;
Laws and Thayer, 1992). Deposition presumably occurred beneath
nutrient-rich waters (Ivany, 1998) and perhaps is tied to the Eocene
maximum in oceanic biogenic silica accumulation (Weaver and Wise,
1974; Leinen, 1979; McGowran, 1989).

The thin sandstone and siltstone beds that commonly are intercalated
with siliceous mudrock have received comparatively little attention.
Rare petrographic studies (Miller et al., 2003) indicate that these beds
typically are well-indurated orthoquartzite variably cemented by opal-
CT, chalcedony, chert, or blocky quartz.

While a general shelf setting can be inferred based on sequence
stratigraphic context (Baum and Vail, 1988; Mancini and Tew, 1991)
and microfossils (Weaver and Wise, 1974; Laws and Thayer, 1992),
little is known about the specific environmental conditions that
prevailed during Tallahatta siliceous facies deposition. Primary
sedimentary structures and ichnofabrics that can assist in paleoenvi-
ronmental interpretations are commonly poorly expressed in outcrops
and previously have not been adequately described. The ichnosedi-
mentologic observations made in the current study provide an
improved understanding of depositional conditions for, and the
diagenesis of, both siliceous mudrocks and associated siliciclastic
interbeds.

STUDY LOCATIONS AND METHODS

This study focuses on three sections of the Tallahatta Formation
(Fig. 1). Two of these—the I-20 and Campbell sections exposed in
eastern Mississippi and western Alabama, respectively—include rela-
tively thick sequences of the siliceous facies. Exposures at the third
locality—the Point A section in east-central Alabama—are consider-
ably less extensive but provided the opportunity to examine the
siliceous facies as expressed in the eastern part of the outcrop belt.

The I-20 section is a 9-m-thick, terraced road-cut exposure on the
north side of U.S. Interstate 20 near mile marker 128, in Lauderdale
County, Mississippi (Fig. 1A). Although its precise stratigraphic
position within the Tallahatta Formation is not known, this section
falls within the Basic City Shale and consists entirely of the siliceous
facies (Fig. 1B). This interval is dominated by thinly bedded, weakly
indurated siliceous claystone, porcelanite, and rare chert. Porcelanitic
(and cherty) intervals typically encase one or more thin (0.5–10 cm)
quartz siltstone or very fine sandstone beds (Fig. 2).

The Campbell section, located on the west side of Highway 69 near
Campbell, Clarke County, Alabama, contains virtually all of the
Tallahatta Formation. This section (Fig. 1C) is ,26 m thick and
includes, in ascending order: (1) white to light-gray, cross-stratified,
micaceous, fine to medium sand (,2 m thick) with common
Ophiomorpha nodosa and Teichichnus, and rare Arenicolites, Gyrolithes,
and Skolithos (Meridian Sand); (2) greenish-gray, highly bioturbated,
glauconitic, micaceous, muddy sand (,2 m thick) with Gyrolithes,
Thalassinoides, Ophiomorpha, and Teichichnus, capped by a thin
(10 cm), green-gray pebbly sand bed; and (3) a relatively thick

(,22 m) sequence of the siliceous facies dominated by light olive-gray
to greenish-gray, thin-bedded to massive, variably indurated siliceous
claystone and porcelanite. As in the I-20 section, thin (,10 cm) coarser
beds, mainly siltstone and very fine sandstone, are common (Fig. 1C)
and generally found encased within the more porcelanitic intervals of
the siliceous facies.

The Point A section is exposed along the east bank of the Conecuh
River immediately downstream of Point A Dam, Covington County,
Alabama (Figs. 1A, D). The section lies in the upper part of the
Tallahatta Formation and at low water includes, in ascending order: (1)
a thin (,2 m) interval of poorly indurated, light olive-gray, siliceous
claystone with subordinate thin (several mm to 15 cm), medium-grained
quartz sand and sandstone beds (siliceous facies); (2) a thin (10–20 cm)
pebbly, coarse-grained glauconitic sand containing abundant verte-
brate remains (e.g., shark and ray teeth); and (3) a thicker sequence of
highly bioturbated, green, variably calcareous, fossiliferous, and
glauconitic muddy sand and sandy mud with Thalassinoides, Aster-
osoma, Diopatrichnus, Rosselia, and Chondrites. The base of the pebbly
sand is a coplanar sequence boundary–transgressive surface (Fig. 1D)
(Savrda et al., 2005). Notably, subjacent siliceous rocks are cut by
firmground burrows (Glossifungites ichnofacies), mainly Thalassinoides,
that emanate from this surface and are filled with glauconitic sand.
Although exposures of the siliceous facies at the base of the section are
limited, our study included numerous loose blocks of the siliceous facies
that occur on river bars adjacent to the outcrop (Fig. 1D). These
blocks, which were derived from slightly deeper levels of the Tallahatta
Formation during dam construction and as a result of plucking by
strong currents at the base of the dam, consist of variably indurated
sandstone beds thinly mantled by siliceous claystone.

Sedimentary and biogenic fabrics in siliceous facies rocks are
generally poorly expressed in the field. Hence, in order to better
characterize physical sedimentary structures and ichnofabrics, a
continuous series of block samples was collected from each section,
and most samples, including loose indurated blocks from the Point A
locality, were cut into vertical slabs using a standard rock saw or
masonry saw (for more and less indurated samples, respectively). Slab
surfaces were polished if indurated, photographed, and examined to
identify physical and biogenic structures. A few larger blocks of less
indurated material excavated from the Point A section were split into
thin (1–2 cm) horizontal slabs to allow supplementary bedding-plane
observations of sedimentary fabrics. Large (,5 3 7.6 cm) thin sections
were prepared commercially from selected sample blocks representing
various lithologies from each section. Thin sections were employed to
examine rock fabrics in general and to characterize the detrital
composition, cements, and textures of the sandstone and siltstone
samples. Grain-size distributions of unconsolidated sands from the
Point A section were determined via standard sieve techniques (at K-W

FIGURE 2—Outcrop photo of part of the I-20 section corresponding to ,1.3–3.2 m

interval in Figure 1B. Here and in the Campbell section, thin reentrants are relatively

soft siliceous clay or claystone, whereas indurated layers are porcelanitic intervals that

encase one or more storm-generated siltstone or sandstone beds. Scale 5 1 m.
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intervals). A limited number of samples were subjected to XRD analysis
in order to better characterize diagenetic mineralogy of siliceous
mudrocks.

Sedimentary characteristics and ichnofabrics observed in the I-20 and
Campbell sections, collectively referred to as the western sections, differ
significantly from those seen in the Point A section. Hence, the western
sections and Point A section are described separately below.

WESTERN SECTIONS (I-20 AND CAMPBELL)

Siliceous Mudrock

Fabrics observed in siliceous mudrock in both the I-20 and Campbell
sections generally vary with degree of induration and hence with
stratigraphic proximity to siltstone and sandstone interbeds (Figs. 3–4).
In less indurated claystone intervals (i.e., those separated from siltstone-
sandstone interbeds by .3–5 cm), fabrics are very poorly manifested. In
some such intervals, the claystone appears to be faintly laminated
(Fig. 4A), although this apparent primary fabric may be related in part
to diagenetic staining (Liesegang banding). Most claystone intervals,
however, appear to be homogeneous or faintly burrow mottled (Figs. 3,
4A, E). Identifiable discrete ichnofossils are absent, with the exception
of rare Gyrolithes. These vertical spiraled shafts were common sites of
preferential silica diagenesis and are particularly obvious where they
form the nuclei of cylindrical porcelanite concretions within compar-
atively soft claystone host horizons (Figs. 4B–D).

Bioturbation commonly becomes more evident in claystone intervals
nearer to siltstone and sandstone beds (Fig. 3); biogenic mottling and
burrows become increasingly more obvious owing mainly to the
formation of darker, porcelanitic halos around burrow fills (Fig. 4E).
Notably, manifestation of ichnofabrics is even better in the 1-to-4-cm-
thick porcelanitic claystone intervals immediately sub- and superjacent
to siltstone-sandstone beds. These intervals are in all cases thoroughly
bioturbated, and most contain distinct and identifiable ichnofossils
(e.g., Figs. 3, 4F–G).

Ichnofossils identified in porcelanitic claystone intervals that mantle
siltstone and sandstone beds include common Asterosoma, Chondrites,
Phycosiphon, Rosselia, Taenidium, Teichichnus, Thalassinoides, and
Zoophycos, as well as rare Gyrolithes and pellet-filled or shell-filled
burrows (Figs. 3, 4F–G). The ichnotaxonomic affinities of the pellet- and
shelled-filled burrows are not known, although both of these forms may
be allied with Thalassinoides. Nearly all of these structures also are
observed, at least locally, within associated siltstone and sandstone beds.

Sandstone and Siltstone Beds

Event layers within dominantly porcelanitic claystone intervals in
both the I-20 and Campbell sections generally range from 2 to 8 cm
thick and comprise very fine sandstone and coarse siltstone (40–75 mm).
All are dominated by subangular quartz but include subordinate mica
and rounded detrital glauconite. Some beds also contain common well-
preserved radiolarians, other siliceous biogenic debris (spicules), and
sand-sized peloids or well-rounded rip-up clasts composed of siliceous
claystone. In virtually all beds examined, intergranular pore space has
been occluded by lepispheric opal-CT cement.

Bases of siltstone and sandstone beds are sharp, erosional, and
locally characterized by gutter casts that include common molds of
small bivalves and bivalve fragments (Fig. 4G). Bed tops commonly
appear more gradational owing to upward fining and more intense
bioturbation, although some are marked by relatively well-preserved
bed forms (i.e., ripples; Fig. 4G). Despite weak-to-moderate bioturba-
tion, including cryptobioturbation (see Pemberton et al., 2008) in upper
parts of some beds, primary fabrics—hummocky cross-stratification
and planar and wavy lamination—are at least partially preserved within
all event layers (e.g., Figs. 4G, 5A, D).

Ichnofossils in event beds are generally better defined than those in
sub- and superjacent claystone intervals, owing to the sharp contrast
between laminated host sandstone-siltstone and the commonly admixed
or segregated clay and sand-silt that comprise burrow fills and other
elements of biogenic structures (e.g., spreiten, burrow linings, and
mantles) (Figs. 4G, 5). Densities of discrete burrows vary between and
within event beds. Ichnofabric indices (see Droser and Bottjer, 1989)
range from ii2 to ii5 and ii2 to ii3 in upper and lower parts of event
beds, respectively. In most cases, biogenic structures locally penetrate
through event layers into subjacent porcelanitic claystone (e.g.,
Fig. 4G).

Commonly recurring ichnofossils observed in event beds include
nearly all of the structures found in associated claystone—Asterosoma
(e.g., Figs. 5A–D), Chondrites (e.g., Figs. 5D, H), Phycosiphon (e.g.,
Figs. 5B–C, E, G), Taenidium (e.g., Fig. 5G), Teichichnus (e.g.,
Figs. 5A, C, E), Thalassinoides (e.g., Figs. 5B–E, H), Zoophycos (e.g.,
Figs. 5B–C), Gyrolithes (e.g., Fig. 5H), and pellet-filled (e.g., Fig. 5B)
and shell-filled (e.g., Figs. 5E, H) burrows of uncertain ichnotaxonomic
affinity. Rosselia is the only component of claystone ichnofossil
assemblages not yet recognized in sandstone or siltstone beds. In
addition, some event beds also include rare Arenicolites (Fig. 5F),
Skolithos (Fig. 5D), and Ophiomorpha (Figs. 5A, D).

POINT A DAM SECTION

Siliceous Mudrock

Siliceous mudrocks from the Point A Dam section consist
predominately of poorly indurated claystone; however, they tend to
be slightly more indurated in thin (,1 cm) zones near the contacts with
some thicker sandstone interbeds (type 3 beds described below). With
the exception of a few thin intervals that exhibit very faint laminae,
claystone successions here are homogeneous, lacking both physical
sedimentary structures and evidence for resident bioturbation (Figs. 6,
7A). The only discrete ichnofossils observed in the claystone are either

FIGURE 3—Schematic depicting typical ichnofabrics in siltstone or sandstone event

beds and associated fair-weather siliceous mudrock in the I-20 and Campbell sections.

Owing to preferential silica diagenesis, mudrock immediately sub- and superjacent to

coarser event beds is more indurated porcelanite. Visibility of ichnofossils in siliceous

claystone increases with proximity to coarser event layers and degree of porcelanitiza-

tion (see Fig. 4E). As 5 Asterosoma, Ch 5 Chondrites, Gy 5 Gyrolithes, Ph 5

Phycosiphon, Ro 5 Rosselia, Ta 5 Taenidium, Te 5 Teichichnus, Th 5 Thalassinoides,

Zo 5 Zoophycos.
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FIGURE 4—Representative photographs of siliceous mudrock and associated siltstone and sandstone event beds in the I-20 and Campbell sections. A) Poorly indurated

siliceous claystone showing faint diagenetic(?) laminae and ill-defined burrow mottles (arrows). B) Cross section of Gyrolithes in siliceous claystone. Claystone immediately

adjacent to the burrow is slightly more porcelanitic than surrounding sediment. C) Subvertical cylindrical porcelanite concretion nucleated on and around Gyrolithes. D) Cross

section through porcelanite concretion formed around Gyrolithes. E) Example of increased visibility of ichnofossils within siliceous claystone adjacent to coarser event layers.

Enhanced visibility is related to formation of darker porcelanitic haloes around biogenic structures. F) Relatively well-expressed ichnofabrics in partly bioturbated, very fine

sandstone event bed (base and top approximated by dashed and dotted lines, respectively) and immediately adjacent, thoroughly bioturbated, porcelanitic claystone.

Background fabrics in claystone include poorly resolved Chondrites and Phycosiphon (Ch/Ph). G) Well-expressed ichnofabrics in thoroughly bioturbated porcelanitic claystone

(bottom) and weakly bioturbated, hummocky cross-stratified, coarse siltstone bed (top). Erosional base of sand bed exhibits gutter cast with shell lag (white arrow), while bed

top preserves remnant ripples. Distinct ichnofossils are labeled. Primary laminae in the upper part of the siltstone are ill-defined owing to cryptobioturbation. As 5 Asterosoma;

Ch 5 Chondrites; Ro 5 Rosselia; Te 5 Teichichnus; Th 5 Thalassinoides; Zo 5 Zoophycos. Scale bars 5 1 cm.
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FIGURE 5—Ichnofossils and ichnofabrics observed in coarse siltstone and fine sandstone event layers in the western sections. Image in F is a field photo; all others are of

polished vertical slab faces. A) Hummocky cross stratification disrupted by diffuse cryptobioturbation and sparse discrete biogenic structures. B) Moderately bioturbated event

bed with cryptobioturbation. C) Moderately to intensely bioturbated event bed. D) Weakly to moderately bioturbated hummocky cross-stratification cut by various ichnotaxa.

E) Moderately bioturbated event bed cut by three different burrow types and unidentified shell-filled burrows (sh). F) Arenicolites in upper part of event sandstone. G) Highly

bioturbated event bed. Discrete traces include Phycosiphon (Ph) and backfilled burrow provisionally assigned to Taenidium (Ta?). H) Moderately bioturbated siltstone with

small Gyrolithes, Chondrites, Thalassinoides(?), and unidentified shell-filled burrows (sh). As 5 Asterosoma; Ch 5 Chondrites; Op 5 Ophiomorpha; pe 5 pellet-filled burrows; Ph

5 Phycosiphon; Sk 5 Skolithos; Te 5 Teichichnus; Th 5 Thalassinoides; Zo 5 Zoophycos. Scale bars 5 1 cm.

PALAIOS ICHNOFABRICS IN SILICEOUS TALLAHATTA FORMATION 647

Downloaded from https://pubs.geoscienceworld.org/sepm/palaios/article-pdf/25/10/642/2843835/i0883-1351-25-10-642.pdf
by Univ College Dublin user
on 11 January 2019



glauconitic sand-filled firmground burrows emanating from the top of
the siliceous facies or quartz sand-filled structures emanating from the
bases of interbedded sand and sandstone layers. The later structures are
described in greater depth below.

Sand and Sandstone

Sand and sandstone beds within the siliceous facies at Point A Dam
have been divided into three types based on differences in thickness,
sediment texture and composition, degree of cementation, and
ichnologic character. Bed types 1 through 3 are schematically illustrated
in Figure 6.

Type 1 Beds.—Type 1 layers (Figs. 6, 7A–B) include very thin (1–
10 mm), typically discontinuous, parallel laminated beds and ripple
cross-laminated lenses of loose, fine-grained (mean 5 2.61W, n 5 3),
moderately well-sorted (s 5 0.41–0.64W), micaceous quartz sand. None
of these beds contain resident biogenic structures. Like the claystone
with which they are interbedded, type 1 beds are locally cut only by
ichnofossils emanating from the bases of overlying type 2 or type 3 beds
(Figs. 7A, C) or by firmground burrows emanating from the top of the
siliceous facies interval.

Type 2 Beds.—Type 2 beds are similar to type 1 beds in that they
comprise uncemented, parallel to cross-laminated, fine-grained (mean
5 2.60W, n 5 3), quartzose sand. They are, however, comparatively
thicker (3–15 mm), slightly better sorted (s 5 0.37–0.46W), less
micaceous, and contain resident biogenic structures (Figs. 6, 7C–I).

Tops of type 2 beds are virtually unbioturbated (Fig. 6); they are cut
only locally by sand-filled burrows derived from overlying sand beds
(Fig. 7C). The work of resident bioturbators, however, is reflected by
ichnofabrics within type 2 beds and in immediately superjacent
claystone intervals. Bedding-parallel surfaces within the sand reveal
typically branched, horizontal, narrow (5–10 mm) burrow systems
(Figs. 7D–F). Burrow margins vary from unlined to mud lined, and
sand fills vary from structureless to meniscate, between but also within
individual burrow systems. These structures are provisionally identified
as Thalassinoides, Ophiomorpha, Ancorichnus, and compound structures
reflecting elements of two or all of these ichnotaxa.

Ichnofossils emanating from bed bases into the upper 1–3 cm of
subjacent claystone intervals include Thalassinoides, Chondrites, and
Diplocraterion, the burrows of which are all filled with clean quartz
sand derived from the type 2 beds from which they originate (Figs. 7F–
I). On bedding-parallel surfaces, Thalassinoides individuals are mani-
fested as relatively large-diameter (#1.5 cm), horizontal-to-subvertical,
locally branched burrows. Their fine quartz sand fills locally are cut by
burrows filled with coarser glauconitic sand derived from above the
aforementioned coplanar sequence boundary–transgressive surface
(Figs. 7H–I). Notably, some Thalassinoides burrow fills are partly
mantled by concentrically laminated clay, reflecting soft-sediment
deformation of host sediments during burrow emplacement or
subsequent compaction (Fig. 7H). Structures assigned to Chondrites
are reflected by patches of small (1–3 mm), isolated pods or horizontal-
to-subhorizontal burrows with primary successive branching (Figs. 7F,
I). Examples of Diplocraterion are characterized by vertical, 2-to-4-cm-
wide u-tubes (4–8 mm in diameter) that bound protrusive spreiten
(Figs. 7G–H).

Type 3 Beds.—Type 3 beds (Figs. 6, 8) are significantly thicker (4–
8 cm), slightly coarser (mean 5 2. 49W, n 5 3), better sorted (s 5 0.25–
0.29W), and more indurated than type 1 and type 2 beds. Although
some locally contain small pockets of unconsolidated sand, most type 3
beds are variably cemented by opal-CT, chalcedony, and less commonly
equant quartz. Cementation varies systematically within most sand-
stone beds (Figs. 8B–D). Typically, at tops and bottoms of beds (i.e.,
nearer to sub- and superjacent claystone) and adjacent to internal clay-
rich features—clay lenses, concentrations of rip-up clasts (see below),
and burrow linings—sandstone is loosely cemented by lepispheric opal-
CT. Elsewhere (e.g., in the cores of beds), early opal-CT cements are
commonly overlain by pore-occluding chalcedony and, locally, equant
quartz cements (Fig. 8C). In other beds, particularly those that are
more intensely bioturbated, distribution of cement types is more
irregular; later-stage chalcedony cements preferentially precipitated
within certain biogenic structures (e.g., Teichichnus; Figs. 8F–G).

Silica diagenesis has partially obscured both physical and biogenic
fabrics in some type 3 beds (e.g., Figs. 8B, F–G). Where evident,
primary sedimentary structures include wavy lamination or hummocky
cross stratification with locally common, discontinuous clay drapes
(e.g., Fig. 8A); basal-to-medial seams of subangular-to-rounded clay
rip-up clasts (Figs. 8B, D); and ripples at the tops of some beds.

As with other bed types, tops of type 3 beds are sharp and virtually
unbioturbated; i.e., there is no mixing of sand and overlying siliceous
clay. Biogenic disruption of primary fabrics within type 3 beds,
however, is weak to moderate; as observed on vertical slab surfaces,
ichnofabric indices (see Droser and Bottjer, 1989) range from ii1 to ii3,
but ii2 is most common. Recurring, identifiable ichnofossils observed
within the sandstone beds include relatively large (#1.5 cm diameter),
thickly clay-lined Ophiomorpha nodosa (e.g., Figs. 6, 8D–E), protrusive
and retrusive forms of Teichichnus (Figs. 6, 8F–G), and compound

FIGURE 6—Schematic representation of sedimentologic and ichnologic character-

istics of event-bed types and associated fair-weather siliceous claystone observed in

the Point A section. An 5 Ancorichnus, Ch 5 Chondrites, Di 5 Diplocraterion, Gy 5

Gyrolithes, Op 5 Ophiomorpha, Te 5 Teichichnus, Th 5 Thalassinoides.
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FIGURE 7—Characteristics of type 1 and type 2 event-bed sands and associated fair-weather, dark siliceous claystone in the Point A section. A, C, and G are vertical surfaces; all

other photos show bedding-parallel surfaces. A) Type 1 beds manifest as thin to thick discontinuous laminae or lenses (starved ripples) within siliceous claystone. Note the absence

of resident bioturbation in siliceous claystone. Burrow (Thalassinoides, Th) penetrates from an overlying type 2 bed. B) Bedding-plane view of a type 1 bed manifest as train of

unbioturbated ripples. C) Type 2 bed (asterisk). Sparse burrows cutting subjacent claystone and thin sand laminae emanate from the base of this bed. Fill of large Thalassinoides

(Th) was reburrowed by organisms penetrating downward from the overlying coplanar sequence boundary–transgressive surface. Note the coarser, darker (glauconitic) fill in the

secondary burrow. D–F) Branched, horizontal, partly clay-lined burrows with locally well-developed meniscate backfill referred to herein as compound Thalassinoides-

Ophiomorpha-Ancorichnus (Th) within type 2 sand. Black arrows indicate lined burrow segments. F also shows Chondrites (Ch) within immediately subjacent claystone. G–I)

Examples of ichnofossils in siliceous claystone immediately subjacent to type 2 beds, including Diplocraterion (Di), Thalassinoides (Th), and Chondrites (Ch). Note the soft-sediment

deformation of claystone associated with the emplacement of Thalassinoides in H (large black and white arrow). Burrows filled with coarser, darker, glauconitic fills seen in G–I are

derived from the coplanar SB-TS developed at the top of the siliceous facies. Most but not all of these burrows exploited the fills of earlier formed Thalassinoides. Scale bars 5 1 cm.
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FIGURE 8—Sedimentologic, diagenetic, and ichnologic characteristics of type 3 beds observed in the Point A section. Unless noted otherwise, views are of vertical slab

surfaces. A) Weakly bioturbated, hummocky cross-stratified to wavy laminated sandstone with common siliceous clay drapes. B) Well-cemented sandstone with abundant

siliceous clay rip-up clasts. Sand immediately adjacent to overlying (Pc) and underlying siliceous claystone and around rip-up clasts are relatively loosely cemented by opal-CT.

Elsewhere, the sandstone is highly indurated owing to later-stage precipitation of chalcedony and quartz (Chal). In this example, later phases of cementation obscure primary

structures and biogenic structures (dotted lines). C) Photomicrograph (plane light) of sandstone at transition between poorly indurated zone loosely cemented by lepispheric

opal-CT (right side; O 5 opal-CT lepispheric rim cement; E 5 primary pore space) and more indurated zone wherein opal-CT cements are overlain by chalcedony (Chal; left

side). D) Sandstone bed with thickly clay-lined Ophiomorpha shaft. Note the lack of later stage chalcedonic cements at bed base and top, near rip-up clasts, and adjacent to

Ophiomorpha lining. E) Thickly lined Ophiomorpha. Note the lack of chalcedonic cements in and around the clay lining. F) Moderately bioturbated sandstone with Teichichnus

(Te) and Ophiomorpha (Op). Note variability in cementation between biogenic structures and ambient sediment. G) Moderately bioturbated sandstone with common
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Ophiomorpha-Teichichnus structures. The latter are characterized by
narrow (,1 cm) vertical-to-subvertical spreiten floored by causative
burrows with commonly nodose, clay linings (Figs. 6, 8G). Bases of
type 3 beds typically preserve (in convex hyporelief) horizontal,
branched, lined or unlined burrow systems assignable to Ophiomorpha
and Thalassinoides (Figs. 6, 8H), some of which can be identified as
causative burrows connected with Teichichnus spreiten in associated
sandstone. Sand-filled burrows that emanate from type 3 beds into
subjacent claystone intervals are very rare or absent and where
recognized, include only sharp-walled Thalassinoides or Gyrolithes
(Fig. 6).

DISCUSSION

Storm Origin for Sandstone and Siltstone

Thin sand, sandstone, and siltstone beds of the siliceous facies in all
three study sections clearly reflect periodic, short-lived, high-energy
events in otherwise quiet marine shelf settings, and these events were
most likely storms. The occurrence of hummocky cross stratification
(HCS) in many of the event beds in the western sections and in less
diagenetically altered, thicker beds in the Point A section reflect the
combined flow conditions purportedly manifested in tempestites (Duke,
1985; Duke et al., 1991; Cheel and Leckie, 1993). Thinner event beds
that lack HCS (e.g., those in the Point A section) likely reflect
emplacement of sands by lower magnitude storms or in more distal
shelf settings where perhaps surge-induced, offshore-directed currents
played a greater role than storm wave-induced oscillatory currents.

Variations in event magnitude, whether related to storm intensity or
position on the shelf (i.e., shoreline proximity), are most evident in the
record preserved in the Point A section. Based on their thicknesses and
coarser grain size, type 3 beds record more energetic storm events. This
is supported by the common occurrence of claystone rip-up clasts, the
prevalence of intergenic traces on bed soles, and the general paucity of
burrows in subjacent claystone, which indicate that deposition was
preceded by significant erosion and consequent exhumation of
relatively firm clayey substrates. In contrast, thinner, finer-grained
type 1 and 2 beds record less energetic and less erosive episodes.
Limited or no pre-depositional erosion is indicated by the absence of
rip-up clasts and in the case of type 2 beds, by softground ichnofossils
(e.g., Chondrites) and fluid deformation along the margins of some
burrows (i.e., Thalassinoides) emplaced in immediately subjacent clay
beds.

Fair-Weather Conditions

The common occurrence of storm beds with HCS indicates that the
studied intervals of the siliceous facies were generally deposited above
storm-wave base in the offshore transition. Ichnofabrics of associated
siliceous mudrock, however, indicate that fair-weather benthic condi-
tions varied markedly, either temporally or spatially, on the Tallahatta
shelf.

Western Sections.—The relatively well-expressed ichnofabrics in
porcelanitic claystone immediately sub- and superjacent to event beds
in the I-20 and Campbell sections include a moderately diverse
assemblage of ichnofossils reflecting the prevalence of deposit-feeding
behaviors. This Cruziana ichnofacies assemblage, which notably
resembles that observed in Cretaceous middle-to-outer shelf chalk
facies of the Gulf coastal plain and elsewhere (e.g., Locklair and

Savrda, 1998), generally indicates that siliceous mud substrates were at
least moderately well-oxygenated and otherwise hospitable.

Poorly expressed ichnofabrics in the central parts of thicker claystone
intervals (i.e., those intervals stratigraphically more distant from
coarser event beds) possibly could reflect alternate fair-weather regimes.
These ichnofabrics might reflect substrates that were overall less
hospitable (e.g., oxygen-deficient) or simply unfavorable for the
production and preservation of discrete ichnofossils (e.g., due to
sediment fluidity). While such changes in fair-weather substrate
conditions cannot be excluded altogether, the observed progressive
improvement in the expression of claystone ichnofabrics and ichno-
fossils with increasing levels of silica diagenesis (i.e., porcelanitization)
(e.g., Fig. 4E) suggests an alternative explanation. As addressed below,
differences in claystone fabrics likely are a product of preferential
diagenetic enhancement rather than real differences in benthic
conditions and associated benthos.

Point A Section.—Siliceous claystone fabrics in the Point A section
differ from those in the western sections. The absence of both burrow
mottling and discrete ichnofossils within Point A claystone, the
preservation of very thin (,1 cm) sand beds, and the virtual lack of
biogenic mixing of the tops of all sand and sandstone beds cannot be
explained by diagenesis. Rather, these observations indicate that clay
substrates did not host bioturbating infauna. Some thin siliceous
claystone intervals (e.g., claystone between closely spaced type 1 and
type 2 beds; Figs. 7A, C) may have accumulated very rapidly following
storm resuspension and hence may not be true fair-weather deposits. In
this case, rapid deposition of clay blankets could explain the absence of
burrows in claystone and subjacent sandstone tops, as has been
proposed for some estuarine and deltaic tempestites (e.g., Savrda and
Nanson, 2003; MacEachern et al., 2005); however, this mechanism
cannot be applied to all of the claystone intervals in this section.
Rather, the lack of resident infauna in these substrates indicates that
fair-weather conditions were inhospitable. Although other factors (e.g.,
substrate consistency) may have played a role, we suggest that benthic
oxygen deficiency, perhaps induced by intensified organic production in
the overlying water column, inhibited substrate occupation at the
depositional site and during the time interval represented by the thin
Point A section.

Differences in fair-weather conditions inferred between the Point A
section and the western sections could reflect either (1) temporal
paleoenvironmental changes and differences in relative ages of these
studied intervals or (2) spatial differences in water depth and
environmental regimes between depositional sites. Evaluating these
potential causes in the future will require both additional ichnosedi-
mentologic data from other localities and tighter chronostratigraphic
control.

Storm-Bed Ichnology and Allochthonous Tracemakers

Storm-Bed Ichnologic Succession Models.—Storm beds in siliciclastic
shelf sequences are typically characterized by mixed Skolithos-Cruziana
ichnofacies (Pemberton and MacEachern, 1997; Pemberton et al.,
2001). Such hybrid ichnofacies are produced by the sequential
emplacement of as many as four distinct ichnofossil suites: (1)
fugichnia, produced by resident fair-weather organisms escaping or
attempting to escape after storm burial; (2) structures produced by
organisms that survived transport by storm currents (allochthonous
tracemakers); (3) burrows, predominately dominichnia (e.g., Ophio-
morpha, Skolithos, Arenicolites; Pemberton and MacEachern, 1997),

‹

Teichichnus and compound Teichichnus-Ophiomorpha. Note preferential cementation of several Teichichnus spreiten. H) Intergenic Ophiomorpha or Thalassinoides preserved in

convex hyporelief and abundant claystone rip-up clasts on the base of type 3 sandstone bed. Scale bars 5 1 cm, except where indicated.

PALAIOS ICHNOFABRICS IN SILICEOUS TALLAHATTA FORMATION 651

Downloaded from https://pubs.geoscienceworld.org/sepm/palaios/article-pdf/25/10/642/2843835/i0883-1351-25-10-642.pdf
by Univ College Dublin user
on 11 January 2019



produced by opportunistic organisms that exploit incongruous sand
substrates immediately following storm deposition; and (4) structures,
mainly in storm-bed tops, formed by reestablished fair-weather
bioturbators (Frey and Goldring, 1992; Grimm and Follmi, 1994;
Pemberton and MacEachern, 1997; Pemberton et al., 2001; Savrda and
Nanson, 2003). Suites 1 and 3 embody the Skolithos ichnofacies,
whereas suite 4 represents the Cruziana ichnofacies. Suite 2, if present,
may be difficult to differentiate from suite 3, but potentially may
include elements characteristic of either ichnofacies (see below).
Bioturbation associated with the first three suites generally is not very
intense, but overprinting by fair-weather organisms (suite 4) may be
substantial, complicating the discrimination of ichnofossils associated
with earlier phases of the succession (Savrda, 2007).

Storm-bed successional suites are discussed in greater depth below, in
the context of the Tallahatta event beds. Suites 2 and 3 are most
problematic and are discussed last.

Fugichnia (Suite 1).—Fugichnia, or escape structures, are apparently
absent in Tallahatta storm beds. The rarity of escape structures in event
beds (tempestites as well as turbidites) previously has been noted by
Frey and Goldring (1992), who attributed this to bed thicknesses in
excess of the escape limits of tracemakers. A similar mechanism may
explain the paucity of fugichnia in the Tallahatta tempestites. In the
absence of attempted escape structures, however, this explanation
would require that storm deposition resulted in immediate mortality of
resident fair-weather burrowers. Storm scour provides an alternative
explanation; resident organisms capable of escape behavior may have
been entrained and transported by storm-generated currents prior to
sand deposition. Of course, in the case of the inhospitable fair-weather
substrates represented in the Point A section, such organisms
apparently were not present to begin with.

Fair-Weather Traces (Suite 4).—Of the eleven ichnotaxa confidently
identified in storm beds in the western sections, eight are common and
also recognized as recurring elements of fair-weather assemblages in
porcelanitic claystone immediately below and above the tempestites.
Hence, these traces—Asterosoma, Chondrites, Phycosiphon, Taenidium,
Teichichnus, Thalassinoides, Zoophycos, and Gyrolithes—can be safely
inferred to be elements of suite 4; i.e., they define a Cruziana ichnofacies
assemblage emplaced in storm deposits upon resumption of fair-
weather background conditions. Other elements of storm-bed ichno-
fabrics also may be part of the fair-weather suite. The tiny deposit-
feeding organisms responsible for locally pervasive cryptobioturbation
in upper parts of event beds potentially were part of the fair-weather
infauna, but evidence of their activities within clay substrates are not
detectable owing to thorough bioturbation and low textural or
structural contrast. The remaining three ichnotaxa observed in western
section tempestites (Ophiomorpha, Skolithos, and Arenicolites), which
represent the Skolithos ichnofacies, are not part of the fair-weather
suite, but instead represent either suite 2 or suite 3.

Interpretation of tempestite ichnofabrics in the Point A section is
relatively straightforward. Given the apparent absence of bioturbating
infauna in fair-weather clay substrates, all of the ichnofossils observed
in event beds must belong to either suites 2 or 3.

Allochthonous vs. Opportunist Tracemakers (Suites 2 and 3).—Early
colonization of storm beds by bioturbating organisms may be related to
(1) adult (post-larval) relocation by storm currents or (2) post-storm
ontogeny of larvae (Frey and Goldring, 1992), which would result in
suite 2 and suite 3 traces, respectively. The tempestite ichnofossil
successional model forwarded by Pemberton and MacEachern (1997)
emphasized the latter process, following Frey (1990), who argued that
adult tracemakers likely could not survive storm transport. Post-larval
dispersal of benthic organisms is known to occur (e.g., Thayer and
Steele-Petrović, 1975; Dobbs and Vozarik, 1983), however, and as
emphasized by Grimm and Föllmi (1994), certain organisms, crusta-
ceans in particular, can survive transport and resume burrowing
activities upon relocation. In their doomed pioneer hypothesis, the

latter authors argue that ichnofabrics in or beneath turbidites or storm
beds deposited in generally inhospitable environments (e.g., oxygen-
deficient settings) may be the product of such allochthonous burrowers.
Subsequently, others (e.g., Fürsich, 1998; Jensen and Atkinson, 2001;
Savrda and Nanson, 2003) have described event-bed ichnofossils that
may have been produced by storm-transported crustaceans, and more
recent discussions of storm-bed succession models have acknowledged
the potential role of allochthonous tracemakers (Pemberton et al., 2001;
fig. 113).

While there may be general agreement that elements of storm-bed
ichnofabrics, particularly those representative of the Skolithos ichno-
facies, can be ascribed to either current-transported organisms or
opportunistic colonizers, criteria for distinguishing the work of these
two groups of tracemakers are not well established. Such a distinction
may be difficult if not impossible for most storm beds, particularly
those wherein suite 2 or 3 traces are heavily overprinted by fair-weather
structures (suite 4). This problem is exemplified by the Skolithos
ichnofacies traces observed in tempestites within the western sections of
the Tallahatta Formation. Storm-bed ichnofabrics that include little or
no fair-weather biogenic overprint, such as those observed in the Point
A section tempestites, offer a better opportunity to evaluate the roles of
suite 2 and suite 3 tracemakers. Indeed, the ichnofabrics in Point A
storm beds, particularly type 3 beds but also possibly type 2 beds,
arguably are more feasibly ascribed to allochthonous organisms.

Observations that collectively lead to the attribution of type 3 bed
ichnofabrics to transported organisms are as follows:

1. Inferred tracemakers: Most of the ichnofossils associated with
type 3 beds (Ophiomorpha, Thalassinoides, and Gyrolithes) are
commonly ascribed to burrowing crustaceans (e.g., shrimp; Bromley
and Frey, 1974; Dworschak and Rodrigues, 1997). A comparable
tracemaker can be inferred for Teichichnus in type 3 beds, by virtue of
the intimate connection of this trace to Ophiomorpha in composite
structures. Notably, crustaceans have a relatively high capacity to
survive significant turbulent transport (Grimm and Föllmi, 1994).

2. Low bioturbation intensities: Limited burrow densities in type 3
beds clearly reflect very short episodes of biogenic activity. While this
could indicate post-storm passive introduction of opportunistic
organisms associated with short-term, event-related improvement in
benthic conditions, it also can be explained by the quick demise of
storm-transported organisms (doomed pioneers) upon re-establishment
of inhospitable fair-weather conditions.

3. Limited disruption of storm-bed tops and admixing of mud: Tops
of sandstone beds are sharp and virtually unbioturbated. With the
exception of the clay linings (and very rare clay fills) of Ophiomorpha,
there is no evidence of biogenic admixing of mud into storm-derived
sand. Given that at least minor clay deposition likely occurred in the
waning stages of storm events, more intense mixing of sand tops would
be expected if the observed traces were emplaced by opportunistic
colonizers shortly after event deposition. Predominantly sand-filled
Ophiomorpha shafts and tunnels and the lack of mud in Teichichnus
spreiten are more consistent with biogenic activity that occurred, at
least in part, during rather than after storm deposition and thus are
suggestive of transported tracemakers.

4. Burrow sizes: The diameters of biogenic structures (Ophiomorpha
lumen, causative burrows of Teichichnus, branches of intergenic
Thalassinoides, and tubes of rare Gyrolithes) in type 3 beds fall in a
narrow range of 1–1.5 cm. This suggests the work of mature
crustaceans, possibly hydraulically sorted by storm currents, and is
inconsistent with the expected ontogeny of post-storm opportunistic
colonizers.

5. Compound structures: Peculiar compound Ophiomorpha-Tei-
chichnus previously have been recognized in other siliciclastic sand
facies (e.g., Hestor and Pryor, 1972, in the Meridian Sand); however,
such structures are unusually common in type 3 beds, and the
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temptation to speculate that they reflect storm-induced behavior is
difficult to resist. Perhaps these compound structures reflect the natural
reactions of crustaceans to turbulent transport and catastrophic
relocation or they may record in some way the efforts of transported
tracemakers to establish or maintain stable burrows in sand during
rapid storm accumulation.

Ichnofabrics of type 2 beds from the Point A section also may be
interpreted as the product of allochthonous tracemakers based on
comparably low bioturbation intensities and undisturbed bed tops
(following observations 2 and 3 above). Notably, compared to those in
type 3 beds, component ichnofossils are characterized by a broader
range of generally lower burrow diameters and some (e.g., Chondrites)
cannot be readily ascribed to crustacean tracemakers. Nonetheless, type
2 beds do reflect comparatively less energetic events and it seems
reasonable that these weaker episodes could have allowed the transport,
survival, and subsequent short-term burrowing activities of an
assemblage of collectively smaller organisms that may have included
wholly soft-bodied organisms (worms). In contrast, the storm currents
responsible for emplacing type 1 sands, which lack evidence for any
resident biogenic activity, may have been too weak to transport and
relocate organisms capable of creating recognizable biogenic structure.
Hence, ichnofabric variations among event-bed types in the Point A
section could be taken to reflect hydrodynamic sorting of storm-
transported tracemakers.

Assuming that our interpretations of ichnofabrics in storm beds in
the Point A section are correct, the current study underscores the need
to more fully integrate ichnofossils associated with post-larval
transport of burrowing organisms into existing tempestite ichnofossil
succession models. Moreover, if the ichnofossils in type 2 beds were
produced by transported tracemakers as we suspect, then it should be
noted that, unlike those associated with opportunistic colonizers, suite
2 traces may not necessarily be representative of the Skolithos
ichnofacies. This observation provides some justification for assigning
event-bed ichnocoenoses to a distinct ichnofacies, i.e., the Arenicolites
ichnofacies, as has been proposed by Bromley and Asgaard (1991;
Bromley, 1996).

Relationships between Ichnofossils and Diagenesis

Previous studies have established clear relationships between
ichnofossils and diagenesis. Burrowing and depositing-feeding activ-
ities of organisms can result in textural, fabric, and compositional
changes that alter a sediment’s diagenetic potential and thus influence
the evolution of porosity and permeability (e.g., Gingras et al., 1999,
2002; McIlroy et al., 2003; Pemberton and Gingras, 2005). Converse-
ly, diagenetic processes may serve to either obscure or enhance the
visibility of ichnofossils and ichnofabrics (Savrda, 2007). The
potential enhancement of ichnofabric elements caused by preferential
cementation, including growth of syndiagenetic concretions, is
particularly well known (see Hall and Savrda, 2008, and references
therein).

Diagenesis of the Tallahatta siliceous facies was principally
controlled by the original abundance of reactive biogenic silica
(diatoms, radiolarians) in the mud that dominates this facies.
Diagenetic alteration of siliceous microfossils not only influenced the
character of the mudrock, but also likely supplied the dissolved silica
involved in cementation of siltstone and sandstone interbeds. Although
the diagenetic history of this unit is not yet fully understood,
observations made in the current study clearly demonstrate an
ichnologic control on cementation (Point A section) as well as
diagenetic controls on ichnofabric preservation (western sections).

Ichnologic Impact on Diagenesis.—Silt-dominated storm beds in the
western sections are completely and uniformly cemented by opaline
silica and, in their current condition, there is no evidence for ichnologic

control on cementation. As described above, however, the degree of
silica cementation and the types of silica cements vary spatially in
complex ways within coarser type 3 sandstone beds in the Point A
section, in part related to ichnofossils. Primary porosity is preferentially
preserved in opaline silica-cemented sand immediately adjacent to
Ophiomorpha clay linings (and to other clay components, e.g., rip-up
clasts, claytones interbeds). Although causes currently are not
understood and are the subject of ongoing study, this differential
cementation may reflect spatial variations in flow rates of, and
dissolved silica concentrations in, pore fluids moving around and
along siliceous claystone masses. The preferential cementation of
certain other biogenic structures (e.g., Teichichnus spreiten; Fig. 8G) in
type 3 beds is equally enigmatic but likely was controlled by
biomechanically generated differences in fabric (e.g., grain packing)
between these structures and host sediments and their impact of fabric
on pore-fluid flow. Regardless of the specific causal mechanisms for
differential cementation in these beds, biogenic structures clearly
contributed to the formation of dual- (or multi-) porosity-permeability
systems. Such systems may have a significant impact on the production
of water or hydrocarbons from comparable rocks (Gingras et al., 1999,
2002) and thus are worthy of continued investigation.

Diagenetic Controls on Ichnofabric Preservation.—Trace fossil
taphonomy is controlled by various factors that influence (1) ichnologic
fidelity, i.e., the extent to which ichnofabrics reflect the complete range
of activities of all trace-making organisms that inhabited a substrate,
and (2) trace-fossil visibility, i.e., the extent to which preserved
ichnofossils are manifest or accessible to the viewer (Savrda, 2007).
The Tallahatta siliceous facies provides examples of the variable impact
of diagenetic processes on ichnofossil preservation, particularly trace-
fossil visibility. Extensive silica cementation locally has obscured
biogenic structures (as well as primary sedimentary structures) in some
type 3 beds in the Point A section (e.g., Fig. 8B), while in other beds at
the same locality the visibility of ichnofabric elements has been
markedly improved by differential cementation of structures and host
sediments. The most remarkable illustration of diagenetic impact on
ichnofabric visibility, however, is provided by strata in the western
sections (I-20 and Campbell sections).

Alteration of biogenic siliceous mudrocks undoubtedly supplied the
dissolved silica to the pore fluids from which Tallahatta storm-bed
cements precipitated. The systematic mantling of storm beds by more
indurated, porcelanitic mudrock observed in the western sections,
however, indicates that, on the local or bedding scale, silica-charged
waters flowing through siltstone and fine sandstone had a complemen-
tary diagenetic impact on immediately sub- and superjacent siliceous
claystone. For reasons that are currently poorly understood, storm beds
apparently served as planar nucleation sites from which diagenetic
fronts migrated vertically to preferentially indurate or porcelanitize
adjacent muds. Whatever the causes, this selective diagenetic process
had a demonstrably favorable impact on the visibility of ichnofabrics.
The exact mechanisms responsible for this enhancement also are not
clear. Perhaps selective alteration began at a very early diagenetic stage
before significant burial and thus preserved ichnofabric elements that
otherwise would have been obscured by compaction of host muds.
Alternatively, differential silicification at the microscopic scale within
these intervals—perhaps associated with otherwise subtle differences in
texture, fabric, and composition—may have amplified contrast among
ichnofossils and host sediments. Then again, perhaps the induration of
these intervals precluded the loss of primary contrast by later diagenetic
processes which adversely impacted ichnofabric expression in softer
siliceous clay. The potential roles of these and other mechanisms are
being explored in ongoing studies. For now, it is clear that very little
ichnologic information would have been available from Tallahatta
siliceous mudrock were it not for the unusual diagenetic alteration at
stratigraphic intervals controlled by proximity to siliciclastic storm
beds.

PALAIOS ICHNOFABRICS IN SILICEOUS TALLAHATTA FORMATION 653

Downloaded from https://pubs.geoscienceworld.org/sepm/palaios/article-pdf/25/10/642/2843835/i0883-1351-25-10-642.pdf
by Univ College Dublin user
on 11 January 2019



CONCLUSIONS

1. Ichnosedimentologic observations of variably indurated clays-
tone, porcelanite, and subordinate thin sandstone and siltstone
comprising the unusual siliceous facies of the Eocene Tallahatta
Formation indicate that these strata accumulated in middle-shelf
settings (offshore transition). Sandstone and siltstone beds record
storm events of variable magnitude. Moderately diverse trace fossil
assemblages representing the Cruziana ichnofacies characterize many
mudrock intervals, reflecting overall hospitable, fair-weather condi-
tions. Locally, however, mudrock successions lack evidence for resident
bioturbation, reflecting periodically oxygen-deficient or otherwise
unfavorable substrates.

2. In storm beds associated with bioturbated mudrock, ichnofabrics
include structures produced by fair-weather tracemakers as well as a
Skolithos ichnofacies assemblage of the sort that traditionally has been
attributed to opportunistic colonizers. Ichnosedimentologic variability
observed among storm beds within unbioturbated fair-weather
mudrock intervals, in contrast, suggests that tempestite ichnofabrics
mainly record the temporary colonization of substrates by organisms
that were transported, hydraulically sorted, and redeposited by storm
currents.

3. Ichnofabrics and diagenesis of the siliceous facies clearly
influenced one another. In some storm sandstone beds, ichnofossils
locally influenced the degree and nature of silica cementation and in
some cases silica diagenesis variably obscured or enhanced the visibility
of trace fossils. Of greater significance, preferential conversion to
porcelanite of siliceous clay that was in immediate stratigraphic
proximity to many storm beds resulted in a dramatic enhancement of
fair-weather ichnofabrics, without which little paleoenvironmental
information could be derived.
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