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Abstract

The seaward end of modern rivers is characterized by the interactions of marine and fluvial
processes, a tract known as the fluvial to marine transition zone (FMTZ), which varies
between systems due to the relative strength of these processes. To understand how fluvial
and tidal process interactions and the FMTZ are preserved in the rock record, large-scale
outcrops of deltaic deposits of the Middle Jurassic Lajas Formation (Neuquén Basin,
Argentina) have been investigated. Fluvial-tidal indicators consist of cyclically distributed
carbonaceous drapes in unidirectional, seaward-oriented cross-stratifications, which are
interpreted as the result of tidal modulation of the fluvial current in the inner part of the
FMTZ. Heterolithic deposits with dm-scale interbedding of coarser- and finer-grained facies
with mixed fluvial and tidal affinities are interpreted to indicate fluvial discharge fluctuations
(seasonality) and subordinate tidal influence. Many other potential tidal indicators are argued
to be the result of fluvial-tidal interactions with overall fluvial dominance, or of purely fluvial
processes. No purely tidal or tide-dominated facies were recognized in the studied deposits.
Moreover, fluvial-tidal features are found mainly in deposits interpreted as interflood
(forming during low river stage) in distal (delta front) or off-axis (interdistributary) parts of
the system. Along major channel axes, the interpreted FMTZ is mainly represented by the
fluvial-dominated section, whereas little or no tide-dominated section is identified. The
system 1s interpreted to have been hyposynchronous with a poorly developed turbidity
maximum. These conditions and the architectural elements described, including major and
minor distributary channels, terminal distributary channels, mouth bars and crevasse mouth
bars, are consistent with an interpretation of a fluvial-dominated, tide-influenced delta system
and with an estimated short backwater length and inferred microtidal conditions. The
improved identification of process interactions, and their preservation in ancient FMTZs, is

fundamental to refining interpretations of ancient deltaic successions.
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INTRODUCTION

Deltas and other shallow-marine coastal environments are commonly classified on a ternary

diagram that attempts to summarize the interplay between fluvial, tidal and wave processes

Wright and Coleman, 1973

Coleman and Wright,

1975}(Galloway, 1975

Boyd et al., 1992

Orton and Reading, 1993

Ainsworth et al., 2008

Ainsworth et al., 2011

Vakarelov and

Ainsworth, 2013

. Although this concept has been widely used to classify modern-day

systems, in the study of ancient deposits there has been a tendency to overestimate one of the

processes and force-fit examples into end-members

Ainsworth, 2013).

Bhattacharya, 2010

Vakarelov and

Modern rivers can contain, in their coastal section, long tracts known as the fluvial to marine

transition zone (FMTZ; Fig. 1), which are characterized by the simultaneous presence of

fluvial and marine processes

and Dashtgard, 2015

Dalrymple and Choi, 2007

Dashtgard et al.,

2012}|La Croix

. In the study of ancient deposits, the fluvial to marine transition zone or

similar terms have been used to describe stratigraphic changes from interpreted marine or

tidal to fluvial deposits

Simpson et al., 2002

Makhlouf, 2003

Eriksson et al., 2006

Abouessa et al., 2012

. The term has rarely been applied to interpret down dip changes in

time-equivalent deposits that formed within a well-defined zone with mixed fluvial and

marine energy

van den Berg et al., 2007

Martinius and Gowland, 2011

Martinius and Van

den Berg, 2011

Martinius et al., 2015

, or to describe the interaction of fluvial and marine

processes during deposition

Ghosh et al., 2005

Dalrymple et al., 2015

Gugliotta et al.,

2016

Jablonski and Dalrymple, 2016

. Therefore, the understanding of interactions between

several processes in the fluvial to marine transition zone and how these are preserved into the

rock record is still poorly constrained.

Gugliotta et al.




The accurate interpretation of the balance between processes in ancient FMTZs will help to
distinguish between different types of ancient delta system and to improve prediction of the
facies distribution and architecture. Accurate assessment of the degree of tidal influence has

fundamental implications for the appraisal of hydrocarbon reservoirs as deltas show

significant differences in sand body morphology and depositional architecture (Reynolds,

1999) and facies-scale characteristics (Martinius et al., 2005{(Nordahl et al., 2006) depending

on the relative strength of different processes. The aim of this contribution is to provide
criteria to assess the relative balance between tidal and fluvial processes in ancient systems
using reconstructed architecture and facies associated with the fluvial to marine transition

zone.

THE FLUVIAL TO MARINE TRANSITION ZONE
The FMTZ is defined as that part of the river which lies between the landward limit of

observable effects of marine-induced flow deceleration on fluvial cross-bedding and the most

seaward occurrence of a textural or structural fluvial signature {modified from van den Berg

et al., 2007). In the FMTZ, deposition is controlled by the interplay of physical (river, tides

and waves), chemical (salinity) and biological (bioturbation) processes (Fig. 1; Dalrymple

and Choi, 2007).

Evidence from the principal distributary axes of tide-dominated and tide-influenced modern
deltas suggests that in a large part of the FMTZ sedimentation can still be controlled by, or
strongly influenced by, river currents despite the presence of tidal process. For example, in

the 400 km-long FMTZ of the modern Fly River delta (Papua New Guinea), tides are able to

reverse the river current only in the last 100 km (Dalrymple et al., 2003). In the modern

Fraser River delta (western Canada), at low river stage, tides can influence sedimentation in

the FMTZ that extends up the river for 90-100 km from the mouth (Dashtgard et al., 2012).
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However, tides can control only a minor part of this zone and the salt wedge intrudes for only

30 km from the mouth, whereas in the inner 60-70 km tidal currents are unable to reverse the

river currents (Dashtgard et al., 2012} |[La Croix and Dashtgard, 2014} [La Croix and

Dashtgard, 2015). River deltas flowing into microtidal areas, such as the Po (Italy) or the

Wax Lake Outlet, Atchafalaya and Mississippi (Louisiana, USA), also show a zone of
interaction of fluvial and marine processes that can extend up to tens or hundreds of

kilometres up river from the mouth, although here marine processes have a subordinate role

compared to fluvial process (Roberts, 1998]|Mikhailov and Mikhailova, 2010}|Allison et al.,

2012{|Shaw et al., 2013}[Falcieri et al., 2014{|Shaw and Mohrig, 2014).

A tripartite division of the FMTZ into subzones is in common use {Dalrymple and Choi,

2007 [Martinius and Gowland, 2011} |Dashtgard et al., 2012), and is adapted here, from

proximal to distal (Fig. 1): (1) fluvially-dominated, tidally-modulated; (2) fluvially-
dominated, tidally-influenced; and (3) tidally-dominated, fluvially-influenced subzones. The
fluvially-dominated, tidally-modulated subzone is positioned between the landward limit of
any tidal effect (landward of which the system is purely fluvial) and the limit of occurrence of
flow reversals (Fig. 1). Here, tides are not able to reverse river currents, but they can
modulate them (tidal modulation or tidal backwater effect), producing acceleration of the

fluvial current during ebb tidal periods (tidal drawdown) and deceleration during flood tidal

periods (tidal retardation) (Martinius and Gowland, 2011). Although tidal processes are

present, the river plays the major role in deposition; the currents are unidirectional and

seaward oriented and water is fresh (Dashtgard et al., 2012). Seaward of the fluvially-

dominated, tidally-modulated subzone and through the rest of the FMTZ currents are
bidirectional as flow reversals can occur during flood tide periods (Fig. 1). The most inland
part of the bidirectional section (fluvially-dominated, tidally-influenced) is still mainly

controlled by fluvial processes, but flow reversals can occur and salinity is highly variable
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Dashtgard et al., 2012). The tidally-dominated, fluvially-influenced subzone is characterized

by the prevalence of tidal processes with more permanent marine-brackish water conditions.
Here, the river has a minor role in supplying sediment (Fig. 1). An additional subzone,
present mainly in estuaries and along minor and/or abandoned channels in deltas (e.g. in the
modern Mahakam delta, Indonesia), consists of a purely tidal subzone, in which water is fully

marine and implies complete absence or negligible river input, bidirectional currents and a

landward residual movement of sediment (Dalrymple et al., 1992{(Salahuddin and Lambiase,

2013). The distal subzones can also be associated with strong wave processes (Dalrymple et

al., 2003{|Dalrymple and Choi, 2007).

Important controls on the extent and character of the FMTZ are the coastal-plain gradient, the

tidal range at the coast, and the fluvial discharge (Dalrymple et al., 2015). Over short time

periods the position and length of the subzones of the FMTZ will change due to fluvial

discharge variations (e.g. seasonal discharge;|Sisulak and Dashtgard, 2012}(Dalrymple et al.,

2015]|Gugliotta et al., 2016}|Jablonski and Dalrymple, 2016) or cyclic fluctuations in tidal

current strength (e.g. neap-spring cycles), producing landward and seaward shifts of the

subzone along the river profile {Allen et al., 1980}{|Dalrymple and Choi, 2007}|van den Berg

et al., 2007f |Kravtsova et al., 2009). Over longer periods, the FMTZ may vary due to

physiographic changes and/or relative sea-level fluctuations. A decrease or increase in

gradient might cause an inversely proportional variation in the distance landward of the coast

that tidal action can be expected (Dalrymple et al., 2015). In distributive systems (i.e. deltas),

the FMTZ will be different for each active channel depending on its configuration (e.g.
longitudinal section, slope gradient) and the relative strength of river and tidal currents.

Deltas and estuaries with strong tides tend to be hypersynchronous along their FMTZ

Salomon and Allen, 1983) implying that tidal range and tidal speed increase landward,

towards the “tidal maximum” (Dalrymple and Choi, 2007), before decreasing to zero at the
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“tidal limit” (Godin, 1999). The presence of strong tidal process has also been associated with

high proportions of suspended sediment concentration along a section of the FMTZ known as

the turbidity maximum or turbidity maximum zone (TM; Dalrymple and Choi, 2007). The

TM is generally located in the inner part of the bidirectional section of the FMTZ, commonly

in proximity of the brackish to freshwater limit (Fig. 1;|Dalrymple and Choi, 2007{|La Croix

and Dashtgard, 2014{|La Croix and Dashtgard, 2015). As it is part of the FMTZ, the TM is

not fixed in space and time, but will be displaced along the system because of fluvial and

marine process periodicity (Uncles et al., 2006} |La Croix and Dashtgard, 2014). The link

between tides and deposition of mud along the TM is due to the presence of brackish water

that helps flocculation of clays {La Croix and Dashtgard, 2014). Moreover, this process is

helped by tidal currents that can transport the suspended sediment landward whereas bedload

material might still have a residual seaward transport {(Dalrymple and Choi, 2007).

GEOLOGICAL BACKGROUND

The Neuquén Basin is an important hydrocarbon-producing sedimentary basin {Zambrano

and Yrigoyen, 1995) located in central-western Argentina and east-central Chile, between 32°

S and 40° S latitude (Fig. 2A). It covers more than 137,000 km? {Urien and Zambrano, 1994},

extending up to 700 km in a north-south direction and up to 400 km from west to east (Fig.
2A). It is bounded on its north-eastern, eastern and southern margins by wide cratonic areas

and by a magmatic arc on the active western margin of the Gondwanan—South American

Plate to the west (Fig. 2A; Howell et al., 2005). The cratonic areas located to the south of the

basin (the Patagonian Massif) were the main source areas for the basin-fill during the Jurassic

Uliana and Legarreta, 1993).

The basin originated as a volcanic rift in the Triassic and evolved into a post-rift, back-arc

basin during the Jurassic (Franzese and Spalletti, 2001} [Franzese et al., 2003). The Cuyo
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Group (Fig. 3) comprises marine mudstones with intercalations of sandy turbidites (Los

Molles Formation;

Burgess et al., 2000

Paim et al., 2008), overlain by mainly shallow-

marine deposits (Lajas Formation) and coarse-grained fluvial channels and mudstone-rich

floodplain deposits (Challac6 Formation;

Veiga, 1998{|Veiga, 2002).

The Lajas Formation was deposited diachronously as a series of N and NW prograding

wedges (Zavala and Gonzalez, 2001

Vicente, 2006) during the Middle Jurassic (Fig. 3) and

comprises more than 400 m of sandstone-, heterolithic, and mudstone-dominated deposits

that accumulated in a variety of marginal-marine settings (Zavala, 1996aj(Zavala, 1996b

Mcllroy et al., 2005} [Gugliotta et al.,

2015} |Gugliotta et al., 2016). During the Middle

Jurassic, South America was located in a similar orientation and latitude to the present-day

configuration (Iglesia Llanos et al., 2006

Iglesia Llanos, 2012) and was part of the western

margin of Gondwana. The palaecoclimate of the study area has been interpreted by several

palynological studies as warm and mainly arid {(Quattrocchio et al., 2001{|Martinez et al.,

2002} [Garcia et al., 2006

Iglesias et al., 2011} |Stukins et al., 2013), but with variable

precipitation through the year (Gugliott

a et al., in review) and evidence for wildfires is

reported (Marynowski et al., 2011).

The deltaic nature of most of the Lajas Fm. has been recognized in several studies {Spalletti,

1995{|Zavala, 1996a}|Zavala, 1996b||(Mc

Ilroy et al., 2005}(Kurcinka, 2014}|Gugliotta et al.,

2015}|Gugliotta et al., 2016

Rossi and Steel, 2016), but the dominant process controlling its

deposition is still a matter of debate. For the last two decades the Lajas Fm. has been

interpreted as a tide-dominated system forming in macrotidal conditions and sharing affinities

with the modern Fly River delta (Mcllro

y et al., 1999}|Brandsaeter et al., 2005}|Mcllroy et

al., 2005}|Morgans-Bell and Mcllroy, 2005}|Mcllroy, 2007). More recently, several studies

carried out in the same area have highlighted the importance, and even dominance, of fluvial
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processes in large parts of the stratigraphy (Kurcinka, 2014}|Dalrymple et al., 2015}|Gugliotta

et al., 2015}|Gugliotta et al., 2016).

METHODS AND DATASET
The Lajas Fm. has been investigated along a 10 km-long major cliff-line exposure in
proximity to the village of Los Molles, 40 km south of the town of Zapala (Fig. 2B). The

cliff-line is SSW-NNE-oriented and forms an oblique angle with the regional palacoflow,

which is broadly toward the NW (Zavala and Gonzélez, 2001} [Mcllroy et al., 2005).

Numerous canyon exposures provide three dimensional constraints on the stratigraphic
architecture. This study focused on the upper 200 m of the 400-m-thick Lajas Fm. and a
minor part of the overlying Challacé Fm. (Fig. 3). The section is oblique to the palacoflow,
but shows a clear dip component with proximal to distal trend from SSW to NNE. The
section also shows a subordinate lateral component on the scale of a few kilometres. The
stratigraphic interval corresponds to a large part of sequence J5 and the basal part of sequence
J6 of Zavala (1996a, 1996b) and the Komplott and Owl sequences of Mcllroy et al. (2005).

The methods used included the collection of detailed measured stratigraphic sections,
integrated with interpreted photopanels, acquired with a Gigapan camera system, in order to
document the stratal architecture, correlate key stratigraphic surfaces and constrain lateral and
vertical facies variations. Verification of the majority of photopanel correlations was possible
by physical tracing (walking out) of stratal contacts. More than 50 GPS-located sections were
logged at 1:50 and 1:25 scale (Fig. 4). Facies and facies associations were interpreted in
terms of depositional processes and environments based on grain size, sorting, stratal
geometries, sedimentary structures, and the presence and character of body fossils and trace

fossils.
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FACIES ASSOCIATIONS AND LARGE-SCALE ARCHITECTURE
Eleven facies associations (Fig. 5; Table 1; FA 1 to FA 11) have been described, interpreted
and ascribed to depositional environments based on facies, process sedimentology and

stratigraphic context (Fig. 6). Bioturbation is generally low, but highly variable in intensity,

and is considered in terms of bioturbation index (BI) from 0 to 6 {Taylor and Goldring, 1993

MacEachern et al., 2010). Of the eleven facies associations, five consist of channelized

deposits (FA 1, FA 2, FA 3, FA 5 and FA 8). The deposits of FA 1 (Fig. 5SA) form units up to
12 m thick and show common lateral accretion (up to 80% of the channel body) and are
interpreted as more sinuous channels. They are commonly associated with well-drained
floodplain deposits (FA 4). The deposits of FA 2 (Fig. 5B) show less common lateral
accretion (up to 30% of the channel body) and are interpreted as distributary channels. They
are usually associated with subaerial and submarine delta plain deposits (FA4, FA 6 and FA
7). FA 2 is interpreted as the distal expression of FA 1. Minor distributary channel deposits
(FA 5; Fig. 5E) are also associated with FA 2, FA 4, FA 6 and FA 7, but are smaller in size
compared to FA 2. The deposits of FA 5 do not exceed 1.5 m in thickness and are laterally
continuous for a maximum of a few tens of metres. FA 5 is also commonly more heterolithic
than FA 1 and FA 2. The deposits of FA 3 (Fig. 5C) are interpreted as abandoned channel
deposits and they are filled almost entirely by mudstone. They are interpret as the result of
avulsion and meander cut-off processes and are usually found in the same intervals of FA 1
and FA 2. The deposits of FA 8 (Fig. 5G) form units up to 3 m thick and are commonly

associated with delta front deposits (FA 9). They are interpreted as the distalmost part of the

distributary channel (terminal distributary channels) {(Olariu and Bhattacharya, 2006). FA 6

(Fig. 5F) and FA 9 (Fig. 5QG) are interpreted as deposits that formed at the mouth of minor
and major channels, respectively. FA 4 (Fig. 5D) and FA 7 are mud-prone and were

interpreted as the off-axes parts of the subaerial and submarine delta plain. FA 10 is also
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mud-prone, commonly associated with FA 9 and was interpreted as prodelta deposits. FA 11
groups shell-beds (Fig. 5H) and siliciclastic deposits that were considered as formed during
phases of transgression or local abandonment of the delta.

The studied deposits consist of an overall regressive succession showing a shallowing upward
trend (Fig. 6 and 7). Prodelta deposits (FA 10) are progressively overlain by delta front
deposits (FA 8 and FA 9), lower delta plain deposits (FA 2, FA 5, FA 6 and FA 7) and upper
delta plain deposits (FA 2, FA 3, FA 4 and FA 5; Fig. 6 and 7). Laterally, upper delta plain
deposits (FA 2, FA 3, FA 4 and FA 5) pass down dip (NW) into lower delta plain deposits
(FA 2, FA 5, FA 6 and FA 7) and eventually delta front (FA 8 and FA 9) and prodelta
deposits (FA 10). This trend is visible in the correlation panel (Fig. 6) from right to left.
Transgressive deposits (FA 11) mark specific intervals and often form boundaries between
regressive packages ranging from a few metres to maximum 15 m in thickness (Fig. 6 and 7).
Toward the top of the succession, fluvial channel deposits of FA 1, associated with
subordinate FA 3, form packages of amalgamated deposits with numerous erosional surfaces
(Fig. 7). A regional unconformity, with up to 25m of incision, separates this package from the
underlying deposits and is interpreted as a sequence boundary.

According to previous studies, the deposits of the entire Lajas Fm. are divisible into two
depositional sequences separated by an unconformity, known as the intra-Bajocian

unconformity, and a mudrock section interpreted as marking a major transgressive event

Zavala, 1996a||Zavala, 1996b|(Zavala and Gonzalez, 2001). The major transgressive event

has been recognized in this study and the associated mudstone has been used as the basal
datum (Fig. 6). The intra-Bajocian unconformity is lower in the stratigraphy. The studied
regressive succession consists mainly of highstand system tract deposits of the upper

sequence of the Lajas Formation. The overlying package of amalgamated channels is
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interpreted to represent the lowstand and transgressive system tracts of an overlying sequence

and correspond to the basal part of the Challacé Formation.

KEY FEATURES AND INTERPRETATION OF FLUVIAL AND FLUVIAL-TIDAL

FACIES

In this section, the main fluvial and fluvial-tidal facies (Fig. 8) recognized within the facies
associations of the Lajas Fm. are discussed in terms of the balance between fluvial and tidal
processes during deposition. The presence of fluvial and/or tidal processes in some facies
could be interpreted with confidence, whereas other facies are ambiguous, meaning that there
are no criteria to assess with certainty the dominant process. A traffic light rating system is
employed (Fig. 8). A red colour refers to a facies that is interpreted as purely fluvial and
green for facies in which the presence of tidal process could be inferred with confidence (i.e.
signs of tidal process, but not necessarily implying tidal dominance). Amber code was used
for ambiguous facies that could either form through tidal or fluvial processes or that have
limited data due to poor and/or limited exposure. The basis for the final interpretation of the
sedimentary processes is the facies with green and red colours, where the confidence for the
interpretation is higher, and the facies marked with amber will have a minor weighting. The
traffic light rating system is used herein to classify fluvial and tidal facies recognized in the
Lajas Fm. and it is not comprehensive of all the facies that were described in other studies on
the FMTZ or that can be find in this type of systems. Our approach is restricted to the use of
sedimentary structures (Fig. 8). The use of biogenic features as tidal and/or salinity indicators

will be discussed separately.

Red: purely fluvial features

Rel: unidirectional, seaward-oriented, cross-stratified and cross-laminated sandstones
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Fine to very coarse sandstones forming up to 0.4 m thick unidirectional cross-sets of both
planar-tabular and trough cross-stratification or cm-scale cross-lamination are commonly
found in FA 1, FA 2, FA 5, FA 6, FA 8 and FA 9 (Fig. 8). Palaecocurrents are commonly
toward NW to N, but with a relatively high spread from W to NE.

Rel is interpreted to form as the result of the migration of 2D and 3D subaqueous dunes and
ripples that are interpreted as controlled by fluvial currents because of the consistent

unidirectionality and orientation toward the N and NW (palaeo-seaward).

Re2: cross-stratified sandstone with apparent bidirectionality

Re2 is similar to Rel, with a similar spatial distribution (FA 1, FA 2, FA 5, FA 6, FA 8 and
FA 9); however it differs due to apparent bidirectional orientation of the cross-stratification
(Fig. 8). Commonly, the facies consists of concave-up cross-stratification (trough cross-
stratification) with cross-sets oriented in one direction at a much lower angle of inclination
than in the opposite direction. Alternatively, a bidirectional pattern is preserved as planar-
tabular and trough cross-stratification or cross-lamination in stacked different units.

The presence of 3D exposures at small to medium scale allowed identification of the trough
axes and to clarify that the bidirectionality can be an apparent 2D feature, particularly when
one side has much lower foresets angle than the other (Fig. 9). The palaeocurrent analysis
does not support the bidirectional pattern either and would suggest a similar general palaeo-
orientation as Rel (seaward-oriented). The cross-beds with bidirectionality shown in different
units did not form simultaneously and it is not a tidal feature. For example, this situation is
seen in stacked crevasse-mouth-bar units that represent the progradation of crevasse subdeltas
in a range of directions within the interdistributary bay (see Fig. 7 of Gugliotta et al. 2015).

Therefore, Re2 is of similar fluvial origin to Rel.
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Re3: dm-scale interbedded coarser- and finer-grained deposits

Decimetre-scale interbedding of coarser-grained and finer-grained beds that forms non-cyclic
alternations (Fig. 8) are found in FA 1 and FA 2. The coarser-grained beds typically have
erosional bases, can contain mudstone clasts and are structureless or show unidirectional, N-
to NW- (seaward-) directed, trough and planar-tabular, cross-stratification and current-ripple
cross-lamination. Contacts are gradational with the overlying finer-grained sandstones and
siltstones. The trace-fossil content is absent or low (BI 0-2), generally consisting of
Planolites and concentrated in the finer grained beds. Alternatively, the finer-grained
intervening beds may show high concentrations of carbonaceous matter.

Re3 is interpreted to be the result of seasonal fluctuation in river discharge and is considered
as evidence of fluvial processes. The sandstone beds with erosional bases and unidirectional,
seaward-directed palacocurrents are interpreted as the deposits of river floods, with
deposition during high river stage. The intervening, finer-grained beds with bioturbation or

plant matter are interpreted as interflood deposits formed during low river stage.

Amber: ambiguous fluvial or tidal features

Aml: non-cyclically distributed carbonaceous drapes

Drapes made of carbonaceous debris, with subordinate non-carbonaceous plant matter and
mica crystals (Fig. 8), are common in the Lajas Fm. and are observed in FA 1, FA 2, FA 5,
FA 6, FA 8 and FA 9. Organic and mica particles are a few millimetres up to 1 cm in
diameter. These drapes are found as single or multiple drapes on the lower part of foresets
and bottomsets of cross-stratification or at cross-sets boundaries or dispersed in structureless
sandstones. No cyclical patterns or any degree of organization in the distribution of these

drapes is observed.
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Because of the hydraulic behaviour of both the fine-grained “tea leaves” that comprise the

organic detritus and mica grains, these may be deposited from relatively low energy fluvial

currents, but do not require slack water conditions (Martinius and Gowland, 2011). These

types of drapes are commonly reported from purely fluvial settings {Reesink and Bridge,

2011{|Reesink et al., 2015). Their presence, without evidence of cyclical patterns, cannot be

ascribed with confidence to a tidal origin.

Am2: non-cyclically distributed reactivation surfaces in cross-stratification

Reactivation surfaces are rarely found in unidirectional cross-stratification similar to Rel
(Fig. 8) in FA 1, FA 2, FA 5, FA 6, FA 8 and FA 9. The reactivation surfaces mark abrupt
changes in foresets angles and are randomly distributed rather than having a cyclical and
predictable pattern. A similar feature could form because of tidal reversals, but also because
of superposition of dunes migrating at different rates or changes in the river discharge in

purely fluvial conditions. Reactivation surfaces are common in modern and ancient purely

fluvial systems (Rubin and Hunter, 1982f|Reesink and Bridge, 2011{|Reesink et al., 2015).

Pontén and Plink-Bjorklund (2007) suggested that the sporadic reactivation surfaces

recognized in the Devonian fluvial-tidal deposits of the Baltic Basin were fluvial in origin.
Because of the lack of a cyclical and predictable pattern, and because they are rare, the
reactivation surfaces herein cannot be interpreted with confidence as tidal in origin, although

this cannot be excluded either.

Am3: ambiguous bidirectionality in cross-lamination and cross-stratification

Am3 consists of a similar facies of Rel and Re2, has a similar spatial distribution (FA 1, FA

2, FA S5, FA 6, FA 8 and FA 9) and shows ambiguous bidirectionality in cross-stratification
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and cross-lamination (Fig. 8). Evidence of cyclical patterns is missing and palaeocurrents
were difficult to collect due to limited 2D exposures.

In this case, the absence of 3D exposures at small- to medium-scale does not allow
clarification of whether the bidirectionality is an apparent feature or due to tidal processes.
Bidirectionality at ripple scale could be due to tides or could also form for other reasons, such

as counter vortices below flow separation points at the base of the subaqueous dune

Collinson et al., 2006} [Nichols, 2009), or at the margin of the channel {La Croix and

Dashtgard, 2014). The fluvial or tidal origin of Am3 is not always distinguishable particularly

if the ripple crests are not exposed and if the bidirectionality is restricted to the bottomsets of
larger dunes or bars. At dune-scale, the bidirectionality could be tidal or an apparent feature

due to 2D exposure of trough cross-bedding or of the fluvial bar. For example, detailed work

from the Ferron Sandstone in Utah, USA (Wu et al.,, 2015) indicated a high spread of

palaeocurrents that was explained by the stacking pattern of point-bar deposits, and probably

purely fluvial conditions.

Am4: heterolithic deposits

Heterolithic deposits (Fig. 8) composed of up to coarse-grained sandstones and mudstones,
including flaser, wavy and lenticular bedding, are relatively common in the Lajas Fm. and are
present in all FAs with the exception of FA 11. They may show ripples and ripple cross-
lamination in which bidirectional patterns or tidal rhythmites are not recognized.

Heterolithic deposits indicate intermittent currents which are common in a tidal setting;
however variations in fluvial discharge or overbanking in purely fluvial settings can produce

similar deposits. The deposits discussed herein show that rivers had discharge variations

Re3,|Gr3; see Gugliotta et al., 2016); therefore in the absence of clear tidal rhythmites or

bidirectionality, a tidal origin for these heterolithic deposits cannot be concluded.
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Green: fluvial-tidal features

Gr1: cyclical carbonaceous drapes in unidirectional cross-stratification

Cross—stratification similar to Rel can show a distribution of drapes composed of
carbonaceous debris, often associated with plant debris and mica grains (Figs. 8 and 10). The
organic and mica particles are from a few millimetres up to 1 centimetre in diameter. This
facies is found in FA 2, FA 5, FA 7, FA 8 and FA 9. Commonly, the drapes are found in
groups of up to ten drapes that are separated by a few millimetres to centimetres. The groups
of drapes show spacing in the cross-sets of several decimetres between each group (Fig. 10).
Cyclical patterns are recognized in the distribution of drapes and groups of drapes. This
facies can also show cyclical patterns in the height reached by the drapes on the foresets (Fig.
10).

Grl is the most common fluvial-tidal facies in the studied deposits. Grl is interpreted as the
result of tidal modulation of fluvial currents in the fluvially-dominated, tidally-modulated
subzone of the FMTZ, similarly to Martinius and Gowland (2011). The presence of tidal
process is inferred with certainty, but the fluvial process is predominant and currents
unidirectional. Tidal currents are not able to produce flow reversals, but only to accelerate
and decelerate the river current (tidal modulation or tidal backwater effect), through the tidal

cycle.

Gr2: cross-stratified sandstone with cyclical carbonaceous drapes and non-cyclic
reactivation surfaces
Gr2 consists of cross—stratified sandstone with cyclically distributed carbonaceous drapes,

similarly to Grl, but with reactivation surfaces (Fig. 8). The reactivation surfaces do not
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show any cyclical pattern, but are randomly distributed. Gr2 is rarer than Grl and is found in
FA 5,FA 7, FA 8 and FA 9.

The cyclical pattern in distribution of carbonaceous drapes can be ascribed to tidal
modulation of river currents, similarly to Grl. Reactivation surfaces can either be the result of
superposition of fluvial dunes or due to flow reversals by tides. In the case that cyclical
carbonaceous drapes is the only confident indication of tidal processes the deposit might have
formed in the fluvially-dominated, tidally-modulated (unidirectional currents) subzone of the
FMTZ, as Grl. However, if the reactivation surfaces are confidently considered as tidal, the
deposit might have formed in the fluvially-dominated, tidally-influenced (bidirectional
currents) subzone of the FMTZ, where tidal flow reversals are possible, but fluvial processes

are still dominant.

Gr3: cross-stratified sandstone with cyclical carbonaceous drapes and ambiguous
bidirectionality

Gr3 consists of cross—stratified sandstone with cyclically distributed carbonaceous drapes,
similarly to Grl, but with opposite directed cross-stratification or cross-lamination (Fig. 8).
Cross-lamination is commonly restricted to the bottomsets and does not show clear set
climbers on the foresets. Cross-stratification is commonly recognized in limited 2D
exposures. Gr3 is rarer than Grl and is found in FA 5, FA 7, FA 8 and FA 9.

The cyclical pattern in distribution of carbonaceous drapes can be ascribed to tidal
modulation of river currents, similarly to Grl. Bidirectionality is never interpreted with
confidence as tidal but resembles the examples described in Am3. In the case that cyclical
carbonaceous drapes is the only confident indication of tidal processes the deposit might have
formed in the fluvially-dominated, tidally-modulated (unidirectional currents) subzone of the

FMTZ, as Grl. However, if the opposite directed structures are confidently considered as
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tidal, the deposit might have formed in the fluvially-dominated, tidally-influenced
(bidirectional currents) subzone of the FMTZ, where tidal flow reversals are possible, but

fluvial processes are still dominant.

Gr4: dm-scale interbedded coarser- (unidirectional) and finer- (bidirectional) grained
heterolithic deposits

Decimetre-scale interbedding of coarser-grained and finer-grained beds form non-cyclic
alternations is identified in FA 5, FA 6 and FA 9 (Fig. 8). Typically, the coarser-grained beds
have erosional bases, can contain mudstone clasts and are structureless or show N- to NW-
(seaward-) directed, unidirectional trough or planar-tabular cross-stratification and current-
ripple cross-lamination. Contacts are gradational with the overlying finer-grained sandstones
and siltstones that may contain mudstone or carbonaceous and micaceous drapes, forming
mm-scale couplets associated with bidirectional ripples and a more abundant and diverse
suite of trace fossils (e.g. Palaecophycus, Ophiomorpha, Dactyloidites, Thalassinoides,
Planolites). The trace-fossil content is absent or extremely low (BI 0-1) and generally of low
diversity in the coarser-grained beds whereas the intensity of bioturbation can be either low
(BI 2-3), or can obliterate all sedimentary structures (BI 5-6) in the finer-grained beds.

Gr4 is interpreted as the result of seasonal fluctuations in the fluvial discharge plus
subordinate tidal currents. The sandstone beds with erosional bases and unidirectional,
seaward-directed palaeocurrents are interpreted as the deposits of river floods, which formed
under strongly or entirely fluvial conditions. The intervening, finer-grained beds with
bidirectional ripples, mm-scale cyclical rhythmites, and increased bioturbation levels are
interpreted as interflood deposits formed during low river stage and under temporal
dominance of tidal processes and brackish to marine conditions. Because river flood beds

indicate deposition with little to no tidal action, whereas tidal indicators are primarily
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restricted to the interflood beds, tidal action in this facies is considered as a subordinate

process.

Gr5: bidirectional heterolithic deposits

Gr5 consists of heterolithic deposits composed of sandstones and mudstone, including flaser,
wavy and lenticular bedding that may show ripples and ripple cross-lamination with
bidirectional patterns and/or tidal rhythmites (Fig. 8). Gr5 is rare in the studied deposits and
is found in FA 5 or very rarely as a distal expression of Gr4 in FA 6 and FA 9.

The presence of cyclical rhythmites and bidirectionality could be used to infer a tidal origin;
however Gr5 might form still because of a combination of fluvial and tidal currents. In the

distal parts of FA 6 and FA 9, this facies forms as a result of local reworking of Gr4.

Trace and body fossils

Sandstone, heterolithic or mudstone deposits with trace fossils are present in FA 1, FA 2, FA
5,FA 6,FA 7, FA 8, FA 9 and FA 10, but a high level of Bl is present only in FA 7, FA 10
and at the bottom of FA 6 and FA 9 units. Traces consist of Palaeophycus, Ophiomorpha,
Dactyloidites, Thalassinoides, Planolites, Teichichnus, Rosselia and Skolithos, but in the
majority of the cases the assemblages consist of only one or a few types of traces. Body
fossils are found in shell beds of FA 11, and consist of oysters, Trigonia, corals and
echinoderms. Shells can show borings of Gastrochaenolites.

In general, the low intensity and diversity of infaunal populations suggest a stressed

environment (MacEachern et al., 2010) that is interpreted to reflect low and variable salinity

due to changes in fluvial discharge and subordinate tidal processes. The majority of the trace
and body fossils described herein suggest brackish to marine-water conditions that may be

related to the tidal processes. However, the assemblage of trace and body fossils observed do
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not directly indicate the occurrence of tidal processes during deposition. Trace fossils that

contain indicators of tidal processes, such as tidal rhythmites in the passive filling of open

burrows have been described from other formations (tubular tidalites; [Wetzel et al., 2014

Gingras and Zonneveld, 2015), but these were not recognized in this study. Some other traces

(e.g. Planolites) are characteristic of a wide range of environments and salinity conditions

and can form also in freshwater conditions (Gérard and Bromley, 2008).

SPATIAL AND TEMPORAL DISTRIBUTION OF THE FMTZ IN THE LAJAS
FORMATION

Differentiating fluvial, tidal and fluvial-tidal facies and their spatial (i.e. proximal or distal,
along major or minor axis or off-axis) and temporal context (i.e. high or low river stage) is
crucial in order to understand the process regime and evolution of deltaic depositional
systems. In this section, we describe the spatial and temporal distribution of fluvial and
fluvial-tidal features in the studied deposits and their association with particular facies
associations and to the FMTZ. The description of stratigraphic relationships is based on well
constrained facies distributions from the extensive outcrops. The relationships and
distributions described and the associated illustrations (Figs. 11, 12 and 13) are based on
continuously exposed outcrops of the studied deposits, which are representative of the
stratigraphic succession. Each figure presented in this section comprises a part with the
presentation of data and observations (part A of each figure) and part with interpretation (part
B of each figure). The depositional patterns and relationships will be described as follows: 1)
from proximal to distal along major distributary axes in coeval intervals; 2) in their
relationships between major and minor axis and off-axis in coeval intervals; 3) in short term
(annual) variations recorded at the facies scale; 4) salinity indicators across the system and; 5)

turbidity maximum distribution.
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Proximal to distal distribution along major axes

In this section, only the facies found in deposits that form along major axes are described,
such as fluvial channel (FA 1), distributary channel (FA 2), terminal distributary channel (FA
8) and mouth bar (FA 9) deposits. This is because along these axes both fluvial and tidal
processes are mainly active and the FMTZ is most clearly expressed. Constraining the
position along an axis where fluvial-tidal features are recognized is critical to understanding
the depositional system because the same fluvial-tidal indicator has different implications if
found in facies forming in the distal part or in the proximal part of the system.

In the Lajas Formation, the presence of facies with unidirectional seaward palaeocurrents in
mouth-bar deposits (FA 9) are interpreted as purely fluvial (Rel), which indicates that under
certain conditions (i.e. high river stage) the system was probably strongly fluvial-dominated
along active major axes and the FMTZ was compressed and almost absent.

The majority of fluvial and distributary channel deposits contain facies that are interpreted as
purely fluvial (Rel, Re2, Re3), which implies that along major axes, tidal energy might have
dissipated in more distal settings. Facies that indicate tidal modulation of fluvial bedforms
(Grl) were identified in deposits of FA 2. These FA 2 deposits show limited lateral migration
and are laterally associated with marine interdistributary deposits (FA 6 and FA 7) that have
been interpreted as lower delta plain deposits. The presence of Grl suggests conditions
typical of the fluvially-dominated, tidally-modulated subzone of the FMTZ (Fig. 1). The
bidirectional subzones, if present, must have been in more distal settings (i.e. delta front)
suggesting a relatively short length of the bidirectional section of the FMTZ. This suggests
that tides were able to reverse the fluvial currents only in the distal part of the system, but
were modulating the fluvial currents in the lower reaches of distributary channels. Fluvial-

tidal facies of type Grl, Gr2 and Gr3 are also commonly found in terminal distributary
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channel (FA 8) and mouth-bar (FA 9) deposits (an example of this is shown in Fig. 11A).
This implies that at times the fluvially-dominated, tidally-modulated and the fluvially-
dominated, tidally-influenced subzones of the FMTZ were located at the delta front (Fig. 1,
11B). The tidally modulated fluvial facies (Grl), found in delta front to lower delta plain
deposits, suggests that under certain conditions tides were not able to reverse fluvial currents
even in the distal part of the system. Heterolithic bidirectional facies, recognized in interflood
beds of Gr4 and rarely in Gr5, are commonly found only in distal mouth-bar deposits (FA 9;
Fig. 12A) suggesting that the bidirectional subzones of the FMTZ were present only at the
delta front. In Fig. 12A, a transect through delta front to delta plain stratigraphy illustrates
tidally influenced (Gr4) mouth bar deposits (FA 9) that pass into channel deposits (FA 2) in
a proximal direction, where there are only fluvial facies (Rel and Re3). This show how tidal
energy was dissipated in a relatively short distance.

Because fluvial-tidal facies dominated by fluvial processes (Grl, Gr2, Gr3 and Gr4) are
common in the distal part of the system, it is arguable that the FMTZ interpreted from the
Lajas Fm. has little or no tide-dominated section along major distributary axes (Fig. 11B,
12B). Moreover, the fluvial facies in relatively distal channels in the delta plain suggest that
the FMTZ was relatively narrow and that tidal energy was dissipated over relatively short

distances.

Major, minor axis and off-axis relationships

Commonly in deposits interpreted as representing a lower delta plain setting, there is
evidence of bidirectional tidal processes in the interflood beds of Gr4 in crevasse mouth bar
deposits (FA 6) that formed in interdistributary bays. However, in coeval distributary channel
deposits (FA 2), which are laterally associated with interdistributary bay deposits, there is

either evidence of tidal modulation of fluvial bedforms (Grl) or fluvial-only facies (an
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example of this facies relationship is shown in Fig. 13A). Therefore, along major distributary
channels there are facies typical of the purely fluvial part of the system, or of the fluvially-
dominated, tidally-modulated subzone of the FMTZ (Fig. 13B). However, interdistributary
bay deposits of the same age accumulated in the fluvially-influenced, tidally-dominated, or
the tidally-dominated, fluvially-influenced subzones (Fig. 1, 13B).

Commonly, more proximal distributary channel deposits of FA 2 show seaward-oriented,
unidirectional palaeocurrents and lack indicators of tidal process, even in low river stage
interflood facies of Re3. Overbank deposits (FA 4) show subaerial features (e.g. root traces,
palacosols) suggesting deposition in the upper delta plain or at the transition between upper
and lower delta plain. However, coeval minor distributary channels of FA 5 show a
subordinate tidal influence, as recorded by fluvial-tidal unidirectional or bidirectional (Grl,
Gr2, Gr3, Gr4 and Gr5) facies. These observations suggest purely fluvial conditions in major
distributary channel deposits of the upper delta plain with tidal energy dissipated before this
point. Along minor distributary channel deposits (FA 5), a range of fluvial-tidal facies are
present, although these commonly show fluvial dominance.

The facies relationships described here indicate that tidal processes were relatively stronger
along minor axes and weaker or absent along major fluvial axes. This situation is typical of a
system in which tides are stronger in the distal part and are dissipated more quickly along
major axes where they are overwhelmed by strong fluvial currents, compared to areas where

the fluvial current is weaker such as interdistributary areas and minor channels.

Short-term temporal variations (annual)
The dm-scale alternations of finer- and coarser-grained beds (Re3 and Gr4; Fig.8, 14A) are

interpreted to have formed due to seasonal fluctuations in river discharge and to reflect

periods of high and low river stages (Sisulak and Dashtgard, 2012{|Dalrymple et al., 2015
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Gugliotta et al., 2016] |Jablonski and Dalrymple, 2016). River flood beds are usually

composed of coarser-grained, erosionally-based, structureless and seaward-oriented cross-
stratified sandstones, which are interpreted to have formed during strongly fluvial conditions.
This inference is supported by seaward-oriented, unidirectional cross-bedding in delta front
deposits in the distal part of the system. Indicators of tidal processes (mud drapes, tidal
rhythmites, bidirectional ripples) and of brackish to marine conditions (trace fossils) are
concentrated in interflood beds. Mixed fluvial-tidal conditions were present mainly during
low river stage, because the lower strength of the river currents allowed a greater intrusion of
tidal processes. This suggests that the FMTZ was better developed at low river stage, whereas
during high river stage the system was more strongly fluvial with a poorly developed FMTZ
(Fig. 14B, C). This dynamic FMTZ is interpreted to be the result of the seasonal fluctuations
of the fluvial discharge discussed above. Longer duration tidal cycles, such as spring-neap
cycles, are not recognized, probably because they were subordinate to the seasonal fluvial

discharge pattern, and had a minor influence on the temporal variability of the FMTZ.

Salinity in the system

Trace and body fossils suggest the presence of brackish to marine water conditions in part of
the system and at specific times. The presence of trace and body fossils in the
interdistributary areas of the lower delta plain (FA 6 and FA 7), in the delta front (FA 8 and
FA 9) and in the prodelta (FA 10) deposits suggest that these areas experienced brackish to
marine conditions. This is consistent with these sub-environments being at the interface
between the fluvio-deltaic and the marine environments. In this part of the system, the
salinity levels can increase during low river stage, because of the lower relative strength of
the fluvial process. As described above, tidal structures (e.g. thythmites, bidirectional ripples)

can be associated with these interflood intervals, suggesting some degree of tidal influence.

Gugliotta et al.



26

The presence of trace fossils in major and minor distributary channel deposits (FA 2 and FA
5) suggests that the river axes also experienced some brackish water conditions. However, in
these deposits the trace fossil assemblage is less well developed and the intensity is low
(Table 1). This suggests that the brackish water conditions were present for less time and with
lower salinity levels compared to the more distal and off-axis sub-environments. Moreover,
the trace fossils are commonly restricted to the interflood beds, especially in the major
channel deposits (FA 2). The presence of these trace fossils can be explained by incursions of
the saline water wedge at low river stages. This process occurs in the majority of modern

delta systems, including in rivers that discharge into settings with a few tens of centimetres of

tidal range, such as the Po River in the Adriatic Sea (Nelson, 1970) and the Mississippi River

in the Gulf of Mexico (Mikhailov and Mikhailova, 2010).

Transgressive deposits (FA 11) show diverse types of body fossils that suggest brackish- to
marine-water conditions, but these probably formed in periods when the system shifted

landward or laterally, and generally comprise deposits not directly related to the delta system.

Distribution of the turbidity maximum in the system
Mudstone drapes are recognized in the interflood beds of minor distributary channel (FA 5),

crevasse mouth bar (FA 6) and mouth bar (FA 9) deposits. Fluid muds (i.e. mudstone drapes

thicker than 0.5-1 cm;|Dalrymple et al., 2003{|Ichaso and Dalrymple, 2009) are commonly

absent. The delta front (FA 8 and 9) and distributary channel (FA 2) deposits are sand-rich,
although abandoned channel deposits (FA 3), minor axis deposits (FA 5 and FA 6), off-axis
deposits (FA 4 and FA 7) and distal deposits (FA 10) are muddier. The presence of mudstone
drapes in the delta front and interdistributary deposits suggest that the TM, when present, was
mainly located in the distal part of the system or off-major-axes, rather than along

distributary channels, which are instead extremely sand-rich. The TM is interpreted to have
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reached the delta front area at low river stage, but without entering the major channels for
significant distances. At high river stage the TM was probably pushed toward more distal
positions and restricted to off-axis interdistributary and prodelta areas with prevalence of mud
deposition. Due to the absence of fluid muds and the general paucity of mudstone drapes, the

turbidity maximum is also believed to have been poorly developed.

DISCUSSION

The fluvial to marine transition zone in the rock record and its implications

The geographical extent and process regime of the FMTZ in modern systems is well
constrained by observational data. However, how this tract is represented into the
stratigraphic record is hard to constrain due to temporal and spatial variations in process
interactions and physiography. The approach advocated here is that once fluvial-tidal facies
(Figs. 8, 9 and 10) are interpreted within their stratigraphic and palaeogeographic context
(Figs. 6 and 7) and in terms of subzones of the FMTZ (Fig. 1), they can be used to estimate
the characteristics and distribution of the FMTZ in the rock record (Figs. 11, 12, 13 and 14).
The interpreted FMTZ of the Lajas Fm., at low river stage, comprises a relatively narrow
FMTZ, mainly consisting of the fluvial-dominated section, whereas little or no tide-

dominated section (Figs. 11 and 12), which differs from FMTZs observed from modern tide-

dominated deltas (Dalrymple et al., 2003{[Dalrymple and Cho1, 2007). The fluvial-dominated

section of the Lajas FMTZ seems shifted seaward compared to the same section in FMTZs of
modern strongly tidal systems (Figs. 11 and 12). The stronger evidence for tidal processes
away from major axes suggests hyposynchronous conditions (Fig. 13), and together with the
poorly developed TM, contrasts with observations in tide-dominated. Commonly, tide-

dominated deltas are hypersynchronous and have a well-developed TM along major

distributary channels (Dalrymple et al., 2003} (Ichaso and Dalrymple, 2009). The resulting
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deposits of tide-dominated deltas might be expected to be strongly tidal within the major

distributary channels, and associated with high amount of mud drapes and fluid mud deposits

Ichaso and Dalrymple, 2009{[MacKay and Dalrymple, 2011). Commonly, in the deposits of

the Lajas Fm., tidal influence is restricted to the interflood beds suggesting that tidal

processes were mainly recorded during periods of low river stage (Fig. 14) and linked to the

seasonality of the rivers (Gugliotta et al., 2016). Tidal processes were only able to partially

rework bars accreted during periods of high river stage (Fig. 14). In tide-dominated or
strongly tide-influenced deltas, the seasonal signature of the river, at least in the distal part of

the system, may be overprinted by tidal processes and/or that some effects of tidal processes

will be recorded in deposits of high river stage (Dalrymple et al., 2015).

In agreement with previous interpretations of the Lajas Fm. {e.g. Mcllroy et al., 2005}, tidal

processes are considered to have been present during large periods during the accumulation
of the succession. However, we interpret a mixed processes system in which the dominant
energy source was fluvial, leading to a relatively narrow and overall fluvially-dominated
FMTZ. The majority of the studied deposits could therefore have formed in a fluvial-

dominated, tide-influenced system, although some intervals of the Lajas Fm., in the unstudied

part of the stratigraphy and/or other areas may be tide-dominated (see|Zavala, 1996a}|Zavala,

1996b).

Weak tidal process or low preservation of tidal sedimentary structures?

The paucity of tide-dominated indicators in the studied portion of the Lajas Fm. could be due
to a preservation issue, such that tidal processes may have had more temporal influence, but
the record was suppressed or destroyed by shorter periods of stronger fluvial activity.
Similarly, the interpreted hyposynchronous conditions and the absence of a well-developed

turbidity maximum zone could be argued to be the result of low preservation potential in
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channelized areas. Further complications can be due to the temporal variations of the FMTZ.
Fluvial-tidal indicators might have developed mainly in conditions favourable to fluvial
process dominance, such as neap tide and/or high river stage, whereas periods of tidal
dominance or stronger tidal influence are not represented in the deposits. However, the
described architectural elements, such as major and minor distributary channels, terminal

distributary channels, mouth bars and the presence of interdistributary areas (Figs. 5, 6 and

7), all characterize fluvial-dominated deltas (Bhattacharya, 2006} |Olariu and Bhattacharya,

2006). Tidal flats, tidal channels, tidal bars and tidal dunes, which are typical of tide-

dominated or more strongly tide-influenced deltas (Dalrymple et al., 2003| [Willis, 2005

Dalrymple and Choi, 2007}| Tdnavsuu-Milkeviciene and Plink-Bjorklund, 2009{(Dashtgard et

al., 2012{(Goodbred and Saito, 2012) are missing in the studied deposits. In particular, the

presence of crevasse subdeltas (Figs. 5, 6 and 7), which are typical of deltas forming in lakes

or in semi-enclosed and enclosed seas with little or no tidal process, suggests strong fluvial

dominance with possible microtidal conditions (Gugliotta et al., 2015). These architectural

elements would be difficult to explain in a system with a stronger tidal influence that was not
preserved. Moreover, the channel deposit thicknesses suggest that the larger river channels in
the Lajas system were commonly about 5 m deep in the delta plain (Fig. 6). The

predominance of medium to coarse sand in dune-scale cross beds suggest a relatively steep

gradient fluvial system (Holbrook and Wanas, 2014}(Bhattacharya et al., 2016). This would

in turn indicate a relatively short backwater length, on the order of a few kilometres to a few
tens of kilometres. This fits with the observed landward limit of brackish water facies and
inferred microtidal setting. Therefore, our interpretation based on the facies calibrated with
the traffic light approach (Fig. 8), and the FMTZ concepts (Fig. 1), are in agreement with the
interpretation made on the basis of the type of architectural elements and the estimation of the

backwater zone.
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Tide-dominated deltas in the rock record: have they been described yet?
This study aligns with a recent trend of reducing emphasis on the importance of tidal process

in ancient deltaic successions. Following an increase in understanding of facies along the

FMTZ (Dalrymple and Choi, 2007|[van den Berg et al., 2007{ [Martinius and Gowland,

2011), the establishment of detailed recognition criteria (Pontén and Plink-Bjorklund, 2007

Tanavsuu-Milkeviciene and Plink-Bjorklund, 2009) and refined classification schemes for

deltas and other coastal systems (Ainsworth et al., 2011}|Vakarelov and Ainsworth, 2013},

several other regressive successions with evidence of tidal process have been interpreted in

large part as fluvial-dominated, tide-influenced rather than tide-dominated. These include the

Middle Devonian Gauja Fm., in the Baltic Basin (Pontén and Plink-Bjorklund, 2007), the

Jurassic Tilje Fm. of the Norwegian shelf (Ichaso and Dalrymple, 2009} |Ichaso and

Dalrymple, 2014), the Upper Cretaceous Dorotea Fm., Magallanes-Austral Basin, Patagonia

Schwartz and Graham, 2015), the Neslen Fm. of Utah (Shiers et al., 2014), the Schrader

Bluff-Prince Creek Fms., Alaska, USA (Van Der Kolk et al., 2015) and the Campanian

Horseshoe Canyon Fm., Alberta, Canada (Ainsworth et al., 2015) .

The majority of interpreted ancient “tide-dominated” deltaic successions are sand-rich
whereas modern tide-dominated deltas are typically mud-rich. It is therefore possible that

ancient tide-dominated delta successions are mainly represented by fine-grained, and

probably poorly exposed, deposits (see also discussion in Goodbred and Saito, 2012).

Following the discussion above, we argue that sand-rich successions similar to the Lajas Fm.
and the other examples mentioned above, are likely to be fluvial-dominated, tide-influenced
(although they can still have tide-dominated intervals and some successions might be overall
more strongly tide-influenced than others). Tide-dominated deltas might not have been

described adequately yet from the rock record.
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CONCLUSIONS

Application of the fluvial to marine transition zone concept from modern deltas to the
Jurassic highstand systems tract deposits of the upper sequence of the Lajas Formation
suggests that the stratigraphic expression of the Lajas FMTZ comprises a seaward-shift of the
fluvial-dominated subzone with little or no tide-dominated section preserved. The deposits
show more tidal influence and higher amounts of mud away from the distributary axes, which
suggests a hyposynchronous system, and a poor developed turbidity maximum. Tide-
influenced deposits are mainly restricted to the interflood beds, suggesting that tidal
processes were recorded only during times of low river stage. The alternative argument that
evidence for greater tidal influence is not preserved is considered unlikely due to the
architectural elements being largely fluvial in character and an estimated relatively short
backwater length based on channel depth and grainsize.

In agreement with previous interpretations, the tidal process regime is considered to have
been present during the accumulation of the entire succession, although in most of the
deposits this was subordinate to the fluvial process. The studied deposits of the Lajas Fm. are
considered as fluvial-dominated, tide-influenced, rather than tide-dominated. Furthermore,
because of the type and distribution of fluvial-tidal indicators, at least part of these deposits
accumulated in a system with only weak tidal influence and possible microtidal conditions.
The identification and correct characterization of the range of fluvial, fluvial-tidal and tidal
deltaic deposits in the rock record is possible through a careful identification of process
interactions and interpretation of the characteristics and distribution of the FMTZ. This

approach would in turn improve depositional and reservoir models.
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FIGURE CAPTIONS

Fig. 1. Character and distribution of the fluvial to marine transition zone (FMTZ) with
indication of the balance of fluvial and tidal processes, net sediment transport orientation,
salinity and suspended-sediment concentrations. Wave process is not considered for this
study as the sedimentary structures suggest that wave process is negligible in the studied

deposits.

Fig. 2 A) Location of the Neuquén Basin across central Argentina and Chile. B) Detail of the

study area south of Zapala.

Fig. 3. Middle Jurassic stratigraphy of the Neuquén Basin. On the right, a detailed
stratigraphic column of the Cuyo Group in the study area with a generalized
palacoenvironmental interpretation. Abbreviations in the grain size bar (m, s and p), at the
bottom of the log indicate mud, sand and pebble. The stratigraphic subdivisions on the left of

the column are from Zavala (1996a, 1996b) and Mcllroy et al. (2005).

Fig. 4. Detail of the study area and location of the studied sections. See location in Fig. 2B.

Image from Google Earth Pro.

Fig. 5. Representative photographs of the facies associations of the upper Lajas Formation.
A) Amalgamated fluvial channel deposits (FA 1) with large mud clasts. Note person for
scale. B) Low angle inclined bedding in distributary channel deposits (FA 2). The base of the
channel is erosional into poorly drained delta plain deposits (FA 4). Note person for scale. C)
Abandoned channel deposits (FA 3) filled almost entirely by mudstone. Note circled person

for scale. D) Multi-coloured mudstone interpreted as subaerial floodplain deposits (FA 4).
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Note circled person for scale. E) Small-scale, minor distributary channel deposits (FA 5)
associated with floodplain deposits (FA 4). Hammer for scale is 33 cm long. F). Crevasse
mouth bar deposits (FA 6) erosionally overlain by minor distributary channels deposits (FA
5). G) Mouth bar deposits (FA 9) erosionally overlain by terminal distributary channel
deposits (FA 8) and distributary channel deposits (FA 2). Note circled person for scale. H)
Shell bed interpreted as transgressive or abandonment deposits (FA 11). Lens for scale is 5

cm in diameter.

Fig. 6. Correlation panel for the upper 200 metres of the Lajas Formation. Note the overall
shallowing upward trend from prodelta deposits (FA 10) to delta front deposits (FA 8 and 9)
and delta plain deposits (FA 2, 3, 4, 5, 6 and 7). A similar trend is also visible from right
(SW) to left (NE) in the panel, which is a proximal to distal trend. The top of the section is
represented by amalgamated fluvial channel deposits (FA 1) which are separated by the
underlain deposits by a regional erosional surface. Abbreviations in the grain size bar (m, s
and p), at the bottom of the log indicate mud, sand and pebble. See locations of the sections

in Fig. 4 and descriptions of the facies in table 1.

Fig. 7. Los Molles section. The section shows delta front deposits (FA 8), overlain by lower
delta plain deposits (FA 6, 7) and upper delta plain deposits (FA 4), forming a shallowing-
upward trend. All the delta plain deposits are associated with numerous channel deposits (FA
2, 3, 5). The top of the section consists primarily of amalgamated fluvial channel deposits
(FA 1), which are separated from the underlying deposits by a regional erosional surface.
Yellow lines indicate positions of measured logs. Note the carbonaceous shale horizon, which
is used as a datum. See location of the section in Fig. 4 and stratigraphic context and key in

Fig. 6.
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Fig. 8. Summary of main fluvial and fluvial-tidal facies in the Lajas Formation. The facies are
marked following a traffic light rating system with horizontal bands and according to the
subzones of the FMTZ with vertical bands. The majority of the facies are interpreted as
forming in purely fluvial or fluvially-dominated conditions. See Fig. 1 for reference to the

FMTZ and the characteristics of each subzone.

Fig. 9. A) Example of unidirectional trough cross-stratification that could potentially be
confused with “herringbone” cross-stratification if the outcrop would have been more limited
in extent (B). Greater chance of misinterpretation would be possible in cores, because of their
extremely narrow lateral extent (C). This example is interpreted confidently as purely fluvial
and the bidirectionality is apparent, but other examples in the Lajas Fm. are dubious. Pencil

for scale is about 12 cm long.

Fig. 10. Facies of the Lajas Fm. with cyclically distributed carbonaceous drapes interpreted as
the result of tidal flood deceleration and tidal ebb acceleration (tidal modulation or tidal
backwater) of the fluvial bedform. Yellow arrows indicate cyclical patterns in the distribution
of the carbonaceous drapes on the dune foresets whereas white arrows mark the cycles in the
spacing of the group of beds. Black arrows and numbers indicate palaeocurrents. Note how
these facies are consistently directed broadly toward N (palaeo-seaward). Pencil for scale is

about 12 cm long, compass is 6.5 cm long.

Fig. 11. A) Example of Grl and Gr3 facies in delta front deposits (FA 8 and FA 9). These

facies suggest conditions typical of the fluvial-dominated parts of the FMTZ recorded in the

distal part of the fluvio-deltaic system. B) The interpretation of FMTZ for this interval
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consists of a seaward-shifted, fluvial-dominated FMTZ. See Fig. 1 for explanation of the
FMTZ and the characteristics of each subzone and Fig. 6 and Fig. 7 for the wider

stratigraphic context. Compass for scale is 6.5 cm long.

Fig. 12. A) Fluvial and fluvial-tidal facies along major axis deposits in a specific stratigraphic
interval of the Lajas Formation. B) The distribution of fluvial and fluvial-tidal facies in the
deposits suggests a FMTZ mainly composed of its fluvially-dominated part and located in the
distal part of the system. This reconstruction does not consider short term temporal variation
of the FMTZ due to tidal cyclicity or fluvial seasonality, but it could be argued that the
majority of fluvial-tidal facies formed during low river stage conditions. See Fig. 1 for
explanation of the FMTZ and the characteristics of each subzone, Fig. 6 for the wider

stratigraphic context and Fig. 11 for the key of the stratigraphic logs.

Fig. 13. A) Example of a part of the system showing evidence of bidirectional tides in the
interflood beds of facies Gr4 in crevasse mouth bar deposits (FA 6) forming in the
interdistributary bay. Purely fluvial conditions are found in the major distributary channel
deposits (FA 2). Similar intervals can be associated with evidence of Grl in the distributary
channel deposits as described by Gugliotta et al. (2015). B) The reconstructed FMTZ
highlights a system with stronger tides away from major axes, thus interpreted as
hyposynchronous. See Fig. 1 for explanation of the FMTZ and the characteristics of each
subzone, Fig. 6 and Fig. 7 for the wider stratigraphic context and Fig. 11 for the key of the

stratigraphic log. Hammer for scale is 33 cm long, pencil is 12 cm long.

Fig. 14. A) Gr4 and Re features that highlight the temporal variations of the FMTZ at high

and low river stages. B-C) Interpreted development of the FMTZ in the system at low and
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high river stages. Note as the FMTZ is more developed at low river stage conditions. See Fig.
1 for explanations of the FMTZ and the characteristics of each subzone and Fig. 8 for
description of the fluvial and fluvial-tidal facies. The tags in the logging pole are 10 cm
spaced, compass for scale is 6.5 cm long, the pencil is 12 cm long and the lens cap is 5 cm in

diameter.

Table 1. List of facies associations of the studied deposits with main sedimentological and

biogenic features.
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FLUVIAL AND FLUVIAL-TIDAL FEATURES AND THE TRAFFIC LIGHT RATING SYSTEM
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FA

Architecture

Size

Lithology

Main sedimentological features

Trace fossils

BI

FA 1: Fluvial channel
deposits

Lenticular; erosional
base; fining- and
thinning-upward;
extensive lateral

accretion

Up 12 m thick; laterally
extensive for several
hundred metres to over
one kilometre

Sandstone;
pebbly
sandstone

Structureless sandstones; unidirectional, seaward-directed,
trough and planar-tabular cross-stratification; coarser- and
finer-grained interbedding; non-cyclical carbonaceous
drapes

Planolites

0-2

FA 2: Distributary
channel deposits

Lenticular; erosional
base; fining- and
thinning-upward;

limited lateral accretion

Up 8 m thick; laterally
extensive up several
hundred metres

Sandstone;
heterolithic

Structureless sandstones; unidirectional, seaward-directed,

trough and planar-tabular cross-stratification; coarser- and

finer-grained interbedding; cyclically-distributed and non-
cyclical carbonaceous drapes

Planolites and
Dactyloidites

0-3

FA 3: Abandoned
channel deposits

Lenticular; erosional
base; fining- and
thinning-upward;
lateral accretion

Up 12 m thick; laterally
extensive up to tens of
metres

Mudstone

Structureless mudstones; horizontal lamination

FA 4: Floodplain and
crevasse-splay
deposits

Tabular

Up to several tens of

metres thick; laterally

extensive for several
kilometres

Mudstone;
sandstone
beds

Multi-coloured poorly sorted, structureless or weakly
laminated mudstones; tabular, structureless sandstone beds

Root traces

FA 5: Minor
distributary channel
deposits

Lenticular; erosional
base

Up to 1.5 m thick;
laterally extensive up to
a few tens of metres

Heterolithic;
sandstone

Structureless sandstones; unidirectional, seaward-directed,
trough and planar-tabular cross-stratification; flaser, wavy
and lenticular bedding; coarser- and finer-grained
interbedding; cyclically-distributed and non-cyclical
carbonaceous drapes; non-cyclical mudstone drapes

Planolites and
Dactyloidites

0-2

FA 6: Crevasse
mouth bar deposits

Lobate; coarsening-
and thickening-upward;
forward accretion

Up to 2 m thick;
laterally extensive up to
hundreds of metres

Sandstone;
heterolithic

Coarser- and finer-grained interbedding; unidirectional,
seaward-directed, trough and planar-tabular cross-
stratification; unidirectional and bidirectional ripples;
cyclically-distributed and non-cyclical mudstone drapes

Dactyloidites,
Palaeophycus,
Teichichnus, Planolites
and Thalassinoides

FA 7:
Interdistributary-bay
mudstones

Tabular

Up to several m thick;
laterally extensive up to
hundreds of metres

Mudstone

Structureless blue to grey mudstones with sandstone and
coarse siltstone thin layers

Rosselia, Palaeophycus,
Planolites and Skolithos

FA 8: Terminal
distributary channel
deposits

Lenticular; erosional
base; fining- upward

Up to 3 m thick; laterally
extensive up to a few
tens of metres

Sandstone;
heterolithic

Structureless sandstones; unidirectional, seaward-directed,
trough cross-stratification; landward-directed ripples;
cyclically-distributed carbonaceous drapes

Ophiomorpha and
Planolites

FA 9: Mouth bar
deposits

Lobate; coarsening-
and thickening-upward;
forward accretion

Up to 12 m thick;
laterally extensive up to
hundreds of metres

Sandstone;
heterolithic

Coarser- and finer-grained interbedding; unidirectional,
seaward-directed, trough and planar-tabular cross-
stratification; unidirectional and bidirectional ripples;
cyclically-distributed and non-cyclical mudstone drapes

Ophiomorpha,
Thalassinoides and
Planolites

FA 10: Prodelta
mudstones

Tabular

Up to several tens of m
thick; laterally extensive
up to several kilometres

Mudstone

Structureless blue to grey mudstones with sandstone and
coarse siltstone thin layers

Rosselia,
Rhizocorallium?,
Palaeophycus,
Planolites and Skolithos

5-6

FA 11: Transgressive
and abandonment
deposits

Tabular; sharp base and
top

Up to 1.5 m thick;
laterally extensive up to
several kilometres

Sandstone;
shell-bed

Hummocky cross-stratification; dune-scale bedforms;
shell-beds

Gastrochaenolites (on
shells)
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