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ABSTRACT

The lower Maastrichtian deposits of the Mateur-Beja area in northern Tunisia are mainly
composed of fine-grained marl and limestone alternations occasionally interbedded by coarse-
grained calcarenites and gravel deposits. In the coarse-grained intervals sedimentary
structures are indicative of storm-induced high-energy currents in an outer ramp to slope
setting and of local reworking by bottom currents in the basin. In deeper environments, fine-
grained sediments accumulated mainly while settling from storm-induced suspensions. The
lower Maastrichtian deposits contain abundant Zoophycos exhibiting two main morphotypes,
skirt-shaped Zoophycos in deposits around storm-wave base and tongue-shaped Zoophycos in
somewhat deeper sediments. The types differ in burrow architecture, morphology of lobes,
and size of structural elements. These differences are attributed to different behavioral
programs modulated by the availability of benthic food that decreased seaward. Storm-
affected environments seem to be a prerequisite for these Zoophycos-producers to choose
their habitat.
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1. Introduction

The conspicuous trace fossil Zoophycos is reported from ancient and modern marine
environments (Seilacher 1967; Simpson 1970; Wetzel and Werner 1980; Kotake 1989;
Bromley, Ekdale, and Asgaard 1999; Bromley and Hanken 2003; Ekdale and Lewis 1991;
Gaillard and Olivero 1993; Olivero 1996; Miller and d’Alberto 2001; Lowemark et al. 2004;
Lowemark 2015; Richiano 2015; Zhang, Fan, and Gong 2015; Monaco et al. 2017, and
references herein). However, the architecture of the burrow system described in publications
is commonly interpretative, while only some characteristic parts of Zoophycos were observed,
but not the complete trace (e.g., Olivero 1996; Miller and d’Alberto 2001; Monaco et al.
2017). Due to their high morphological variability and complexity the traces are ascribed to
the Zoophycos group (Uchman and Demircan 1999). Accordingly, many models and concepts
exist about the construction of the burrow, the behavior and the type of producer. It is still a
matter of debate if different Zoophycos tracemakers or only one that can change its behavior
in response to the environmental conditions accomplished the large varieties in burrow
morphology. The response of Zoophycos tracemakers to varying environmental conditions is
well documented in modern deep-sea sediments (Lowemark et al. 2004; Wetzel 2010; Wetzel,



Tjallingii, and Wiesner 2011; Rodriguez-Tovar, Lowemark, and Pardo-Igizquiza 2011;
Dorador, Wetzel, and Rodriguez-Tovar 2016). These studies outline close relationships
between Zoophycos, seasonal deposition of organic-matter and varying sedimentation rates.

In the Mateur-Beja area in the northern Tunisia, Zoophycos occurs locally in high abundance
in lower Maastrichtian pelagic and hemipelagic carbonate series composed of limestone, marl,
white chalk and chalky limestone. Zoophycos is more abundant in marl and limestone than in
white chalk and chalky limestone. It is the purpose of the present study (i) to decipher the
depositional environment of the lower Maastrichtian deposits, (ii) to describe the occurrence
and morphology of Zoophycos burrows, (iii) to derive some ethological aspects of the
producer, (iv) to unravel the relationship between trace abundance and environmental setting
and (v) to elucidate the environmental significance of Zoophycos in the studied deposits.
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Figure 1. Study area. (A) Location of Tunisia (black frame—area shown in (B)). (B) Paleogeographic
map of the Tunisian realm during the Late Cretaceous (after Mejri, Burollet, and Ferjani 2006); white
frame indicates location of the study area shown in (D); X, Y represent end points of cross-section
shown in (C). (C) Schematic structural section across the Tunisian margin (after Martinez and Truillet
1987). (D) Paleogeographic situation in the study area in the Mateur-Beja area during the lower
Maastrichtian and location of studied sections.

2. Geologic setting

During the Late Cretaceous, the Tunisian domain was a part of the southern Tethys realm
(Figure 1A, e.g., Burollet 1956; Negra 1994; Chaabani 1994; Mejri, Burollet, and Ferjani



2006). A shallow inner platform established in its southern part, while the central part
represented a carbonate ramp/shelf with reef buildups (Negra 1994). To the north, there was a
deep-water province subdivided into (i) the northeastern “Pelagian domain” extending
towards the southeast and, (ii) the relatively deeper northwestern “Tunisian trough” extending
towards the northwest (Burollet 1956). The Tunisian trough was structured during the Late
Cretaceous by tilted blocs dipping towards north or south, while subsidence increased towards
the north and northwest (Figure 1B). Bloc tilting very likely resulted from tectonic extension
interacting with local halokinetic movements of Triassic salt (Dlala 2002; Ben Mehrez,
Kacem, and Dlala 2009). In central and northern Tunisia, several synsedimentary grabens
were interpreted to have formed due to such tectonic processes and they acted as local
depocenters (Martinez and Truillet 1987; Negra 1994; Ben Mehrez, Kacem, and Dlala 2009;
Belghouthi 2014). Among them, the E-W to NE-SW trending El Aouana graben developed
during the Late Cretaceous along the border of Bazina-Boukrime salt diapir (Ben Mehrez,
Kacem, and Dlala 2009; Belghouthi 2014). This graben contains about 600m of Campanian-
Maastrichtian sediments, which are twice as thick as the same series outside the graben
(Belghouthi 2014). Synsedimentary subsidence of the grabens influenced the facies
distribution while mainly fine-grained deposits accumulated in the graben center and coarse-
grained deposits and chalk on the graben shoulders (Figure 1C).

In northwestern Tunisia, the Upper Campanian-Lower Maastrichtian sediment series, known
as Abiod Formation (Burollet 1956), consists of an upper and a lower limestone member
separated by a dark-grey marl member (Figure 2). The upper limestone member is a 80—200m
thick and Early Maastrichtian in age (Kujawski 1969; Negra 1994). It is composed of two
main lithological units; the lower marl-dominated unit comprises marl and limestone couplets
and is particularly rich in Zoophycos, and the upper unit essentially consists of chalky and
nodular chalky limestone containing inoceramid bivalves (Belghouthi, Zouari, and Jeddi
2019). The present study focuses on the lower marl unit and its lateral equivalents that
exhibits abundant Zoophycos and, therefore, is called Zoophycos-bearing unit (ZU; Figure 2).

3. Methods

Three sections, Oued El Melah, Oued Zitoun and Zirba, were investigated and correlated.
Lithology, sedimentary structures, and fossil content were described and interpreted. 90
samples were collected from limestones and marls; 71 samples were prepared for
petrographic analysis and 19 samples for TOC analysis. TOC was measured while applying
pyrolysis of rock powder from 100° C to 800° C by using a Rock-Eval 6 equipment.

Zoophycos occurs abundantly in all three localities. In the outcrops, 52 specimens were
analysed, measured, and classified as well as sampled. Zoophycos represents a multilobate
spreite burrow usually composed of several elementary or “basic lobes”. The latter were
evaluated to distinguish and to classify the various Zoophycos morphotypes while considering
morphology of lobes, major lamellae, minor lamellae, and marginal tubes as main structural
elements (Zhang, Fan, et al. 2015; Zhang, Shi, and Gong 2015; Monaco et al. 2017).

The abundance of Zoophycos in outcrops was evaluated by counting the number of traces
per unit area in cross-section as suggested by Olivero (1996), but using only four classes: rare
— <2 traces/10 m?, common — 1 trace/2m?, abundant — 1 trace/m?, very abundant — closely-
spaced traces in 100 cm?.
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Figure 2. Lithostratigraphic log of the Upper Campanian—Lower Maastrichtian Abiod Formation in the
study area.

4. Sedimentary characteristics and depositional environment of the Zoophycos unit (ZU)

The ZU consists of 21-45m thick marl and fine-grained limestone alternations and
occasionally intercalated calcarenites and gravel intervals (Figure 3). Coarse-grained intervals
represent about 20—40% of the succession at Zirba and Oued El Melah and ~10% at Oued
Zitoun. Depending on sedimentary structures, grain size and strata geometry, three lithofacies
are distinguished.
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Figure 3. Lithology, microfacies, and Zoophycos abundance observed in the three studied sections (see
Figure 1 for location). The abundance scale represents average values measured at different levels.

4.1. Lithofacies 1

4.1.1. Observations

Lithofacies 1 occurs in the Zirba section. It is composed of 20—60 cm thick, normally graded,
tripartite coarse calcarenite to calcisiltite beds interbedded within meter-thick silty marl
(Figure 3). The basal calcarenitic division is lenticular in shape, 820 cm thick, of massive
appearance, poorly to moderately sorted and exhibits scattered lithoclasts and mudclasts. The
lower surface is erosional, planar or accentuated by 8-14 cm wide and 2-5 cm deep gutter
casts. The middle division is 10-25 cm thick and consists of cross-stratified fine calcarenite
structured by wave and current ripples. The latter exhibit high- and low-angle asymmetric
undulations and rounded crests. In cross-section, the high-angle undulating ripples display
stacked and aggrading sigmoidal backset laminae (Figure 4). The wave ripples have peaked
crests and steep sides. The upper division is composed centimeter to decimeter thick,
structureless calcisiltite that passes upward into silty marl containing sand lenses 10-25 cm in
length.

4.1.2. Interpretation

Erosional structures including gutter casts at the base, cross-stratification, normal grading,
internal erosional surface, low-angle sigmoidal cross-lamination and bidirectional current-
indicators as well as wave-ripples at the top are indicative of unidirectional and combined
oscillatory flow (Myrow and Southard 1996). This flow is characteristic of tempestites
documenting storm influence (Harms 1975; Aigner 1982; Myrow and Southard 1996; Dumas,



Arnott, and Southard 2005, Dumas and Arnott 2006; Basilici, Vieira de Luca, and Poiré
2012).
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Figure 4. Lithofacies 1. A. Fine sandstone amalgamated beds composed of three main bed-divisions: a
lower bed-division (a) composed of structureless sandstone with gutter casts; an intermediate bed-
division (b) marked by dome-like bedforms composed of sigmoidal ripples and sand clasts; an upper
bed-division (¢) composed of wave ripples with peaked and rounded crests. B. Line interpretations.
Scale: Pen = 14 cm.

4.2. Lithofacies 2

4.2.1. Observations

Lithofacies 2 is present in the Oued Zitoun section. Characteristic are normally graded,
tripartite beds having an erosional base and wave ripples on top. Above an erosional base
accentuated by gutter casts, the basal division consists of 12-20 cm thick, coarse- to medium-
grained calcarenites containing scattered bioclasts dominated by inoceramid prisms. The
middle bed-division comprises 0.5-9 cm thick, fine-grained sediments commonly composed
of alternating mud-rich and dark-colored laminae (Figure 5A). These planar to slightly
undulating laminae are 1-7 cm thick and commonly show asymmetric, low angle, sigmoidal,
1-2 c¢cm high and 15-30 cm long ripples and symmetric, 0.2—0.5 cm high and 3-8 cm long
wave ripples having peaked crests (Figure 5B). The upper bed-division comprises 5-70 cm
thick, very fine-grained limestone and bioturbated marl. Occasionally, a hardground/
firmground developed on top of the bed.

4.2.2. Interpretation

Structural and textural grading of beds suggests deposition by generally decelerating, but
short-term accelerating flows characterized by both unidirectional and oscillatory flow
components. As above, these beds are interpreted to represent tempestites (e.g., Aigner 1982;
Myrow and Southard 1996). The upper bed division composed of ungraded and bioturbated
very fine mud probably was formed by settling from suspension and post-event ‘hemipelagic
rain’.



Figure 5. Lithofacies 2. (A) Fine-grained limestone and marl levels marked by dark-colored planar
lamination. (B) Close-up view of dark-colored lamination showing light-grey and dark-grey planar
laminations composed of asymmetrical sigmoidal ripples and wave ripples with peaked crests. Scale:
Hammer = 34 cm.

4.3. Lithofacies 3

4.3.1. Observations

Lithofacies 3 occurs in the Oued ElI Melah section and comprises a coarse calcarenite
lithosubfacies and fine-grained calcilutite lithosubfacies.

The coarse-grained calcarenite lithosubfacies consists of 1-30 cm thick, laminated, tripartite
beds alternating with 2540 cm-thick structureless calcilsiltitic intervals. The basal, coarse-
grained bed-division is 1-6 cm thick, lenticular in shape and exhibits top-eroded sigmoidal
backset laminae (Figure 6A, B). The middle, fine calcarenitic bed-division is 15-30 cm thick,
moderately to well sorted and commonly displays parallel and planar lamination as well as
low-angle to planar current-ripple lamination. The upper calcisiltitic bed-division is
structureless, but commonly shows groove casts at the base and dish structures and floating
pebbles within the interval (Figure 6A, B).



The fine-grained calcilutite lithosubfacies is characterized by bipartite beds composed 15—40
cm thick calcilutite and marl layers, occasionally alternating with 3—8 cm thick calcarenites
that are either inversely graded or cross-laminated. Inversely graded intervals are 5-15 cm
thick and contain moderately sorted bioclast gravel at the top (Figure 6C). Cross-laminated
intervals display top-eroded low-angle sigmoidal backset laminae separated by erosional
surfaces (Figure 6D). In both cases, the upper bed-division consists of 20-50 cm thick,
usually bioturbated calcilutite and marl. Beds of the calcilutite lithosubfacies are amalgamated
and exhibit numerous internal slightly undulating erosional surfaces. The calcilutite is rich in
planktonic tests. On the top of a bed, occasionally a hardground is developed.

G: Bioclastic gravel; ES: Erosional surface; BL: Backset laminae; DS: Dish structure; Z: Zoophycos
(a) lower and (b) upper bed-division

Figure 6. Lithofacies 3 (calcarenite lithosubfacies). (A) Field photograph and (B) line drawing of
coarse-grained, laminated calcarenite basal bed-division (a), overlain by fine calcisiltite of the upper
bed-division (c) marked by groove marks, dish structures and floating pebbles. (C, D) Calcalutite
lithosubfacies showing bioclastic gravel of the lower calcarenite bed-division (a), overlain by
intermediate bed-division (b) marked by backset laminae which overlain very fine-grained marl level
containing Zoophycos of the uppermost bed-division (d). Note that the two bed-divisions are separated
by erosional surface.

4.3.2. Interpretation

In the calcarenite lithosubfacies, sedimentary structures suggest deposition mainly from
unidirectional traction currents, in particular the basal coarse-grained bed-division with
backset laminae. The latter imply suspension settling influenced by relatively weak
unidirectional currents (Dumas, Arnott, and Southard 2005). Inverse grading and enrichment
of bioclastic gravel at the top of beds implies accelerating flows (e.g. Mulder and Alexander
2001). Groove casts and floating pebbles within the upper bed-division indicate bed-load
transport by traction currents. Dish structures might be indicative of rapid deposition from
such traction currents (Allen 1984). In fine-grained lithosubfacies, the inversely graded
calcarenites are interpreted to have formed during the initial phase of flow acceleration



(Kneller 1995). The cross-laminated calcarenites point to weak unidirectional traction
currents. Planar erosional surfaces within the amalgamated calcilutite beds indicate recurrent
erosional phases by relatively steady-energy erosional traction currents. The high content of
planktonic shells implies an offshore sediment source.

In lithofacies 3, the absence of oscillatory-flow indicators implies deposition below
storm-wave base. The reworking and deposition of sediment below the storm-wave base is
interpreted to be modulated by bottom currents rather than storm currents. Corresponding
sedimentary structures are present in lithofacies 3, like horizontal planar lamination, climbing
ripples (equivalent of top-eroded backset laminae), inverse grading, traction current-induced
structures such as groove marks and preferentially-oriented floating pebbles as well as
internal erosional structures (e.g. Shanmugam 2013; 2016; 2017; Rebesco et al. 2014).

4.4. Depositional environment of the Zoophycos-bearing unit (ZU)

Based on sedimentary structures and sediment composition, the ZU is interpreted to have
formed within a carbonate ramp setting around storm-wave base (Figure 7). In lithofacies 1,
the supercritical-flow structures point to rapid unidirectional flows typically occurring on a
relative inclined slope above storm-wave base. For lithofacies 2, the dominance of muddy
material as well as the relative uniform grain size suggest a gently sloped or even flat
depositional setting located at or slightly below storm-wave base. In somewhat deeper
settings, sedimentary structures suggest bottom currents to have influenced formation of
lithofacies 3. The significant thickening of the ZU in the Oued Zitoun section records
synsedimentary subsidence of the El Aouana Graben.
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Figure 7. Interpretation of the depositional environment of the Zoophycos-bearing unit (ZU).

5. Observations on Zoophycos

5.1. Zoophycos abundance

The abundance of Zoophycos varies with lithology (Figure 3). In the Zirba section, Zoophycos
is common to abundant in fine-grained limestone and marl couplets, and rare in white chalk
deposits. In the Oued Zitoun, Zoophycos is generally abundant to very abundant in marl and
limestone couplets, common to abundant in firmground/hardgrounds and, common to rare in



chalky limestones. In the Oued El Melah section, Zoophycos are very abundant in marl,
common to abundant in calcarenite beds, but rare in chalky limestone and absent in
hardgrounds. Generally, in marl-limestone couplets, Zoophycos occur throughout the marl and
in the upper third of a limestone bed.

5.2. Morphology of Zoophycos burrows

Although the studied Zoophycos are usually incomplete owing to erosion, the large number of

observations allowed to combine them to rather complete Zoophycos burrows. Zoophycos

represents a three-dimensional, 80-100 cm deep penetrating structure consisting of helical

and/or planar elements. Most of these traces are multilobate and are composed of several

lobes that are connected to a shaft. Four main structural elements were used to differentiate

the burrow morpholoy;

e basic lobe — a protrusive spreite extending beyond the apex that is repeatedly produced to
construct the burrow (e.g., Monaco et al. 2017);

e marginal tube — remnant of the spreite causative tube outlining a lobe externally (e.g.,
Wetzel and Werner, 1980);

e major (or primary) lamellae — elongated ribs extending from the apex to the marginal tube
(e.g., Zhang, Shi, et al. 2015), and major interspaces — elongated concave groove-like
structures, parallel to the major lamellae and extending from the apex to the marginal tube;

e minor lamellae — crescent-shaped, obliquely oriented laminae between the major lamellae
(e.g., Olivero and Gaillard 2007).

While the lobes vary in morphology they were used as criterion to distinguish various
Zoophycos morphotypes. Two types of basic lobes are distinguished, skirt-like “S” and
tongue-like “T” (Table 1).

Moarphology Quter lobe Lamellae sets Site of Lobe
observation scheme

Major lamellae Minor lamellae

Major interspaces (MI)

?_ks',r_t}'hke = Thickness: 0.5-1 mm
@ |Width: <0.5 mm Longth: > 20 cm absent Zirba
Morphotype studied specimens S |Longth: > 20 cm Shape: J-shaped
1 L |Form: J-shaped infill: planktonic foramininifera,
14 _,"P Infill: very fine mud and silt| calcisphera, inoceramid, and quartz

Major tubes (MT)

Internal lamellae (Li)

TU-1
Thickness: 0.3-1 mm

Width: 5-20 mm . Qued Zitoun
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Form: U-shaped Shape: Concave-up
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8 and silt with pyrite fecal pellets
=2 Tu-2 Internal lamellae (Li)
5 Thickness: <0.5 mm )
= Width: 3-10 mm Longth: 4 cm Zirba

Longth: more than 15 cm

hape:
Form: U-shaped Shape: Concavs

Mo;photype Iﬁ??}ue‘hke infill: rust-colared coating Infill: Calcisphera with

fecal pellets
TJ1 Major lamellae (LM)! Minor lamellae (Lm)
i i
studied specimens Width: 5-12 mm ! Thickness: 0.5-1 mm
Longth: more than 17 cm | Thickness: 1 cm 1 Longth: 0.5-3 cm
38 g Shape: U-shaped 7 Longth: underterminated, Shape: concave
3 Infill: pelleted materials Shape: underterminated ! and sigmoidal
g Infill: mud with pellets 1 Infill: pelleted material Oued
W i 2 El Melah
48 w-mej j Minor lamellae (Lm)
idth: 1-4 mm ) _
Longth: maore than 4 cm Thickness: <0.5 mm %
Shape: J-shaped in Longth: 2-6 cm | —
one side Shape: concave g
Infill: coarse mud with to planar =
iron-coating Infill: pelleted material

Table 1. Basic lobe characteristics of the of the studied Zoophycos morphotypes.



5.2.1. Skirt-like morphotypes

The skirt-like “S”’-morphotypes are composed of several, at least 3 stacked lobes connected to
a central oblique shaft (Figure 8A, B). The uppermost lobe is commonly complete, while it
overlaps the previous ones and deviates by ~90° from the orientation of the lower lobe. These
features imply that the observed burrows were constructed upward and counterclockwise.
Fourteen specimens have been observed in the Zirba section. The basic lobe is narrow near
the shaft and widens downward constituting a skirt-like morphology (Figure 8C, D). The lobe
is in average about 10 cm wide.
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Figure 8. Zoophycos — skirt-like morphotype. (A) Field photograph (inset — 3D scheme) and (B) line
drawing showing helicoidal, lobate Zoophycos composed at least of three skirt-like lobes, fixed to
shaft. (C) Field photograph and (D) line drawing showing the main structural elements of the skirt-like
basic lobe.

The basic lobe consists of concave, 0.5-3 cm wide J-shaped radiating grooves separated by
0.5-2 mm thick convex tunnel-like ridges both extending down from the shaft (Figure 8E).
The J-shaped concave radiating grooves represent the major interspaces (MI) and the convex
tunnel-like ridges major lamellae (ML). This morphotype does not display a marginal tube.
Major lamellae and major interspaces contain relatively well-sorted fill material rich in
calcisphera and non-keeled pelagic foraminifera tests and occasionally inoceramid prisms and
detrital quartz (Figure 9). The major lamellae are richer in calcisiltitic sediment than the rather
flat major interspaces. Relatively coarse grains such as keeled planktonic foraminifera tests
are present always outside, but close to the major lamellae suggesting that they were pushed
aside when the major lamellae were formed.
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Figure 9. Petrographic characteristics of the skirt-like lobe showing sediment-rich major lamellae and
mud-rich major interspaces. Note that some coarser grains such as keeled foraminifer tests are pushed
out the major lamellae.

5.2.2. Tongue-like morphotypes

The tongue-like “T”-morphotypes consist of several tongue-like basic lobes, which very
likely are connected to the shaft as suggested by the upward narrowing of the spreite, but
unfortunately the shaft itself was not observed. With respect to the shape of the basic lobe, a
U-shaped (TU) and a J-shaped (TJ) variety are distinguished (Table 1). In all 3 studied
sections, totally 38 tongue-like Zoophycos were found.

The TU Zoophycos are composed of U-shaped basic lobes parallel, oblique or
perpendicular to bedding. The basic lobes are in average 17 cm long and 2-3 cm wide. They
commonly display 0.5-1mm wide, U-shaped lamellae bordered by the marginal tube (Figure
10A, B). The marginal tube exhibits either the same composition as the lobes (type-1: TU-1)
or a rust-colored coating (type-2: TU-2; Figure 11). Similar iron-coatings are present on other
limestone bed surfaces interpreted as firmground or hardground (Belghouthi, Zouari, and
Jeddi 2019). Some limestone beds located ~30 cm above the Zoophycos-bearing layers are
bored by sparse Gastrochaenolites. Although Zoophycos was not observed in these beds, the
TU-2 traces having rust-colored marginal tubes appear to have been produced in stiffened
sediment.

The TJ morphotypes share striking similarities with Zoophycos rhodensis Bromley and
Hanken 2003 and hence, are classified as such. Depending on the fill of the marginal tube, a
pellet-rich type-1 (TJ-1) and a mud-rich type-2 (TJ-2) are distinguished.

TJ-1 specimens are characterized by 17 cm long and 2-8 cm wide basic lobe composed
of alternating, 1mm thick concave internal lamellae bound by a marginal tube being 5-12mm
wide (Figure 12A, B). The latter shows pellet-rich fill composed of well rounded, ellipsoidal
dark-grey to rust-colored pellets 0.5mm in size. These pellets appear to be somehow oriented
and preferentially scattered. Similar features were interpreted as evidence of multiple
reworking by the producers (Knaust 2013). At one side of the lobe, the marginal tube twists in
its upper part and thins apparently downward and thus, suggests to be J-shaped. The twisted
part is defined as an “interlobe” zone that is separated from the internal lamellae by a 1 cm
thick, V-shaped zone containing abundant rust-colored pellets (Figure 12A, B). The interlobe



Vertical cross-section < iBedding parallel split surface

=

¢

r’/-.

Bed %_/

Li: Internal lamellae; MT: Marginal tube

Figure 10. Zoophycos tongue-like morphotype. A-B, tongue-like basic lobes composed of internal
lamellae outlined by marginal tube. Note that the marginal tube (MT) of the TU-2 morphotype is
marked by rust-colored coatings.



Limestone-marl couplet

TU-2
maorphotypes

Red-colared
coatings

Figure 11. Zoophycos TU-2 morphotypes with rust-colored marginal tube located in limestone
bedding surface marked by red-marron iron-coating interpreted as condensed level.

Major =
lamellae Transitional
zone

—

mmmmmmmm

Twisted Zone

Sigmoidal
minor
lamellae
void
llets

> Concave
minor
lamellae

Irregular
lamellae

Rust-colored
pellets

—’ Marginal .
=2
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Figure 13. TJ-2 Zoophycos rhodensis morphotype. (A) Field photograph and (B) line drawing of basic
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zone is marked by sigmoidal, alternating dark and light lamellae of similar thickness as the
internal lamellae. In comparison to Z. rhodensis, the dark and light lamellae are equivalent to
minor lamellae, while the structureless zone separating the lobe from the interlobe zone may
represent a major lamellae (Figure 12C). The interlobe zone of the studied specimens matches
the characteristics of the so-called “skirt-like zone” of Bromley and Hanken (2003). The dark
and light minor lamellae of the Z. rhodensis are commonly discontinuous and appear
somewhat “coalescent”. The dark minor lamellae are dark-grey and contain abundant
ellipsoidal, dark-colored and scattered rust-colored pellets 0.5mm in size. The major lamellae
are structureless and commonly contain scattered rust-colored pellets.

The TJ-2 specimens have a >4 cm long and 2—-6mm wide basic lobe, commonly
composed of dark-grey internal lamellae that are bound at one side by a J-shaped marginal
tube (Figure 13A, B). The internal lamellae are planar and dark-grey in color. They contain
fine-grained mud and some rust-colored pellets. The 1-4mm wide marginal tube is commonly
filled with mud and occasionally pyrite and exhibits rust-colored inner walls.

In cross-section, the tongue-like lobes appear as bands of alternating crescent-shaped,
dark and light menisci containing pellets (Figure 14A). The dark menisci are thicker than the
light ones or nearly equal. The menisci are equivalent to the minor lamellae. In thin-section,
the dark menisci appear to be enriched in well-sorted, fine-grained calcisiltite dominated by
oligosteginids/calcisphera compared with the light menisci (Figure 14B). Coarse bioclasts like
keeled foraminifera, however, are pushed aside of the lamellae. The dark menisci, particularly
in TJ-2 specimens contain pyrite framboids as seen in SEM (Figure 14C).
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Figure 14. Petrographic characteristics of tongue-like Zoophycos morphotypes. (A) Vertical cross-
section to lobe of tongue-like morphotypes showing alternating of dark/light containing fecal pellets.
(B) Thin-section view of the dark/light menisci showing alternation of sediment-rich dark menisci and
mud-rich light menisci. The sediment is mainly composed of oligosteginid/calcisphera. Note that
relatively coarse grains are ejected out the menisci. (C) SEM view of the dark menisci showing pyrite
framboids (PF), interpreted as sign of bacterial culture.

5.3. Construction of basic lobes
The basic lobes of S- and T-type Zoophycos differ in morphology, infill, and internal
structures and, therefore, they document different behavioral programs.

5.3.1. Skirt-like morphotypes

The skirt-like lobes were produced in several steps. First, the producer burrowed down into
the substrate and constructed a steep shaft resembling Skolithos (Figure 15A, stage a). It
continues in a decreasingly inclined, finally horizontal tube (Figure 15A, stage b). Then the
producer started to shift the tube laterally and to form a spreite; during excavation, sediment
was pushed aside, but the majority of the material was transported out of the burrow because
the deposits around the spreite are not clearly distorted (Wetzel and Werner 1980; Bromley
1991). Furthermore the producer started to collect organic-rich material on the seafloor and to
transfer and deposit it in the burrow while moving upward and downward through the same J-



shaped major tunnel. Finally, the tunnel was backfilled, beginning distally and finishing
proximally near the shaft (Figure 15A, stage c). The fill constitutes major lamellae. When the
animal reached the proximal side, the producer started to construct a new tunnel adjacent to,
but also partly overlapping the just formed major lamellae, and so forth (Figure 15A, stages d,

e, f, g).

This behavioral program resembles that deduced for Zoophycos found in Holocene
continental slope deposits off Portugal (Lowemark and Schifer 2003). However, the
morphology of major lamellae and tunnels and hence, the way of construction show some
differences. The studied Zoophycos burrows are composed of J-shaped major lamellae and the
lobes are successively and, thus, discontinuously formed around a central shaft while the
Holocene specimens display U-shaped major lamellaec and represent a rather continuously
produced helicoidally coiled spreite structure (Lowemark and Schéfer 2003, Figure 12).
However, the usage of a J- or U-shaped causative tube may depend on the oxygen content of
the bottom water and/or host sediment and, therefore, may represent only an ‘environmental
variant’ of Zoophycos (Wetzel and Werner 1980).

5.3.2. Tongue-like morphotypes

The tongue-like basic lobe was also constructed in several steps (Figure 15B; see, for
instance, Zhang, Shi, et al. 2015). The T Zoophycos are composed of lamellae sets bordered
by a marginal tube and, hence, document protrusive formation of the spreite, but the
construction mode is different for the TU and TJ types.

The TU specimens were formed while the producer moved to and for through the U-shaped
causative (marginal) tube (Figure 15B, stage a). Undisturbed host sediment adjacent to the
spreite documents that the fill was placed in a pre-existing cavity while the original sediment
was conveyed to the surface (see Bromley 1991). The fill is enriched in organic matter and
plankton tests collected from the seafloor (Figure 15B, stage b). The causative (marginal) tube
was kept open to facilitate the up-and-down movement of the producer and supply of
respiration water. After a tunnel was completely filled (4 lamellae), the producer excavated a
new one, and so on (Figure 15B, stages ¢, d). The resultant structure represents a protrusive
U-shaped, tongue-like spreite lobe (Figure 15B, stage e). The next lobe was formed aside of
the previous.

The TJ morphotypes are similar to Zoophycos rhodensis. For Z. rhodensis, the major lamellae
appear to extend radially from the shaft or apex to the lower margin of the lobe. The minor
lamellae are bound at both sides by major lamellae (Bromley and Hanken 2003, Figure 4).
This configuration matches that of TJ-1 and TJ-2 specimens and they are, thus, suggested to
have been formed in the same protrusive way (Figure 15C, stages a, b, c). The lower part of
TJ-2 lobe displays a J-shaped marginal tube surrounding half of the lobe while the distal part
of the marginal tube was backfilled (Figure 15C, stage d). The twisted upper part of the
marginal tube could have acted as an exit and/or turning/bending area during construction of
the transition zone that is bound by major lamellae and, hence, the animal repeatedly passed
through. The construction of a new lobe started when the distance between burrow entrance
and distal part of a spreite became too long, maybe given by the body length of the producer
(Figure 15C, stage d, e).
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Figure 15. Construction of basic lobe of the studied Zoophycos morphotypes. (A) Skirt-like basic lobe.
(B) TU basic lobe. (C) TJ basic lobe.

The Zoophycos producers constructed and used the tongue-like spreite as cache (e.g., Bromley
1991): They excavated a wide cavity to store organic-rich material and to enhance microbial
activity therein while located deep below the surface within a geochemical suitable zone, very
likely at or below the redox potential discontinuity. The animal transported sediment upward
and downward through the major lamellae when they represented temporary tunnels and
stored organic-rich material collected on the seafloor in the minor lamellae that acted as cache
(e.g., Olivero and Gaillard 2007). The fill consists of fecal pellets that very likely acted as
substrate for microbes. The microbial metabolic products represent a potential food source

when, for instance, priming resulted in the supply of organic compounds in a rather short
while (cf. Aller and Cochran 2019).

5.4. Ethological interpretation

All Zoophycos specimens share some common features. (i) The traces occur in sediment
containing 0.1-0.4% Corg. Although the organic content is not too high, at least the rust-
stained deposits and those still containing pyrite have had an anoxic pore water and
substantiate that the cache was constructed within anoxic deposits. (ii) The lobes extend in
various directions and are oriented at different angles resulting in complex helicoidal patterns
that contradict a preferential distribution of organic matter. These facts suggest that the
studied Zoophycos do not record a simple deposit-feeding strategy of their producers
(Seilacher 1967; 2007) rather than a complex behavior adapted to variable environmental
conditions (e.g., Rodriguez-Tovar, Lowemark, and Pardo-Iguzquiza 2011; Wetzel, Tjallingii,
and Wiesner 2011; Wetzel and Uchman 2012; Kiissner et al. 2018).



The skirt-like morphotype resembles Echinospira pauciradiata Girotti (1970). The major
lamellae contain sorted and relatively coarse sediment that differs from the surrounding host
rock. This material was presumably collected on the seafloor and conveyed into the burrow.
The major lamellae contain mainly fine sediment, little quartz, inoceramid prisms and some
fecal pellets. Given the animal transported this material in its gut (e.g., Bromley 1991), the
transfer of indigestible grains such as quartz into the cache is useless. Therefore, the
Zoophycos producer did not collect nutritious material very selectively, but rather random and
fast although it has the capability to sort sediment as evidenced by the coarse grains sorted out
and pushed aside along the spreite (see above). Random and quick ingestion is interpreted to
imply either the fear of predators or the competition for limited food probably being available
only for a short time (see below). The downward transfer of particles from the surface into the
burrow matches the cesspit model as an animal feeds on the surface and excretes fecal pellets
in an orderly way subsurface (Kotake 1989). The studied Zoophycos contain only some fecal
pellets, but even if they are nearly absent, the material probably has passed the gut as
observed off NW Africa while within one spreite, the fill is changing from pelleted to
homogeneous (Wetzel and Werner 1980, Figure 9). In addition, the absence of pellets can
result from significant sediment reworking (Miller and d’Alberto 2001).

The morphotypes TU-1 and TU-2 have a protrusive spreite and a marginal tube binding the
internal lamellae. Fecal pellets as well as the obvious difference in composition between the
dark menisci and surrounding host rock suggest that material was transferred from above and
excreted under the seafloor. These features are in favor of the cesspit or cache model (Kotake
1989; Bromley 1991). The rust-staining of TU-2 specimens is interpreted to indicate the
former presence of iron sulfides that became oxidized later (maybe during weathering). A U-
shaped marginal tube is suitable to pump efficiently respiration water if bottom water is low
in oxygen or the sediment strongly anoxic (Wetzel and Werner 1980). Furthermore,
“cultivated” or “gardened” microbes would benefit from ventilation because a steep
geochemical gradient develops between oxygenated respiration water and organic-rich spreite
fill (e.g., Meysman et al. 2010). The presence of pyrite framboids in the lobes has been
interpreted to indicate (the former presence of) microbial colonies (Gong et al. 2008; Zhang,
Shi, et al. 2015). Furthermore, the TU-2 specimens having rust-stained marginal tubes occur
in beds that formed during times of low sedimentation. Around storm-wave base where the
Zoophycos producers lived the supply of nutritious material fluctuated strongly due to
hydraulic conditions. Construction of a cache and stimulation of microbial activity therein
represent a good adaptation to such an environment. Furthermore, in Late Quaternary to
Holocene hemipelagic sediments, Zoophycos has been found to be rather abundant when
sedimentation rates slowed down (Kiissner et al. 2018). Similarly, Zoophycos preferably
occurs in stiff to firm Mesozoic marls and marly limestones that formed when sedimentation
rate was low (Olivero 1996).

In modern environments, the delivery of nutritious material to the seafloor is mainly seasonal
(e.g., Lutz et al. 2007) and currents may affect it in addition. Seasonality of organic flux to
seafloor probably stimulated the Zoophycos producers to store organic material inside their
burrows to be utilized during times of restricted benthic food availability (cache model; e.g.,
Jumars et al. 1990; Bromley 1991; Dorador, Wetzel, and Rodriguez-Tovar 2016). The cache
model supposes that Zoophycos producers recycle the previously stored material during
scanty conditions. Under such conditions, the Zoophycos producers may shift — in addition —
to gardening activity because microbial activity can provide nutritious material via priming/



secondary production (e.g., Middelburg 2018). Thus, storing organic material in a cache
below seafloor can be supplemented by gardening.

The producers of Z. rhodensis were interpreted to follow a complex behavior while deposit-
feeding, gardening, stimulating chemosymbiosis and taking advantage thereof (Bromley and
Hanken 2003). In this context, the repeatedly reworked transitional zone appears to be related
to deep-deposit utilization and stimulated microbial activity, while the lobes were domains of
gardening and chemosymbiosis. In Z. rhodensis TJ-1 specimens, outer lobes and minor
lamellae contain pelleted material showing signs of repeated reworking such as variations in
size and morphology of pellets and preferential orientation within lamellae and major tube
(e.g., Knaust 2013). These characteristics are in favor of a combined cache and cesspit model
for the TJ-1 morphotype while enriched in planktonic material and fecal pellets, respectively.
In addition, some scattered, morphologically similar fecal pellets exhibit a rust-colored
coating. They occur along the inner wall of the marginal tube and inside the major lamellae.
Very likely these pellets were enriched in organic matter. The rust coating implies the
previous presence of iron sulfides and, hence, sulfate-reducing microbes. If so, gardening
behavior is also likely for the Z. rhodensis TJ-1 producer.

The construction of the outer lobe and the transitional zone enlarges significantly the space to
store material. The presence of a transitional zone in Z. rhodensis TJ-1 is hypothetical except
the twisted part of the outer lobe that is composed of alternating sigmoidal pelleted and
unpelleted minor lamellae. They display the same composition and characteristics as the
minor lamellae of the outer lobes and, thus, they were formed in lateral continuity within
them. The twisted part of the outer lobe is interpreted to increase the volume of interstitial
sulfidic pore water collectable from the adjacent long lobe (Bromley and Hanken 2003).

In Z. rhodensis TJ-2 specimens, the lobes are composed of alternating pelleted and unpelleted
material that shows some signs of reworking. The fill of the marginal tube does not contain
pellets as in TJ-1 Z. rhodensis specimens. In contrast, a thin rust-colored film marks the
internal wall of the marginal tube. Such a coating associated with pyrite is also seen
separating the minor lamellae. The coating consists of small rust-colored pellets embedded in
micrite. The coating, therefore, probably has had pyrite as precursor that became oxidized
during weathering. The outer lobe is J-shaped and contains relatively coarse unpelleted
sediment. The absence of pellets suggests that this material was not designated for the later
exploitation: If the outer lobes acted as sulfide collectors (Bromley, Ekdale, and Asgaard
1999), the high permeability of the coarse sediment fill facilitates efficient ‘sulfide mining’
and microbial gardening (Bromley and Hanken 2003). Thus, chemosymbiotic activity is
suggested for the producers of TJ-2 Z. rhodensis specimens.

6. Discussion

Zoophycos occurs in shallow to deep marine, mainly muddy environments episodically
affected by currents as it is characteristic of the Zoophycos ichnofacies (Seilacher 1967,
MacEachern et al. 2012). The preference of shallow-water Zoophycos producers to exploit
habitats influenced by episodic currents is interpreted as an opportunistic behavior while
responding to nutritious material delivered from high-productivity areas. In the study area,
Zoophycos was not observed in turbidites that are present below the ZU unit. Therefore, the
Zoophycos producers tend to prefer a habitat affected by storms that may deliver recurrently
additional benthic food from shallow-marine areas where primary productivity is commonly



enhanced (e.g., Antoine, André, and Morel 1996). The transfer of benthic food in a carbonate-
ramp setting is likely to be climatically-controlled by monsoon or upwelling as observed in
modern environments (Wetzel and Werner 1980; Lowemark and Schéfer 2003; Rodriguez-
Tovar, Lowemark, and Pardo-Iguzquiza 2011; Wetzel, Tjallingii, and Wiesner 2011). In the
ZU unit, sedimentary structures imply sediment transport by surge-like storm-induced
currents to deeper settings. Furthermore, oscillation ripples document activity of waves that
could wash out fine-grained material including organic particles and keep them in suspension
until deeper tranquil environments are reached. The lateral transport of organic-rich fine
material was further enhanced by along slope currents documented by the channel-like
structures (Figure 7).

The response of Zoophycos producers to the intermittent arrival of nutritious material is
complex. Ethological interpretation of the skirt-like and tongue-like Zoophycos morphotypes
suggesst an increase in their ethological variety and burrow complexity with respect to food
availability that decreases with distance from coast and with the recurrence time of storm
events. For instance, the skirt-like specimens occur in a lower ramp setting around storm-
wave base (Zirba section) and tongue-like TU-1 morphotype on the distal ramp below storm-
wave base (Oued El Melah section). The latter displays an increased ethological variety
including cache and cesspit construction as well as possibly gardening activity while located
further offshore in larger distance to the food source. In contrast, TU-2 morphotypes
document ethological programs of cesspit and gardening activity while occurring in a slowly
accumulated interval.

The morphology of Zoophycos is evidently linked to the sedimentary environment and the
Zoophycos producers choose a specific habitat. The Zoophycos producers appear to be
particularly adapted to a depositional setting characterized by intermittent environmental
conditions shifting between low and high energy and low and high trophic levels. During the
end of the Mesozoic, Zoophycos production shifted to deep-marine settings where food
availability fluctuates even ore severely. The studied Late Maastrichtian case may represents a
step within this trend.

The enhanced abundance of Zoophycos in marls (Oued Zitoun section) implies that the trace
fossil producers are adapted to fine-grained deposits. The Zoophycos producers collected
organic-rich particles on the surface, stored them subsurface and might have even stimulated
microbial activity in the cache by pumping water through the burrow system. This deduction
is supported by two petrographic observations on the fill of the spreite: (i) coarse bioclasts,
such as keeled foraminifera have been pushed out of the spreite because they are evidently
unsuitable. In contrast, enrichment of sorted, fine oligosteginids/calcisphera indicate that the
Zoophycos producer collected fine particles on the seafloor. Nonetheless, the selectivity
appears to be restricted to grain size and not to nutritious value otherwise indigestible grains
like fine quartz would not have been transferred into the burrow.

Most marl deposits are interpreted to have settled from storm-induced currents, except a few
cases when marls were transported via channels. The settling of organic detritus out of
suspension can take relatively long time and hence, provide rather long-lasting organic supply
to the seafloor as indicated by oligosteginids/calcisphera-rich deposits (Arthur, Schlanger, and
Jenkins 1987; Luciani and Cobianchi 1999). In a lower-ramp setting, storm and bottom
currents may result in low sedimentation rates that foster dewatering of sediments and even
development of firmgrounds and hardgrounds.



The studied Zoophycos occur around storm-wave base and somewhat below and, hence, in
much shallower setting than modern ones (Wetzel and Werner 1980; Lowemark and Schifer
2003; Zhang, Shi, et al. 2015). The complexity of Zoophycos burrow architecture has been
found to increase with the shift to deeper environments (Olivero 2003). The observations in
the study area match this finding. The behavioral varities of the Zoophycos producers were
apparently related to the bathymetric position that affected the distance to the primary food
source and the storm-current induced delivery of additional organic-rich material.

7. Conclusions

The lower Maastrichtian carbonate deposits of the Mateur-Beja area, northern Tunisian,
formed on a storm-dominated ramp and show particular relationships to the occurrence of
Zoophycos. Besides seasonal fluctuations of the benthic food supply, episodic transfer of
nutritious material from shallow areas to deeper settings by storm-induced waves and currents
affected the Zoophycos producers. The abundance of Zoophycos appears to reflect the
availability of benthic food. The complexity of Zoophycos with respect to burrow morphology
and behavior of their producers increased with distance to primary food sources and the
recurrence time of storms delivering supplementary nutritious material. In the most distal
position from food sources, Zoophycos producers increased the burrow size (lobes and skirt
lobes) in the order to maximize the food in stock designated to be exploited during food-
restricted times. During periods of low sediment accumulation, Zoophycos producers shifted
to utilize alternative secondary, microbial-related food sources. The adaptation of Zoophycos
producers to settings characterized by fluctuating environmental conditions during Early
Maastrichtian times could represent a step of the mysterious shift towards the deep-sea floor
as habitat.
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