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ABSTRACT - The integration of sedimentological and ichnological characteristics from deltaic and non-deltaic siliciclastics of the Lower 
Ordovician Lashkerak Formation in the Alborz Mountains of northern Iran has led to more reliable determinations of the relative degree of 
influence imposed by river influx, waves, and storms on the coastal and shallow marine regimes. The trace fossil distribution and composition 
of ichnological assemblages is strongly linked with inferred degree of stability and temporal persistence of physico-chemical conditions. 
Ichnology combined with sedimentological evidence determined the relationship between the organism behaviors and environmental stresses, 
such as variations in oxygenation, salinity, water turbidity, substrate consistency, and sedimentation rates. Using facies characteristics 
and stratal geometries, the siliciclastic successions are divided into two facies associations, FA1 (the wave-dominated shoreface-offshore 
complex), and FA2 (mixed river- and wave-influenced delta). Seven ichnocoenoses are differentiated in the studied section, according to 
the composition and distribution of the ichnofossils, colonization styles, trophic types and ethologic groups, degree of bioturbation and the 
consistency of the substrate. 

High diversity, high bioturbation intensity and the occurrence of diverse and robust trace fossil suites characteristic of ichnocoenoses of 
open marine facies association (FA1) correspond to the archetypal Cruziana and Skolithos ichnofacies in wave-dominated shoreface complex 
reflecting homogeneous distribution of food, normal salinity, and oxygenated waters. 

In deltaic successions of FA2, hypopycnal and hyperpycnal flows created several stress factors, such as increasing sedimentation rate, and 
salinity fluctuations, and water turbidity that had large impact on the benthic faunas. The resulting ichnological suites are characterized by 
lower ichnodiversities, low degrees of bioturbation, and sporadic distribution of ichnofossils throughout the deposits, as compared to non-deltaic 
shoreline successions of FA1. The increase in environmental fluctuations and thus physico-chemical stresses on infaunal communities in the 
prodelta to delta-front deposits is reflected by the dominance of current-generated structures, normal and inversely graded beds, soft-sediment 
deformation, and syneresis cracks. The classification method used here has the potential to improve the use of trace fossils and ichnofacies in 
palaeoenvironmental analysis for recognition and differentiation of deltaic from non-deltaic shoreline successions of the Early Palaeozoic.

RIASSUNTO - [Caratteristiche sedimentologiche ed icnologiche delle successioni deltaiche e non deltaiche dell’Ordoviciano Inferiore 
dell’area di Shahmirzad, Monti Alborz dell’Iran Settentrionale] - L’integrazione delle caratteristiche sedimentologiche ed icnologiche delle 
successioni silicoclastiche deltaiche e non deltaiche della Formazione Lashkerak (Ordoviciano Inferiore, Monti Alborz, Iran Settentrionale) 
ha portato a determinazioni più affidabili del grado di influenza fluviale, del moto ondoso e delle tempeste. La distribuzione delle tracce 
fossili e la composizione delle icnoassociazioni è fortemente legata alla stabilità e alla persistenza temporale delle condizioni fisico-chimiche. 
L’icnologia, combinata con prove sedimentologiche, ha permesso di determinare il rapporto tra comportamento biologico e stress ambientali, 
tra i quali variazioni di ossigenazione, salinità, torbidità dell’acqua, consistenza del substrato e tasso di sedimentazione. Sulla base delle 
facies e delle geometrie di strato, si riconoscono due associazioni di facies, FA1 (complesso di shoreface-offshore dominato dal moto ondoso) 
e FA2 (delta con influenza di onde e tempeste). Si distinguono sette icnocenosi in base alla composizione e alla distribuzione degli icnofossili, 
degli stili di colonizzazione, dei tipi trofici e dei gruppi etologici, del grado di bioturbazione e della consistenza del substrato. Per quanto 
riguarda l’associazione di facies di mare aperto (FA1), l’elevata diversità ed intensità di bioturbazione, la presenza di diverse e robuste 
suites di tracce fossili corrispondono alle icnofacies archetipiche Cruziana e Skolithos; ciò riflette condizioni di shoreface dominato dal moto 
ondoso con distribuzione omogenea di cibo, salinità normale e acque ossigenate.

Per quanto concerne l’associazione di facies di delta (FA2), i flussi ipopicnali ed iperpicnali sono responsabili di diversi fattori di 
stress per le faune bentoniche, come l’aumento del tasso di sedimentazione, le fluttuazioni di salinità e la torbidità dell’acqua. Rispetto alle 
associazioni di facies di mare aperto (FA1), le suite risultanti sono caratterizzate da minore icnodiversità, bassi livelli di bioturbazione e 
distribuzione sporadica degli icnofossili. L’aumento delle fluttuazioni ambientali, e quindi dello stress fisico-chimico sulle comunità infaunali, 
sono espressi dalle strutture da corrente, dagli strati normalmente e inversamente gradati, dalla presenza di soft-sediment deformation e da 
syneresis cracks. Il metodo di classificazione qui impiegato ha il potenziale di migliorare l’utilizzo di tracce fossili e icnofacies nell’analisi 
paleoambientale, perfezionando il riconoscimento e la differenziazione delle facies deltaiche e non deltaiche del Paleozoico Inferiore.

INTRODUCTION

Several recent ichnological studies have enhanced 
our understanding on the sedimentologic applications of 
river flood-generated hyperpycnal flows (e.g., Mulder 

et al., 2003; Plink-Bjorklund & Steel, 2004; Pattison 
et al., 2007) and the distinction between deltaic and 
non-deltaic shoreface successions (Gingras et al., 1998; 
Bann & Fielding, 2004; Bann et al., 2008; Bhattacharya 
et al., 2011; Buatois et al., 2012), and river-derived 
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physico-chemical stresses due to influence of hyperpycnal 
flows (MacEachern et al., 2005; Bhattacharya & 
MacEachern, 2009; Buatois et al., 2008, 2010). The 
resolving ichnological signature of these stressed 
depositional environments have the greatest potential 
for reconstructing the depositional mechanisms and 
environments. Well-preserved trace fossils found in 
shallow-marine successions of the Lower Ordovician 
Lashkerak Formation, in the Alborz Mountains of northern 
Iran (Figs 1-2), provide an opportunity to document 
palaeoecological, taphonomical, and depositional controls 
on the composition and distribution of trace fossils 
between deltaic and non-deltaic shoreface successions.

GEOLOGICAL BACKGROUND AND 
GEOLOGICAL SETTING OF THE CENTRAL ALBORZ

Following the Late Precambrian (Katangan) orogeny 
and the consolidation of the basement, the Precambrian 
craton of Iran, Pakistan, central Afghanistan, southeastern 
Turkey, and Arabia became a relatively stable continental 
platform with shallow epicontinental sea (mainly clastics) 
(Alsharhan & Nairn, 1997; Aghanabati, 2004). During the 
Lower Palaeozoic, the Alborz and adjacent central Iranian 
crust were attached to the eastern part of the Arabian Plate 
and formed the northwestern margin of Gondwana and the 
southern margin of the Palaeo-Tethys (Berberian & King, 
1981; Alavi, 1996; Aghanabati, 2004). The stratigraphic 
succession in the Alborz Mountains in northern Iran 
(Alavi, 1996) spans most of the Phanerozoic and reaches 
a thickness of 11-13 km (Fig. 1a). Cambrian-Ordovician 
strata of the Alborz mountains consist of alternating 
carbonate and siliciclastic units (e.g., Hamdi, 1995) that 
are interpreted to have been deposited during eustatic sea-
level changes (Stöcklin, 1974). The middle Cambrian to 
Lower Ordovician deposits are part of an epicontinental 
platform basin related to a passive margin (Alavi, 1996) 
and are traditionally subdivided into five to six formations, 
designated as the Soltanieh, Barut, Zagun, Lalun, Mila and 
the Lashkerak formations (Geyer et al., 2014) (Fig. 1c). A 
new lithostratigraphic scheme for these units was proposed 
by Geyer et al. (2014). Bayet-Goll et al. (2014a) suggested 
retaining the term “Mila Group” for the lithostratigraphic 
unit that comprises the Fasham Formation (new), the 
Deh-Sufiyan Formation (new), the Deh-Molla Formation 
(new) and the Lashkerak Formation (Fig. 1c). Member 5 
of Mila Group was previously considered as the uppermost 
unit of the Mila Formation (Stöcklin, 1974); however it 
is interpreted here as equivalent deposits of the Lower 
Ordovician in the eastern Alborz, now known as the 
“Lashkerak Formation” (Ghavidel-Syooki, 2006; Geyer et 
al., 2014). The lower and upper contacts of this formation 
are disconformable with the underlying Deh-Molla 
Formation and the red conglomerate of the overlying 
Geirud Formation (Upper Devonian). The sedimentary 
environment of the siliciclastic facies of this formation 
is poorly understood and the potential of trace fossils 

as tools for reconstructing depositional conditions and 
relative sea level history of these deposits has not been 
realized until now.

METHODS

The Lashkerak Formation was studied and measured 
in one section (coordinates N 35° 47’ 26.3”, E 53° 18’ 
53.6”), at the north of Shahmirzad. For facies analysis 
a detailed observation, description and measurement 
of the rocks in the sections, including their texture, 
composition, sandstone richness, thickness, geometry, 
sedimentary structures, macrofossil contents, and their 
vertical trends and stacking patterns have been made 
in the field. Terminology for environmental zonation of 
open marine wave-dominated deposits is in accordance 
with the terminology of MacEachern & Pemberton 
(1992) and MacEachern et al. (1999). Palaeoshoreline 
orientation (visual estimates) was constrained by 
palaeocurrents taken from cross-bed sets and ripple 
cross-lamination within the shoreface deposits. Moreover, 
the orientation of wave ripple crests ad the dip of planar 
strata within the foreshore deposits were also used 
to approximate the local palaeoshoreline trend (e.g., 
Bhattacharya et al., 2011). Ichnological analysis included 
recognition and identification of present ichnofossils; 
abundance and distribution of individual ichnotaxa; 
degree of bioturbation; estimation of ichnodiversity; 
identification of trophic types and ethologic groups 
(Knaust, 2012); and relationships among trace fossils, 
physical sedimentary structures, and bedding types (e.g., 
Monaco & Caracuel, 2007). Bioturbation intensities 
were assigned a Bioturbation Index (BI) value (cf. 
Taylor & Goldring, 1993), with 0 defining the absence of 
bioturbation and 6 reflecting complete bioturbation. Thus, 
the vertical and lateral distribution of trace fossils can also 
be used to indicate the estimation of abundance individual 
ichnotaxa in each facies. In addition, we recorded the 
abundance of individual ichnotaxa by counting the number 
of separate burrows or burrow networks for each trace 
fossil. The ichnological study is based on the concept of 
ichnocoenoses. The palaeoichnocoenoses were defined 
considering associations of traces or trace fossils derived 
from the activity of a single endobenthic community, 
following the method of Frey & Bromley (1985) and 
Bromley (1990). The tiering profiles of vertical rock 
successions in response to interpret physical, chemical 
and biological parameters, were used to describe and 
identify colonization styles (Bromley & Ekdale, 1986). 
Cross-cutting relationships of traces, nature of trace 
fossils, primary sedimentary data and the stratinomy (or 
toponomy) of each trace fossil assemblage (following 
the method of Monaco & Caracuel, 2007) are employed 
to describe and identify tiering patterns. In this respect, 
ichnocoenoses could be differentiated in the studied 
section, according to the composition and distribution 
of the ichnofauna, pattern and depth of infaunal tiering, 

Fig. 1 - a) Structural map of the Central Alborz, with the examined area and the location map: Shahmirzad section (Aghanabati, 2004). b) 
Geological map of Iran with its structural provinces (modified from Aghanabati, 2004; Geyer et al., 2014). c) Palaeozoic succession in the 
Central Alborz (modified from Aghanabati, 2004).
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Fig. 2 - Measured stratigraphic section showing the sedimentological characteristics, ichnocoenoses and interpreted depositional environments of the Lashkerak Formation. Some used symbols for trace 
fossils in this study are on the basis of schematic split-core expression (Seilacher, 2007).
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Fig. 2 - Continue.
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and colonization styles and the nature of the substrate 
(consistency, mobility, food content) (Bayet-Goll et al., 
2016a, b). Ichnotaxa mentioned in the ichnocoenoses are 
organized in the decreasing order of abundance.

SEDIMENTARY FACIES

The Lashkerak Formation facies scheme comprises 
two facies associations. Facies association 1 (FA1) 
contains four depositional facies and is interpreted to 
record a complete spectrum of shallow marine deposits, 
from offshore transition to upper shoreface environments. 
Facies association 2 (FA2) consists of four depositional 
facies and is interpreted to record deposition in mixed 
river- and wave-influenced delta. A detailed description 
and interpretation of each facies and facies association is 
given below (Tab. 1).

FACIES ASSOCIATION 1 (FA1): 
THE WAVE-DOMINATED 

SHOREFACE-OFFSHORE COMPLEX

Facies A (FA)
DesCriptioN - FA consists of interlaminated and 

interbedded bioturbated green-grey mudstone or shale, 
muddy siltstone and erosively based, thin to thick 
sandstone and bioclastic sandstones (5-30 cm thick). 
Horizontal lamination and hummocky cross stratification 
(HCS) (5-15 cm of wavelengths) are the most common 
sedimentary structures, but low-angle cross-stratification 
and wave-ripple laminations are also common (Fig. 
3a-b). In addition, both coarsening- and fining-upward 
successions are observed in separate exposures of the 
facies. Sandstone/mudstone ratios range from about 1:5 
to 1:1. Locally this facies is interbedded with lenticular 
bioclastic sandstones and shelly lags (Facies C, see below).

iNterpretAtioN - FA is interpreted to have been deposited 
in a lower shoreface-transition zone environment, below 
fair-weather wave base but above mean storm wave base. 
Interbedded and interlaminated bioturbated shales and 
sharp-based sandstones (as rhythmically interstratified) 
displaying HCS reflect the alternation of slow fair-weather 
mudstone deposition with storm-emplaced sands on the 
inner shelf between the fair-weather and storm-wave bases 
(Cheel & Leckie, 1993; Pemberton & MacEachern, 1997; 
Dumas et al., 2005).

Facies B (FB)
DesCriptioN - This facies consists of moderately-

sorted, fine to medium-grained, erosional based, 
thick, amalgamated, massive bioclastic sandstone 
(approximately 30-100 cm thick), tabular to low-angle 
planar cross-stratified sandstone (approximately 40-
100 cm thick), hummocky and swaley cross-stratified 
sandstone (10-50 cm thick), and wave-ripple-laminated 
sandstone beds that typically coarsen upwards (Fig. 3c-e). 
Rhythmically bedded fine- to medium-grained sandstones 
with mm-to-cm thick mudstone-siltstone interlaminations 
also occur within sandstone beds/bedsets. Palaeocurrent 
data is obtained by considering sedimentary structures of 

this facies and relating the resultant vectors to the inferred 
depositional dip (or depositional strike-north-east/south-
west). Tabular cross-bed sets and symmetrical ripples 
indicate palaeoflow directions orientated approximately 
parallel to the inferred depositional strike. Accumulations 
of complete and broken shells occur as small scoured lags 
at the base of some sandstone beds. Sedimentary structures 
in the FB sandstones show upward loss of oscillation 
ripple laminae and muddy interbeds, and increasing 
thickness and abundance of low-angle lamination, planar 
lamination, and hummocky cross-stratification.

iNterpretAtioN - FB is characterized by sedimentary 
structures that reflect deposition in a high-energy, storm-
dominated environment. Thick, amalgamated beds 
represent deposition under the influence of longshore 
currents (MacEachern & Pemberton, 1992; Hampson et 
al., 2008). Palaeocurrent measurements give additional 
support to interpretation of sediment transport of 
the coastal zone affected by longshore current. The 
combination of upward-coarsening and the sequence of 
sedimentary structures, from horizontal lamination to HCS 
to SCS to wave ripples, is probably interpreted to represent 
shoreface progradation, shallowing, and positional change 
from the lower shoreface to the middle shoreface. 

Facies C (FC)
DesCriptioN - Shelly lags occur within sandstones units 

of FA and FB. Fossils in FC consist of either a graded basal 
lag (up to 20 cm thick) in the sandstone beds composed 
of crinoid ossicles, trilobites, abraded brachiopods, and 
to some lesser sponges; or well-preserved shell beds 
at the top of sandstone beds. Based on taphonomic 
and deposit-level sedimentologic attributes of their 
individual components, the occurrence modes of the shell 
concentrations were classified into two types. Type 1 shell 
concentration beds are characterized by densely packed, 
poorly to moderately sorted, mixed-bioclastic shelly beds 
predominantly grain-supported, with highly fragmented/
abraded shells. These shelly beds are also characterized 
by coarse to conglomeratic (20-40 cm thick) laterally 
continuous, non-stratified beds with a sharp erosional base 
and gradational top. Type 2 shell concentration beds are 
characterized by lenticular shell accumulations (up to 20 
cm thick) with thin, graded, poorly-sorted, densely packed, 
highly fragmented/abraded shells (Fig. 3f).

iNterpretAtioN - Skeletal shell beds (type 1) display 
diagnostic features of storm-influenced deposits that 
are interpreted as having been deposited in a lower 
shoreface environment, below fair-weather wave 
base, as amalgamated storm-reworked deposits with 
the compounded effects of background and episodic 
processes. Moreover, sharp planar erosional bases, grain-
supported fabric and high proportions of fragmentation 
with broken shells point to erosion and reworking by 
intense storms. In contrast, shell lags could be produced 
by the winnowing of previous storm deposits during the 
high-energy phase of the combined oscillatory flows 
(Krassay, 1994). Lenticular shell beds with graded lags 
and high degree of fragmentation and abrasion indicate 
transgressive lags formed by physical reworking and 
transport of skeletal elements under medium to high 
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Facies 
association Facies Lithology Primary Structure Ichnofossil Ichnocoenosis Interpretation
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Facies 
A

Interlaminated 
and interbed-
ded green-
grey mudstone 
or shale, mud-
dy siltstone 
and fine to me-
dium-grained 
s a n d s t o n e 
and bioclastic 
sandstones.

Sandstone bases are sharp 
and vary from planar through 
slightly undulating; horizontal 
lamination and HCS and rare 
low-angle cross-stratification 
and wave-ripple laminations; 
the wavelengths of HCSs are 
5-15 cm, with symmetrical to 
near-symmetrical ripples at 
the tops of sandstone beds; 
coarsening- and fining-up-
ward successions.

Represented by high ichnologi-
cal diversity, small-medium size 
of the burrows, high bioturbation 
intensity (BI 4-5), high density. 
The main constituent: Planolites, 
Helminthopsis, Rusophycus, 
Monomorphichnus, Taphrhel-
minthopsis, Gordia, and Arthro-
phycus. The subordinate suite 
comprises Cruziana, Treptichnus 
pedum, Lockeia, Cochlichnus, 
Helminthoidichnites, Bergaueria, 
Thalassinoides, Rosselia, Diplo-
craterion, and Skolithos.

Helminthopsis-
Chondrites 
ichnocoenosis 
(He/Cho).

Facies A represents deposi-
tion of thin sandstone beds 
from waning, storm-gener-
ated currents, interbedded 
with fair-weather suspen-
sion-deposited mudstones 
(as suspended fines 
settle from suspension 
under waning storm-en-
ergy conditions) in a low-
er shoreface-transition 
zone environment, below 
fair-weather wave base but 
above mean storm wave 
base.

Facies 
B

M o d e r a t e l y 
sorted, fine 
to medium-
grained, thick, 
amalgamated, 
b i o c l a s t i c 
sandstones.

Made of amalgamated, sand-
stone units with gradational 
contact with underlying units 
of Facies A; with tabular 
to low-angle planar cross-
stratified (approximately 40-
100 cm thick), and hummocky 
and swaley cross-stratified 
sandstone (HCS and SCS, 
10–50 cm thick) and wave rip-
ple lamination; with rhythmi-
cally bedded fine to medium 
grained sandstones with mm-
to-cm thick mudstonesiltstone 
interlaminations occurring 
whitin sandstone units; with 
accumulations of complete 
and broken shells occurring 
as small scoured lags at the 
base of sandstones; sedi-
mentary structures show up-
ward loss of oscillation ripple 
laminae and muddy inter-
beds, and increase in thick-
ness and abundance planar 
lamination, and hummocky 
cross-stratification.

Represented by high abundance 
of primary sedimentary struc-
tures and high ichnological di-
versity, large size of the burrows 
by simple tiering pattern highly 
variable bioturbation intensities, 
ranging from BI 0 to BI 3; the 
main constituent: Arenicolites, 
Diplocraterion parallelum, D. 
habichi, Skolithos, Rosselia, R. 
socialis; the subordinate suite 
comprises Thalassinoides, Pa-
laeophycus, Planolites, Bergaue-
ria and fugichnia.

Diplocraterion-
Arenicolites 
ichnocoenosis 
(Di-Ar).

Facies B points to a shore-
face environment devel-
oped under conditions of 
high wave energy close to 
fair-weather wave base; 
sedimentary structures 
reflect deposition in a 
high-energy, storm-dom-
inated environment and 
influenced by longshore 
current that forms thick, 
amalgamated beds repre-
senting deposition under 
the influence of longshore 
currents.

Facies 
C

Shell con-
c e n t r a t i o n s 
composed of 
crinoid ossi-
cles, trilobites, 
abraded bra-
chiopods, and 
less abundant 
sponges.

The shell concentrations were 
classified into two types; type 1 
shell concentration beds char-
acterized by coarse to con-
glomeratic densely to loosely 
packed, poorly to moderately 
sorted, mixed-bioclastic shelly 
beds predominantly grain-sup-
ported, randomly oriented both 
in the plan and cross-sectional 
views, with highly fragmented/
abraded shells, and a sharp 
erosional base and gradational 
top; type 2 shell concentration 
beds concomposed of thin, 
graded, laterally discontinu-
ous, poorly-sorted, densely 
packed, highly fragmented/
abraded bioclasts.

Facies C represents diag-
nostic features of storm-in-
fluenced deposits that are 
commonly reported from 
tempestite deposits; de-
posited in a lower shore-
face environment, below 
fair-weather wave base. 
Type 1 and 2 shell concen-
trations are related to bot-
tom remobilization occur-
ring during major storms.

Facies 
D

Met re - th ick , 
we l l - so r ted , 
weakly biotur-
bated, medi-
um to coarse-
g r a i n e d 
s a n d s t o n e s 
with deci-
me t re - sca le 
cross-stratifi-
cation sets.

Thick and planar and trough 
cross-stratification are the 
most common sedimentary 
structures, locally with hori-
zontal lamination, low-angle 
lamination and wave-ripple 
lamination; beds with ero-
sive bases or gradational 
from sandstones of the lower 
shoreface facies association. 
Rare thinly muddy siltstones 
and massive mudstone inter-
beds are locally intercalated.  

Bioturbation is not characteristi-
cally uniformly distributed and in-
tense; in cross-sets is low to very 
low (BI 0-1) but can be locally 
higher at the base of the cross-
sets (BI 1-2); low to moderate 
ichnodiversity; large size of the 
main constituent burrows: Diplo-
craterion, Skolithos, Arenicolites, 
fugichnia, Rosselia; the subordi-
nate suite comprises Monocrate-
rion, Palaeophycus, Bergaueria.

Skolithos ichnoco-
enosis (Sk).

Facies D represents depo-
sition of high energy and 
progressive sorting associ-
ated with wave and current 
reworking in the shore-
face environment above 
fair-weather wave base; 
the horizontal laminations 
reflect higher current veloc-
ities of the same surf-zone 
processes that were re-
sponsible for the sandwave 
migration.

Tab. 1 - Ichnotaxa, sedimentary facies, facies associations and interpreted depositional environments of the Lashkerak Formation.
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Facies 
E

Black to dark 
grey mudstone 
and shale, 
locally inter-
bedded with 
light grey, ero-
sionally based, 
very thin to 
thin, siltstone 
beds.

Ripple-laminated or with 
alternating rippled and 
flat-laminated intervals; with 
interlaminations of gradation-
ally-based, weakly rippled 
siltstones.

Bioturbation is absent. Shelf; Facies E represents 
slow-energy suspension 
fall out deposition in the 
absence of waves and 
currents below storm wave 
base with dysoxic to an-
oxic conditions: weakly 
rippled siltstone beds from 
waning fluvial-driven sed-
iment-gravity suspension 
currents, interbedded with 
low-energy suspension-de-
posited mudstones.

Facies 
F

Sharp-based, 
planar, fine- 
to very fine-
grained sand-
stone and silty 
s a n d s t o n e 
beds interbed-
ded with grey-
green lami-
nated shale 
and silty shale 
to silty mud-
stone.

Forming coarsening-upward 
and thickening-upward pack-
ages; the sandstone beds 
with sharp, scoured bases 
and gradational top with the 
overlying mudstone layers; 
with parallel lamination and 
more rarely, combined-flow 
ripple cross-lamination, dark, 
claystone drapes; with thin (< 
2 cm), normally graded silt-
stone layers.

Marked low degree of bioturba-
tion (BI 0-1), low ichnological 
diversity, small size of the bur-
rows, and low density with sim-
ple tiering structure displaying a 
dominance of deep-tier endich-
nial deposit-feeders/harvesters; 
locally with zones of higher-in-
tensity burrowing (BI 3-4) and 
moderate ichnological diversity; 
the main constituent: Chondrites, 
Planolites, P. montanus; the sub-
ordinate suite comprises Zoo-
phycos, Multina, Helminthopsis, 
and (Neonereites).

Distal expression 
of the Cruziana 
ichnofacies.

Facies F represents depo-
sition within the distal 
prodelta of a mixed river- 
and wave-influenced delta; 
interpreted as deposition 
from intermittent, waning 
or waning-waxing unidirec-
tional currents probably de-
rived from river-fed turbidity 
currents and hyperpycnal 
flows.

Facies 
G

I n t e r l a m i -
nated and 
in te rbedded 
shale, mud-
dy siltstone, 
and laminated 
siltstone irreg-
ularly inter-
bedded with 
very fine-to 
f ine-gra ined 
sandstone.

Coarsening-upward succes-
sions; sandstone beds with 
range from millimeter-thick 
laminations to 20 cm-thick 
beds; amalgamated beds 
are uncommon; base of beds 
is sharp, with evidence of 
scouring, and load structures. 
Massive sandstone, rarely 
with combined-flow ripple 
cross-lamination, small-scale 
soft-sediment deformation 
and symmetrical to near-sym-
metrical rippled tops; locally 
beds shows Bouma-like se-
quences passing from mas-
sive to horizontally stratified 
and capped by combined-flow 
ripple cross-lamination. 

Highly variable bioturbation in-
tensities, ranging from BI 0 to BI 
5; muddy intervals with multiple 
colonization events, intensive 
bioturbation (BI 4-5), high diversi-
ty and density robust trace fossil 
suites; include Taphrhelmintho-
psis, Treptichnus pedum, Ros-
selia, R. socialis and rare Hel-
minthopsis, Planolites, Gordia, 
Helminthoidichnites, Arthrophy-
cus. Sandstone beds represent-
ed by simple colonization events, 
small size of the burrows, low to 
moderate ichnological diversity, 
low to moderate bioturbation in-
tensity (BI 0-3); include Rosselia, 
R. socialis, fugichnia, Palaeo-
phycus, P. tubularis and very rare 
Phycodes, Lockeia, Bergaueria, 
Planolites, Thalassinoides, Did-
ymaulichnus.

Taphrhelminthop-
sis-Rosselia ich-
nocoenosis (Taph/
Ro) and Rosse-
lia-Palaeophycus 
i c h n o c o e n o s i s 
(Ro/Pa).

Facies G represents depo-
sition within the proximal 
prodelta of a mixed riv-
er- and wave-influenced 
delta; sedimentologically 
and ichnology features 
represent hyperpycnal and 
hypopycnal river plumes 
in flood-dominated deltaic 
systems; the close associ-
ations of storm-generated 
wave and current (waning 
unidirectional flows such 
as Bouma-like sequences) 
features represent a link-
age between river floods 
and major storms.

Facies 
H

L a m i n a t e d 
muddy bio-
clastic silt-
stone and 
siltstone inter-
bedded with 
medium to 
thin and, ero-
sively based, 
medium to 
fine-g ra ined 
b i o c l a s t i c 
s a n d s t o n e 
beds.

Made of coarsening-upward 
successions with gradational 
contact with underlying units 
of Facies G; with parallel lam-
ination, HCS and micro-HCS, 
soft-sediment deforma-
tion, combined-flow ripple 
cross-lamination and sym-
metrical to near-symmetrical 
ripples at top of beds; beds 
show Bouma-like sequences 
or form graded composite 
bedsets and laminations.

Highly variable bioturbation in-
tensities; very low abundance, 
small size of the burrows, and 
low-diversity trace fossil suite; 
deformed intervals and graded 
bedsets lack bioturbation, BI 0; 
undeformed intervals typically 
display highly sporadic, absent 
to sparse bioturbation (BI 0-2); 
include Fucusopsis, Rosselia, R. 
socialis, R. rotates, fugichnia and 
very rare Monocraterion, Conos-
tichus, Diplocraterion, Arenico-
lites, Skolithos, Palaeophycus, 
Bergaueria, B. radiate, B. perata; 
locally interbedded with relatively 
thin heterolithic intervals (BI 3-4) 
containing pervasive and robust 
trace fossil suites of Taphrhel-
minthopsis, Treptichnus pedum, 
Phycodes, Helminthopsis, Sko-
lithos, Rosselia, Arenicolites, 
Diplocraterion, Monocraterion. 

R o s s e l i a - P a -
laeophycus ichno-
coenosis (Ro/Pa) 
with very limited 
Taphrhelminthop-
sis-Rosselia ich-
nocoenosis (Taph/
Ro) in thin hetero-
lithic intervals. 

Facies H represents depo-
sition as distal delta front 
(distal mouth bar) set-
tings of a mixed river- and 
wave-influenced delta, 
and indicating deposition 
in proximity to distributary 
channels with many fea-
tures that record height-
ened river-derived physi-
co-chemical stresses and 
fluctuations associated with 
hyperpycnal and hypopyc-
nal river plumes.

Facies 
association Facies Lithology Primary Structure Ichnofossil Ichnocoenosis Interpretation

Tab. 1 - Continuation.
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energy condition. These beds are similar to the lags 
described by Banerjee & Kidwell (1991) and Krassay 
(1994), which were apparently produced by deposition 
and intermittent reworking of material in the zone between 
fair-weather wave base and storm wave base. 

Facies D (FD)
DesCriptioN - FD is composed of m-thick, well-sorted, 

medium to coarse sandstones. Amalgamated beds of this 
facies are up to 7 m thick and planar and trough cross-
stratification are common, but horizontal lamination, 
low-angle lamination and wave-ripple lamination may 
also occur (Fig. 3g-h). Units of this facies either have 
erosive bases or are gradational from sandstones of the 
lower shoreface facies association. Palaeocurrent data 
from tabular cross-bed sets give scattered directions and 
virtually all directions are represented.

iNterpretAtioN - Vertical amalgamation of bedsets, 
palaeocurrent data and the presence of physical 
structures indicate sediment transport in upper shoreface 
environments affected by wave-driven currents paralleling 
the shoreline (longshore drift), and interacting with 
currents generated by translational flows associated with 
plunging waves (Hampson et al., 2008). As a result, an 
upper shoreface/foreshore environment between mean 
low tide level and fair-weather-wave base (Hampson & 
Storms, 2003) is interpreted for this facies.

FACIES ASSOCIATION 2 (FA2): 
MIXED RIVER- AND WAVE-INFLUENCED DELTA

Facies E (FE)
DesCriptioN - This facies consists of unbioturbated, 

dark green thinly parallel laminated shale and fissile silty 
shale with intercalated siltstone. Shale layers are laterally 
extensive and the transition between shale and siltstone 
layers are generally gradational.

iNterpretAtioN - Facies E records slow-energy 
suspension fall out deposition in the absence of waves and 
currents, based largely on the absence of current-formed 
sedimentary structures and the fine grain sizes. The dark 

color, prevalence of fissility, the absence of bioturbation, 
fine parallel lamination, lack of identifiable wave/current 
structures or emergence features and the close affinity 
with facies of prodelta (vertically stacked with FF, see 
below) imply oxygen deficient conditions on the shelf 
bottom (Davis et al., 1989) beyond storm wave base. 
Deposition was possibly in dysaerobic and anaerobic 
outer shelf bottoms by pelagic settling (e.g., Mutti et al., 
1996; Pattison et al., 2007). It seems the presence of the 
thick muds due to deposition by suspension fallout would 
have been unfavorable to many trace-making organisms 
and the absence of bioturbation.

Facies F (FF) 
DesCriptioN - FF consists of sharp-based, planar, 

fine- to very fine-grained sandstone and silty sandstone 
beds interbedded with grey-green laminated shale and 
silty shale to silty mudstone (Fig. 4a-b). Sandstone/shale 
ratios are very low (typically < 1:15). The sandstone beds 
display sharp, scoured bases, parallel lamination and, more 
rarely, combined-flow ripple cross-lamination. These 
sharp-based units are sporadically distributed and locally 
associated with dark, claystone drapes. The sandstone 
interbeds tend to become thicker and closely spaced 
upwards. Thin, normally graded siltstone layers, locally 
with parallel lamination, may occur. Beds are stacked, 
forming coarsening-upward and thickening-upward 
packages. Syneresis cracks are observed in the mudstones.

iNterpretAtioN - FF represents deposition of thin, graded 
sandstone beds from waning, storm-generated suspension 
currents, interbedded with fair-weather suspension-
deposited mudstones. Based on sedimentological features 
and stratigraphic relations with the other facies and the 
absence of wave-produced sedimentary structures, FF 
is interpreted as being deposited below the storm-wave 
base in distal prodelta that is directly connected to river 
mouths. Deposition of sandy units with unidirectional 
bedforms and the presence of sandstone units with normal 
grading and ripple-laminated tops, is thought to result from 
the overall heightened sedimentation rates and elevated 
water turbidity due to waxing and waning river-induced 
hyperpycnal flows (Mutti et al., 1996, 2003). Hyperpycnal 
flows generated by river floods may have reached below 

Fa
ci

es
 a

ss
oc

ia
tio

n 
2

Facies 
I

Sharply-based 
and thickly 
bedded mod-
erately to 
we l l - so r ted , 
medium- to 
c o a r s e -
grained sand-
stone with 
fine to medi-
um grained 
mudstone-silt-
stone- sand-
stones interla-
minations.

Gradational lower contacts 
and coarsening-upward 
successions with horizontal 
to low-angle planar parallel 
lamination, current ripple 
cross-lamination; locally with 
soft-sediment deformation 
and dewatering structures, 
with rare trough and planar 
tabular cross-stratification 
and mm-to-cm thick mud-
stone-siltstone-sandstone 
interlaminations.

Marked low degree of bioturba-
tion (BI 0-2), low ichnological di-
versity, and low density with sim-
ple tiering pattern of a community 
of opportunists with single colo-
nization events; the main constit-
uent: vertical shafts of Rosselia, 
R. socialis; the subordinate suite 
comprises Planolites, Palaeo-
phycus, Asterosoma, Bergaue-
ria, Monocraterion, Skolithos; 
locally interbedded with relatively 
thin heterolithic intervals (BI 2-3) 
containing robust trace fossil 
suites of Planolites, Taphrhel-
minthopsis, Treptichnus pedum, 
and Helminthopsis.

Rosselia ichno-
coenosis (Ro) 
with very limited 
Taphrhelminthop-
sis-Rosselia ich-
nocoenosis (Taph/
Ro) in thin hetero-
lithic intervals.

Facies H represents depo-
sition within the proximal 
delta front of a mixed river- 
and wave-influenced delta 
with evidence supporting 
episodic, high-energy flu-
vial outflow conditions in 
close proximity to a river 
mouth; the close associa-
tions of storm-generated 
wave and current features 
represent fluctuations as-
sociated with hyperpyc-
nal and hypopycnal river 
plumes.

Facies 
association Facies Lithology Primary Structure Ichnofossil Ichnocoenosis Interpretation

Tab. 1 - Continuation.
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storm-wave base in flood-dominated deltaic systems 
and could be responsible for deposition of waning 
unidirectional flows such as Bouma facies sequence (see 
Bhattacharya & MacEachern, 2009).

Facies G (FG)
DesCriptioN - FG consists of interlaminated and 

interbedded shale, muddy siltstone, and laminated 
siltstone irregularly interbedded with erosional based, fine-
grained sandstone (2-20 cm thick) (Fig. 4c). Intercalated 
sandstones range from millimeter-thick laminations to 20 
cm-thick beds, though more commonly they are 5 or 10 
cm thick. Amalgamated sandstones are less common and 
may comprise up to 20 cm thick bedsets. Basal contacts 
are sharp, show local evidence of scouring, and commonly 
display load structures. Sandstone beds display an overall 
massive appearance to parallel and undulating laminated 
sandstones. This facies locally contains combined-flow 
ripples cross-lamination, micro-HCS, and symmetrical 
to near-symmetrical rippled tops. Local expressions of 
sandstone beds may contain normal to inverse grading 
and show Bouma facies sequence (Bouma, 1962) passing 
from massive to horizontally stratified and capped by 
combined-flow ripple cross-lamination (Fig. 4d-e). These 
sharp-based units are sporadically distributed and rarely 
associated with sole marks, sand-filled syneresis cracks, 
dark, fissile claystone drapes, convolute bedding and small 
soft-sediment deformation.

iNterpretAtioN - Based on sedimentological features 
and stratigraphic relations with the other facies, FG is 
interpreted to represent deposition within the proximal 
prodelta of a mixed river- and wave-influenced delta. 
The close associations of sandstone beds with HCS and 
oscillation ripples intercalated with graded beds are 
interpreted to represent a linkage between river floods and 
major storms (e.g., Wheatcroft, 2000). The presence of 
extensive evidences of waning unidirectional flows such 
as Bouma facies sequence reflects rapid deposition under 
episodic heightened water turbidity conditions or due to 
hyperpycnal and/or hypopycnal river plumes in flood-
dominated deltaic systems (e.g., Mutti et al., 1996, 2003; 
Pattison et al., 2007; Buatois et al., 2008; Bhattacharya 
& MacEachern, 2009). The close association of soft-
sediment deformed beds, composite graded bedsets, with 
rare claystone drapes and syneresis cracks, is interpreted 
to represent deposition in proximity to river discharge 
and recurrent salinity fluctuations associated with 
hyperpycnal/hypopycnal-emplaced turbidites (Gingras 
et al., 1998; MacEachern et al., 2005; Bann et al., 2008).

Facies H (FH)
DesCriptioN - FH consists of coarsening-upward and 

thickening upward successions of laminated muddy 

bioclastic siltstone and siltstone interbedded with 
medium to thin and, erosional based, medium to fine-
grained bioclastic sandstone beds with massive bedding, 
parallel lamination, HCS and combined-flow ripples 
cross-lamination (Fig. 4f-g). Commonly, sandstone beds 
are intensely deformed internally, displaying convolute 
lamination, water- and escape-structures (Fig. 4f). The  
escape-beds contain sedimentary structures arranged in 
partial or complete preservation of the units of Bouma 
facies sequence. Some beds also show prominent reverse-
to-normal grading, millimetre- to centimetre-thick layers 
rhythmically alternate, to form graded composite bedsets 
and laminations. The beds are sporadically distributed 
and rarely associated with sand-filled syneresis cracks 
(Fig. 4h).

iNterpretAtioN - These deposits reflect deposition as 
distal delta front (distal mouth bar) settings of a mixed 
river- and wave-influenced delta, and indicate deposition 
in proximity to distributary channels (e.g., Coates & 
MacEachern, 1999; Hansen & MacEachern, 2007). FH is 
characterized by features such as soft-sediment deformed 
beds, composite graded bedsets, claystone drapes and 
synaeresis cracks that record heightened river-derived 
physico-chemical stresses (elevated sedimentation rates, 
hyperpycnal flows, salinity fluctuations, water turbidity, 
and loading and dewatering) (e.g., MacEachern et al., 
2005; Bhattacharya & MacEachern, 2009; Bhattacharya 
et al., 2011). The combined flow, wave-rippled, and 
HCS sandstones provide evidence of deposition 
above storm wave base (Bayet-Goll et al., 2015a). 
Predominance of convolute bedded intervals records the 
rise of sedimentation rates and subsequent loading and 
dewatering, consistent with proximity to river discharge 
and/or slope failure in a delta-front setting (Gingras et al., 
1998; Coates & MacEachern, 1999; Bann et al., 2008).

 
Facies I (FI)

DesCriptioN - FI displays a coarsening-upward 
character of sharply-based and thickly bedded (1 to 60 
cm), moderately to well-sorted, medium- to coarse-
grained sandstone beds. The facies typically shows a 
gradational contact with deposits of underlying Facies 
H, and forming coarsening-upward and thickening-
upward packages. Horizontal to low-angle planar parallel 
lamination, and current ripple cross-lamination dominate 
the facies. Locally sandstone beds also show soft-sediment 
deformation and dewatering structures, such as load casts 
(Fig. 4i). Rhythmically bedded fine to medium grained 
sandstones with mm-to-cm thick mudstone-siltstone 
interlaminations occur within sandstone units. Rare trough 
and planar tabular cross-stratification (with south- to 
southwestwardly palaeocurrent direction) are observed. 
Syneresis cracks are very rare.

Fig. 3 - Sedimentary structures and trace fossils of offshore-transition to distal lower shoreface facies. a-b) Vertical section of heterolithic 
bedding in fine-grained sandstone, shale and muddy siltstone, with micro-hummocky cross-stratification ripples and horizontal lamination, 
from Facies A. c) The sandstone beds in Facies B, contain HCS, SCS, horizontal lamination, and wave ripple lamination. d) The upper surface 
of fine-grained sandstone with bifurcating and intercalating ripple marks overprinted by meandering trace fossil Taphrhelminthopsis. e) 
Interlaminated sandstone units show planar and hummocky cross-stratification and amalgamated-to-thick sandstone units of several meters 
separated by erosional surfaces in Facies B. f) Graded basal lag in the sandstone beds of Facies C (arrow), composed of crinoid ossicles, 
trilobites, abraded brachiopods, and some lesser sponges. g) Amalgamated upper shoreface beds with planar and trough cross-stratification 
and horizontal lamination on lower-middle shoreface facies. h) Horizontal lamination in low-angle beds in upper shoreface/foreshore bedsets.
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iNterpretAtioN - Based on sedimentological features 
and stratigraphic relations with the other facies, FI is 
interpreted to represent deposition within the proximal 
delta front of a mixed river- and wave-influenced delta. 
The proximal delta front facies presents several lines of 
evidence supporting episodic, high-energy fluvial outflow 
conditions in close proximity to a river mouth. The 
sedimentary structures reflect a domination of current-
generated processes, overprinted by moderate storm 
influence and minor wave activity (Pattison et al., 2007; 
Bhattacharya & MacEachern, 2009). The presence of 
several upper-flow regime physical structures indicates 
periodic high-energy (upper flow regime) conditions and 
supports the interpretation of episodic deposition during 
high-energy fluvial outflow (e.g., Dumas et al., 2005).

 
TRACE FOSSIL ANALYSIS

In this study, seven ichnocoenoses are identified 
following methods of Frey & Bromley (1985) and Bromley 
(1990). The vertical succession of these ichnocoenoses 
has been used herein to interpret environmental changes 
between deltaic and non-deltaic shoreface marine deposits.

ICHNOCOENOSES OF OPEN MARINE
FACIES ASSOCIATION

Helminthopsis-Chondrites ichnocoenosis (He/Cho)
The He/Cho ichnocoenosis is found in the distal lower 

shoreface-transition zone facies (FA) or in high-density 
patches associated with the Diplocraterion-Arenicolites 
ichnocoenosis (Di/Ar) in lower-middle shoreface facies 
(FB) above storm wave base. The degree of biogenic 
reworking of He/Cho is intense and ranges from BI 4 to 
BI 5. This ichnocoenosis exhibits shallow to mid tiers, 
reflecting simple colonization events and represented 
by high ichnological diversity, large size of the burrows, 
high density of grazing and grazing/foraging behaviors, 
deposit-feeding traces, locomotion, resting and sparse 
other feeding traces. The main constituent of the He/
Cho consists of shallow tier Planolites, Helminthopsis, 
Rusophycus, Monomorphichnus, Taphrhelminthopsis, 
Gordia, and Arthrophycus (in order of abundance). 
The subordinate suite comprises shallow to mid 
tiers Cruziana, Treptichnus pedum (Seilacher, 1955), 
Lockeia, Cochlichnus, Helminthoidichnites, Bergaueria, 
Thalassinoides, Rosselia, Diplocraterion, Skolithos and 
Chondrites (Fig. 5a-d).

High degree of bioturbation, high diversity of trace 
fossils with wide variety of behavioral patterns in thin, 
muddy intervals, and abundant normal marine fauna are 

indicative of a low energy setting below storm wave base 
under normal marine conditions (Bayet-Goll et al., 2016c, 
2017). In other words, high diversities of trace fossils and 
uniform bioturbation in the He/Cho ichnocoenosis reflect 
homogeneous distribution of food, normal salinity, and 
oxygenated water due to persistent wave agitation, in the 
bottom and interstitial waters of distal lower shoreface-
transition zone (Pemberton & MacEachern, 1997; 
Pemberton et al., 2001). In result, stability of physico-
chemical conditions in these environments are likely 
responsible for the progressive increase in proportion of 
trace fossil size, burrow diameter, abundance, diversity, 
and degree of bioturbation in the He/Cho (Bayet-Goll 
et al., 2014b). This ichnocoenosis corresponds to the 
Cruziana ichnofacies (Seilacher, 1967; MacEachern et 
al., 2007a).

Diplocraterion-Arenicolites ichnocoenosis (Di-Ar)
The Di/Ar ichnocoenosis is common in lower-middle 

shoreface facies (FB) and typically located between the 
He/Cho ichnocoenosis (FA) and the Sk ichnocoenosis (FD) 
or in high-density patches associated with the He/Cho. 
The Di/Ar is characterized by highly variable bioturbation 
intensities, ranging from BI 0 to BI 3. The Di/Ar is 
characterized by high abundance of primary sedimentary 
structures and reduction in the diversity of trace fossils in 
a simple tiering pattern, and simple colonization shown 
by a high abundance of opportunistic, suspension-feeding 
structures in the deep-tiers. The main constituents of this 
ichnocoenosis consist of deep tier, suspension-feeding 
structures (Arenicolites, Diplocraterion parallelum Torell, 
1870, D. habichi Lisson, 1904, Skolithos) and mid-tier, 
surface detritus-feeders (Rosselia isp., R. socialis Dahmer, 
1937) (Fig. 5e-f). The subordinate suite comprises shallow 
to mid tiers Thalassinoides, Palaeophycus, Planolites, 
Bergaueria and fugichnia. Intensive bioturbation (BI 4-5) 
as a pipe-rock ichnofabric of vertical dwelling traces also 
exists locally (Fig. 5h).

The Di/Ar corresponds to a high-energy hydrodynamic 
regime and shifting substrates probably under stressed 
conditions (high rate of sedimentation and erosive currents 
in which food particles tend to be kept in suspension) as 
indicated by hummocky sandstone beds with the low 
degree of bioturbation and the abundance of the vertical 
traces of suspension-feeders (e.g., MacEachern & Bann, 
2008). In this view, the Di/Ar ichnocoenosis indicates 
the colonization of storm sands by a community of 
opportunistic organisms in a post-event, high-stress, 
physically-controlled environment (Pemberton et al., 
2001). Variability in storm intensity and frequency 
strongly affected the character of shoreface facies and 
variable sedimentation rates typically cause dominance of 
opportunistic suspension feeding species (e.g., Gingras et 

Fig. 4 - a) Sandstone and silty sandstone beds interbedded with grey-green laminated shale and silty mudstone facies with parallel lamination 
(arrows). b) Sandstone beds interbedded with silty mudstone with combined-flow ripple cross-lamination and dark, claystone drapes (arrow). 
c) Outcrop photograph showing the sedimentological characteristics of proximal prodelta facies (Facies G) grading upward to distal delta 
front facies (Facies H) (arrow points towards the top of successions). d) Sandstone beds display a massive appearance in base and convolute 
bedding in middle, grading upward to combined-flow ripple cross-lamination. e) Sandstone beds contain normal grading passing horizontally 
stratified and capped by combined-flow ripple cross-lamination.
Sedimentary structures and trace fossils of distal delta front facies. f-g) Interlaminated and interbedded muddy siltstone, siltstone and sandstone. 
The sandstone beds locally contain HCS, combined-flow ripple cross-lamination (Cr) and soft-sediment deformation (yellow arrow). h) 
Sandstone beds with sand-filled syneresis cracks (arrow). i) Sandstone beds with soft-sediment deformation and dewatering structures (arrow) 
associated with bioclastic mud pebble conglomerates (red arrow).
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al., 1998; Bayet-Goll et al., 2015b, 2017). Moreover, the 
presence of opportunistic elements, which alternate with 
trace fossil suites attributable to the He/Cho ichnocoenosis 
(a diverse mixture of deposit-feeding and grazing/foraging 
structures), particularly in the distal lower shoreface-
transition zone settings, reflects two stages of colonization 
controlled by storm events and fair-weather periods. Such 
recurring alternation of elements of both the Di/Ar and He/
Cho ichnocoenoses corresponds to the mixed Skolithos-
Cruziana ichnofacies (e.g., Pemberton & MacEachern, 
1997; MacEachern & Bann, 2008).

Skolithos ichnocoenosis (Sk)
The Sk ichnocoenosis occurs in the amalgamated 

upper shoreface/foreshore beds (FD) and shares the 
same facies distribution of the Di/Ar ichnocoenosis. 
The ichnological assemblage has low diversity and the 
degree of bioturbation is low, ranging from BI 0 to BI 
2. Colonization style is characterized by the presence of 
high abundance of deep tier, suspension-feeding structures 
including Diplocraterion, Skolithos, and Arenicolites and 
dwelling, deposit feeding traces Monocraterion. The mid 
tiers show escape traces (fugichnia), surface detritus-
feeders (Rosselia) and a subordinate suite of shallow tier, 
passive carnivore (Palaeophycus) and resting burrows 
(Bergaueria) (Fig. 5g) (see Bromley & Asgaard, 1991; 
Frey & Goldring, 1992).

High sedimentation rates and erosion resulting 
from continuous and rapid bedform migration (upper 
shoreface) and upper flow regime in sheet flow conditions 
during wave swash and backwash landwards of the surf 
zone (foreshore) (e.g., Hampson & Storms, 2003) are 
likely responsible for the scarce bioturbation and low 
ichnodiversity with dominance of opportunistic trace-
makers of the vertical suspension-feeders in the Sk 
ichnocoenosis. This ichnocoenosis corresponds to the 
Skolithos ichnofacies (Seilacher, 1967).

ICHNOCOENOSES OF MIXED RIVER- AND 
WAVE-INFLUENCED DELTA ASSOCIATION

Chondrites ichnocoenosis (Cho)
The Cho ichnocoenosis is found in laminated to 

massive organic-rich mudstones and silty mudstones 
of distal prodelta facies (FF). Bioturbation in this 
ichnocoenosis is intense but not uniformly distributed. 
Bioturbation is mainly restricted to bedding planes (BI 
0-1) and internal bioturbation is sparse. Tiering structure 
is characterized by single colonization and simple 
tiering pattern of deep-tier endichnial deposit-feeders 
(Chondrites) and shallow tiers simple grazing behaviors 
(Planolites isp., P. montanus Ritcher, 1937). Locally, 
zones of higher-intensity burrowing (BI 3-4) in the 

fine-grained beds are characterized by a diverse suite of 
deep-tier, Zoophycos and shallow tiers, farming (Multina), 
grazing (Planolites, Helminthopsis), and grazing/foraging 
(Neonereites) behaviors (Fig. 6a-b). 

In the Cho ichnocoenosis, lower ichnological diversity, 
high density of Chondrites and sparse other feeding 
traces suggest an exceedingly stressful environment, 
where a high rate of hemipelagic mudstones and dysoxic 
to anoxic conditions inhibited the establishment of a 
complex endobenthic community (Bromley & Ekdale, 
1984; Fu, 1991). This ichnocoenosis corresponds to the 
Zoophycos ichnofacies (Seilacher, 1967). Sporadically 
distributed, intensively burrowed intervals in units 
of the Cho ichnocoenosis reflect intermittent periods 
of less hospitable conditions for infaunal living. In 
addition, zones of higher-intensity burrowing in the Cho 
ichnocoenosis attest to periods of reduced sediment supply 
and storm wave reworking and increased oxygenation 
that mainly favored for grazing and grazing/foraging 
fauna to recolonize the sediment. According to Buatois 
et al. (2010) an increase in ichnodiversity, intensity of 
bioturbation associated with increase in the abundance and 
depth of infaunal structures, indicate a wider colonization 
window that occurred in response to the transition from 
hyperpycnal to hypopycnal conditions. Resultantly, the 
occurrence of intensively burrowed intervals in units of 
the Cho ichnocoenosis clearly represents the high biogenic 
reworking of the substrate during hypopycnal periods in 
physico-chemical stresses lower than hyperpycnal periods 
(MacEachern et al., 2005; Bhattacharya & MacEachern, 
2009; Buatois et al., 2010). 

Rosselia-Palaeophycus ichnocoenosis (Ro/Pa)
The Ro/Pa ichnocoenosis is common in proximal 

prodelta facies (FG) and distal delta front (FH) or in 
high-density patches associated with the Taph/Phy 
ichnocoenosis. This ichnocoenosis exhibits shallow 
to mid tiers, reflecting simple colonization events and 
represented by moderate ichnological diversity, low to 
moderate bioturbation intensity (BI 0-3), high density 
of deposit-feeding traces, and few other feeding traces. 
However, many intervals in FG and FH are completely 
devoid of bioturbation. Deformed intervals typically 
lack bioturbation. In addition, composite graded bedsets 
are also typically unburrowed. The main trophic groups 
of this ichnocoenosis (Fig. 6c-h) are mid-tier surface 
detritus-feeders (R. socialis, R. rotatus McCarthy, 1979, 
Asterosoma?), fugichnia and shallow tiers occupied by 
simple passive carnivores (Palaeophycus isp., P. tubularis 
Hall, 1847). The subordinate suite comprises very 
rare shallow tier Phycodes, Arthrophycus, Fucusopsis, 
Lockeia, Bergaueria radiates Alpert, 1973, B. perata 
Prantl, 1945, Planolites, P. montanus, Thalassinoides, 
Didymaulichnus, and mid to deep-tier, Skolithos and 

Fig. 5 - Helminthopsis-Chondrites ichnocoenosis (He/Cho). a) Lower surface of a sandstone bed with Cruziana rugosa (arrows). b) Planolites 
isp. (Pl), T. pedum (Tp), and Rosselia isp. (Ro) in fine-grained muddy siltstone. c) Taphrhelminthopsis isp. (Ta), Diplocraterion isp. (Dp), 
Skolithos isp. (Sk) on the upper surface of fine-grained sandstone with symmetrical ripples. d) Arthrophycus isp. (Ar), Lockeia isp. (Lo), 
Bergaueria isp. (Be), and Rusophycus isp. (Ru) on the surface of muddy siltstone. Diplocraterion-Arenicolites ichnocoenosis (Di-Ar). e) 
Diplocraterion isp. on the surface of medium-grained sandstone. f) Thalassinoides isp. g) Skolithos ichnocoenosis (Sk), upper surface 
of a sandstone bed with Diplocraterion parallelum (Dp), D. habichi (Dh), Skolithos (Sk), and Rosselia socialis (Ro). h) Diplocraterion-
Arenicolites ichnocoenosis (Di-Ar), intensive bioturbation (BI 4-5) of Palaeophycus isp. and vertical dwelling traces with Arenicolites isp. 
(Ar), Diplocraterion isp. (Dp), Skolithos isp. (Sk), and Rosselia socialis (Ro).
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Conostichus. Locally intensive bioturbation (BI4-5) as a 
monospecific suite of surface detritus-feeders traces also 
exists and is characterized by highly bioturbated beds by 
Rosselia socialis and R. rotatus.

In the Ro/Pa ichnocoenosis, the occurrence of 
dominant, opportunistic colonizing strategies (Rosselia 
and Palaeophycus), the absence of structures resulting 
from complex behavior, and the great dominance of very 
simple structures probably produced by opportunistic 
organisms point out to a stressed, unstable environment 
(see Netto et al., 2014). In most cases, densely packed, 
monospecific assemblages of surface detritus-feeders 
traces reflect successive colonization of the substrate by 
opportunistic species (Netto et al., 2014; Bayet-Goll et al., 
2017). The trace fossil suites characteristic of the Ro/Pa 
ichnocoenosis are characterized by features that represent 
soupground conditions resulting from transport of mud via 
fresh-water hyperpycnal discharge (or hyperpycnal mud 
turbidite emplacement) (see MacEachern et al., 2005, 
2007b; Bhattacharya & MacEachern, 2009; Buatois et al., 
2010). This ichnologic characteristic includes variable and 
sporadic distribution of bioturbation, colonization of the 
substrate by opportunistic species, scarcity of biogenic 
structures attributed to suspension feeding and dwelling 
structures, simple tiering structures, the greater abundance 
of unburrowed to sparsely burrowed beds associated with 
decrease in the abundance and depth of infaunal structures. 
The occurrence of a shallow superficial organic rich 
layer of muddy sediment due to the high input of organic 
detritus from hyperpycnal flows that generate fluid mud 
deposition, and high sedimentation rates, seems to favor 
the presence of the detritus-feeding trophic behaviour of 
the Ro/Pa. 

Taphrhelminthopsis-Rosselia ichnocoenosis (Taph/Ro)
The Taph/Ro ichnocoenosis is common in the thin 

heterolithic intervals representing proximal prodelta 
facies (FG) and distal delta front (FH), and typically 
is interlaminated and interbedded with the Ro/Pa 
ichnocoenosis. This ichnocoenosis is characterized by 
multiple colonization events and complex tiering patterns 
with shallow to deep-tier traces (Fig. 7a-h). Interlaminations 
of shale, muddy siltstone, and fine-grained sandstone 
with intensive bioturbation (BI4-5) are characterized by 
the high diversity/density trace-fossil assemblage. The 
main constituents of this ichnocoenosis’ shallow tier 
are locomotion-foraging trails (Taphrhelminthopsis), 
deposit feeding (Treptichnus pedum); the mid-tier are 
composed by detritus-feeding (Rosselia isp., R. socialis); 
mid to deep-tier was made by vertical suspension-feeding 
(Diplocraterion, Arenicolites, Skolithos, Monocraterion 
isp., M. tentaculum Torell, 1870). The subordinate suite 
comprises shallow tier grazing/foraging behaviors 
(Helminthopsis isp., H. abeli Książkiewicz, 1977, 
Planolites, Gordia, Helminthoidichnites), deposit-feeding 
(Arthrophycus, Fucusopsis, Arthrophycus, Phycodes isp., 

Phycodes cf. wabanensis Fillion & Pickerill, 1990), and 
resting traces (Rusophycus). 

The presence of high density of trace fossils with 
the increase in pattern/depth infaunal tiering, complex 
colonization styles, overall high ichnodiversity and the 
high bioturbation intensity in this ichnocoenosis, are 
interpreted as the result of recolonization of the substrate 
between river-flood events, when the delta area was 
returned to ambient normal marine conditions or during 
times of hypopycnal conditions (e.g., Bhattacharya et al., 
2011). The occurrence of high abundance of locomotion-
foraging trails and endogenic deposit-feeding traces 
in the Taph/Ro is indicative of intermittent periods of 
more hospitable conditions for infaunal and epifaunal 
living, and reflects fluctuations in energy conditions and 
sedimentation rates or alternation between hyperpycnal 
and hypopycnal conditions (Bhattacharya & MacEachern, 
2009). Generally, the predominance of locomotion-
foraging trails along bedding planes is interpreted as 
inhabitation of tracemakers in the water-saturated soupy 
substrates, with abundance of food and normal aerobic 
conditions (Bayet-Goll & Neto de Carvalho, 2015) 
after the deposition of a freshet-related hyperpycnal 
discharge to utilize newly deposited food resources. 
This ichnocoenosis corresponds to the archetypal of the 
Cruziana ichnofacies (MacEachern et al., 2007a).

Rosselia ichnocoenosis (Ro)
Unbioturbated to weakly bioturbated thickly bedded, 

amalgamated sandstones of proximal delta front facies (FI) 
show a low ichnological diversity, dominated by detritus-
feeding (medium tier) and rare suspension-feeding 
structures, as well as dwelling/deposit-feeding (deep tier). 
The Ro ichnocoenosis is characterized by high abundance 
of primary sedimentary structures (or massive beds) 
and reduction in the diversity of trace fossils by simple 
tiering pattern of a community of opportunists with single 
colonization events. Bioturbation within Ro is sporadically 
distributed (BI 0-2). Colonization style is characterized 
by a high abundance of opportunistic, burrow-dwelling, 
superficial detritus-feeding (see Netto et al., 2014): in the 
mid-tiers includes vertical shafts of Rosselia socialis. This 
ichnocoenosis has also a subordinate suite in the mid-
tiers that include Planolites, Palaeophycus, Asterosoma, 
Bergaueria, Monocraterion, Skolithos (Fig. 8a-d). 
Rhythmically bedded with mildly bioturbation intensities 
(BI 2-3) related to the Taph/Ro ichnocoenosis occur locally 
and are dominated by Planolites, Taphrhelminthopsis, 
Treptichnus pedum, and Helminthopsis.

Unburrowed or poorly bioturbated beds (BI 0-2) 
contain a low ichnodiversity with dominance of 
opportunistic tracemakers; it may be related to highly 
stressed depositional environment with high sedimentation 
rates, water turbidity, strong salinity fluctuations, and/or 
hyperpycnal discharge in flood-dominated deltaic systems. 
The consistently low bioturbation intensity resulted from 

Fig. 6 - Chondrites ichnocoenosis (Cho). a) Zoophycos isp. in fine-grained silty sandstone. b) Lower surface of a sandstone bed with Planolites 
isp. (Pl) and Multina isp. (Mu). Rosselia-Palaeophycus ichnocoenosis (Ro/Pa), of proximal prodelta facies. c) Didymaulichnus isp. on muddy 
siltstone beds. d) Rosselia isp. on the upper surface of fine-grained sandstone. e) ?Fucusopsis isp. with parallel longitudinal striations on the 
lower surface of fine-grained sandstone. f) ?Conostichus isp. on the bedding surface of the sandstone beds. g, h) The upper surface of sandstone 
beds with high abundance of Rosselia socialis (Rs), R. rotatus (Rr), Arenicolites isp. (Ar), Skolithos isp. (Sk) and Bergaueria perata (Be).
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prolonged stressful conditions, but occasional periods of 
favorable ambient conditions, allowed for more intensely 
bioturbated intervals (e.g., Gingras et al., 1998; Coates 
& MacEachern, 1999). In this respect, based on studies 
of Bhattacharya & MacEachern (2009), the alternation 
of more and less bioturbated zones between delta facies 
likely indicates alternation between hyperpycnal and 
hypopycnal conditions. This ichnocoenosis corresponds to 
the “stressed”, non-archetypal expression of the Cruziana 
ichnofacies (MacEachern et al., 2007b).

DISCUSSION

From sedimentology, storm-dominated settings in the 
wave-dominated shoreface complex (FA1) are prone to 
seasonal environmental changes (Fig. 9a) (e.g., Pemberton 
& MacEachern, 1997; Angulo & Buatois, 2012). Physical 
stress induced by episodic deposition and associated 
changes in sedimentation rates and substrate properties 
potentially may have played a greater role in shaping 
trace fossil assemblages in the Lashkerak Formation 
deposits. Consequently, environmental stress, recorded 
by ichnodiversity and BI also fluctuates. Such settings 
due to fluctuating stress associated with the environment 
of deposition commonly yield biogenically reworked 
substrate containing ichnological suites that represent 
opportunistic colonization of the storm bed, overprinted 
by a fair-weather suite characteristic of an equilibrium 
community and continuous sedimentation (MacEachern et 
al., 2005; Bhattacharya & MacEachern, 2009; Buatois et 
al., 2010, 2012). These suites from a palaeoenvironmental 
perspective are separated into an opportunistic event 
bed “suite” (or post-depositional) and a post-storm, 
fair-weather community “suite” (or pre-depositional) 
(Pemberton & MacEachern, 1997; Gingras et al., 1998; 
Bann et al., 2004; Angulo & Buatois, 2012). 

The pre-depositional assemblage as shown by 
Helminthopsis-Chondrites ichnocoenosis (He/Cho) is 
the most diverse and includes more varied behavioral 
strategies, corresponding to the archetypal Cruziana 
ichnofacies (MacEachern & Bann, 2008). The storm-
related assemblage (or post-depositional) as shown by 
Diplocraterion-Arenicolites and Skolithos ichnocoenoses 
(Di-Ar and Sk) were produced by opportunistic organisms 
(r-strategists), corresponding to the archetypal Skolithos 
ichnofacies (MacEachern & Bann, 2008). The low-
diversity, low-density, dominantly post-depositional traces 
of the Di-Ar and Sk ichnocoenoses are interpreted to 
occur due to a number of factors. The facies architecture 
of host beds of these ichnocoenoses shows that flows 
were generally more erosive and, therefore, tended to 
remove the fertile top layer of the sea floor, resulting 
in the preservation of only the deepest burrowing trace 

fossils (Savrda, 1992). The time between the deposition 
of sand beds due to high-energy conditions and persistent 
wave agitation in the surf and beach zones may have 
been insufficient for colonizers to migrate from areas 
unaffected by the newly deposited sediment, resulting 
in the low diversity/density trace-fossil assemblage 
dominated by traces formed by organisms well-adapted 
to the depositional environment (or post-depositional) 
(e.g., Gingras et al., 1998; Buatois & Mángano, 2003; 
Gingras et al., 2011; Angulo & Buatois, 2012). In 
contrast, many of the trace-making organisms related to 
the pre-depositional traces in the He/Cho ichnocoenosis 
occurred near the sediment-water interface. Resultantly, 
such environments are associated with the dominance 
of pre-depositional ichnoassemblages due to their poor 
preservation potential (e.g., Gingras et al., 1998, 2011; 
Buatois et al., 2012). High diversity of trace fossils and 
high bioturbation of the He/Cho ichnocoenosis reflect 
homogeneous distribution of food, normal salinity, and 
oxygenated water due to persistent wave agitation, and 
hence, a wide recolonization window (the time available 
for a new colonization by tracemakers, sensu Pollard et 
al., 1993) reflecting slow deposition. 

The deltaic deposits of FA2 of the Lashkerak 
Formation are characterized by sedimentary structures 
indicative of rapid sedimentation, high degrees of salinity 
variation, and abundant evidence of current processes. 
This physical evidence indicates that FA2 was deposited 
during progradation of a mixed river- and wave-influenced 
delta (e.g., Bhattacharya & Walker, 1992). Many Bouma-
like beds have HCS, combined-flow and wave ripple-
laminated sandstone divisions, and are interpreted as 
deposition from intermittent, waning or waning-waxing 
unidirectional currents that were most probably derived 
from river-fed turbidity currents and hyperpycnal flows 
(e.g., Pattison et al., 2007; Buatois et al., 2010). The 
abundance of normal graded beds within the prodelta 
and delta-front deposits of Facies F, G and H is consistent 
with the waxing and waning of river-induced hyperpycnal 
flows (Mulder et al., 2003). The widespread occurrence of 
soft-sediment deformation and convolute bedded intervals 
indicates increased sedimentation rates and subsequent 
loading and dewatering, consistent with proximity to 
river discharge (MacEachern et al., 2005; Hansen & 
MacEachern, 2007; Bhattacharya & MacEachern, 2009). 
Ichnological data of the deltaic deposits of FA2, strongly 
also supports the mixed river- and wave-influenced 
deltaic interpretation and provides additional criteria 
by which such successions may be identified. Within 
deltaic successions of FA2, fluvial input resulted in a 
variety of environmental stresses that were imposed 
upon infaunal organisms (Fig. 9b). Physico-chemical 
stresses were largely the result of river-induced processes, 
such as hyperpycnal flows that generated fluid mud 

Fig. 7 - Taphrhelminthopsis-Rosselia ichnocoenosis (Taph/Ro). Highly bioturbated heterolithic intervals with diverse and robust trace fossil 
suites in proximal prodelta facies. a) The upper surface of fine-grained sandstone with combined-flow ripple cross-lamination and many 
Taphrhelminthopsis isp. b-c) The upper surface of muddy siltstone with high abundance of Treptichnus pedum and unknown trace (Un). 
d) Phycodes cf. wabanensis in fine-grained sandstone. e) Helminthoidichnites isp. small, simple and unbranched, winding traces with self-
overcrossings, in muddy siltstone. f) Fine-grained sandstone with Diplocraterion isp. (Di), Fucusopsis isp. (Fu), Monocraterion isp. (Mo), 
Skolithos isp. (Sk), and Rosselia socialis (Ro). g-h) Highly bioturbated thin heterolithic intervals with diverse trace fossil suites in distal delta 
front facies containing Taphrhelminthopsis isp. (Th), Helminthopsis isp. (He), Skolithos isp. (Sk), Rosselia isp. (Rs), and Arenicolites isp (Ar).
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deposition, and high sedimentation rates (Bhattacharya 
& MacEachern, 2009). In deltaic successions of FA2, 
hyperpycnal flows created several stress factors, such 
as increased sedimentation rate, freshwater discharges, 
and salinity fluctuations, water turbidity, and loading 
and dewatering that may had impact on the benthic 
faunas (Buatois et al., 2010, 2012). The increase in 
environmental fluctuations and thus physico-chemical 
stresses on infaunal communities in the prodelta to delta-
front deposits in deltaic successions of FA2, is reflected 
by the dominance of current-generated structures, normal 
and inversely graded beds, soft-sediment deformation, 
fine-grained drapes of inferred fluid mud origin, and 
inferred hypopycnal and hyperpycnal flows. Additionally, 
rare syneresis cracks and convolute bedding indicate that 
the environment was periodically subjected to salinity 
variations and elevated sedimentation rates, respectively, 
and probably associated with heightened river discharge 
during floods and freshets (MacEachern et al., 2005, 
2007b; Hansen & MacEachern, 2007).

Ethologies in the Chondrites, Rosselia-Palaeophycus, 
and Rosselia ichnocoenoses (Cho, Ro/Pa, Ro), are 
overwhelmingly dominated by deposit-feeding, detritus-
feeding, passive predatory and grazing behaviors, with a 
predominance of facies-crossing forms in small size of 
the burrows (e.g., Planolites, P. montanus, Palaeophycus, 
Bergaueria, Chondrites) and the dwelling and feeding 
burrows of facies-crossing, resilient detritus-feeding 
organisms (e.g., Rosselia isp., R. socialis, and Conostichus). 
However, sporadically distributed, intensively burrowed 
centimeter-thick intervals with BI values up to 4-5 of 
Taphrhelminthopsis-Rosselia ichnocoenosis (Taph/Ro) 
occur throughout the unburrowed to low bioturbation 
(BI 0-2) background. The predominance of detritus-
feeding and deposit-feeding structures and the apparent 
paucity of structures of suspension feeders or infaunal 
burrowing possibly indicate that turbidity levels were 
elevated (e.g., Gingras et al., 1998). This is interpreted 
to be due to heightened water turbidity and freshet-
emplacement of fluid muds through distributaries in 

Fig. 8 - Rosselia ichnocoenosis (Ro). a) The upper surface of sandstone beds with high abundance of Rosselia socialis. b) Radiating star-like 
swelling burrows on the upper surface of sandstone beds. c) Monocraterion tentaculatum. d) Planolites isp. (Pl) and Helminthopsis isp. (He).
Scale bars are in cm.

Fig. 9 - a) Graphical representation of the characteristic sedimentological features and ichnofossils of Facies Association 1 (FA1), wave-
dominated open marine succession, with general position (i.e., proximal-medial-distal) of each ichnocoenosis related with different sub-
environments. b) Graphical representation of the characteristic sedimentological features and ichnofossils of Facies Association 2 (FA2), 
mixed river- and wave-influenced delta, with general position (i.e., proximal-medial-distal) of each ichnocoenosis related with different 
sub-environments.
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response to hyperpycnal flow-induced sediment gravity 
flows (e.g., Saunders et al., 1994; MacEachern et al., 2005; 
MacEachern & Bann, 2008). 

The combination of sedimentological and ichnological 
characteristics observed in the prodelta and distal delta 
front facies suggests that the deltas consistently alternated 
between normal and brackish-water or between hypopycnal 
and hyperpycnal conditions. Normal salinity can be 
inferred from the general high diversity of the ichnofauna 
(e.g., MacEachern et al., 2007b). Ichnological data suggest 
that salinities were fluctuating between marine and fresh 
water, which is consistent with episodic river-derived 
freshets. As stated above, in prodelta and distal delta front 
facies low abundance, yet moderately diverse trace fossil 
suite, attributable to Chondrites, Rosselia-Palaeophycus, 
and Rosselia ichnocoenoses (Cho, Ro/Pa, Ro) alternated 
with Taphrhelminthopsis-Rosselia ichnocoenosis (Taph/
Ro) reflecting the fluctuating environmental conditions 
associated with fluvial input. In this respect, variable 
intensity of burrowing, ichnodiversity and ethological 
complexity of the trace fossil assemblage resulted from 
differences in intensity of physico-chemical stresses 
imposed upon the endobenthic community during 
hyperpycnal periods and hypopycnal periods. Resultantly, 
alternating and contrasting sedimentation rates conditions 
due to the fluctuating environmental conditions associated 
with fluvial input (see Bhattacharya & MacEachern, 2009) 
were among the key controlling factors for trace fossil 
distribution and preservation during hyperpycnal periods 
(with Cho, Ro/Pa, Ro ichnocoenoses) and hypopycnal 
periods (with Taph/Ro ichnocoenosis). Alternation 
from hyperpycnal to hypopycnal conditions also caused 
physical changes to substrates, including modification of 
sediment grain size, sediment consistency, compaction, 
and sorting (MacEachern et al., 2005, 2007b; Buatois et 
al., 2010). Given the above assumptions, more heavily 
bioturbated units with Taph/Ro ichnocoenosis from 
finer-grained interbeds in the prodelta and distal delta 
front facies represent the high biogenic reworking of 
the substrate during hypopycnal periods in a physico-
chemical stress conditions lower than in hyperpycnal 
periods. The presence of locomotional-foraging trails 
and deposit-feeding and grazing behaviors (include 
Taphrhelminthopsis, Treptichnus pedum, Phycodes, 
Helminthopsis, Helminthoidichnites, Gordia, Rusophycus, 
Arthrophycus) in these positions, which are usually 
considered as trace fossils strongly associated with 
the normal salinity conditions (see Pemberton et al., 
2001), seems to support this view. As noted that by 
Bhattacharya & MacEachern (2009) mud flocculation from 
hypopycnal (buoyant) mud plumes are more uniform and 
generally slower than in their hyperpycnal counterparts. 
Alternatively, MacEachern et al. (2005) documented that 
hypopycnal conditions may show significantly higher 
abundances and diversities of ichnofauna with wider 
ranges of organism ethologies.

CONCLUSION

Features of ichnofossils assemblage as tools for 
reconstructing palaeoenvironmental conditions, in 
conjunction with ichnological parameters (size, diversity, 

bioturbation intensity, distribution and colonization 
style), are used for distinction between delta and open 
marine deposits. Considering intensity of burrowing, 
ichnodiversity and ethological complexity of the trace 
fossil assemblage allow for the development of a 
conceptual model that permits significantly more refined 
recognition and differentiation of mixed river- and wave-
influenced delta (FA2) from wave-dominated shoreface 
complex (FA1). Seven ichnocoenoses were recognized in 
the facies associations of open marine and delta systems 
of this study. High diversities of trace fossils, high 
bioturbation intensities, and the occurrence of diverse 
and robust trace fossil suites in the ichnocoenoses of 
wave-dominated shoreface complex reflect homogeneous 
distribution of food, normal salinity, and oxygenated 
water due to persistent wave agitation, and hence, a wide 
recolonization window. In contrast, reduction in the 
diversity and abundance of infauna, small trace fossil size, 
sporadic distributions of burrows and lower intensities of 
bioturbation in the ichnocoenoses of deltaic successions 
demonstrate the persistent influence of physico-chemical 
stresses that are common to deltaic settings. In deltaic 
successions of FA2, hyperpycnal flows create several 
stress factors, such as increased sedimentation rate, 
freshwater discharges, and salinity fluctuations, water 
turbidity, and loading and dewatering that have had great 
impact on the benthic faunas from the Lower Ordovician 
of the Lashkerak Formation.
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