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ABSTRACT

yperpycnal flow deposits and associated facies in upper Cretaceous res-
ervoirs of the Magallanes Formation in the Campo Boleadoras-Estancia

Agua Fresca-Puesto Peter area of southern Patagonia, Argentina, are docu-
mented based on subsurface data. The study represents one of the first ichnologic
characterizations of a deltaic system dominated by hyperpycnal processes. The
fluvial-deltaic system was sourced from uplifted areas located in Central Patagonia
and the Rio Chico High and prograded toward the south and southeast. In-
tegration of sedimentologic and ichnologic data allows establishing proximal-
distal trends within a sediment transport system. The bulk of sandy hyperpycnal
lobe deposits consists of coarse- to fine-grained sandstones that are either struc-
tureless or display a subtle parallel lamination that is commonly delineated by
abundant plant remains. Vertical grain-size changes reflect flow fluctuations, with
coarsening- and fining-upward intervals indicating waxing and waning flows,
respectively. The concentration of plant remains indicates phytodetrital pulses in
connection with direct fluvial discharges. These deposits are unburrowed to sparsely
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bioturbated, containing the Thalassinoides ichnofabric, which records opportunistic
colonization during times of decreased sedimentation rate. However, the per-
vasive laminated fill of the burrows may reflect relatively high sedimentation
rates, most likely because of suspension fallout of fine-grained material. The ex-
treme compaction suggests burrow emplacement in a water-saturated soft sub-
strate that underwent compaction subsequent to the bioturbation event. Asso-
ciated heterolithic intervals contain the Planolites-Teichichnus ichnofabric, which
characterizes marginal areas with respect to the hyperpycnal sand-rich lobes and
times of quiescence between flows. During times of reduced sediment supply,
material was reworked by wave processes, and hypopycnal conditions were dom-
inant. The Thalassinoides-Teichichnus ichnofabric records colonization of these
wave-reworked sandstone units, whereas the Terebellina-Phycosiphon ichnofabric
reflects stable conditions that allowed intense bioturbation and the establishment
of a moderately diverse benthic fauna. Fully marine offshore deposits are char-
acterized by the Teichichnus-Phycosiphon ichnofabric, which display total biogenic

reworking, high ichnodiversity, and a complex tiering structure.

INTRODUCTION

Increased attention is being paid to river-flood-
generated hyperpycnal flows as a mechanism of sed-
iment transfer from river mouths to shelf and deep-
sea areas (e.g., Mulder and Syvitski, 1995; Mulder et al.,
2003; Plink-Bjorklund and Steel, 2004). Hyperpycnal
flows create several stress factors, such as increased
sedimentation rate, freshwater discharges, and high
hydrodynamic energy that impact on the benthic
faunas. However, the function played by these fac-
tors and the ichnology of hyperpycnal deposits have
remained mostly underexplored. From an ichnologic
standpoint, it is useful to differentiate two main de-
positional settings, where hyperpycnal flows are lim-
iting factors on trace fossil distribution: deep marine
and deltaic. The ichnology of deep-marine hyperpyc-
nites has been analyzed by Ponce et al. (2007), Wetzel
(2008), and Carmona and Ponce (2011). The ichno-
logy of hyperpycnal flow deposits in deltaic systems
is the focus of this study.

The Austral Basin (Figure 1) is one of the most im-
portant petroleum basins of Argentina (e.g., Biddle
et al., 1986; Keeley and Light, 2008). The upper Cre-
taceous reservoirs of the Magallanes Formation in
the Campo Boleadoras-Estancia Agua Fresca-Puesto
Peter area have been analyzed based on an integra-
tion of ichnologic and sedimentologic data. As a re-
sult of this study, the function of hyperpycnal flows
in sedimentary dynamics is underscored. The aim of
this chapter is to document sedimentologic and ich-
nologic evidence that helps reinterpret the deposi-
tional mechanisms and sedimentary environments

of the Magallanes Formation. This is one of the first
studies that document in detail the ichnologic sig-
natures of hyperpycnal flow deposits in a deltaic sys-
tem. Accordingly, our observations in the Magallanes
Formation may be of use to understand deposition-
al dynamics in other successions formed in river-
dominated deltas.

GEOLOGIC SETTING AND
PETROLEUM SYSTEMS

The Austral Basin, also known as Magallanes Ba-
sin, is located in the southernmost region of South
America (Figure 1) and hosts up to 8000 m (26,247 ft)
of rift (Triassic to middle—upper Jurassic), postrift (up-
per Jurassic to lower Cretaceous), and foreland (upper
Cretaceous to Cenozoic) deposits. During this latter
stage, the establishment of a fold and thrust belt re-
sulted in the formation of a foredeep in the foreland
basin (Figure 2). Sediment was sourced from uplifted
areas in Central Patagonia and the Rio Chico High
located toward the northwest. Clastic wedges pro-
graded toward the basin center, leading to a south-
eastern migration of the depocenters and forming a
series of stacked sedimentary cycles controlled by re-
gional tectonics.

Clastic wedges prograded from the north and
northwest, and shoreface and deltaic deposits (Anita
Formation) accumulated during the Campanian-Early
Maastrichtian. Offshore mudstone and thin-bedded
sandstone (Palermo Aike Formation) interfinger with
the sandstone tongues toward the southeast. This suc-
cession is capped by the so-called D3 unconformity.
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The Calafate sequence (Magallanes Formation, Up-
per Maastrichtian—-Danian) occurs above this uncon-
formity (Figure 3). During the rest of the Paleocene,
the area was uplifted and the unconformity D4 was
formed. Deep incisions were carved, leaving erosion-
al remnants that favored formation of stratigraphic
traps. Glauconite wackes accumulated during the Eo-
cene transgression, forming the seal.

SEDIMENTARY FACIES AND
TRACE FOSSIL DISTRIBUTION

Our sedimentologic and ichnologic study is based
on the analysis of 156.4 m (513.1 ft) of convention-
al cores and well logs from eight wells in an area of
200 km? (77 mi®). The analyzed deposits correspond
to the Lower Maastrichtian interval of the Magallanes
Formation. Lower Maastrichtian deposits in the study
area are stacked, forming a coarsening-upward suc-
cession, reflecting a prograding deltaic system during
highstand (Figure 2). These deposits are bounded at
the top by an erosional discontinuity related to the
incision of estuarine valleys during a relative sea level
fall. Logs from all wells in the study area were ana-
lyzed and correlated. Core information was matched
with their log signatures. Sedimentary facies were
distinguished based on lithology, physical sedimen-
tary structures, and bed contacts. Three main facies
have been defined: sandy hyperpycnal lobes, storm-
influenced delta front and prodelta, and lower off-
shore. Our detailed trace fossil study was based on
ichnotaxa identification, ethological and trophic

: Lower Cretaceous
Jurassic

Paleozoic

types, population strategies, ichnodiversity, degree of
bioturbation, and tiering structure. Degree of biotur-
bation was assessed following Taylor and Goldring
(1993). In this scheme, a bioturbation index (BI), rang-
ing from O (no bioturbation) to 6 (complete biotur-
bation), is defined. Five ichnofabrics were defined,
characterized, and interpreted. Ichnofabrics were
named after their most visible components and/or their
most characteristic components (Mcllroy, 2004). Ich-
nofabrics were placed in an ichnofacies context that
allows their location into a paleoenvironmental frame-
work. Environmental zonation and ichnofacies defini-
tions of open-marine wave-dominated deposits follow
the terminology of MacEachern et al. (1999). Standard
terminology is used for environmental zonation of
deltaic deposits (e.g., Bhattacharya, 2006). A compar-
ison of ichnofabrics and ichnofacies from sandy hy-
perpycnal lobes, storm-influenced delta front and
prodelta, and lower offshore allows the evaluation of
benthic fauna response to different stress levels along
a depositional gradient.

Sandy Hyperpycnal Lobes

Description

The bulk of these deposits consists of coarse- to
fine-grained sandstone that is either structureless
or display a subtle parallel lamination that is com-
monly delineated by abundant plant remains. Hum-
mocky cross-stratification and combined flow ripples
are rare. Gradual changes in grain size are common,
showing alternating coarsening- and fining-upward
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FIGURE 4. Sedimentologic
attributes of internally com-
plex sandstone deposits,
interpreted as accumulated
by long-lived and fluctuating
hyperpycnal flows. Vf = very
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intervals (Figure 4). Erosive-based pebble conglomer- Ichnology

ate layers that contain bioclasts and flattened and
deformed mudstone intraclasts occur at the base of
very coarse- to coarse-grained sandstone units. Con-
volute lamination and fluid-escape structures are
common throughout the interval. Discrete sandstone
beds are difficult to identify, but amalgamated sand-
stone bedsets are up to 9.2 m (30.2 ft) thick. Sandstone
bedsets are separated by intervals of dark gray, mas-
sive, or parallel-laminated mudstone-dominated units
(up to 1.75 m [5.7 ft] thick) that may contain thinner
sandstone layers (0.3-2 cm [0.12-0.79 in.] thick).
These finer grained deposits contain syneresis cracks
and plant remains. These deposits are present in well
cores EaAFa-2, EaAFa-3, EaAFa-4, and EaAFa-5 of the
Agua Fresca field in the central-eastern zone of the
study area (Figure 1).

Sandstone-dominated packages are unburrowed
(Figure 4) to sparsely bioturbated and characterized
by the Thalassinoides ichnofabric (Figure 5; Table 1).
Thalassinoides is the dominant ichnogenus, consist-
ing of burrow systems that contain both horizontal
and vertical segments. Burrow walls are well defined
and mud lined, although burrow fill is sandy, lami-
nated, and passive. Burrows are extremely compacted,
displaying flattened cross sections instead of circu-
lar or subcircular. The Bl is typically 0O-1 and, only
locally, 2. Bioturbation is commonly restricted to
the top of sandstone beds, and suites are typically
monospecific, although Ophiomorpha, Skolithos, Dip-
locraterion, and Palaeophycus are present in places.
The ichnofabric is dominated by dwelling structures
of suspension feeders. These bioturbated deposits are
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Thalassinoides

~

Thalassinoides

commonly interbedded with nonbioturbated struc-
tureless sandstone units. Tiering structure is very sim-
ple, displaying a dominance of deep-tier structures.
Palaeophycus occupies shallow tiers, whereas Thalas-
sinoides, Ophiomorpha, Skolithos, and Diplocraterion are
deep-tier structures. In terms of archetypal ichno-
facies, the Thalassinoides ichnofabric is representa-
tive of the Skolithos ichnofacies.

The associated thinner bedded sandstone and mud-
stone intervals contain the Planolites-Teichichnus ichno-
fabric (Figure 6; Table 1). Planolites and Teichichnus are
commonly the only ichnogenera identified. Locally,
Thalassinoides may occur. In contrast to the Thalas-
sinoides ichnofabric, the Planolites-Teichichnus ichno-

FIGURE 5. Thalassinoides ich-
nofabric in sandy hyperpycnal
lobe deposits. (A) Highly
compressed mud-lined Thalas-
sinoides, showing infill with
passive parallel lamination.
EaAFa-4. (B) Thalassinoides and
Skolithos. Note local subtle
parallel lamination delineated
by particulate carbonaceous
material. EaAFa-2. (C) Retrusive
Teichichnus. EaAFa-4. (D) Layers
of particulate carbonaceous
material, illustrating phyto-
detrital pulses. EaAFa-4. (E)
Long, spreiten, U-shaped Diplo-
craterion burrows. EaAFa-4.
EaAFa-2, EaAFa-4 = Estancia
Agua Fresca well cores.

N/

Diplocraterion

fabric is dominated by feeding traces of deposit feeders.
The BI of these finer grained deposits is typically 1-2.
However, some intervals contain unbioturbated dark
gray mudstone units. Tiering structure is very sim-
ple. Planolites and Teichichnus are shallow-tier struc-
tures, whereas Thalassinoides occupies deep tiers. The
Planolites-Teichichnus ichnofabric illustrates a highly
stressed expression of the Cruziana ichnofacies.

Interpretation

Vertical grain-size changes reflect flow fluctuations,
with coarsening- and fining-upward intervals indi-
cating waxing and waning flows, respectively. This



Table 1. Summary of ichnologic and sedimentologic characteristics of the Magallanes Formation ichnofabrics.

Ichnofabric Taxonomic Dominant Ethology Tiering Bioturbation Colonization Depositional Facies and
Composition and Trophic Type Index Style Conditions Paleoenvironment
Thalassinoides Dominant: Thalassinoides; ~Dwelling structures ~ Very 0-1 Opportunistic =~ Waxing and waning flows  Sand-rich hyperpycnal
accessory: Ophiomorpha, of suspension feeders simple (locally, 2) colonization (hyperpycnal discharges).  flow deposits. Deltaic
Skolithos, Diplocraterion, during times Phytodetrital pulses. lobes emplaced in
Palaeophycus. of decreased High suspended-sediment  distal delta front to
sedimentation  concentrations. Water- proximal prodelta.
rate saturated soft grounds.
High to relatively high
energy. Sporadic
reworking by oscillatory
flows. Common salinity
fluctuations.
Planolites- Dominant: Planolites, Feeding structures Very 1-2 Opportunistic Low energy. Sporadic to Sand-rich hyperpycnal
Teichichnus  Teichichnus; accessory: of deposit feeders simple colonization common reworking by flow deposits. Deltaic
Thalassinoides. during interflow oscillatory flows. lobes emplaced in
times Common salinity distal delta front to
fluctuations. proximal prodelta.
Thalassinoides- Dominant: Thalassinoides, ~ Feeding structures Simple 0-2 Opportunistic High suspended-sediment Storm-dominated
Teichichnus Teichichnus; subordinate: of deposit feeders colonization concentrations distal delta front to
Rhizocorallium, Skolithos, followed by (hypopycnal discharges).  proximal prodelta.
Planolites, Asterosoma. climax Moderate energy.
populations Common reworking by
oscillatory flows.
Sporadic salinity
fluctuations.
Terebellina-  Dominant: Terebellina- Feeding structures Relatively 1-3 Opportunistic High suspended-sediment Storm-dominated
Phycosiphon  Phycosiphon; subordinate:  of deposit feeders well (locally, colonization concentrations distal delta front to
Planolites, Palaeophycus, developed 4-5) followed by (hypopycnal discharges).  proximal prodelta.
Teichichnus, Thalassinoides, climax Moderate to low energy.
Zoophycos, populations Repeated reworking by
Schaubcylindrichnus. oscillatory flows.
Sporadic salinity
fluctuations.
Teichichnus-  Dominant: Teichichnus, Feeding structures Complex 6 Climax Low energy. Good Lower offshore
Phycosiphon  Phycosiphon; subordinate:  of deposit feeders populations oxygenation. Soft grounds.

Chondrites, Asterosoma,
Planolites; accessory:
Terebellina, Thalassinoides,
Zoophycos.

Negligible wave reworking.
No salinity fluctuations.
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FIGURE 6. Planolites-Teichichnus ichnofabric in hyperpycnal
lobe deposits accumulated between flow events. (A) Mod-
erately bioturbated deposits with deep and wide retrusive
Teichichnus and isolated Planolites. Note discontinuous
mudstone interbeds as a result of partial homogenization
by bioturbation. EaAFa-4. (B) Sparsely bioturbated
heterolithic deposits. Mudstone interbeds are continuous
and well preserved. A low-density monospecific suite of
Planolites is present in some of the mudstone interbeds.
Note associated syneresis cracks. EaAFa-5. EaAFa-4, EaAFa-5 =
Estancia Agua Fresca well cores.

pattern results from a progressive increase in river dis-
charge during waxing and peak flood stages followed
by a waning flow stage (Mulder et al., 2003; Zavala
et al., 2006; Soyinka and Slatt, 2008). The concentra-
tion of plant remains indicates phytodetrital pulses
in connection with fluvial discharges (MacEachern
et al., 2005). These deposits are interpreted as the

result of turbulent flows of fluctuating energy and
high suspended-sediment concentrations. Associated
pebble conglomerate layers may indicate sediment
bypass. This is also suggested by sandstone beds with
asymptotic cross-stratification that may reflect fill
of localized topographic lows. The local presence of
hummocky cross-stratification and combined flow
ripples indicates sand reworking by oscillatory flows
and points to deposition above storm-wave base (Cheel
and Leckie, 1993; Lamb et al., 2008). The syneresis
cracks may reflect salinity fluctuations (Foster et al.,
1955; Donovan and Foster, 1972). Interbedded dark
gray massive or parallel-laminated mudstone and
thin to very thin and very fine- to fine-grained sand-
stone accumulated during times of quiescence be-
tween flow events.

The Thalassinoides ichnofabric records opportu-
nistic colonization in sand-rich hyperpycnal depos-
its. The characteristics of the ichnofauna (low ichno-
diversity, dominance of dwelling burrows) and its
presence at the top of massive beds suggest rapid col-
onization during times of decreased sedimentation
rate. However, the pervasive laminated fill may re-
flect relatively high sedimentation rates, most likely
caused by suspension fallout of fine-grained material.
The extreme compaction suggests burrow emplace-
ment in a water-saturated soft substrate that under-
went compaction subsequent to the bioturbation
event. The sparse bioturbation and simple tiering
structure indicate short-term colonization windows.
Low ichnodiversity and the presence of syneresis cracks
are consistent with stress caused by dilution of marine
salinity, specifically freshwater input during hyper-
pycnal discharges.

The dominance of feeding structures of deposit
feeders in the Planolites-Teichichnus ichnofabric in-
dicates exploitation of organic detritus in sediment
accumulated during low-energy conditions. A low
degree of bioturbation, preservation of thin-bedded
sandstone layers, simple tiering structure, and low
ichnodiversity suggest stressed conditions, most like-
ly because of dilution of normal marine salinity caused
by freshwater input. This is consistent with the pres-
ence of syneresis cracks and plant fragments.

In terms of bathymetry, ichnologic data indicate
deposition in a shallow-marine environment. Ele-
ments typical of the distal Cruziana or the Zoophycos
ichnofacies, which occur immediately above and be-
low the storm-wave base, respectively (MacEachern
et al., 1999), are absent. This is consistent with the
localized presence of structures that indicate rework-
ing of the sands by strong oscillatory flows, which
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point to flow emplacement well above the storm-wave
base. However, intercalation of mudstone intervals in-
dicates low-energy conditions in the absence of waves
between flow events, suggesting deposition below
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Rhizocomﬁm

\Y

Rhizocorallium
reworked by
Planolites

1cm
_—

fair-weather wave base most of the time. Therefore,
integration of ichnologic and sedimentologic data in-
dicates deposition in deltaic lobes emplaced in distal
delta-front to proximal prodelta environments.

Storm-influenced Delta Front and Prodelta

Description

Sandy hyperpycnal lobe packages are locally inter-
bedded and interfingered with silty very fine-grained
sandstone with hummocky cross-stratification and
combined flow-ripple cross-lamination and light gray
mudstone. Sandstone beds are sharp and erosive based
but have gradational tops. Hummocky sandstone
may occur as 25- to 35-cm (9.8- to 13.8-in.)-thick
discrete beds separated by 3- to 30-cm (1.9- to 11.8-in.)-
thick mudstone-dominated units or amalgamated
bedsets forming up to 1-m (0.39-in.)-thick packages.
Thinner sandstone beds tend to form lenses. Syneresis
cracks occur in the heterolithic intervals. These depos-
its occur in well cores EaAFa-3, EaAFa-4, and EaAFa-5
of the Agua Fresca field in the central-eastern zone of
the study area.

Ichnology

Medium-bedded hummocky sandstone beds are
either unburrowed or only bioturbated at the top,
containing the Thalassinoides-Teichichnus ichnofabric
(Figure 7; Table 1). Thalassinoides, Teichichnus, Rhizo-
corallium, Skolithos, Planolites, and Asterosoma are the
most common ichnotaxa. Thalassinoides burrow seg-
ments are mostly horizontal and, less commonly, in-
clined. As in the case of the Thalassinoides ichnofabric
of the sandy hyperpycnal lobe deposits, Thalassinoides
has a mud lining and shows a laminated passive sandy
fill. Locally, Rhizocorallium burrows are reworked by
Planolites. The Bl is 0-2 and, only locally, 3. The tiering
structure is simple, showing the presence of both
shallow- and deep-tier structures. Asterosoma and
Teichichnus occupy shallow tiers, whereas Ophiomor-
pha, Thalassinoides, Rhizocorallium, Planolites, and

FIGURE 7. Thalassinoides-Teichichnus ichnofabric in storm-
influenced delta-front and prodelta deposits. (A) Sparsely
bioturbated sandstone showing subtle hummocky cross-
stratification. Protrusive Teichichnus and mud-lined
Thalassinoides displaying infill with passive parallel
lamination. (B) Moderately bioturbated sandstone showing
an increase in bioturbation intensity toward the top. The
fabric is dominated by Thalassinoides and Rhizocorallium.
Planolites is concentrated either toward the top of the bed
or inside Rhizocorallium burrows. Both photographs are
from Estancia Agua Fresca well core EaAFa-3.
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Skolithos are deep-tier structures. In terms of the
ichnofacies model, the Thalassinoides-Teichichnus
ichnofabric is included within a mixed Skolithos-
Cruziana ichnofacies.

Mudstone intervals with thin layers of sandstone
contain the Terebellina-Phycosiphon ichnofabric
(Figure 8; Table 1). Terebellina and Phycosiphon are
the dominant ichnotaxa. Subordinate components
are Planolites, Palaeophycus, Teichichnus, Thalassinoides,
Zoophycos, and Schaubcylindrichnus. Because it has
been shown that the type specimen of Terebellina is
a body fossil (Miller, 1995), the name is informally
used to designate a trace fossil. Phycosiphon forms
the background ichnofabric and is crosscut by the
deeper tier structures, such as Thalassinoides and
Zoophycos. Terebellina is easily visible because of its
thick white wall. Degree of bioturbation in these de-
posits is highly variable, commonly 1-3, although
some intervals may reach Bls of 4-5. Tiering structure
is relatively well developed. Shallow-tier structures
are Terebellina, Planolites, Palaeophycus, Teichichnus; the
middle tier is occupied by Schaubcylindrichnus and
Phycosiphon; and Zoophycos and Thalassinoides oc-
cupy the deep tier. The Terebellina-Phycosiphon ichno-
fabric illustrates the archetypal Cruziana ichnofacies.

Interpretation

In contrast to the sandy hyperpycnal lobe inter-
vals, these deposits display more abundant wave-
generated structures, indicating that oscillatory flows
were capable of reworking a substantial part of the
material supplied by the distributary system. The lat-
eral relationships between these deposits and the
sand-rich hyperpycnal lobes suggest that oscillatory
flows reworked the outer regions of the lobes. In ad-
dition, the vertical passage of hyperpycnal lobe de-
posits into intervals dominated by wave-reworked
sandstone and suspension fallout mudstone indi-
cates that basin processes were particularly effective
during times of reduced sediment supply, when hy-
popycnal conditions were dominant. Although syn-
eresis cracks are less common in this facies than in
the hyperpycnal lobe deposits, their localized pres-
ence suggests that salinity fluctuations were impoz-
tant at times.

The Thalassinoides-Teichichnus ichnofabric records
colonization of the wave-reworked sandstone units.
As in the case of the Thalassinoides ichnofabric of the
sandy hyperpycnal flow deposits, the laminated fill of
the Thalassinoides burrows points to relatively high
sedimentation rates. The low diversity of biogenic
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FIGURE 8. Terebellina-Phycosiphon ichnofabric in storm-
influenced delta-front and prodelta deposits. (A) Interbedded
mudstone and combined flow-ripple cross-laminated
sandstone. Fair-weather mudstone is intensely bioturbated,
showing dominance of Planolites and Terebellina.
Interbedded sandstone shows locally preserved primary
fabric and clusters of Phycosiphon. Isolated and contorted
sandstone lenses encased in mudstone may record
biogenically reworked thin tempestites. Note associated
syneresis cracks. (B) Interbedded mudstone and laterally
discontinuous combined flow-ripple cross-laminated
sandstone. Fair-weather mudstone is intensely bioturbated,
showing dominance of Planolites, Terebellina, and clusters
of Phycosiphon. Both photos are from Estancia Agua Fresca
well core EaAFa-3.
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structures and simple tiering structures are also indi-
cative of stress conditions, most likely associated with
freshets. However, the increase in degree of bioturba-
tion indicates alternation of times of environmental
stability, particularly during times of reduced sedi-
ment discharge.

The Terebellina-Phycosiphon ichnofabric indi-
cates bioturbation during times of moderate- to low-
energy conditions. The dominance of deposit-feeding
structures, the locally high degree of bioturbation,
the more complex tiering structure, and the increase
in ichnodiversity levels point to a relatively stable
setting and long-term colonization windows. In any
case, trace fossil diversity is lower than in coeval open-
marine deposits, total homogenization of the back-
ground fines is rarely attained, and syneresis cracks
are locally present, suggesting that freshwater dis-
charge was a controlling factor during deposition.
An additional stress factor was represented by storms
that caused repeated wave erosion of the substrate
affecting the benthic fauna (e.g., Pemberton and Frey,
1984; Pemberton and MacEachern, 1997; Buatois et al.,
2008).

With respect to water depth, these deposits were
most likely emplaced similar to slightly deeper bathy-
metric zones than the sand-rich hyperpycnal lobes.
Deposition well above storm-wave base is suggested
by the widespread presence of wave-generated struc-
tures. As in the case of the hyperpycnal lobes, inter-
calation of mudstone intervals indicates alternation
of low-energy conditions, suggesting that for the
most part, deposition occurred below fair-weather
wave base. In short, deposition in a storm-dominated
distal delta front to proximal prodelta is the most
likely environmental scenario.

Lower Offshore

Description

Lower offshore deposits are represented by intense-
ly bioturbated mudstone forming a 6-m (19.7-ft)-thick
interval. No physical sedimentary structures are pre-
served, and syneresis cracks were not observed. This
facies has been observed in the PP’36 well core in the
Puesto Peter zone, southwest corner of the study area.

Ichnology

Primary sedimentary fabric has been totally oblit-
erated by bioturbation. These deposits are charac-
terized by the Teichichnus-Phycosiphon ichnofabric
(Figure 9; Table 1), with these two ichnotaxa being

the dominant components. The Bl is 6. In contrast to
ichnofabrics of the sandy hyperpycnal lobe deposits
and the storm-influenced delta-front and prodelta
deposits, this ichnofabric exhibits a complex tiering
structure. The shallowest tier consists of an indistinct
mottling that represents the background ichnofabric,
reflecting emplacement in the water-saturated soupy
substrate of the mixed zone. Shallow-tier structures
(but deeper into the substrate than the mottling)
are Thalassinoides, Phycosiphon, and Zoophycos. Phyco-
siphon tends to evenly cover the sediment, whereas
Thalassinoides and Zoophycos show a patchy distribu-
tion. Midtier levels are represented by Asterosoma,
Planolites, and Terebellina. The deep tier is occupied by
Chondrites, Teichichnus, and another generation of
Thalassinoides. In particular, the well-defined mor-
phology and sharp burrow margins of Teichichnus
and the absence of other trace fossils crosscutting
this spreiten burrow indicate emplacement in deep
and cohesive sediment zones. This ichnofabric is
placed within a distal Cruziana ichnofacies.

Interpretation

The intense bioturbation and the fine grain size
indicate slow suspension fallout sedimentation
under low-energy conditions well below the fair-
weather wave base. If storm deposits were emplaced,
these may have been totally reworked by biogenic
activity. The dominance of deposit-feeding structures,
the intense bioturbation, the highly complex tiering
structure, the dominance of climax population strat-
egies, and the high trace fossil diversity indicate a
stable setting and long-term colonization windows.
Ichnologic data suggest deposition under fully ma-
rine conditions; this is also supported by the absence
of syneresis cracks. The high ichnodiversity and in-
tense bioturbation indicate well-oxygenated bottom
and interstitial waters.

Sedimentologic and ichnologic features indicate
deposition in a lower offshore environment. The lack
of stress factors and overall environmental stability
indicate that sedimentation occurred far beyond the
area of influence of hyperpycnal flows.

DISCUSSION

The studied succession is interpreted as formed in
a shallow-marine setting affected by sustained turbu-
lent flows linked to a coeval fluvial distributary sys-
tem and reworked by wave action. The fluvial-deltaic
system was sourced from uplifted areas in Central
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Patagonia and the Rio Chico High, was located north-
west of the study area, and prograded toward the
south and southeast (Figure 10). Extensive sand-rich
lobes were formed in the Agua Fresca, La Paz, and
Laguna del Oro fields. Deposits accumulated forming
lobes that filled topographic lows, occasionally al-
lowing the bypass of sand-rich flows into more distal
areas of the Boleadoras field. Material supplied by
the distributary system was reworked by wave action
along the fringes of the deltaic lobe and during times
of quiescence between hyperpycnal flows. Wave re-
working of hyperpycnal flow deposits has been doc-
umented in both modern (e.g., Wright et al., 1988)
and ancient (e.g., Pattison, 2005a, b) deposits. Toward
the south in the Puesto Peter area, offshore envi-

"’
N Phycosiphon

Thalassinoides

V4

ronments were formed under fully marine condi-
tions (Figure 10).

Integration of sedimentologic and ichnologic data
allows establishing proximal-distal trends within a
sediment transport system (Figure 11). High rates of
sedimentation and freshwater discharge from a pro-
grading river-dominated delta were among the most
important stress factors that affected the benthic
fauna. The Thalassinoides ichnofabric records oppor-
tunistic colonization of sand-rich hyperpycnal flow
deposits in lobes emplaced in the distal delta front
and the proximal prodelta. The Planolites-Teichichnus
ichnofabric occurs in associated finer grained distal
delta-front and proximal prodelta deposits that were
formed lateral to the hyperpycnal sand-rich lobes
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FIGURE 10. South-north cross section showing progradation toward the south. Extensive sand-rich lobes were formed in
the La Paz field, whereas bypass sand-rich channels occurred toward the Boleadoras field. Toward the south in the
Puesto Peter area, offshore deposits are predominant. Maas = Maastrichtian; Ea = Estancia; M = Magallanes; D3-D5 =
unconformities; PP-3, CLAx-1, Cbo-21, CB0-6, LDOS-1001, LP-6, LP-3 = wells.

and during times of quiescence between flows by
suspension fallout. The Thalassinoides-Teichichnus
ichnofabric represents colonization of wave-reworked
sandstone lobes. The Terebellina-Phycosiphon assem-
blage reflects stable conditions that allowed intense
bioturbation and the establishment of a moderately
diverse benthic fauna. During times of reduced sedi-
ment supply, material was reworked by wave processes
and hypopycnal conditions were dominant. Finally,
the Teichichnus-Phycosiphon ichnofabric represents in-
tense bioturbation of lower offshore deposits.

Ichnofabrics vary along the sediment transport
pathway and in times of dominance of hyperpycnal
or hypopycnal conditions in response to a gradient
in stress factors. Proximal positions and times of
hyperpycnal conditions are characterized by rapid
sedimentation and freshwater discharge. Distal posi-
tions and times of hypopycnal conditions are char-
acterized by reduced sedimentation rates and normal
salinity. Colonization windows were short-term in
proximal positions and during times of hyperpycnal
flows and long-term in distal positions and during
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FIGURE 11. Paleoenvironmental distribution of the ichnofabrics and associated ichnologic and sedimentologic trends.
Although the diagram illustrates proximal-distal relationships, these may also be understood not as simple bathymetric
trends, but as radial trends from the inner zone to the margins of the lobe. Representative ichnogenera in the studied
ichnofabrics include Asterosoma (As), Chondrites (Ch), Diplocraterion (Di), Ophiomorpha (Op), Phycosiphon (Ph), Planolites
(PI), Rhizocorallium (Rh), Skolithos (Sk), Teichichnus (Te), Terebellina (Tr), Thalassinoides (Th), and Zoophycos (Zo). Syneresis
cracks (Sy) are commonly associated with the Planolites-Teichichnus and Terebellina-Phycosiphon ichnofabrics.
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times of hypopycnal conditions. An increase in trace
fossil diversity, intensity of bioturbation, tiering
structure complexity, dominance of climax strategies,
and dominance of deposit-feeding strategies is dis-
played along the transport pathway and as a response
to the transition from hyperpycnal to hypopycnal
conditions.

Freshwater discharge was conducive to limited bio-
genic activity, resulting in reduced trace fossil di-
versity and sparse bioturbation (e.g., Bhattacharya
and MacFEachern, 2009). High sedimentation rates
also decrease animal activity. The laminated fill of
Thalassinoides burrows is suggestive of rapid suspen-
sion fallout of fine-grained material. Phytodetrital
pulses are evident in the sandy hyperpycnal lobes,
as revealed by the high concentration of particulate
plant fragments along bedding planes. In turn, phyto-
detrital pulses are linked to oxidation of organic
carbon and oxygen depletion (MacEachern et al.,
2005). However, in the Magallanes Formation, phyto-
detrital pulses did not seem to have been associated
with oxygen depletion. This may have resulted from
wave agitation in sand-rich lobes, which allowed
the persistence of oxygenated bottom and intersti-
tial waters. In addition to freshwater discharge, water
turbidity represents another stress factor in river-
dominated deltas. Deltas developed under hypo-
pycnal conditions are commonly characterized by a
buoyant plume leading to rapid flocculation of clays
(Bates, 1953; Wright, 1977; Kineke et al., 1996). High
suspended loads of fine-grained material related to
river influx clog the filter-feeding apparatus of suspen-
sion feeders, therefore resulting in an impoverish-
ment or direct suppression of the Skolithos ichno-
facies (Gingras et al., 1998; MacEachern et al., 2005).
In addition, accumulation of fluid muds in the distal
delta-front and prodelta environment reduces bound-
ary shear stress, preventing benthic organisms from
constructing permanent structures or actively back-
filling tunnels (Bhattacharya and MacEachern, 2009).
Both buoyant plumes and fluid muds apparently were
not important limiting factors in the present case. How-
ever, the sandy substrate of the hyperpycnal lobes seems
to have been rich in water and very soft, as revealed
by the extreme compaction of Thalassinoides burrows.

CONCLUSIONS

1) Integration of sedimentologic and ichnologic data
allows a more detailed characterization of the sed-
imentary facies and depositional dynamics of a

river-dominated delta characterized by hyperpyc-
nal flows. Five ichnofabrics have been defined
in subsurface deposits of the upper Cretaceous
Magallanes Formation.

2) The Thalassinoides ichnofabric records opportu-
nistic colonization of sand-rich hyperpycnal
lobes emplaced in the distal delta front and the
proximal prodelta. The Planolites-Teichichnus
ichnofabric occurs in associated finer grained
deposits that were formed lateral to the hyper-
pycnal sand-rich lobes and during times of qui-
escence between flows by suspension fallout.

3) The Thalassinoides-Teichichnus ichnofabric repre-
sents colonization of wave-reworked sandstone
lobes. The Terebellina-Phycosiphon assemblage
reflects stable conditions that allowed intense
bioturbation and the establishment of a mod-
erately diverse benthic fauna. During times of
reduced sediment supply, material was reworked
by wave processes and hypopycnal conditions
were dominant.

4) The Teichichnus-Phycosiphon ichnofabric rep-
resents intense bioturbation of lower offshore
deposits. High ichnodiversity and intense bio-
turbation indicate normal marine salinity and
well-oxygenated bottom and interstitial waters.

5) Ichnofabrics vary along the sediment transport
pathway and in times of dominance of hyperpyc-
nal or hypopycnal conditions in response to a gra-
dient in stress factors. Colonization windows
were short-term in proximal positions and dur-
ing times of hyperpycnal flows and long-term in
distal positions and during times of hypopycnal
conditions. An increase in ichnodiversity, in-
tensity of bioturbation, tiering structure com-
plexity, dominance of climax strategies, and
dominance of deposit-feeding strategies is dis-
played along the transport pathway and as a
response to the transition from hyperpycnal to
hypopycnal conditions.
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