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ABSTRACT

Taphonomic features of 156 graphoglyptids and other trace fossils
preserved as hypichnia of thin-bedded turbidites in Oligo-Miocene
flysch of the northern Apennines (central Italy) were analyzed. Two
biogenic taphonomic categories—deformation and elongation—were
produced in hemipelagic mud by the behavior of endobenthic organ-
isms. Deformation includes such features typical of bulldozing and
burrowing as twisting, squeezing, tilting, thickening, and widening.
Elongation is considered a primary biogenic character controlled di-
rectly by the tracemaker. Taphonomic features induced by such
physical agents as currents and creep usually developed unidirec-
tionally and include stretching, straightening, smoothing, bending,
tapering, thickening, and thinning. These features, associated with
hundreds of microgrooves (5–10 per 0.01 m2) interpreted as mud-
current lineations, suggest that currents were active and produced
deformational structures of fluting before, during, and after the bio-
genic activity. Preservation of such delicate structures recognizable
at different levels is particularly noticeable when a thin layer of fine
material settled by suspension, molding all structures and producing
a cemented film. Deformational structures may be particularly well
preserved in thin-bedded (3–6-cm-thick) and fine-grained calcarenitic
turbidites as in diluted turbulent flow deposits that fringed the iso-
lated Verghereto High. Activities of epi- and infaunal communities
in this area are also exceptionally well preserved. Physical tapho-
characters of graphoglyptids are interpreted in two ways: (1) as true
tool marks produced in mud by a tractive water mass preceding sand
deposition by turbidite flows, or (2) as structures inherited from pre-
turbidite phases. Taphonomic analysis in deep-sea deposits, therefore,
is a promising methodology to resolve the preservational state of
trace fossils above and below the soles of turbidites.

INTRODUCTION

Taphonomic features of 156 trace fossils preserved as hypichnia of
thin-bedded turbidites in Oligo-Miocene flysch deposits of the northern
Apennines foredeep basins, central Italy, were analyzed (Fig. 1). Varia-
tions in the shape of the geometric patterns of burrows are taphonomic
characteristics that conform to methods used by Bromley (1996), Monaco
(2000), and Monaco and Giannetti (2002). Such parameters as elongation,
deformation, and thickening or thinning that affect shafts, meshes, ramous
meanders, and strings that define ichnotaxa provide new data to improve
the preservation models of Seilacher (1977b; 2007) and Crimes and Cros-
sley (1980). Moreover, taphonomic observations presented here provide
a better characterization of the role played by currents and biogenic ac-
tivity in the preservation of hypichnia at soles of turbidite deposits.

Paleodictyon Menghini, 1850, is a distinct trace fossil preserved com-
monly as casts on the sole of fine- to medium-grained turbidites (Peruzzi,
1881). It is a three-dimensional burrow system composed of a regular,
repetitive net made up of horizontally distributed hexagonal meshes and
vertical outlets to the seafloor. Paleodictyon belongs to the group of trace

fossils known as graphoglyptids (Fuchs, 1895), which includes a large
number of ichnotaxa (Książkiewicz, 1970, 1977; Seilacher, 1977a; 1977b;
2007). Seilacher (1977b) postulated several behavioral programs includ-
ing nutritional strategies in food-restricted, deep-sea environments. Bur-
rowing strategies are still unsolved and the nature of many of the trace-
makers remains unknown (Miller, 1991; Wetzel, 2000; Uchman, 2004).
Some studies refer to these trace fossils as solitary burrowers, colonial
protists (xenophyophorans?), or other types of organisms (Swinbanks,
1982; Levin, 1994; Rona et al., 2003; Rona, 2004). A mathematical anal-
ysis of Paleodictyon patterns raises questions about whether it should be
considered a burrow and whether it was constructed by a single organism
or by multiple organisms (Honeycutt and Plotnick, 2005). Tracemakers
of Paleodictyon are inferred to be farming microbes and are, therefore,
included in the ethologic group of agrichnia (Ekdale, 1985). Paleodictyon
was constructed in many environments during the early Paleozoic (Orr,
2001) and have been found in deep-water turbidite deposits from the Late
Cretaceous to Paleogene (Fuchs, 1895; Seilacher, 1962, 1974, 1977b;
Uchman, 1995a, 1998, 2004; Wetzel, 2000). Seilacher (1977b, fig. 1, p.
292) proposed that Paleodictyon and other forms of graphoglyptids were
produced in mud that was eroded and cast by sand-rich turbidites; these
burrows are referred to as predepositional trace fossils (Książkiewicz,
1954; Seilacher 1962). The preservation of graphoglyptids as turbidite
sole casts, therefore, depends strictly on the erosion of the seafloor in
front of a turbidity current and the time of casting (Seilacher, 1974; Uch-
man, 1995a; Tunis and Uchman, 1996a, 1996b).

Crimes and Crossley (1980) noted that Paleodictyon provides much
information about bottom currents. For example, the long axes of hex-
agonal meshes are not always parallel to the sole marks of the turbidite;
they deviate by a few degrees (Crimes and Crossley, 1980; table 1). This
suggests that the preferential orientation of the long axis reflects the ori-
entation of bottom currents in between episodes of turbidite deposition.
Elongation and their parallel orientation to the main current flow may
have facilitated the convergence of current flows through all the tunnels
of the burrow system (Crimes and Crossley, 1980, fig. 5). The role of
the seafloor consistency and the displacement of the sediment in a slope
environment—downslope gravity creep—remain unresolved. Crimes and
Crossley (1980) suggested that Paleodictyon could be used to infer the
direction of the paleocurrent and to define changes in flow directions near
distal facies.

Few studies have been made on the taphonomic features of Paleodic-
tyon and other deep-water graphoglyptids, even though the preservation
potential of taphonomic alterations induced by physical or biogenic pro-
cesses may be detectable at the soles of fine-grained turbidites (Seilacher,
2007). In order to test the models introduced by Seilacher (1977b; 2007)
and Crimes and Crossley (1980), the taphonomic characteristics of ichn-
ocoenoses preserved as hypichnia of turbidites in Oligo-Miocene flysch
of the Northern Apennines were analyzed. This allowed the physical and
biogenic processes to be quantified and the role of erosion and casting
in deep-sea deposits to be appraised.
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FIGURE 1—Locality map and flysch deposits containing Paleodictyon, grapho-
glyptids, and other trace fossils. Letters inside circles indicate main outcrops reported
in Table 1.

GEOLOGICAL SETTING

Oligo-Miocene siliciclastic turbidites of the northern Apennines, cen-
tral Italy, analyzed here are the Macigno, Falterona, Cervarola, Vicchio,
Marnoso Arenacea, Verghereto and M. S. Maria Tiberina formations (Fig.
1). The Macigno, Falterona, Cervarola and Vicchio formations (Tuscan
successions, Oligocene-early Miocene) are found mainly in southern Ro-
magna and central to southern Tuscany, whereas the Marnoso Arenacea,
Verghereto and M. S. Maria Tiberina formations (autochthonous succes-
sions, early to late Miocene) developed mainly in the eastern- and
southernmost sector of Tuscany (e.g., south of Tiber valley, Fig.1), north-
ern and central Umbria and southern Romagna (Ricci-Lucchi, 1981; Boc-
caletti and Coli, 1982; Abbate and Bruni, 1989; Boccaletti et al., 1990;
Costa et al., 1997; Plesi et al., 2002). They were formed in foredeep and
piggy back basins thrusted and folded toward the northeast and filled
with siliciclastic deposits. These deposits produced deep-sea fan systems
within a basin-plain setting composed of depositional lobes, fringing fa-
cies, and thick muds on isolated submarine highs (e.g., the Verghereto
High). Such environments do not fit the classic deep-sea, fan-basin-plain
model due to the extreme morphological complexity and irregularity of
the Apennine foredeep seafloor.

Oligo-Miocene flysch deposits are thin- to thick-bedded and consist of
fine- to coarse-grained arenites and calcarenites, 3–250 cm thick, inter-
calated with gray to darkgray hemipelagic mudstones, 30–350 cm thick.
Pebbly mudstone and slump deposits are also associated commonly with
these deposits. Bioturbation in thinner beds is widespread and represented
mainly by hypichnia and epichnia, whereas trace fossils in thicker beds
are hypichnia or endichnia (mainly Scolicia strozzii) and vertical multi-
layer colonizers (e.g., Ophiomorpha and Thalassinoides), which cross two
or three beds vertically or obliquely (Uchman, 1995a; 2007; Monaco et
al., 2007). Sandstones and calcarenites are thinly layered. Mica flakes,
dark pebbles, and black plant detritus are very abundant and are selec-
tively concentrated in the laminae. These laminae consist of graded, plain-
parallel (dominant) traction carpets and wavy, cross-laminated, climbing

to symmetrical, rippled sandy to silty deposits (very common northwest
of Verghereto). Convoluted and water-escape structures are also common.

Thick-bedded turbidites—mainly coarse-grained sandy facies (F4–F6)
of the turbidite model of Mutti (1992)—are typical of the Macigno and
Falterona formations and crop out mainly in the Pratomagno Ridge (Table
1). They are interpreted as structureless, gravelly to sandy, high-density
turbidite current-flow deposits. Graphoglyptids in thick-bedded turbidites
are very poorly preserved because of abundant tabular scours and large
grooves (up to 60 cm wide). These facies are important when trying to
understand the compaction history of these units because the cross-
sectional shape of the tunnels in such endichnia as Chondrites, Ophiom-
orpha, and Thalassinoides varies from circular to elliptical in shape. For
example, O. rudis often have oblique cross grooves, flute casts, and fron-
descent marks at the soles of thick-bedded turbidites. Thick-bedded tur-
bidites are probably depositional lobes, which make up the most common
type of sandstone bodies in the basin fill of the northern Apennine fore-
deep and correspond to the maximum extent to which the NW–SE-
oriented sand bodies were transported into the basin (Walker, 1984; Mutti
and Normark, 1987; Mutti, 1992)

Medium-bedded turbidites are assigned mainly to facies F7–F8, where-
as thin-bedded turbidites are assigned to facies F9, low-density turbidite
currents (LDTC), or thin-bedded deposits (Table 1). Facies F7 is char-
acterized by thin, horizontal laminae that likely represent traction carpets.
Several thin traction-carpet layers can be found from the base to the top
in the same 30–50-cm-thick bed and may be only a few grains thick
(Mutti, 1992, plate 42A–B). Facies F8 is considered a true Ta Bouma
division and consists of structureless, medium- to fine-grained sandstone.

Thin-bedded turbidites (fine-grained facies F9) typically characterize
distal areas of outer fans or fan-fringe facies of lobes and basin plain;
graphoglyptids are very abundant and well preserved in these facies. Fa-
cies F9 can be subdivided into facies F9a and F9b. According to Mutti
(1992), facies F9a is commonly a Ta-missing turbidite bed, showing the
typical incomplete Tb–e or Td–e type sequence of the Bouma sequence.
Facies F9b has a higher sand/mud ratio than facies F9a, is internally less
organized, composed of slightly coarser sediments than very fine grained
sandstone, and is characterized by ripple bedforms. Deposits of the F9b
facies probably indicate a high fall-out rate from a suspension current
(e.g., Mutti, 1992, p. 74). Small-sized specimens of Paleodictyon strozzii,
P. majus, P. italicum, P. minimum, Paleodictyon isp., and other gra-
phoglyptids are very abundant at the soles of the F9a and F9b facies,
where taphonomic features are also well preserved. Large-sized P. hex-
agonum specimens, usually found in facies F9a, may be partially scoured
(Montone and Campigna localities, see Table 1).

In the Verghereto High, the muddy facies are very thick (up to 400 m)
and contain sporadic thin-bedded turbidites (F9b facies, 3–5 cm thick,
Montecoronaro in Table 1). Turbidite bodies tend to become progressively
thicker towards the north; this suggests a gradational transition from the
F9a–b facies to the northwest of the Verghereto High to the F7–F8 facies
of the Bagno di Romagna depositional fan. In the Verghereto High, the
top of thin-bedded deposits is rippled and shows such meandering or
sinuous trace fossils as Nereites missouriensis and Scolicia prisca. Small
ripples suggest varying directions in weak bottom currents (Piper and
Stow, 1991; Mutti, 1992). Other thin-bedded, fine-grained turbidites show
the turbidite mud sequence T0–T8–P and E1–E3–F (Stow and Piper,
1984a, 1984b; Walker, 1984). Some graphoglyptids have been found (e.g.,
Urohelminthoida), but the top of the bed, which is the hemipelagite-
pelagite transition (T8-P or E-F, respectively, see Monaco and Uchman,
1999; Wetzel and Uchman, 2001), is poorly bioturbated (e.g., Chon-
drites).

ICHNOLOGY

Rich graphoglyptid ichnocoenoses made up of many ichnotaxa are
summarized in Table 2. Only 156 trace fossils catalogued in the ICH-
NOTHECA of the Biosedimentary Laboratory at the Earth Science
Department of the University of Perugia show interesting taphonomic
features for analysis. Paleodictyon is the most useful for taphonomic
analysis. Sixty-three Paleodictyon specimens studied belong to P.
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TABLE 1—Studied outcrops.

Locality No. (see Fig. 1)
Coordinates

(UTM/WGS 84)
Geological map

(1:100.000) Formations Studied turbidites
Facies

(Mutti, 1992)

Pratomagno ridge
a1 Poggio Regina 434010 005230 No. 107 Falterona Macigno, Falterona thick to medium beds F4-F8
a2 Cetica 434120 004730 No. 107 Falterona Macigno, Falterona thick to medium beds F4-F8

M. Falterona area
a3 Pratale 434620 004010 No. 107 Falterona Cervarola, Vicchio medium to thin beds F9a-b
a4 C. d. Verna area (N) 434350 003130 No. 107 Falterona Cervarola, Vicchio medium to thin beds F9a-b

Corniolo Pass
b1 Corniolo 435430 004030 No. 107 Falterona Marnoso Arenacea, Verghereto thin beds F9a-b

La Calla and Mandrioli Passes; upper Savio
and Tiber river valley, from Bagno di Roma-
gna to south of Verghereto High

b2 Campigna (NE) 435350 004120 No. 107 Falterona Marnoso Arenacea, Verghereto thin beds F9a-b
b3 Campigna 435250 004230 No. 107 Falterona Marnoso Arenacea, Verghereto thin beds F9a-b
c1 Cantoniera Mandrioli 434830 003110 No. 107 Falterona Marnoso Arenacea, Verghereto thin beds F9a-b
c2 Savio South 434820 002830 No. 108 Mercato Saraceno Marnoso Arenacea, Verghereto thin beds F9a-b
c3 Savio North 434940 002930 No. 108 Mercato Saraceno Marnoso Arenacea, Verghereto thin beds F9a-b
c4 Canili 434530 003510 No. 108 Mercato Saraceno Marnoso Arenacea, Verghereto thin beds F9a-b
c5 Montecoronaro 434650 002510 No. 108 Mercato Saraceno Marnoso Arenacea, Verghereto thin beds F9a-b
c6 Valsavignone 434410 002520 No. 108 Mercato Saraceno Marnoso Arenacea, Verghereto thin beds F9a-b

Southern part of Pratomagno ridge, Alpe di
Poti-Catenaia (Ar)

d1 Poggio la Cesta 433550 004430 No. 114 Arezzo Macigno, Falterona mainly thick beds F4-F6
d2 S. Maria Carda 433850 004140 No. 114 Arezzo Falterona, Cervarola thick to medium beds F7-F8-F9a
d3 Monte Filetto 433540 003040 No. 114 Arezzo Falterona, Cervarola medium to thin beds F8-F9a-b
d4 Quarantola (Poti) 432920 003050 No. 114 Arezzo Falterona, Cervarola medium to thin beds F8-F9a-b

Cortona (Ar), Monte S. Maria Tiberina area,
Soara river valley, Montone

e1 Montanare 431450 002050 No. 122 Perugia Falterona, Cervarola medium to thin beds F8-F9a-b
e2 Celle area (NW) 432850 001630 No. 115 Città di Castello Vicchio medium to thin beds F8-F9a-b
e3 Monte S. Maria Tiberina 432530 001620 No. 115 Città di Castello M.S.M. Tiberina medium to thin beds F8-F9a-b
e4 M. del Sasso 432650 000930 No. 115 Città di Castello Marnoso Arenacea medium to thin beds F8-F9a-b
e5 Soara valley 432730 000820 No. 115 Città di Castello Marnoso Arenacea medium to thin beds F8-F9a-b
e6 Montone 432220 000530 No. 115 Città di Castello Marnoso Arenacea medium to thin beds F8-F9a-b

hexagonum (17 specimens, 12 were Glenodictyum, and 5 Ramodictyon,
sensu Seilacher, 1977b), P. strozzii (2 specimens), P. majus (6 speci-
mens), P. italicum (6 specimens), P. minimum (11 specimens), P. latum
(5 specimens), Paleodictyon isp. (13 specimens) and Squamodictyon (3
specimens) (Table 2).

The ichnotaxonomy of Paleodictyon is based mainly on the geometry
of the nets (regular or irregular), the maximum mesh size, the ratio of
the maximum mesh size (MMS) to the string diameter (SD), and the
preservation of vertical shafts with or without mesh (Sacco, 1888; Vialov
and Golev, 1965; Seilacher, 1977b; Uchman, 1995a). Seilacher (1977b)
proposed such subichnogeneric names for Paleodictyon as: (1) Glenod-
ictyum to indicate only horizontal hexagonal meshes, (2) Ramodictyon
when vertical shafts are preserved, and (3) Squamodictyon to indicate
scalelike meshes. Recently, Uchman (1995a) redefined the morphometric
range of Paleodictyon in flysch deposits using the maximum mesh size
and string diameters, distinguishing 13 species, including very small (P.
minimum and P. latum with MMS values of 0.1–0.3 mm and SD values
of 0.2–0.9 mm) and very large forms (P. italicum, P. hexagonum and P.
gomezi with MMS �10 mm and SD �2.5 mm). In this classification, it
is often difficult to distinguish between the two forms of the Ramodictyon
subichnogenus, R. tripatens and R. nodosum (Seilacher, 1977b), because
each Glenodictyum specimen may also be preserved as Ramodictyon
when vertical shafts are preserved. R. nodosum and R. tripatens, there-
fore, should be used with caution. In this study, specimens of Glenod-
ictyum were considered apart from Ramodictyon (Table 3). The first con-
sists of a large net, 80 cm wide and 120 cm long, with SD of 2.8–4 mm
and a MMS of �14 mm (Table 3). Vertical shafts and knobs (knob

diameter � 6–8 mm and knob length � 10–12 mm; Table 3) are located
at three branching points of the mesh, such as in R. tripatens (Seilacher,
1977b, fig. 14g). Mesh widening or elongation may have affected the
string diameter, thereby influencing the taxonomic affinity; specimens
with a very wide, widened string (Uchman, 1995a) are also known as P.
robustum (Koriba and Miki, 1939).

The remaining ichnotaxa considered in this study include both gra-
phoglyptid and nongraphoglyptid specimens and are subdivided into
knob-shaped (38 specimens), ramous-shaped (39 specimens), and string-
shaped or meandering trace fossils (16 specimens) (Tables 2–3). In gen-
eral, knob-shaped and ramous-shaped forms are taxonomically meaning-
ful only when they are geometrically distributed or follow closely spaced
meanders at soles of fine-grained turbidites; they also cross Paleodictyon
minimum meshes. Trace fossils can be indicated as generic plug-shaped
structures when preservation is poor and taxonomic determination is
doubtful (Table 3). The main knob-shaped or radiate ichnotaxa recognized
in the studied material include: Lorenzinia isp. (9 specimens), Para-
haentzschelinia isp. (7 specimens), Helicolithus ramosus (3 specimens),
and Bergaueria isp. (4 specimens). Other ramous-shaped (uni- and bi-
ramous) graphoglyptids include Desmograpton (20 specimens), Paleo-
meandron (4 specimens), Urohelminthoida (10 specimens), and Proto-
paleodictyon (3 specimens). The meandering and string-shaped trace fos-
sils are Cosmorhaphe (2 specimens), Helminthorhaphe (3 specimens),
Spongeliomorpha (4 specimens), and Protovirgularia (8 specimens) (see
Tables 2–3). Ophiomorpha rudis and Scolicia strozzii, although very
abundant, were not considered in this study.
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TABLE 2—Description of ichnogenera.

Ichnogenus Short description

Paleodictyon
Meneghini, 1850

Hypichnial mesh of hexagons and shafts. For extended description, see text. 63 specimens.

Lorenzinia
Gabelli, 1900

Radial structure with short, smooth, hypichnal ridges arranged in one or two circular rows radiating from round central area; Lorenzinia pustulosa,
Lorenzinia plana, and Lorenzinia isp. have been found. 9 specimens.

Parahaentzschelinia
Chamberlain, 1971

Hypichnial circular to oval knobs, up to 20 mm in diameter of vertical shafts, radiating subvertically from one master shaft. 7 specimens.

Helicolithus
Azpeitia Moros,
1933

Series of regular and parallel knobs, 0.3–1 mm in diameter, up to 100 per dm2 and regularly spaced in sole of fine-grained turbidites; studied
specimens of Helicolithus ramosus very similar to Punctorhaphe parallela. 3 specimens.

Bergaueria
Prantl, 1945

Vertical plug-shaped trace fossil, circular to elliptical in cross section with rounded base and apical depression with essentially structureless sandy
fill; specimens of Bergaueria cf. hemispherica as hypychnial mounds 15–25 mm long and 15–17 mm high, oval in outline, at lower surface of
fine-grained, silty turbidites. 4 specimens.

Cosmorhaphe
Fuchs, 1895

Meandering graphoglyptid with two orders of regular and widely spaced meanders; in C. lobata second-order undulations are better preserved than
first-order ones and usually of greater wave length than amplitude. In C. parva regular, second-order undulations are slightly higher than wide. 2
specimens.

Desmograpton
Fuchs, 1895

Hypichnial trace fossil formed by double rows of string-sized, J- or U-shaped, semimeanders joined by bars. Curved segments inwardly oriented in
alternating position; rare are two opposite semimeanders joined by short bars. In 5 specimens of Desmograpton ichthyforme, bars narrowly
aligned and appear as parallel and very long ridges; perpendicular bars seldom preserved. In 15 specimens of Desmograpton dertonensis, narrow
U-shaped semi-meanders occur. 1 specimen of Desmograpton cf. alternum displays alternate semi-meanders elevated in curved positions. 21
specimens.

Paleomeandron
Peruzzi, 1881

Meandering string preserved as hypichnia with rectangular second-order meanders. P. transversum shows first-order, widely spaced meanders and
sharp turning points marked by cross bars; P. robustum exhibits pairs of thin knobs, 0.2–0.4 mm wide, distributed inside meanders, which
probably represent vertical shafts; P. elegans with second-order undulations and sharp corners and Paleomeandron isp. have been found. 4 spec-
imens.

Urohelminthoida
Sacco, 1888

Hypichnial string-sized, tight meanders, in which turning points are angular, and regularly spaced appendages protrude outwardly from turning
points. U. dertonensis is more common and typical and commonly forms regular meanders, 30–45 mm wide, and shows hypichnial strings up to
4 mm in diameter; appendages are up 60 mm long. U. cf. appendiculata exhibits slightly irregular meanders, which are tight (distance two or
three times tunnel diameter) and very wide, with a course becoming convex; appendages short, parallel to tunnels. 10 specimens.

Helminthorhaphe
Seilacher, 1977

Nonbranching hypichnial trace fossil of variable string diameter (up to 4 mm in H. cf. japonica) with one order of smooth meanders. In H.
japonica, specimen from Cervarola Formation meanders show very high amplitude. 3 specimens.

Protopaleodictyon
Książkiewicz, 1958

Hypichnial wide first-order meanders, more or less regular in shape, with short appendages branching from apex of second-order meanders. Three
specimens of Protopaleodictyon minutum and Protopaleodictyon isp. from sole of fine-grained turbidites exhibit interesting taphonomic features.
3 specimens.

Plug-shaped structures
(undetermined)

Circular to elliptical, essentially structureless sandy filled structures, 1 to 3.5 mm in diameter, randomly distributed in groups as hypichnia at soles
of thin-bedded turbidites. 15 specimens.

Spongeliomorpha
de Saporta, 1887

Simple, string-shaped horizontal burrow usually with set of longitudinal or obliquely disposed, fine and elongate striations on exterior. Usually this
predepositional trace produces a displacement of mud current lineations and other trace fossils. Main ichnospecies is S. sublumbricoides with
ridges and striae disposed obliquely and grouped. 4 specimens.

Protovirgularia
McCoy, 1850

Horizontal, cylindrical trace fossil, distinctly or indistinctly bilobate, straight or slightly meandering. Characteristics are internal structures, formed
by successive pads of sediment disposed at both sides, expressed on exterior as typical ribs arranged in chevronlike biserial pattern (P. oblitera-
ta). Protovirgularia vegans usually undulate in vertical plane (semi-lune) and therefore preserved as hypichnial disrupted ridges with close flute
casts. 8 specimens.

TAPHONOMY

Taphonomic analysis of trace fossils (Figs. 2–3) focused on the mor-
phologic deviations from the original shapes caused by biogenic or phys-
ical agents (Bromley, 1990, 1996; Fernández López, 1997; Monaco,
2000; Monaco and Giannetti, 2002; Caracuel et al., 2005; Savrda, 2007).
In large and small ichnotaxa of Paleodictyon, superimposed meshes of
the same ichnospecies are found: two for Paleodictyon hexagonum and
two for P. minimum; they always have a peculiar arrangement and are
arranged as superimposed rows of cells (see 2Msh in Fig. 2G). The shal-
low upper parts of the shafts and deep mesh levels are commonly sepa-
rated by a difference in height (step in Figs. 3A–C). This step varies from
10–30 mm for large Paleodictyon specimens (P. hexagonum) to 2–3 mm
for small specimens (P. minimum). It highlights two orders of erosional
processes that affect the seafloor at different depths and involve one or
more meshes and vertical shafts (Figs. 3A–C). In Paleodictyon minimum
both mesh levels are exposed: a deep one, 2–4 mm below the paleosur-
face, and a shallow one closer to the sediment-water interface (dpm and
shm, respectively, in Fig. 3C). In all small examples of P. minimum at
Quarantola (Alpe di Poti, see Tables 1–3), the number of processes that
affect meshes decreases from the deepest (dpm) to the shallowest level

(shm). Two taphonomic characteristics that only affect the shallow mesh
are indicated in Figure 3C.

Taphonomic characteristics can be attributed to biogenic and physical
agents: the former produced three-dimensional deformations, whereas the
latter produced unidirectional deformations on both the mesh plane and
shafts (Fig. 4). Twelve taphonomic features that involve deep and shallow
mesh, knobs, and ramous meanders are listed below; their abbreviations
are summarized in Table 3. Outlines of biogenically and physically in-
duced features are summarized in Figure 4. In many samples these fea-
tures are often associated.

Taphonomic Features Induced by Biogenic Agents

Two separate groups of biogenically induced taphonomic features can
be recognized: (1) three-dimensional deformations and (2) elongation.
Unlike elongation, which is directly controlled by the tracemaker, three-
dimensional (3-D) deformations can be considered to be a byproduct of
burrowing. This kind of secondary deformation can occur in five different
ways, depicted in Figure 4, and briefly described below.

Twisting.—Twisting can be considered a 3-D deformation because it
develops along the x-y-z axes (Fig. 4). A portion of trace fossil (e.g., one
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TABLE 3—Taphonomic features of 156 specimens. Taxonomy symbols: MMS � maximum mesh size; SD � string diameter; SL � string length; MW � meander width;
KnL � knob length; KnDm � knob diameter; KnDs � knob distance. Taphonomy symbols: Tws � twisting; Sqz � squeezing; Tlt � tilting; Tck � thickening; Wdn �
widening; Elg � elongation; Str � stretching; Stg � straightening; Smo � smoothing; Bnd � bending; Tpr � tapering; Thn � thinning.

Ichnotaxa No. Biosedlab samples Category Aspect Level Taxonomy Taphonomy Agents

Paleodictyon
(Glenodictyum)
hexagonum

9 MA13, 18, 28, 57, 115,
118, 145, 160, 179

net shaped horizontal mesh
(deep)

1 of 2 MMS �10mm;
SD �2.5mm

Tws; Sqz; Tlt; Tck;
Wdn; Elg (deep m.)

Biogenic

Paleodictyon
(Glenodictyum)
hexagonum

3 MA14, 57, 140 net shaped horizontal mesh
(medium)

1 of 2 MMS �10mm;
SD �2.5mm

Str; Stg; Smo (medi-
um mesh)

Physical (currents,
creeping)

Paleodictyon
(Ramodictyon)
hexagonum

5 MA13, 14, 28, 145, 189 knob shaped vertical outlets 1 KnDm 6–8mm;
KnDs 10–12mm

Stg; Bnd; Tpr; Thn Physical (current
flow)

Paleodictyon strozzii 2 MA101a–b net shaped horizontal mesh 1 MMS �2�6mm;
SD �0,2�1mm

Str; Smo Physical (current
flow)

Paleodictyon majus 6 MA117, 182, CEV148,
PT129a–c

net shaped horizontal mesh 1 MMS �5�12mm;
SD �0.8�15mm

Str; Smo; Wdn Physical (current
flow)

Paleodictyon
italicum

6 MA32, 202, 183,
208a–c

net shaped horizontal mesh 1 MMS �20�40mm;
SD �2.8mm

Tws; Str Physical; biogenic

Paleodictyon latum 5 MA211a–e net shaped horizontal mesh
(shallow)

1 of 2 MMS �0.1�0.3mm;
SD �0.4�0.9mm

Str; Stg; Smo (shallow
mesh)

Biogenic; physical
(current flow)

Paleodictyon
minimum

11 MA211a–j net shaped horizontal mesh
(deep)

1 of 2 MMS �0.1�0.3mm;
SD �0.2�0.3mm

Elg; Wdn (deep mesh) Biogenic

Paleodictyon
(Glenodictyum)

12 MA67, 200, 212a–i net shaped horizontal mesh 1 MMS �30�40mm;
SD �1�2mm

Tws; Str; Smo Biogenic; physical

Paleodictyon
(Ramodictyon)

1 MA29 knob shaped vertical outlets 1 KnDm 2–3mm;
KnDs 7–12mm

Stg; Tpr; Thn; Smo Physical (current
flow)

Paleodictyon
(Squamodictyon)

3 MA102, 164, 213 net shaped horizontal mesh 1–2? MMS �2.5�3.5mm;
SD �2.5�4mm

Tws; Tck; Wdn; Str Physical; biogenic

Lorenzinia plana 5 MA 61, 108; 169; 173,
213

knob shaped radial 1 KnL �2.5�4mm Smo; Stg; Bnd; Tpr;
Thn

Physical (current
flow)

Lorenzinia pustulosa 1 PT141a knob shaped radial 1 KnL �2�6mm Tck Biogenic; physi-
cal?

Lorenzinia isp. 3 PT141b–d knob shaped radial 1 KnL �2�5mm Stg; Bnd; Tpr; Thn Physical (current
flow)

Parahaentzschelinia
isp.

7 MA90, 92, 165, 174a–d knob shaped group 1 KnL �3�6mm Smo; Stg; Bnd; Tpr;
Thn

Physical (current
flow)

Helicolithus
ramosus

3 MA58.188,192 knob shaped scattered 1 KnL �0.2�0.6mm Smo; Stg Physical (current
flow)

Bergaueria
cf. hemispherica

4 MA23a–d knob shaped single 1 KnL �15�25mm Smo Physical (current
flow)

Plug-shaped struc-
tures

15 MA213a–q knob shaped scattered 1 KnL �5�14mm Tck; Tlt; Smo Biogenic; physical

Cosmorhaphe lobata 1 PT 126 meandering wide meanders 1 SD �3�5mm;
MW �40�60mm

Sqz; Thn; Tck; Smo Biogenic; physical

Cosmorhaphe parva 1 MA 105 meandering narrow meanders 1 SD �2�5mm;
MW �2�5mm

Tck; Smo Biogenic; physical

Desmograpton
ichthyforme

4 MA25, 81, 93, 94 ramous shaped biramous, straight
string

1 SD �0.8�2mm;
SL �2�14mm

Stg; Smo; Tck; Thn Physical (current
flow)

Desmograpton
dertonensis

16 MA36, 88, 168, 175,
184, 186, 190, 205,
212a–g

ramous shaped biramous, straight
string

1 SD �0.8�2mm;
SL �2�14mm

Stg; Smo; Tck; Thn;
Tws; Sqz

Physical; biogenic

Desmograpton
cf. alternum

1 MA36 ramous shaped biramous, straight
string

1 SD �0.8�1.8mm;
SL �0.9�4mm

Stg; Smo; Tck; Thn Physical (current
flow)

Paleomeandron
transversum

1 MA192 ramous shaped biramous, curved
string

1 SD �2�4mm;
SL �2�6mm

Smo; Thn Physical (current
flow)

Paleomeandron
elegans

1 CEV53 ramous shaped biramous, curved
string

1 SD �1.8�2.2mm;
MW �3�4.5mm

Smo; Thn Physical (current
flow)

Paleomeandron
robustum

1 CEV178 ramous shaped biramous, curved
string

1 SD �2�8mm;
MW �12�16mm

Smo; Thn Physical (current
flow)

Paleomeandron isp. 1 MA213f ramous shaped biramous, curved
string

1 SD �1�4mm;
MW �10�12mm

Smo; Thn Physical (current
flow)

Urohelminthoida
dertonensis

4 MA27, 37, 54, 191 ramous shaped uniramous, tightly
meander

1 SD �2�5mm;
MW �35�60mm

Stg; Smo; Tck; Thn Physical (current
flow)

Urohelminthoida
isp.

5 MA60, 62, 68, 69, 122 ramous shaped uniramous, tightly
meander

1 SD �2�4mm;
MW �35�60mm

Stg; Smo; Tck; Thn Physical (current
flow)

Urohelminthoida
appendiculata

1 MA64 ramous shaped uniramous, tightly
meander

1 SD �1.2�2mm;
MW �20�60mm

Smo; Tck; Thn Physical (current
flow)

Helminthorhaphe
isp.

1 CEV48 meandering tightly meander 1 SD �1.3�2mm;
MW �60�80mm

Smo; Tck; Thn Physical (current
flow)

Helminthorhaphe
japonica

2 MA199a, CEV199b meandering tightly meander 1 SD �1.2�2mm;
MW �40�70mm

Smo; Thn Physical (current
flow)

Protopaleodictyon
minutum

2 MA35, 203 ramous shaped winding meander 1 SD �2�3.5mm;
MW �30�60mm

Stg; Smo; Tck; Thn Physical (current
flow)
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TABLE 3—Continued.

Ichnotaxa No. Biosedlab samples Category Aspect Level Taxonomy Taphonomy Agents

Protopaleodictyon
isp.

1 MA61 ramous shaped winding meander 1 SD �1�2mm;
MW �20�40mm

Smo; Tck; Thn Physical (current
flow)

Spongeliomorpha
isp.

4 MA234a–c, 196 string shaped straight string — SD �8�25mm;
SL �50�250mm

Tlt; Tws; Tck; Sqz Biogenic (head)

Protovirgularia
obliterata

5 MA15, 87, 197, 201,
CEV 159

string shaped straight string — SD �1�7mm;
SL �10�220mm

Smo; Tck; Tlt (others
P)

Physical; biogenic

Protovirgularia
vagans

2 MA44, 116 string shaped meandering string — SD �5�20mm;
SL �100�320mm

Smo; Tck Physical (current
flow)

Protovirgularia ?
isp.

1 MA234d string shaped meandering string — SD �5�20mm;
SL �100�320mm

Smo; Bnd Biogenic (mainly)

FIGURE 2—Biogenic taphonomic features affecting mesh of large to small Paleodictyon specimens preserved as hypichnia at soles of thin-bedded turbidites, Marnoso
Arenacea and other formations, northern Apennines, Oligocene-Miocene. Scale bar is 1 cm for all samples. A) P. (Glenodictyum) hexagonum mesh with biogenic squeezing
(Sqz) and twisting (Tws; see circle) by bulldozer activity (arrow); sample MA18, Verghereto NW. B) Mesh of P. (Glenodictyum) hexagonum with thickening (Tck) and cells
crossed by tubular burrows. Physical unidirectional stretching (Str) is present and major axis lengths of hexagons triple; sample MA57, Canili of Verghereto. C) Microspots
in mesh walls of P. (Glenodictyum) hexagonum induced by microburrowing to produce thickening (Tck) and widening (Wdn); sample MA140, Città di Castello (M. del
Sasso locality). D) Detail of B showing widening (Wdn) and stretching (Str) of cells and branching points; note holes and circles (upper white arrows) and miniknobs
(lower white arrows). E) Elongation (Elg) associated with thinning (Thn) in Paleodictyon isp., P. minimum (below) and P. majus (top); thickening (Tck) produces horseshoe
shape; sample MA211a, Alpe di Poti (Arezzo area). F) Elongation (Elg) involves net meshes in small-sized P. latum with two preferred orientations (arrows); sample
MA211b, Alpe di Poti (Arezzo area). G) Two net levels (2Msh) characterize large P. hexagonum; the deep one is elongated (Elg), sample MA28, Città di Castello (north
of Monte S. Maria Tiberina). H) Burrowing activity (tubular intrusion, see arrow) induces tilting (Tlt) and thickening (Tck) of P. hexagonum mesh; sample CEV179,
Mandrioli Pass.
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FIGURE 3—Physical taphonomic features caused by currents affecting meshes, shafts, knob- and meander-shaped traces preserved as hypichnia at soles of thin-bedded
turbidites, Marnoso Arenacea and other formations, northern Apennines, Oligocene-Miocene. Scale bar is 1 cm for all samples. A) Bending (Bnd), tapering (Tpr), and
smoothing (Smo) of the shallow level where shafts of Paleodictyon (Ramodictyon) hexagonum developed (arrows in the oval); note 50�–60� angles from stretching (Str) of
shafts and that of mesh and the step between the two levels; sample MA28, Città di Castello (north of Monte S. Maria Tiberina). B) Radiating elements of knob-shaped
Lorenzinia (top), deep mesh (lower left), and shallow outlets (lower right) of P. minimum subject to stretching (Str) and smoothing (Smo) induced by interturbidite bottom
currents; note preservation of delicate structures and the step; sample MA211c, Alpe di Poti (Arezzo area). C) Deep (dpm, upper left) and shallow (shm, lower left and
center) meshes of P. minimum; note thinning (Thn) and straightening (Stg) of shallow mesh where hexagons are parallel and oriented in the direction of the main current
flow, suggested by microgrooves (mud-current lineations, MCL); sample MA211d, Alpe di Poti (Arezzo area); in detail of C1 note the intact mesh at top and straightening
(Stg) and thinning (Thn) in the lower part at the end of MCL. D) String diameter of hexagons in partially preserved mesh of P. majus subject to thinning (Thn) and
thickening (Tck); sample MA101, Verghereto NW. E) Knob-shaped Parahaentzschelinia isp. with stretching (Str) and smoothing (Smo); sample MA90, Verghereto Balze.
F) Desmograpton dertonensis cross a minigroove induced by a preturbidite current (MCL upper arrow), note undisturbed tunnels (arrows); sample MA36, Verghereto NW.
G) Smoothing (Smo) affects one side of Helminthorhaphe cf. japonica tunnels; note small mud-current lineations in upper part of sample, MA199, Mandrioli Pass. H)
Thickening (Tck) of string-shaped semimeander of D. ichthyforme (arrows); note detail of thickening (Tck) in the oval; sample MA25, Verghereto Balze.

or more cells) can be twisted around an axis rotating up to 80� and the
trace fossil can also be slightly translated from its original position (Fig.
4). In large specimens of Paleodictyon hexagonum, twisting has been
observed in a lump of contiguous cells (Figs. 2A, 5). A sample of Des-
mograpton dertonensis shows opposite meanders that are slightly twisted
and displaced by the intrusion of a burrower in the mud (e.g., predepos-
itional Protovirgularia).

Squeezing.—Although squeezing may develop together with twisting
(e.g., in a specimen of large Paleodictyon hexagonum), it can be consid-
ered separately among the other taphonomic characteristics because it is
an exclusively horizontal deformation (Fig. 4). Squeezing is easy to es-
tablish when it develops along the same plane. In this case, hexagonal
meshes partially or totally change in shape; cells become closer, with an
overall width reduction of 70% (Fig. 2A). Squeezing is difficult to quan-
tify in meander- or knob-shaped trace fossils, although it has been ob-
served in Desmograpton dertonensis and Cosmorhaphe lobata specimens.

Tilting.—Tilting is deformation that uplifts the whole plane of the

mesh, pivoting on one side and tends to rise progressively from its orig-
inal position; a slight translation can also be observed. In many specimens
of large Paleodictyon, tilting was produced by the intrusion of a burrower
below the mesh level; the push of the intruder indirectly deformed many
hexagons of the mesh (Fig. 2H). Tilting, as in the case of squeezing, was
considered separately among the deformational characteristics because it
linearly and progressively affects some rows of hexagons (Fig. 4).

Thickening.—This characteristic is also observed in part of the hexa-
gons of the net of large Paleodictyon specimens; it may also be associated
with such characteristics as squeezing and twisting. Thickening was pro-
duced by the subsequent deformation of both contiguous cells and
branching points in mesh-shaped trace fossils (Fig. 2B, 4). Thickened
strings—their diameter commonly doubles, reaching 6 mm—usually de-
velop oriented transversally to the stretching direction (Fig. 2D). When
longitudinal segments or hexagon vertices are thickened, they contain
many mini-knobs, and the tunnels are irregularly distributed (see white
and black arrows, respectively in Fig. 2C). In two samples, dark grains
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FIGURE 4—Taphonomic features (six biogenic and six physical). See text for explanation.

and rounded, coarse quartz crystals were densely packed. Thickened fill-
ings were often burrowed, and many smaller diameter trace fossils were
also present (meiofauna?, see holes and circles of 1–2 mm indicated by
three upper white arrows in Fig. 2D).

Widening.—Although not very common, this feature is also associated

with thickening. It may be found at branching points in large Paleodic-
tyon but is observed also in other string parts. When the biogenic activity
of subsequent burrowing was intense, some parts were thickened, whereas
others were widened. Thickening, however, caused an omnidirectional
expansion of strings (vertically and laterally), whereas widening produced
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FIGURE 5—A synthetic model to explain taphonomic characteristics of hypichnial Paleodictyon specimens and other graphoglyptids and epichnial trace fossils. (A)
Predepositional burrowing. (B) Biostratinomic features (B1 biogenic and B2 physical) affecting meshes, shafts, knobs, and ramous meanders. (C) Final stage, initial filling
and burial of turbidite sand. Fine spread level (FSL) is a 0.5–1.0-mm-thick level, which preserves all taphonomic features of graphoglyptids and mud-current lineations
(MCL).



676 PALAIOSMONACO

a reduction in thickness (vertical flattening) with a lateral expansion of
hexagons; in many graphoglyptid specimens, expanded branching points
are directly contiguous to thickened hyporeliefs (Figs. 2C–D, 4). Mini-
knobs are abundant in widened parts of tunnels (see Fig. 2D). Mini- and
micro-knob concentrations suggest that microbioturbation was intense in
branching points in which the concentration of the organic matter (and
bacteria ?) were abundant; see very small, externally oriented knobs in-
dicated by three lower white arrows in Figure 2D. In very rare instances
compaction flattened the entire mesh; this has been observed in both
strings and all branching points of small- to medium-sized Paleodictyon.
A similar aspect is the compactional collapse of burrows in mud de-
scribed in turbidite deposits (cf. Seilacher, 1977b, fig. 1f).

The bulldozer activity induced by mud-stirring burrowers is the major
cause of twisting, squeezing, tilting, thickening, and widening. This is
especially clear when effects of intrusion in mud are recognizable along
the x-y-z axes. In many cases, hexagons were squeezed or twisted and
thickened or widened, and their shape tends to change from hexagonal
to rectangular or irregular (Figs. 2A–B in the center). In other instances
meshes may be tilted up vertically, 2–3 cm from their original level, and
both their diameter and original shape are preserved (Fig. 2H). Twisting,
squeezing, and tilting are usually more developed near the point of max-
imum pressure (i.e., the point of bulldozing intrusion, Figs. 2A, H); the
mesh is tightly arranged with curved festoons around the source of in-
trusion. This suggests that the mud was stiff but still plastic (Ekdale,
1985). In other cases, microbioturbation produced a considerable increase
in the volume or in the diameter (e.g., thickened and widened points).
Microbioturbation may be present also in bulldozing-induced deforma-
tions and it may emphasize other taphonomic features.

Elongation.—This feature is deformation directly controlled by the tra-
cemaker. It involves the lengthening of hexagons approximately in the
same direction; variation in the length of each hexagon is the same for
the entire mesh. This phenomenon is very interesting in Paleodictyon
minimum, P. latum, and P. majus (Figs. 2E, 4). In the deep mesh of P.
minimum and P. latum, the delicate rows of hexagonal cells are elongated
in the same direction (Figs. 2E–F). The maximum mesh size has two
different axes (minor axis of 0.1 mm, major axis of 0.3 mm, respectively;
Fig. 2F), whereas the string diameter (mean value 0.2 mm) in the deep
mesh does not vary. Analysis of hundreds of cells has shown that the
elongation value was the same in all 11 specimens. The living organ-
ism(s) may have controlled elongation in small Paleodictyon specimens
during the (late?) burrowing phase as suggested by Crimes and Crossley
(1980). This characteristic does not appear to be a typical biostratinomic
feature sensu stricto. The major axis of the hexagons may elongate par-
allel to the current indicators and maximize the passive ventilation of the
open burrow system (Crimes and Crossley, 1980). In small Paleodictyon
as well as in many other graphoglyptids, therefore, current should be the
most important factor that influences the size and shape of the burrows.
Other biological factors have also been suggested for such deformation
(Seilacher, 1977a; Bromley, 1996; Wetzel, 2000). Elongation was ob-
served in two ichnospecies in the same sample (e.g., Paleodictyon majus
with P. strozzii, or P. minimum with P. majus) (Fig. 2E); in these cases,
the organisms that produced these traces interacted in a small space in
order to exploit physical irrigation by currents (commensal relationships,
see Ray and Aller, 1985; Bromley, 1990).

Taphonomic Features Induced by Physical Agents

In the studied specimens, deformation attributable to physical factors
acts unidirectionally (Fig. 4) and was produced by such physical agents
as the current action before or after burrowing. Fluting can be considered
the main cause of physically induced features. Physical deformation re-
sults in many taphonomic byproducts affecting predepositional hypichnial
trace fossils (Fig. 4).

Smoothing.—Smoothing (Smo) is a typical feature in many samples
that resulted from a fluting process that caused partial destruction of the

down-current side of tunnels and produced a broad, apron-shaped struc-
ture or tail (Figs. 4, 6E). These structures, 3–40 mm long, that form an
angle of 45–90� with the string development, were very abundant (�20
in one sample) and were probably produced in soft mud by selectively
altering the shape of the burrows (Fig. 3G). They are analogous to the
fluted half reliefs described by Seilacher (1977b) and Crimes and Cros-
sley (1980). Smoothing has been mainly reported in meander-shaped Hel-
minthorhaphe and ramous-shaped Desmograpton and Urohelminthoida,
but it has also been observed in knob-shaped shafts of large Paleodictyon
specimens (Fig. 3A) and in the plug-shaped trace fossil Bergaueria, Lor-
enzinia, and Parahaentzschelinia.

Bending.—Bending (Bnd) is one of the typical effects of fluting and
suggests the existence of currents with different directions. Bending and
smoothing are frequently associated in the same sample, but their ori-
entations are different. This association of bending and smoothing as
products of unidirectional currents leads to the exclusion of compaction
as the primary factor. Bending is also present when knobs are not com-
pacted. It has been found in the shafts of large P. (Ramodictyon) hexa-
gonum, and has also been observed in such plug-shaped forms as Par-
ahaentzschelinia, where typical bent segments of the down-current tail
have been observed. The bending ranges from 30� to 80�, and tends to
give the trace fossil a hooked appearance (Figs. 3A, details enlarged in
oval; 6E).

Stretching.—Stretching (Str), as a typical effect of fluting, differs sub-
stantially from elongation because physical processes rather than biolog-
ical activities produce stretching. The axis of displacement of the hexa-
gons varies irregularly within the same mesh, and groups of stretched
hexagons are located close to those that are not stretched. Stretching was
observed in four large Paleodictyon specimens (P. hexagonum), six
medium-sized (P. majus) and four small-sized ones (P. latum and P.
minimum). In the larger forms, the major axis of the hexagons tripled in
length, from 8–10 mm to 24–30 mm (Fig. 2B). Here, the stretching is
usually oriented in the same direction and some rows of cells are stretched
more than others (Figs. 2B, 3A, 4). Stretching also affects the shafts of
large P. (Ramodictyon) hexagonum. Cross-section shafts may triple in
length (up to 14 mm in 5 specimens; see Fig. 3A). Shafts elongate fol-
lowing a unidirectional alignment that forms an angle �90� with the
main stretching orientation of Glenodictyum mesh (see white arrows of
Str in Figs. 3A–B). Radiating and grouped elements of knob-shaped Lor-
enzinia and Parahaentzschelinia were stretched, and smoothed structures
occurred (Figs. 3B–E; 6E, Ramodictyon shafts). Stretching is rare in
ramous-shaped Desmograpton (Figs. 3F, H) and Urohelminthoida and
mainly involves longitudinal bars. Some stretched hexagons show thick-
ened parts; in this case thickening occurs unidirectionally producing
horseshoe-shaped structures in some specimens of Paleodictyon majus.
These may have been related to an increased volume of particles due to
the physical action of a current (Fig. 2E). Thickening, therefore, caused
by physical action should be considered separately from the same effect
produced by a biogenic action, even though only one type is shown in
Figure 4. In Paleodictyon majus (Fig. 2E) and in another specimen of
Urohelminthoida dertonensis (Fig. 3H; see the thick-branched meander
enlarged in the oval), thickening seems to indicate a superimposion of
biogenic activity (Figs. 2E, 3H), which was probably induced by burrow-
ing meiofauna (Bromley, 1996).

Tapering.—Tapering (Tpr) has rarely been observed; it mainly affects
knobs and shafts as well as the mesh hexagons of large- to medium-sized
Paleodictyon specimens (Fig. 3A). Knobs and cells changed their shape
to subtrapezoidal. Bending and tapering have been observed as two dif-
ferent effects of the same fluting process(es) produced by currents (Fig.
3A), and some parts of the studied burrows were selectively affected (Fig.
4). Tapered and bent segments usually end in smoothed structures (Figs.
3A, 4), which are unidirectional and iso-oriented and form a 50�–80�
angle with the main stretching axis. This suggests an interaction with the
current flow at the water-sediment interface (see directions of Bnd, Tpr,
and Smo with respect to those of Str in Fig. 3A).
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FIGURE 6—Hypichnial graphoglyptids and epichnial traces developed in thin-bedded turbidites of deep-sea fringe deposits in the Verghereto High, Verghereto Formation,
Miocene. A) Top of thin-bedded turbidite shows post-depositional trace fossils; endichnia are those represented in B and C; in the circle; note the turned-out sample
exhibiting the sole with shafts of Paleodictyon (Ramodictyon) hexagonum; hammer for scale. B) Detail of rippled top of bed with Scolicia prisca trails; hammer for scale.
C) Detail of same bed with Scolicia cf. vertebralis; knife is 6 cm long. D) Sole of same bed with Bergaueria? and Desmograpton; bar is 1 cm. E) Detail of bent (Bnd) and
smoothed (Smo) shafts of P. (R.) hexagonum at sole of thin-bedded turbidite; note mud-current lineations MCL (black arrows); bar is 2 cm. F) Top of bioturbated bed by
Nereites isp.; Balze of Verghereto; knife is 6 cm long. G) General view of centimeter thin-bedded turbidites forming fringe deposits in the southern side of Verghereto
High; bar is 1 m long.

Thinning.—Thinning (Thn), the decrease in string width, has been ob-
served in partially preserved meshes, and string width may be reduced
by one-half (Fig. 4). This feature has been observed in P. majus and P.
minimum and may be produced by stretching (Figs. 3C–D). In fact, plastic
deformation of a stretched structure will result in a thinning perpendicular
to the direction of stretching.

Straightening.—Straightening (Stg), the final unusual type of defor-
mation, was observed in two small species of Paleodictyon (P. minimum,
Figs. 3C–C1, and P. latum), whereas it is less developed in P. majus.
This type of deformation is observed when lateral tunnels of cells are
oriented along lines parallel to the main current flow direction; the string
diameter of the lateral walls is also subject to thinning (Fig. 3C–D).
Straightening is hard to interpret because the studied material cannot be
examined in detail due to the poor preservation of some samples (Fig.
4). In many specimens, straightening and thinning only affect some parts
of a mesh (Fig. 3C1), and other parts remain intact and are not deformed
(Fig. 3C1). These features also affect many minute graphoglyptids dis-
tributed throughout the same level.

DISCUSSION

The complete geometry of the graphoglyptids cannot be easily deter-
mined due to the paucity of information about their structures in deep-
sea systems. Some are horizontal, as in Paleodictyon meshes, whereas
others are helicoidal, twisted, or radiated forms developed in a complex

3-D method (see figures in Seilacher, 1977b; Uchman 1995a and refer-
ences therein). Some forms disappear from the bedding plane and intrude
in the muddy sediment or vice versa (e.g., Protovirgularia vagans), be-
coming endichnia and related variants (see also Monaco and Caracuel,
2007; Monaco et al., 2007). This phenomenon could be due to irregular-
ities in the seafloor, but the variation in the orientation of the traces that
enter the sediment from the surface could also be a response to food
distribution and to changes in various geochemical parameters. This was
observed in Protovirgularia and in other cases of predepositional string-
shaped burrows (e.g., Spongeliomorpha). These traces often changed
from horizontal to oblique by intruding into the mud and displacing pre-
existing physical and biological structures (Fig. 7). This kind of change
in geometry is less common for graphoglyptids.

Differential compaction was another problem in the taphonomic study
because it could affect trace preservation and influence the observable
taphonomic features. Caracuel et al. (2000) discussed this issue regarding
the Early Jurassic Ammonitico Rosso facies. The compaction of some
trace fossils, mainly endichnia, in those deposits varied depending on the
lithology. In some instances, the tunnel cross sections were nearly cir-
cular, whereas in other cases they were elliptical. Intermediate shapes
were also observed. These findings suggest that the trace fossils under-
went a progressive flattening due to a compaction that was perpendicular
to the stratification (Caracuel et al., 2000). After analyzing several sam-
ples, Caracuel et al. (2000) defined decompaction numbers (nd), whose
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FIGURE 7—Trace fossils; bar � 3 cm. A) Intrusion of string-shaped burrows (Pro-
tovirgularia?) through pre-existing mud-current lineations produced hooked struc-
tures, oriented in the direction of the intrusion (arrows in oval); Verghereto For-
mation (Montecoronaro). B) Nearly complete absence of mica flakes at the sole of
thin-bedded turbidite (hypichnial level of Helminthorhaphe, left side); mica very
abundant in the overlying laminae (arrows in rectangle); Cervarola Formation
(Monte Filetto).

values depend on the lithology: higher values were assigned to clayey
marl levels (nd � 2.5), intermediate values for marls (nd � 1.67), and
lower values for limestones or marly limestones (nd � 1.43) and cal-
carenites (nd � 1.10). In the case of graphoglyptids, deformation due to
differential compaction of the predepositional traces formed on mud is
certainly possible because it was probably of a greater magnitude than
that of the overhanging calcarenite bed. In some thick levels (e.g., high-
density turbidites), such taphonomic features of predepositional graph-
oglyptids as widening, tapering, and perhaps bending could have been
enhanced by mass deposition of the sandy turbidite material. Bending
and tapering are always orthogonal to the direction of maximum com-
paction and are iso-oriented with the smoothing and mud-current linea-
tions. This suggests that the vertical compaction processes had less effect
than the horizontal current-induced deformations. Furthermore, widening
was never associated with bending or tapering, whereas flattened branch-
ing points were found in the same mesh level very close to other thick-
ened parts associated with microbioturbation.

Differential compaction is also a process that acts on a single level.
Sand filling in tubes surrounded by mud could surely cause differential
lateral deformation, as the degree of compaction in the sand is less than
that in the surrounding mud. This process enlarged and flattened the
branching points of the meshes, or produced other complex deformations
in samples that displayed anomalous thickening and widening. The con-
stant presence of undeformed microbioturbation within or around the
thickened areas, however, suggests that this localized compaction was
either subordinate or complementary (see Knaust, 2007). Although the
diagenetic evolution of the system in this location has not been adequately
studied, various kinds of differential compaction can be distinguished,
based on reasons presented here. These processes are negligible or cir-
cumscribed in relation to the physical action of the currents.

To explain the taphonomic characteristics of Paleodictyon specimens
as well as other graphoglyptids and nongraphoglyptid trace fossils, a syn-
thetic three-step model is proposed (Fig. 5): (1) predepositional burrow-
ing; (2) biostratinomic features (B1 biogenic and B2 physical) affecting
hollow shaft, knobs, meshes, and ramous meanders; and (3) initial filling
and burial of turbidite sand.

Predepositional Burrowing.—In the preturbiditic stage, tunnel systems
were produced in a muddy seafloor, forming nets of hexagonal meshes
and vertical shafts, or plug-shaped, meander-shaped or string-shaped bur-
rows (Fig. 5A). Paleodictyon nets and shafts have been found in modern
deep-sea sediment and in box cores from the Mid-Atlantic Ridge. Few
studies have been conducted on the organisms that produced these traces
so their identity is uncertain (Rona and Merrill, 1978; Ekdale, 1980; Rona
et al., 2003; Seilacher, 2007). Swinbanks (1982) suggested that infaunal
xenophyophores—giant protozoans that can produce branching, polygo-
nal meshes in poorly sorted sandy mud fill—may have been the leading
producers of geometrical networks (mainly Occultammina, Levin, 1994).
As observed in modern seafloors (Gaillard, 1991), the main mesh level
lies horizontally in the mud and is exposed on the seafloor, usually 2–4
cm below the sediment-water surface, whereas shafts which connect
meshes to the sea-floor surface are mostly vertical (see IMAX movie,
Low, 2003). The 2–4 cm difference in height (the step in Figs. 3A–B,
5B1) has also been observed in samples from the Apennines. The step
between the deep mesh level (Glenodictyum) and the surface shaft level
(Ramodictyon) is the erosional gap between the two levels. The step al-
lows the original flow characteristics to be recognized. Where the flow
was stronger and eroded more, the mesh level was reached and was ex-
posed to taphonomic action. Only the shafts were exposed and preserved
with their typical elongation where the flow was weaker (Elg in Fig. 5A).
This step can be considered a diagenetic ‘‘freezing’’ of multilayer erosion.

As observed in this study, other mesh levels can develop and likely
indicate that there are different strategies for utilizing the seafloor de-
posits. Multilevel burrowing has been observed in large and small Pa-
leodictyon specimens; this suggests that there are similar strategies for
exploiting the muddy seafloor (Fig. 5A). Deep levels could be used to
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find a more stable tier within the seafloor or for farming bacteria at lower
levels. In contrast, shallow levels could be the site of new activity of
tracemakers keeping pace with sediment accretion, or reflect the need to
colonize a shallow horizon in order to oxygenate the burrow systems (see
2Msh in Fig. 5A).

Biostratinomic Features.—Prior to the final burial, the late phase con-
sists of biogenic and physical processes (see Fig. 5B1 and 5B2, respec-
tively) that affect meshes, knobs, meanders and strings. It may take place
in the mud, thereby producing typical biostratinomic features as bulldoz-
ing, which is the most important surface feature. As usually defined,
bulldozing only takes place near the surface or in the shallowest levels
and induces 3-D deformation (twisting, squeezing, tilting, and thicken-
ing). Corresponding processes that take place in deeper levels (burrowing)
cause similar mesh deformation (Fig. 5B1). The intruding action in the
mud is very common. The string-shaped trace fossils Spongeliomorpha
and Protovirgularia bend and displace the pre-existing structures in sev-
eral studied specimens. In one instance, an intrusion between the mean-
ders of a Desmograpton forms opposite rows of meanders that are about
2 cm from each another.

Such benthic community members as irregular echinoids, crustaceans,
teleost fishes, polychaetes and many other soft-body organisms can pro-
duce bulldozing and burrowing in many types of marine media (sub-
strates) that comprise the seafloor (Seilacher, 1974; 2007; Frey and Pem-
berton, 1984; Ekdale, 1985; Kidwell, 1991; Goldring, 1995; Kanazawa,
1995; Bromley, 1996; Monaco et al., 2005). Few direct observations have
investigated the benthic behavior in deep-sea muddy environments (Rona
and Merrill, 1978; Gaillard, 1991; Rona, 2004). Biogenic deformation
can be produced by the burrowing of crustacean decapods or irregular
echinoids; they deform the sediment while moving through it. This kind
of activity squeezes many particles (Kanazawa, 1995; Monaco et al.,
2005) and may affect graphoglyptids. Microburrowing of meiofauna is
another common process that produces thickening and widening in mesh
walls and may involve many parts of the burrow (Fig. 5B1). This process
can also be generated by a microbioturbating community and may be
related to the activity of microorganisms (Yingst and Rhoads, 1980;
Knaust, 2007). Microbioturbation also is found inside open, uninhabited
graphoglyptid mesh. This suggests that elongated or enlarged portions of
many burrows (Figs. 2D, 5B1) were ideal zones in which microtrace-
makers were able to exploit microbial growth, organic matter, and bac-
teria concentrations (amensalism relationships, see Levinton, 1977).

Physical processes are those caused by the effects of currents that in-
duced unidirectional deformations (stretching, straightening, smoothing,
thickening, bending, tapering, and thinning; see Fig. 5B2). These char-
acteristics are associated with abundant microstructures induced by cur-
rents, namely minigrooves, which developed in interturbidite deposits.
Minigrooves are straight, horizontal lineations, 10–30 mm in length and
0.2–0.8 mm thick. They are arranged in groups of 5–10 per square deci-
meter and are distributed parallel to many biostratinomic features. They
can also be defined as mud-current lineations (Figs. 3C, G, 5B2). They
are oriented similarly to the straight lines of the hexagons of Paleodictyon
minimum and P. latum or the smoothed semirelief of Helminthorhaphe.
They were probably formed at the sediment-water interface, which would
suggest bottom-current interference on the seafloor (Figs. 3C, G, 5B2).
In some instances, the intrusion of string-shaped burrows (Protovirgu-
laria?) through the pre-existing mud-current lineations produced hooked
structures, oriented in the direction of the intrusion itself (Fig. 7A). This
implies that the intrusion took place after the current structures were
produced on stiff mud. These microstructures remained intact in the final
fine-grained sand burial. The orientation of mud-current lineations may
reflect the activity of preturbidite currents. Preturbidite flows, while still
poorly understood, probably influenced Paleodictyon net orientation and
elongation, as proposed for the Silurian of Wales (interturbidite flows) by
Crimes and Crossley (1980). Preturbidite current flows in the studied
deposits are distributed at angles from 0� to 80� with respect to the main
turbidite current indicators (cm- to dm-scale groove and flute casts),

which are aligned NW–SE, following the main foredeep depocenters of
the Apennines (Ricci-Lucchi, 1981). Due to the extreme complexity of
the Apennine foredeep basin seafloor, however, this angular divergence
cannot be used as a safe indicator of the paleodepositional setting.

Erosional processes probably occurred in the mud, thereby eroding
some layers to expose the deepest mesh levels. In the case of Paleodic-
tyon minimum and P. latum, erosion only affects the seafloor to a depth
of a few millimeters in the distal part of the basins, whereas it reaches a
few centimeters in the depositional lobes in the case of P. hexagonum.
In the phase of preturbidite current flows, burrow parts are elongated with
their major axis parallel to the current indicators. In fluted semireliefs of
the graphoglyptids (see Seilacher, 1977b; Crimes and Crossley, 1980),
tunnel reinforcement by mucus film seems to have preserved the outer
lining of the walls from erosion and filling. Fluting processes, however,
demonstrate that some parts may have been destroyed by the current (e.g.,
smoothing), whereas others remained undisturbed (Figs. 3G, 5B2).

Large Paleodictyon specimens (e.g., P. hexagonum) are instructive be-
cause the shafts doubled in length by stretching, but deformed mesh hexa-
gons are three to four times larger than the undeformed ones (8–10 mm
and 24–33 mm long for each hexagon, respectively). Moreover, the de-
formation of the hexagons is very irregular and many parts of the net are
deformed or stretched and have different lengths and thicknesses (Fig.
2A, H). Differential stretching and deformation seems to indicate that a
linear current selectively involved some portions of the burrow system
on the seafloor. In steep slope areas, there may have been other causes
than simple current effects. Analysis of the mesh deformations in large
Paleodictyon specimens coming from slopes suggests that these features
were produced directly in the mud and may have been influenced by
creep (Fig. 5B2), since there is some evidence of mass movements in-
volving different beds. Creep affects poorly consolidated mud and can
produce an irregular deformation (mainly unidirectional) in the down-dip
direction of the slope. In these areas, some thin fractures are often or-
thogonal to the predominant elongation and were probably produced dur-
ing the strain related to the creeping of mud. The incline of the slope and
the very poor consolidation of the mud would stretch the soft material.
Unidirectional downslope-oriented currents may have enhanced this fea-
ture (Fig. 5B2). Markedly stretched P. hexagonum specimens are very
common on the sloping sides of isolated submarine highs and ridges.
These frequent seafloor irregularities (e.g., southwestern slope of the
Verghereto High, Canili) are due to compressive tectonics in the Apen-
nine foredeep. In the dipping areas current-induced phenomena co-existed
locally with creeping.

Organisms that produced large P. hexagonum were probably well
adapted to life in sloped areas, where longitudinal to transverse-oriented
bottom currents were active (Crimes and Crossley, 1980). In these areas,
bulldozing, burrowing, and slope instability destroyed and deformed parts
of the mesh. When the organisms tried to repair their work, they produced
another mesh at a different, more stable level. In fact, as can be seen in
many large specimens, some levels of meshes are superimposed and
translated by 10–20 mm. This suggests that there was a biogenic response
to burrow destruction or seafloor instability (Fig. 2G). Where creep is
lacking, as in some stable areas of the basin plain subenvironments where
fine-grained, regular, thin beds are found, such small Paleodictyon species
as P. strozzii, P. majus, P. italicum, P. latum, and Paleodictyon isp.
lengthened their cells equidimensionally and their action reflects the re-
sponse of the tracemaker(s) to the currents.

Final Stage, Initial Filling and Burial by Thin-bedded Turbidite
Material.—The final stage consists of a progressive deposition of fine
material with two different phases: an initial slow filling and a subsequent
burial by thin-bedded turbidite deposit (Figs. 5C1–2). The initial filling
slowly coated the graphoglyptids and all predepositional taphonomic fea-
tures to form a thin layer, 0.5–1.0 mm thick, of fine grains (carbonate
silt and fine sand), in which mica was virtually absent. The initial filling
is here indicated as the fine spread level; it sticks to biogenic mucus film
and preserves all delicate structures (FSL in Fig. 5C1). The preservation
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of all the microstructures, including complete 0.06 mm nets, suggests that
the fine spread level must have formed progressively and delicately. It
may have acted like a gluey film trapping fine particles settled from the
suspension on the seafloor; an early cementation occurred creating a thin
firm level that glued to the micaceous-rich material of the turbidite. The
high carbonate content in the basal level indicates that it must have been
affected by early consolidation and had hardened before the first phases
of turbidite deposition. This early cementing film could explain the per-
fect preservation of the microstructures, even though diluted turbiditic
flows were deposited subsequently. This process may show some simi-
larities with the penecontemporaneous partially lithified crust (PPLC) de-
scribed by Woodmorappe (2006), but it needs to be investigated further
given the new field data and specific laboratory analyses (e.g., geochem-
istry). Similarly, virtual absence of mica flakes in the basal film, which
is very abundant in all the overlying laminae (see Fig. 7B), could be the
result of a different type of flow with different composition, or micaceous
elements may not have been preserved. This issue needs further petro-
graphic investigations. No erosion or further compaction took place dur-
ing this phase, and all of the microstructures in the interturbidite mud,
such as mud-current lineations, mesh elongations (straight striae), and
other taphonomic features of phase B have been preserved. Where such
small Paleodictyon species as P. minimum, P. strozzii, P. majus, P. it-
alicum, P. latum, and Paleodictyon isp. and other delicate graphoglyptids
are preserved, the fine spread level can be observed as thin-cemented
film in a side view.

The second phase is the subsequent deposition of thin-bedded material
from low-density turbidite flows (Fig. 5C2). The material consists of
many thin laminae, 0.5–1 mm thick, that are very rich in mica flakes
(Fig. 7B, arrows). Micaceous sandy laminae may have been formed by
the settling from suspension followed by thin laminar flows from the
diluted flows. Deposits may correspond to the distal facies F9a and F9b
of the low-density turbidity currents (Mutti, 1992), which are partially
compatible with the upper divisions of the Bouma sequence. The erosive
potential of such a turbidity flow is insignificant, and a settling from
suspension occurs in the distal areas. According to Pickering et al. (1989)
and Mutti (1992), laminar flows progressively turn into turbulent ones in
more distal areas, and their erosive potential on the seafloor decreases
progressively. Typical erosion may have been limited to the bypass areas
(see scoured surfaces in Uchman, 1995a, pl. 15, fig. 5) and was induced
by traction carpets and tractive flows. When traction carpets (i.e., F7 and
other proximal facies) developed, the turbidite soles are devoid of any
graphoglyptids but are rich in Scolicia strozzii and Ophiomorpha isp.,
which are typical post-depositional trace fossils of high-energy regimes
(Tunis and Uchman, 1996a, 1996b; Uchman, 1999; Wetzel and Uchman,
2001; Uchman et al., 2004).

Trace fossil communities are also typically found in the top of the
turbidite beds. In some Paleodictyon-bearing beds, current ripples are
found in facies F9b (e.g., Verghereto fringing deposits). Here the bed
sequence starts and ends with ripples, which are orthogonal to the main
turbidity flows. It can be inferred that bottom currents persisted and it is
crucial to understand the facies development, as indicated in many basin
analyses (Crimes and Crossley, 1980; Pickering et al., 1989; Mutti, 1992;
Rebesco and Viana, 2005). The silty to muddy, rippled, topmost surface
usually has a very rich trace-fossil community totally different from the
predepositional graphoglyptid assemblage (Figs. 6A–G). This top com-
munity (e.g., Montecoronaro of Verghereto) is usually characteristic of
the 3–6-cm-thick, thin-bedded turbidite beds (see Fig. 6G) and the pre-
dominant post-depositional trace fossils are Scolicia prisca, S. vertebralis
(cf. Uchman, 1998, fig. 58b), Nereites missouriensis, and other epichnial
forms (Figs. 6B–C, F). These post-depositional trace fossils were pro-
duced by opportunistic organisms (mainly irregular echinoids) under spe-
cific seafloor conditions (see sequential colonization of Wetzel and
Uchman, 2001; and tiering pattern of Uchman, 1995b). There was com-
petition to exploit the organic matter and abundant food deposited by
turbidite settling (Figs. 6A–E). The Scolicia prisca ichnoassemblage is

well exposed in a 50-m2 area in the Montecoronaro outcrop where dense-
ly packed trails of 100 specimens/m2 have been recorded (Figs. 6A–C).

CONCLUSIONS

This study is an attempt to understand the widespread graphoglyptid
preservation patterns in turbidite systems. The conclusions discussed be-
low can be considered hypotheses that require additional analysis and
testing of their facies distribution based on the data gathered from other
flysch deposits of the northern Apennines and from deposits of different
ages and locations.

Graphoglyptids and associated hypichnial trace fossils are crucial for
turbidite analysis; they are abundant and well preserved in some beds
(e.g., fine-grained deposits). Taphonomic features of meshes, shafts,
knobs, meanders, and strings may be quantified by observing the changes
in their geometric patterns. Biogenic and physical taphonomic features
are particularly important because some of these are typical of large spec-
imens (e.g., stretching), whereas others are characteristic of smaller ones
(e.g., elongation). Certain characteristics can also be recognized at dif-
ferent depths below the seafloor (i.e., two different meshes for many
Paleodictyon specimens). Some of the features suggest that biogenic 3-
D deformation—mainly twisting, squeezing, tilting, and thickening—are
often controlled and enhanced unidirectionally by such physical agents
as currents. This is demonstrated by elongation, which supports the hy-
pothesis of Crimes and Crossley (1980). These currents cause other such
fluting deformations as bending, tapering, straightening, and smoothing.
Bottom instability (e.g., creep) is another factor that influences defor-
mation in the slope areas, which are irregularly distributed following the
complexity of the Apennine foredeep basins. In some thin-bedded tur-
bidites (i.e., fringing deposits of the Montecoronaro–Verghereto High),
both biogenic- and physically induced taphonomic characteristics of hy-
pichnial and epichnial communities can be compared.

Deep-sea sedimentologists and ichnologists have explained the pres-
ervation of graphoglyptids and other hypichnia at the soles of turbidites
in a rather dogmatic way, but a truly convincing model for taphonomic
alterations has never been proposed. Two hypotheses are proposed in
relation to two different types of currents.

The first relates to long-term current action prior to a turbidite flow
(interturbiditic bottom currents). To validate this hypothesis–that contour
currents precede (even for a long time) the turbiditic filling—many re-
gional studies of the interturbidite mud and tool marks at the sole of
turbidites are needed. Paleocurrents that are orthogonal or that clearly
diverge from the main turbiditic flows should be examined. While this
aspect was presented in the model of Crimes and Crossley (1980), an
orthogonal dispersion of currents was never observed in the present study.
Proof of the existence of an unambiguous causal relationship between
the taphonomic characteristics of the ichnotaxa (see elongation) and the
action of interturbiditic currents would be of great importance. Such proof
is difficult to demonstrate, especially in such an articulated foredeep like
that of the Apennine. Detailed geological analyses, geochemical studies,
and comparisons of predepositional structures in interturbidite mud are
needed. Preservation of delicate variations in graphoglyptid shape and
mud-current lineations implies that the erosive potential of turbidite
flows, described in the literature, has been overestimated and difficult to
appraise. In contrast, the bottom-current activity that affects the intertur-
bidite mud is poorly understood and may be underestimated.

The second hypothesis relates to current action prior to and during the
turbiditic flow (many models). This idea implies that the paleocurrent
indicators are arranged in the same direction as the main turbiditic flow,
or may vary by a few degrees due to flow interference. To validate this
hypothesis, it would be important to demonstrate that flows were selective
and so delicate that they preserved all features and produced only mini-
mal deformation of the graphoglyptids. Flows twisted the burrows, but
did not erode them; they stretched hexagons but preserved minute struc-
tures, up to 0.06 mm thick. Generally speaking, this scenario does not fit



PALAIOS 681PALEODICTYON AND GRAPHOGLYPTIDS IN TURBIDITES

a classic turbiditic deposition sensu stricto, where the instant acceleration
of turbid water body in front of turbidite sand may produce a shock wave
with a sucking of the unconsolidated surface mud into suspension (Sei-
lacher, 2007, p. 150); it is difficult to find these aspects in very fine-
grained turbidites and very low-density flows. One can only imagine a
distal-flow of a laminar water mass, which preceded the sand of the tur-
biditic body but was strictly associated with it. This laminar water acted
on the sea-bottom mud, deforming the burrows (possibly immediately)
before the final burial of sand transported by the turbiditic flow itself. In
any case, the initial filling with fine material had to be gentle and com-
pletely nondestructive. The initial filling may not have been related to
the laminar action of a distal turbiditic flow, but rather could have been
due to a settling process that occurred before the flow itself. This settling
would have produced a thin layer involved in early diagenesis; it probably
hardened before the arrival of the turbiditic flows. The mud-current lin-
eations, as well as the taphonomic features would have been perfectly
preserved.

While the trace fossils examined in this study do not provide enough
evidence to select one of the two hypotheses, neither can be ruled out.
The taphonomic methodology applied to the graphoglyptids and hypich-
nia trace fossils is extremely promising and will be further developed in
future studies.
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