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Abstract 

     The lower Lajas Formation (Jurassic), western Argentina, has been interpreted to represent a 

progradational tide-dominated deltaic succession with tidal dominance throughout complete base-level 

cycles. Two sequences have been identified in this study containing different suites of facies associations. 

Sequence 1 is composed of a river-dominated suite, with prodelta to distal delta front, river-dominated 

mouth bars, and terminal distributary channels. Sequence 2 is composed of both river-dominated and tide-

influenced mouth bars, channels and interdistributary bays. Both sequences contain distinct event bedding 

(mainly in the mouth bars and interdistributary bays) that is expressed as alternating layers of finer and 

coarser sediment, representing interflood and river-flood layers, respectively. Variations exist in the 

character of event beds between river-dominated settings and tide-influenced settings. In river-dominated 

settings, almost no tidal indicators are found in flood or interflood layers. This is in contrast to tide-

influenced settings, which contain tidal indicators such as bi-directional ripples and tidal rhythmites in 

interflood layers. Tidal indicators such as tidal rhythmites are rare in the flood layers. Many organic-

matter drapes that were previously interpreted as tidal in origin lack a regular cyclicity and are inferred to 

have been deposited through fluvial processes with no tidal influence. The event beds are interpreted to 

have been formed on an annual cycle, rather than by individual storms, due to commonalities with 

modern seasonal bedding and the large size of the drainage basin. The recognition of heterolithic event 

beds provides another criterion for recognizing river influence and differentiating these from heterolithic 

tidal sediments. Because of the overwhelming presence of a seasonal signature, the Lajas is re-interpreted 

to be overall river-dominated, with tide-influence found mainly in Sequence 2.  

     The extensive exposure of the river-dominated mouth bars in Sequence 1 allowed for the architecture 

to be described in detail. A compensational architecture was recognized between individual bars and was 

delineated by slight changes in dip direction. Individual bars are comparable in size to the modern Wax 
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Lake delta and the ancient Ferron Sandstone. Mouth bars amalgamate to form mouth-bar complexes, 

within which slight changes in relative sea-level can be deciphered.   
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Chapter 1 

Introduction 

1.1 General Introduction 

     Tide-dominated deltas are poorly known relative to other delta types (Willis, 2005).  The 

modern tide-dominated deltas that have been studied in some detail (e.g., the Amazon and Fly 

River deltas; Kuehl et al., 1986; Dalrymple et al., 2003; Goodbred and Saito, 2012) are large and 

mud-dominated, while many of the ancient analogues tend to be sandy and much smaller (e.g., 

the Frewens Sandstone; Willis et al., 1999).  The morphology of modern deltas is well known but 

the detailed internal facies are not. Recent work has suggested that such sandy tide-dominated 

deltas contain abundant oppositely dipping (i.e., herringbone) crossbeds, sigmoidal cross-

bedding, reactivation surfaces, abundant heterolithic facies, tidal bundles, and double mud drapes 

as their more distinctive characteristics (Willis, 2005), whereas tidal rhythmites and fluid-mud 

layers are widespread in modern muddy deltas (Dalrymple, 2010).  In much new work on coastal 

systems, there is a growing realization that a reliance on end-member models can be misleading, 

as most areas experience an interplay of two or more depositional processes, leading the 

formation of mixed-energy depositional systems (Ainsworth et al., 2011).  Thus, it is relevant to 

ask what the deposits of a tide-influenced delta are like and how they might differ from those of a 

tide-dominated or river-dominated system.  Presumably, tidal features will be present, but they 

are likely to be mixed with wave- and/or river-generated structures.  Tanavsuu-Milkeviciene and 

Plink-Björklund (2009), for example, have suggested that the presence of fluvial deposits in the 

delta plain, including flood-plain muds, crevasse splays, distributary channels, and coaly swamp 

or marsh deposits (Bhattacharya, 2006) is an indicator of tidal influence rather than tidal 

dominance. However, the range of possible mixed-energy deltas is large and there are very few 

examples in either the modern or the ancient that can be used for comparison purposes.  
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     The Lajas Formation has previously been interpreted as a tide-dominated delta. It has been 

studied in some detail due to its superb exposure and location within the economically important 

Neuquén Basin.  Its importance lies in its ability to serve as an outcrop analog for tide-dominated 

successions around the world, such as the oil-bearing Tilje Formation, offshore Norway 

(Martinius et al., 2001, 2005; Ichaso, 2012). Within a sedimentological context, an earlier study 

of the Lajas Formation recognized a succession of four 3
rd

-order sequences (Zavala, 1996a; 

1996b), with highstand systems tracts containing fluvial-dominated deposits and transgressive 

systems tracts containing more tidal influence. Tidal deposits in this model were attributed to 

estuarine environments that were formed during transgressions. A more recent detailed study by 

McIlroy et al (2005), by contrast, documented three different parasequence-scale depositional 

systems:  tide-dominated delta front, tidal-channel, and heterolithic tidal flat. The interpretation 

differed from that of Zavala (1992a; b) and suggested that the Lajas Formation remained tide-

dominated over complete base-level cycles.  While this study provided an excellent sequence-

stratigraphic framework for the entire Lajas Formation, the architecture of the delta-front and 

mouth-bar deposits were incompletely documented. Lajas mouth bars were thought to have a 

clinoform geometry with ripples and dunes migrating perpendicular to the master bedding 

surfaces, forming lateral accretion architecture. Tidal currents were considered to be the main 

method of sediment movement due to the supposed widespread presence of double mud/organic 

drapes on ripple foresets and bidirectionality of paleocurrents (McIlroy et al., 2005).   

     Given that the deltaic deposits in the Lajas have the potential to increase our understanding of 

tide-dominated to tide-influenced deltas, this thesis aims to:  1) describe and evaluate the facies 

present in the lower deltaic portion of the Lajas Formation; 2) determine the facies and 

architecture of the mouth bars present; 3) use this information to describe more accurately what is 

occurring at this stratigraphic portion of the Lajas and compare this with the previous depositional 
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models for the formation; and 4) provide better criteria for determining the amount of tidal 

influence on mouth bars and the type of deltas present in any sedimentary succession. 

1.2 Geologic Setting 

     The Lajas Formation is a deltaic formation located in the globally important, oil-rich Neuquén 

Basin. The Neuquén Basin covers 160 000 km
2
 in west-central Argentina and contains up to 7 km 

of strata (Vergani et al., 1995). It has a distinctive triangular shape inherited from the underlying 

Paleozoic bedrock and syndepositional rifting (Figure 1.1) (Uliana and Biddle, 1987). The basin 

was formed in a back-arc setting that presently resides on the eastern side of the Andes, as the 

Chilean Plate was subducted under the western edge of Gondwana (Legarreta and Uliana, 1996).     

Three major phases have been defined in the evolution of the basin (Figure 1.2; Howell et al., 

2005). The first phase, termed the “synrift” phase, occurred in the Late Triassic to Early Jurassic 

before subduction commenced along the western margin of the continent. Extensional intraplate 

tectonics led to numerous faults that had a dominant NNW-SSE orientation (Uliana and 

Legarreta, 1993). The faults were crucial in forming isolated rift basins that were filled with 

subsequent volcaniclastic sediments and a diverse suite of marine to fluvial clastic deposits that 

are termed the “pre-Cuyo” group of rocks (Vergani et al., 2005; Howell et al., 2005). The pre-

Cuyo group is not well studied relative to other formations in the Neuquén Basin (Vergani et al., 

2005).  The Early Jurassic marks the shift to the “post-rift” phase (Figure 1.2), which was 

associated with high-angle subduction along the western margin of Gondwana (Howell et al., 

2005). Thermal subsidence and continued extension of the back-arc area allowed a thick 

sedimentary succession to accumulate above the pre-Cuyo group (Vergani et al., 1995; Howell et 

al., 2005). Fossil evidence shows that the arc contained gaps through which the basin was able to 

maintain a connection with the ocean to the west. However, at times during the basin’s history, 

uplift or eustatic changes may have cut the Neuquén Basin off from the ocean (Legarretta and 

Uliana, 1996; Burgess et al., 2000). Included in this “post-rift” succession is the deep-marine 
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Figure 1.1: The Neuquén Basin is located in west-central Argentina, to the east of the 

Andes, and has a distinctive triangular shape. The field site for this study (red star) is 

located to the southwest of Zapala. Modified from Howell et al. (2005). 

 

Los Molles Formation, followed by the shallow-marine Lajas and fluvial Challaco formations 

(Figure 1.3). Paleocurrent data in the fluvial deposits show that the sediments were sourced from 

the Patagonian Massif and the Sierra Pintada belt to the south and east (Uliana and Legarreta, 

1993) as the system prograded in a north to northwesterly direction (Legarretta and Uliana, 1996). 

The last stage, the “foreland” phase (Figure 1.2), involves inversion of the basin as the dip of the 

subducting slab decreased and the basin became dominated by compression in the late Cretaceous 
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(Howell et al., 2005). A retro-arc foreland basin was created and the arc became the main source 

of sediment (Uliana and Legarretta, 1993). Sedimentation during this time was primarily 

continental and included evaporites. The basin was mainly segregated from the ocean save for 

times of intermittent high sea levels during the late Cretaceous (Howell et al., 1995).    

 

Figure 1.2: Evolution of the Neuquén Basin. The Lajas Formation was deposited during the 

“post-rift” phase. From Howell et al. (2005). 
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Figure 1.3: Overview of Jurassic stratigraphy in the Neuquén Basin. Modified from Howell 

et al. (2005) and McIlroy et al. (2005). 

 

1.3 Lajas Formation: Background Information 

     The lower Lajas Formation consists of deltaic deposits up to 600 m thick (Howell et al., 2005). 

It is marked by the presence of shallow-marine deposits overlying the deeper-water turbidites of 

the Los Molles Formation representing an overall progradation of the system. The thickness of 

the Lajas can partially be attributed to a high subsidence rate but with an equally high 

sedimentation rate (Legeratta and Uliana, 1996). Sediment was transported from the south and 

east in a north to northwest direction. Tidal signatures in the Lajas were once thought to be the 

product of deposition in an incised valley that enhanced tidal currents (Zavala, 1996a). This idea 

was regarded as incorrect by McIlroy et al. (2005), who imagined the basin to have a triangular 

(i.e., funnel-shaped) geometry, defined by faulting, that accentuated the tidal currents while 

restricting wave influence. The funnel-shaped embayment allowed for tides to have some 
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influence on sedimentation throughout all phases of full sea-level cycles and not just during 

transgressive systems tracts within estuarine valley fills (Zavala, 1996a) as is commonly the case 

(McIlroy et al., 2005).  

     The most comprehensive sedimentological and sequence-stratigraphic study of the Lajas was 

completed by McIlroy et al. (2005). An idealized stratigraphic section for the Lajas Formation 

(Figure 1.4) shows that offshore shelf/tidal deltaic sediments predominate at the base of the 

section, and pass upward into tidally influenced coastal-plain and shoreline deposits, followed 

upward by more tidal-fluvial deposits including floodplain and channels in the transition to the 

overlying fluvial Challaco Formation. They also state that the majority of the Lajas deposits were 

formed in the intertidal zone and represent tidal flats. This is unusual, as tidal channels within 

estuaries and deltas migrate and tend to destroy most evidence of tidal flats (McIlroy et al., 2005) 

and/or the tidal-flat deposits are removed by erosion during periodic transgressions (i.e., by 

ravinement) (Dalrymple, 2010). Waves, storms and bioturbation can also destroy evidence of 

tidal flats in deltaic settings (Fan, 2011; Goodbred and Saito, 2012). If the interpretations are 

correct, the preservation of tidal-flat deposits suggests a high accommodation setting that inhibits 

channels from migrating across the vast expanse of flats, reworking their deposits. A high rate of 

base-level rise can preclude erosion and incision of the underlying tidal flats by later tidal 

channels (Dalrymple, 2010; Ichaso, 2012). 

     In many sequence-stratigraphic studies, sequence boundaries are defined by incision during 

the falling-stage systems tract, forming large valleys (Dalrymple et al., 1992; Catuneanu, 2006). 

The Lajas Formation does not contain large valleys and most of the erosion during sea-level fall 

results in very shallow incision (McIlroy et al., 2005). High accommodation caused by a high rate 

of subsidence in the system can explain the small amount of incision and the overall ‘layer-cake’ 

nature of the units within the formation (Dalrymple, 2010; Ichaso, 2012).  The Lajas is interpreted 
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Figure 1.4: Idealized succession for the Lajas Formation as interpreted by McIlroy et al 

(2005). The red box indicates the portion of the lower Lajas studied in this thesis. The ‘tidal 

delta’ will be looked at in detail, both architecturally and sedimentologically.   
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to contain 4 sequence boundaries. Some of these are demarcated by shallow-water facies sitting 

abruptly over deep-water facies, which is shown by an abrupt increase in grain-size at these 

contacts. Some of them are demarcated by tidal channels that are shallowly incised into the 

underlying deltaic sediments (McIlroy et al., 2005).  All of these surfaces are marked by abrupt 

juxtaposition of more proximal deposits on top of more distal deposits. The sequence stratigraphy 

of the Lajas Formation has been applied in reservoir modeling by McIlroy et al (1999) and 

Brandsæter et al. (2005), because the Lajas is widely regarded to be a reasonable analogue for 

such ancient tidal succession as the Tilje Formation (Jurassic), offshore Norway. 

     A study on the ichnology of the lowest deltaic successions was performed by McIlroy (2007), 

who concludes that the ichnology of tide-dominated deltas is similar to that of wave-dominated 

deltas. The Lajas Formation seems to have a diverse set of ichnofacies through the varying 

depositional environments, but they belong primarily to the Skolithos and Cruziana ichnofacies. 

     The paleolatitude of the Lajas Formation, and Neuquén Basin as a whole, during the Middle to 

Late Jurassic was very similar to today (Quattrocchio et al., 2011). However, data regarding the 

paleoclimate of the Neuquén Basin is limited and results are somewhat contradictory. Through 

palynological and floral studies, it has been determined that the climate in this region of the basin 

had been drying up since the Early Jurassic and was seasonally dry during the deposition of the 

Lajas Formation (Volkheimer, 1970; Rees et al., 2000). However, fossil-wood evidence conflicts 

with these studies. Morgans-Bell and McIlroy (2005) analyzed fossil wood directly from the 

Lajas Formation and found very rare examples of wood that preserved tree rings that are 

indicative of seasonality. Most of the samples did not have any evidence of tree rings, suggestive 

of constant conditions during growth. The authors were careful to state that the absence of tree 

rings does not mean seasonality did not exist, but it does not confirm the presence of seasonality 

either.  
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1.4 Methods 

     Outcrop investigation involved examination of a 6 km-long, NE-SW-oriented section of the 

lower Lajas (~200 m) located south of Zapala, immediately to the east and south of the hamlet of 

Los Molles. It was not possible to extend the study further to the southwest due to land-access 

issues. Field work was completed over two field seasons of 4 weeks each in February, 2011, and 

October, 2012. Twenty-three sections in total were logged (Figure 1.5), ranging from 10 m to 

over 200 m in height (Appendix A). The vertical sections have lateral separations that range from 

15 m to 1.2 km. The outcrops were logged at a decimeter scale using a measuring rod with a 

clinometer in order to document the sedimentary structures present. Photos were taken of each 

unit. Unit thickness, grain size, sedimentary structures, bioturbation index, types of bioturbation 

present, paleocurrents, and any architectural information visible were recorded for each unit 

distinguished by a change in grain size or major sedimentary structure. Paleocurrents were 

measured using three-dimensional exposures wherever possible, concentrating on dune-scale 

cross bedding.  All measurements were corrected for regional dip, which averages approximately 

15° towards the east (approximately 110º). The area between the logs was documented using a 

series of panoramic photos wherever possible (Appendix B) which were assembled in Microsoft 

ICE. Correlation was primarily done by walking out layers or by visually tracing them along the 

section.  
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Figure 1.5: Location of the measured sections from the study. Location is approximately 

39°12.771’S, 70°14.056’W. 
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Chapter 2 

Facies and Facies Associations of the Lower Lajas Formation 

2.1 Introduction 

     A total of 16 facies and subfacies have been recognized in the lower Lajas Formation (Table 

2.1). Facies are delineated by changes in grain size, sandstone to mudstone (and organic) ratios, 

bioturbation-index (BI) values and sedimentary structures. The BI values are defined following 

Taylor and Goldring (1993). Laminae are defined as sedimentary layers that are less than 1 cm 

thick, whereas beds are greater than 1cm in thickness (McKee and Weir, 1953). The subfacies of 

F1, F2, F3 and F5 are defined on the basis of minor, consistent changes within a facies. All 

deposits assigned to F1 are fine-grained and most structures are obliterated by bioturbation, but 

contain varying amounts of terrestrial organic detritus termed ‘tea leaves’; all varieties of F2 are 

cross-bedded but contain differences in the nature of the organic drapes on the toesets; all 

subfacies of F3 are heterolithic with changes in the sandstone to mudstone (or organic) ratio, 

sedimentary structure or BI value; and all subfacies of F5 contain shells with varying species 

compositions and levels of re-working.  

2.2 Facies Associations 

     These facies have been grouped together into 7 broad facies associations (Table 2) that are 

delineated by recurring groupings of facies (both vertically and laterally), the presence of 

erosional bounding surfaces, and the stratal geometry within the facies association. Subgroups are 

delineated in accordance with slight but important differences in the distinctive facies present that 

represent important changes within a depositional environment (i.e., FA 2 includes all mouth-bar 

deposits, but FA 2a is river-dominated whereas FA 2b is more tide-influenced). 
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Table 2.1: Facies present in the studied portion of the Lajas Formation.  

Facies Textures Thickness 

of Facies 

Structures Biogenic features Interpretation 

F1a  Bioturbated 

silty fine sandstone 

Mottled; 

siltstone with 

thin, fine 

sandstone layers 

Decimeter to 

10’s of 

meters 

Primarily structureless, rare 

mudstone wisps and parallel 

lamination present 

Non-identifieable 

mottling (BI 4-6), as 

well as Teichichnus, 

Paleophycus, 

Planolites, 

Rosselia?, 

Rhizocorallium?, 

Thalassinoides, 

small wood pieces.  

Marine low-energy 

environment; deposition 

from suspension.  

F1b  Silty fine 

sandstone with 

more ‘tea leaves’ 

than F1a 

Siltstone to fine 

sandstone 

Decimeter to 

10’s of 

meters 

Structureless; some thin 

mudstone laminae up to 10 cm 

in lateral extent distributed 

sporadically 

Primarily non-

identifiable mottling 

(BI 2-6); identified 

burrows are 

Palaeophycus up to 

3 cm in diameter; 

cryptobioturbation?, 

‘tea leaves’.  

Low-energy environment; 

deposition from 

suspension with ‘tea 

leaves’ indicating a 

terrestrial source 

F2a  Cross-bedded 

sandstone with 

Upper fine to 

medium 

Cross-beds 

10 cm – 1 m.  

Unidirectional planar and 

trough cross-stratification (10 

Dactyloidites, rare 

Arenicolities. BI 1.   

Migration of dunes under 

primarily unidirectional 
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cyclic organic 

drapes in toesets 

sandstone cm – 1.5 m sets), common 

organic drapes in dune toesets 

occurring in a cyclic manner 

currents with a tidal 

influence as indicated by 

the cyclic nature of the 

organic drapes 

F2b Cross-bedded 

sandstone with no 

organic drapes or 

irregularly spaced 

organic drapes 

Upper fine to 

medium 

sandstone 

Cross-beds 

10 cm – 1 m. 

Stacked sets 

up to 25 m.  

Unidirectional planar and 

trough cross-stratification up 

to 1 m in thickness. No organic 

drapes; rare grain striping (i.e., 

prominent alternation of 

coarser (dark) and finer (light) 

laminae) 

Dactyloidites, rare 

Skolithos and 

Thalassinoides. BI 1. 

Migration of dunes under 

unidirectional currents 

with negligible tidal 

influence 

F3a Heterolithic, 

bedded sandstone 

(sandstone: 

mudstone/organic 

ratio 75:25) 

Predominantly 

fine sandstone 

interbedded with 

mudstone and 

organics 

Centimeter 

to decimeter 

scale 

Bedded sandstone (beds 2-4 

cm) alternating with parallel 

layers of organics and 

mudstone (lamina <1 cm). 

Some organic and mud-rich 

layers show evidence of tidal 

cyclicity  

Planolites. BI 2. Low-energy environment; 

deposition from 

suspension alternating 

with times of movement 

of bedload under the 

influence of tidal currents 

 

F3b Mottled 

heterolithics (80:20 

sandstone: 

mudstone)  

Fine sandstone/ 

siltstone 

Centimeter 

to decimeter 

scale 

Mottled sandstone with 

discontinuous, <1 cm silty 

laminae  

High bioturbation 

intensity (up to BI 

5); non-identifiable 

mottling, with 

Low-energy environment; 

deposition from 

suspension alternating 

with times of movement 
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identified burrows of 

Planolites 

of bedload under brackish 

to fully marine conditions 

F3c Rippled 

sandstone with 

mudstone/organic 

layers (90:10- 

70:30) sandstone: 

mudstone) 

Predominantly 

fine sandstone 

with mm-scale 

mudstone/ 

organic layers 

Centimeter 

to decimeter 

scale 

Ripples are predominantly 

unidirectional, with rare 

bidirectionality, locally with 

flaser bedding. Overlying 

mudstone/organic laminae 

drape the ripple formsets.  

Bioturbation occurs 

more on the organic 

drapes in the toesets 

(BI 2-3); Planolites 

Low-energy environment; 

deposition from 

suspension alternating 

with times of movement 

of bedload; unidirectional 

currents with uncommon  

tidal influence 

F3d Lenticularly 

bedded mudstone 

with current ripples 

(approx. 30:70 – 

40:60 sandstone: 

mudstone) 

Mudstone and 

siltstone with 

intermittent fine 

sandstone lenses 

Centimeter 

to decimeter 

scale 

Discontinuous current-rippled 

lenses (up to 1 m lateral 

extent) with rare wave ripples 

encased in mudstone and 

siltstone. Ripples are 

predominantly unidirectional 

with rare bidirectionality. 

Common Planolites. 

BI 2-4.  

Very low-energy 

environment; deposition 

from suspension 

alternating with times of 

movement of bedload; 

unidirectional currents 

with possible tidal 

influence; episodic wave 

action 

F4 Laminated 

organic-rich silty 

very fine sandstone 

(20:80; mud 

Very fine 

sandstone with 

silt and organics 

– organic-rich 

Centimeter 

to decimeter 

scale 

 Parallel-laminated siltstone 

and organics with sandstone 

laminae laterally continuous 

for up to 1 m and less than 1 

Rare Paleophycus, 

Planolites in the 

sandstone layers. BI 

2.  

Low-energy environment; 

deposition from 

suspension with more 

continental derived 
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fraction is mainly 

organics) 

material makes 

it dark grey to 

black in colour 

cm in thickness material than F3 

F5a Coral shell 

layer 

Corals and 

bivalve shells in 

medium-grained 

siliciclastic 

sandstone  

Up to 60 cm None Scleractinian corals 

and bivalves 

(Trigonia). BI 1-2. 

Little abrasion. 

Marine? lag on a flooding 

surface 

F5b Bivalve shell 

layer – mainly 

unbroken shells 

Carbonate shells 

in medium to 

coarse-grained 

siliciclastic 

sandstone 

Up to 1 m Small amounts of cross-

bedding but primarily 

structureless 

Bivalves; mainly 

Trigonia. 

Uncommon 

Turritella. Shells up 

to 10 cm in length, 

found in convex-up 

aligned positions 

with little to 

moderate abrasion. 

BI 1-2. 

“Marine” lag on a 

flooding surface  

F5c Shell layer – 

broken shells  

Carbonate shells 

in medium-

grained 

siliciclastic 

Centimeter 

to decimeter 

scale 

None  Small, 2-4 cm pieces 

of broken bivalve 

shells, likely of 

Trigonia but difficult 

High-energy setting, 

enough to transport 

coarse shell grains. Storm 

debris. 
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sandstone to determine in such 

small pieces. BI 0. 

F6 Parallel to 

inclined parallel- 

laminated 

sandstone 

Fine sandstone Centimeter 

to decimeter 

scale 

Horizontal to sub-horizontal 

lamination 

Little; BI 0 - 1. High current speed, upper 

flow regime conditions 

during deposition. 

F7 Hummocky 

cross-stratified 

sandstone 

Fine to very fine 

sandstone 

Centimeter 

to decimeter 

scale 

Hummocky cross-stratification None; BI 0. Deposited by storm 

waves 

F8 Structureless 

sandstone 

Fine sandstone 

with no internal 

structures 

Centimeter 

to meter 

scale 

None Sporadic 

Ophiomorpha. BI 0 

to 2. 

High energy, rapid 

deposition of sediment 

F9 Large-scale 

chaotic sandstone 

Primarily fine 

sandstone 

Meter scale Deformed sandstone beds. 

Mainly large-scale load 

structures with subordinate 

amounts of flame structures. 

Base is in places erosive and in 

others, gradational with 

undeformed sediment.  

None; BI 0. Likely a combination of 

loading and slumping; 

Erosive base represents 

discrete failure plane; 

load and flame structures 

indicate soft-sediment 

deformation 
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2.3 FA 1: Distal Delta Front to Prodelta 

Description 

     This facies association consists of facies F1a, F1b and minor amounts of F5b, F5c, F6 and F8. 

This facies association is fine-grained, being composed mainly very fine sandstone to siltstone 

with a substantial muddy component (average sandstone to mudstone/organics ratio 60:40, with 

mudstone being dispersed throughout the sandstone and not in discrete layers). Vertically, this FA 

generally coarsens upwards as the content of mudstone and siltstone decreases. Bedding is flat 

but it is rare to see specific laminae or beds as they have been obliterated by a high degree of 

bioturbation (BI 5-6) that generated a structureless aspect when viewed from close-up, except in 

rare instances where parallel lamination is visible (Figure 2.1F). Faint remnants of centimeter to 

decimeter-scale beds can be seen from a distance. Very fine, bioturbated sandstone layers (2-6 cm 

thick) occur sporadically throughout this facies association and are easily seen due to preferential 

cementation of these layers. Laterally, this FA becomes thicker in the offshore (i.e., 

northwesterly) direction away from river-dominated mouth bars (FA 2a; described below). BI 

increases with distance seaward from BI 2 to BI 5. Vertically, bioturbation generally decreases 

upward. Specific ichnofossils can sometimes be discerned and include Rosselia, Rhizocorellium?, 

Palaeophycus, Planolites and minor Skolithos (Figure 2.1 A-D). Shell fragments occur 

sporadically in the most distal deposits and are responsible for a slight increase in grain-size 

(Figure 2.1E).  

Interpretation 

     The overall fine grain-size and abundance of bioturbation implies a generally low-energy, low-

stress, open-marine environment. The high BI values cause thorough mixing of the sediment 

resulting in its structureless nature.  The abundance and relative diversity of deposit-feeding 

organisms likely represents deposition in close to fully marine conditions where salinity, turbidity 

or sedimentation rates do not pose a significant stress, except in the presence of rapidly-deposited 
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layers of sandstone deposited by a river flood, in which bioturbation is low. Organic chaff (‘tea 

leaves’) and rare wood pieces indicate a non-marine source of sediment, supplied by nearby 

terminal distributary channels (FA 3; described below). This, coupled with its lateral association 

with river-dominated mouth bars (FA 2a; described below) allow for the interpretation of a distal 

delta-front to prodelta environment. Fine-grained material can accumulate by fallout during 

riverine outflow of a hypopycnal plume (MacEachern et al., 2005). The uncommon sandstone 

layers were deposited by high-energy outflows causing fine sand to be deposited onto the distal 

delta front. The rare plane-parallel lamination was likely deposited by sediment gravity flows 

generated by floods. No evidence of HCS or other storm-generated structures was found 

suggesting that wave action was not significant (cf. Mellere and Steel, 1996).  

2.4 FA 2a: River-Dominated Mouth Bar / River-Dominated Proximal Delta Front 

Description 

     This facies association is composed of Facies F1b, F2b, F6, F8 and F9. This coarsening-

upwards facies association grades from the very fine sandstone and siltstone of the distal delta 

front (FA1) into upper fine sandstone and can locally reach medium sandstone, with a sand to 

mud ratio of 95:5 in its upper (proximal) portion to 75:25 in its lower (distal) portion. Seaward, 

this FA grades into FA 1 over 100’s of meters in a northwesterly direction. The top contact is 

sharp with the overlying flooding surface (FA 6b) or with an erosively based terminal distributary 

channel (TDC, FA 3). Vertically, the mouth bars are from 5-10 m in thickness and average 400 m 

in length. This FA consists of sandstone bodies that contain individual beds dipping broadly to 

the northwest. The dipping beds are interpreted as clinoforms. Clinoforms are composed 

internally of clinothems, which are analogous to the geological term ‘bed’. The clinothem layers 

can have a dip of up to 16°, although dips of 7-10° are more typical (Figure 2.2A). Bedding 

planes flatten as they pass from the foreset region out into the toeset portion of the clinoform and 

eventually grade into their distally equivalent bottomsets (FA 1). In some clinoform sets, there is 
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Figure 2.1: Detailed photos of FA 1. (A, B, C, D) Intensely bioturbated deposits of the 

prodelta contain a diverse set of trace fossils. The BI is so high (5-6) that no sedimentary 

structures are preserved. (E) Bivalve shell encased in prodelta mudstone. (F) Plane-parallel 

lamination preserved from a flood-induced sediment gravity flow. Binder for scale is 30 cm 

in length. Ro = Rosselia, Rh = Rhizocorallium, Pa = Palaeophycus, Pl = Planolites, Sk = 

Skolithos.
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Table 2.2: Summary of facies associations present in the lower Lajas Formation. 

Facies 

Associatio

n 

Facies 

Present 

Physical Dimensions Lithology Physical 

Structures 

Biogenic Structures Lateral and 

Vertical 

Relationships 

Trends 

FA 1 – 

Distal delta 

front to 

prodelta 

F1a, 

F1b, 

minor 

amounts 

of F5b, 

F5c, F6, 

F8 

Laterally extensive 

for >3.5 km. Thinner 

in proximal, non-

amalgamated 

deposits (1 – 5 m) 

and thicker in 

amalgamated distal 

deposits (5 – 90 m)  

Very fine 

sandstone 

with 

siltstone and 

substantial 

mudstone/or

ganics 

None, except rare 

parallel lamination 

– other structures 

obliterated by 

bioturbation 

BI up to 5. Traces are 

Rosselia, 

Rhizocorellium?, 

Palaeophycus, Planolites 

and minor Skolithos along 

with non-identifiable 

biogenic mottling. 

Organic ‘tea leaves’ 

common and dispersed 

throughout the sediment 

Grades 

landward and 

vertically into 

FA 2 

Coarsens 

upward 

slightly 

FA 2a – 

River-

dominated 

mouth bars/ 

delta front 

F1b, 

F2b, F6, 

F8, F9 

Approximately 5 – 10 

m in thickness; length 

from 300 - 600 m 

(average 350 m) 

From very 

fine 

sandstone to 

medium 

sandstone 

Structureless 

sandstone, dune 

cross-bedding, 

inclined parallel 

lamination, event 

bedding (poorly to 

well defined) 

BI 0 – 4. Traces found are 

Ophiomorpha, 

Thalassinoides and 

Planolites  

Grades 

seaward into 

FA 1; may be 

sharply 

overlain by 

FA 1, FA 3 or 

FA 6a 

Coarsen 

upwards 

FA 2b – 

Tide-

influenced 

mouth bars 

F2a, 

F2b, 

F3c, F6, 

F8 

Approximately 4 - 8 

m in thickness; length 

indeterminate 

because of lack of 

suitable exposure 

From very 

fine 

sandstone 

with 

siltstone to 

medium 

sandstone 

Structureless 

sandstone, cross-

bedding with and 

without cyclic 

organic drapes, 

bidirectional 

ripples, parallel 

lamination, event 

bedding  

BI 0 – 4. Traces found are 

Planolites, Ophiomorpha 

Units of this 

FA stack on 

each other. 

Associated 

vertically with 

FA 1, FA 3, 

FA 5 and FA 

6 

Coarsen 

upwards 

FA 3 –

Terminal 

F1a, 

F1b, 

1.5 – 4 m in 

thickness; 10 – 50 m 

Very fine to 

medium 

Lateral accretion, 

inclined parallel 

BI 1 -5. Traces found are 

Ophiomorpha and 

Erodes 

shallowly into 

Fine 

upward 
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distributary 

channels 

F2b, F6, 

F8 

in width sandstone lamination, 

structureless 

bioturbated fine 

sandstone 

Planolites along with 

non-identifiable biogenic 

mottling. 

FA 2a and FA 

2b. May be 

overlain by 

FA 1 or FA 6a 

FA 4 – 

Fluvial or 

distributary 

channels 

F2a, 

F2b, 

F3a, 

F3b, 

F3d, F6, 

F9 

Numerous channel 

stories (each 3-9 m in 

thickness) forming 

channel belts 

kilometers in length 

and up to 20 m in 

thickness 

Fine to 

medium 

sandstone 

Channel lag, 2D 

and 3D cross-

bedding, 

structureless 

sandstone, grain 

striping, lateral 

accretion 

BI 0 – 3. Traces found are 

Dactyloidites, 

Arenicolites, Planolites 

Overlain by 

FA 5 and or 

FA 6a or b 

Each story 

fines 

upwards 

FA 5 – 

Interdistrib

utary bay 

F1a, 

F1b, 

F2b, 

F3a,b,c, 

F4, F7 

1 – 10 m in thickness; 

laterally extensive on 

the kilometer scale 

Very fine 

sandstone 

with 

siltstone to 

fine 

sandstone 

Parallel lamination, 

event bedding, 

cross-bedding with 

some cyclic organic 

drapes, ripples  

BI 1 – 5. Traces found are 

Planolites along with 

non-identifiable biogenic 

mottling. Organic flecs 

prevalent throughout  

Occurs above 

FA 4; 

sometimes 

associated 

with FA 2. 

Usually 

overlain by 

FA 4 

Normally 

coarsens 

upward 

but rarely 

fines 

upward 

FA 6a – 

Shell-bed 

flooding 

surface 

F5a, 

F5b 

Shell layers extensive 

for approximately 

100 m but flooding 

surface itself extends 

laterally for 

kilometers; 10 cm – 1 

m in thickness 

Medium 

sandstone 

matrix with 

large shells 

up to 10 cm  

None BI 0 (no traces visible). 

Body fossils mostly 

Trigonia but also include 

Turritella, rare colonial 

corals  

Overlain by 

FA 1 or FA 5. 

Occurs above 

FA 2a, FA 4, 

FA 5 

None 

FA 6b – 

Siliciclastic 

flooding 

surfaces 

F2b, F7 Laterally extensive 

for kilometers. 0 – 

1.5 m in thickness 

Very fine 

sandstone 

with 

significant 

siltstone to 

upper fine 

sandstone 

HCS, large formset 

dune, structureless 

very fine sandstone 

with silty matrix 

BI ranges from 0 (HCS, 

large formset dune) to 5 

(structureless very fine 

sandstone with silty 

matrix) 

Occurs 

vertically 

above FA 2, 3, 

4, 5, 7 

None 
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FA 7 – 

Tidal inlet 

F1b, 

F2b, 

F3a, F8 

7 m in thickness; 20 

m in width 

Fine to 

coarse 

sandstone 

Trough cross-

bedding, lateral 

accretion, 

bioturbated fine 

sandstone channel 

fill 

BI from 1-2. Traces 

found are Dactyloidites, 

Thalassinoides and 

possible Asterosoma 

Incised into 

FA 2a. 

Overlain by 

FA 6 

Fines 

upwards 
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also a tendency for successive clinothem foresets to become slightly steeper in the direction of 

progradation. Individual clinothem beds fine upwards or have a uniform vertical grain-size 

profile. Internally, the clinothem foresets contain inclined parallel lamination, structureless sand, 

cross-beds up to 50 cm thick and uncommon wave and current ripples. Rare cross-beds are 

overturned in the direction of migration. The vast majority of dunes migrated broadly towards the 

northwest, implying a unidirectional seaward-directed flow. Large-scale chaotic sandstone 

deposits are present locally and show a base that can be either erosive or gradational. Load and 

flame structures are associated with this facies association, near the transition to FA 1. 

     Organic drapes occur rarely in the toesets of clinoforms or cross-beds, but their spacing is not 

cyclical (Figure 2.2B, 2.2C). Alternating fine sandstone and silty fine sandstone make up a 

significant portion of the clinoforms distally (near the lateral change to FA 1) and in toesets, with  

structureless to parallel-laminated fine sandstone layers up to 15 cm thick with sharp bases 

grading upward into fine sandstone with a silty matrix. In the sandstone layers, the bioturbation 

index is low (BI = 1-2) and specific trace fossils consist of Ophiomorpha and Thalassinoides. In 

the intervening silty sandstone layers, bioturbation is much higher (BI 4-5) and specific named 

trace fossils are Ophiomorpha, Thalassinoides and Planolites. Some examples show that the 

burrows originate in the silty sandstone layers and extend down into the underlying sandstone 

layers.  

Interpretation 

     The coarsening upward nature as well as the  unidirectional current indicators, association 

with terminal distributary channels (FA 3), low BI’s, clinoform architecture and the lateral pinch 

out into distal deltaic and prodeltaic deposits (FA1) all suggest that FA 2a accumulated in a 

mouth-bar to proximal delta-front depositional setting on the delta front (Bhattacharya 2010; 
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Figure 2.2: Characteristics of FA 2a. (A) Large-scale clinoforms in FA 2a. Person circled for 

scale is 170 cm tall. (B) Uncommon organic drapes in the troughs of dunes that migrated 

down the clinoform surface. These drapes do not show convincing evidence of cyclicity. (C) 

Organic drapes at the base of a clinothem. 

 

Schomacker et al., 2010).  Separate mouth bars are discerned by slight changes in the dip 

direction of bedding; the internal structure and architecture of this FA will be considered further 

in Chapter 3. The foresets are sandier and contain structures that suggest rapid deposition 

(inclined parallel lamination, structureless sandstone, dune cross-bedding) likely caused by river 

floods as shown by the fining-upwards nature of individual clinothems. The foresets grade into 

toesets and bottomsets that are the site of lower energy, and thus generally are finer grained. The 

sandstone and silty very fine sandstone alternations in the toeset and more distal deposits are 

interpreted as river ‘flood’ and ‘interflood’ deposits which together are termed ‘event bedding’. 

The sand was deposited during the high-energy events that can carry coarser sand offshore. As 

the event wanes, finer material is deposited from suspension. These sediments are then subject to 



26 

 

bioturbation until the next event occurs (MacEachern et al., 2005). The presence of Ophiomorpha 

suggests a high-energy, brackish to marine environment (Ainsworth et al., 2008). The relative 

lack of wave-generated structures and rare tidal indicators (such as tidal bundles, bidirectional 

paleocurrents or cyclic mud drapes), combined with the presence of unidirectional, offshore-

directed paleocurrent indicators, suggest a river-dominated system (cf. Hampson et al., 1999).  

     Large-scale chaotic sandstones were formed at the distal end of the mouth bar as the slumps 

moved downslope and left behind a slump scar (cf. Dixon et al., 2012) that was internally filled 

with deformed sandstone. The flame structures indicate the underlying sediment (FA 1) was very 

soft so that loading occurred.  The large-scale chaotic sandstone could be the product of over-

steepening and over-loading caused by rapid sedimentation (Gibert, 2005) during river floods, 

leading to failure of the saturated sediment. Earthquakes can also explain the chaotic sandstone. It 

contains structures such as large-scale slumps, loads and flames that can be associated with 

earthquake-induced instability (Gibert et al., 2005; Tasgin et al., 2011). The rarity of the 

deformation on the delta front suggests its source could be a rare event as well. However, this 

explanation is difficult to prove (despite being the probable explanation) as the soft-sediment 

deformation is not of great lateral extent and a regional seismic signature has not been identified 

(cf. Gibert et al., 2005; Tasgin et al., 2011). Other evidence of sediment instability includes 

overturned dune foresets, which represent high-velocity water flow over a saturated bed, as can 

occur during floods (Ponten and Plink-Björklund, 2007) or after an earthquake caused 

liquefaction of the sand (Allen and Banks, 1972). 

2.5 FA 2b: Tide-Influenced Mouth Bar / Proximal Delta Front 

Description 

     This facies association is composed of Facies 2a, F2b, F3c, F6 and F8. This coarsening-

upwards association grades upwards from very fine sandstone and siltstone to upper fine to 

medium sandstone at the top. Overall, the sandstone to mudstone ratio is about 90:10 in its upper, 
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proximal part, passing downward to 70:30 in its lower, distal portion. It is overall muddier than 

the river-dominated mouth bars (FA 2a) because of the widespread presence of 

mudstone/organic-matter drapes (see more below). This FA was exposed only in canyons so it is 

not possible to know its lateral dimensions but they are up to 8 m thick. The bottom contact is 

gradational into the underlying silty very fine sandstone of FA 1 and the top contact is sharp and 

erosive. Individual upward-coarsening units of this FA tend to stack on top of each other (Figure 

2.3B). Individual clinoform sets have a dip of approximately 5-7
o
, which is a lower dip angle than 

that of the river-dominated mouth bars (FA 2a).  

     Throughout FA 2b there is an alternation of fine sandstone with siltstone (finer layers) and fine 

to medium sandstone (coarser layers) (Figure 2.3A, C). The proportion of finer layers decreases 

upwards. These finer layers are up to 10 cm in thickness (5-7 cm is more typical), whereas the 

coarser sandstone layers can be up to 30 cm thick. The finer layers contain muddier and/or 

organic-rich laminae interbedded with fine to very fine sandstone that can show bi-directional 

ripples and some evidence of tidal rhythmicity. BI is higher (up to a BI of 4) in the finer layers 

than in the coarser layers. The dominant traces are Planolites and Ophiomorpha. The coarser 

sandstone layers are either structureless or contain cross-beds up to 30 cm thick. There are 

instances that show evidence of cyclic bundling of organic ‘tea leaves’ on the foresets of the 

cross-bedding (Figure 2.3D), but only very rarely do the cross-beds in the coarser layers exhibit 

bidirectionality. BI is very low (0-2) in these layers.  

Interpretation 

     The coarsening and sanding-upward nature and clinoform-containing architecture of this 

facies association suggest a mouth-bar depositional setting (Schomacker et al., 2010). The low 

clinoform dips in comparison to river-dominated mouth bars (FA 2a) are thought to be due to 

tidal reworking of the sediment (cf. Plink-Björklund, 2012). The alternating coarse and fine beds 

are similar to the event beds present in FA 2a (cf. Sisulak and Dashtgard, 2012). The tide-
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influenced nature of these mouth bars is indicated by the lamina-scale alternation of coarser and 

finer beds, some of which show tidal cyclicity. Tidal indicators are only present in the finer layers 

which are interpreted as interflood deposits. This is manifested by the presence of bidirectional 

current ripples and tidal rhythmites. The coarser, sharp-based layers show little tidal evidence and 

only unidirectional seaward paleocurrents (although some tidal influence is indicated the presence 

of cyclic organic ‘tea leaves’ on dune cross-beds ) are interpreted as river-flood deposits. Tidal 

 

Figure 2.3: Characteristics of FA 2b. (A) Flood-interflood layering at the base of a tide-

influenced mouth bar. Black lines (at right) indicate one flood-interflood pair. (B) Two 

stacked tide-influenced mouth bars, separated by a flooding surface (red line). (C) Flood-

interflood layering at the base of a tide-influenced mouth bar. Red arrows show bi-

directionality in the interflood ripples. (D) Proximal portion of a tide-influenced mouth bar. 

Cyclic drapes are present in a dune bottomset deposit, just above the top of the pen.  

 

currents were not able to fully reverse the flow, as implied by a lack of bidirectionality. The 

presence of flood-interflood bedding (cf. MacEachern et al., 2005; Ichaso, 2012) and the inability 

of the tidal currents to reverse flow during deposition of the flood layers, as well as their inability 
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to rework and erode the flood layers, suggest a tidal-influence rather than tidal dominance on the 

mouth bar.  

2.6 FA 3: Terminal Distributary Channels  

Description 

     This facies association contains channels that are erosionally based and cut downwards into 

the underlying mouth bars. These channels in the Lajas can have different internal facies but they 

all have a distinctive channel-form morphology, comprising an erosive, concave-up base. The 

channel body pinches out laterally at both ends over 10 to 100 m. They can range in thickness 

from 1.5 to 4 meters. They are known to intimately associated with the mouth bars of FA 2a 

because of the excellent exposure, but outcrop constraints limits documentation of their extents 

and morphology in relation to FA 2b. 

     The channels are internally filled with 1) lateral-accretion bedding, 2) low-angle clinoforms or 

3) fine-grained abandonment facies that drapes the concave-up channel base. Laterally accreting 

channels are rare and were only found once in the study area (Figure 2.4). This channel fines 

upward rapidly from medium to fine sandstone that comprises most of the channel fill that 

consists of F2b and F8. The lateral-accretion beds dip towards the west at an angle of up to 7-8°. 

BI is 1-2, with Ophiomorpha being the only discernable trace.  
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Figure 2.4: A terminal distributary channel (FA 3) (bounded by red lines) infilled by 

lateral-accretion bedding (blue lines). The channel is found between two shallowly dipping 

delta-front/mouth-bar clinoforms units (yellow lines; FA2a).  

 

     Other channels are filled with low-angle clinoforms, containing F6 and F8. These low-angle 

clinoforms contain rare dunes that are oriented more obliquely to the clinothem foreset dip 

direction than in the lateral-accretion example, whereas some migrate directly down the 

clinothem foreset. The individual clinothems show a fining upward trend. BI values in these 

channels are low, from 0-1 (Figure 2.5). 

  

 

Figure 2.5: Terminal distributary channel (FA 3) with its concave upward base (heavy 

green line) cutting into mouth-bar clinothems (red lines). Internally, it is filled with fine 

sandstone that contains subhorizontal to low-angle lamination, likely deposited by a coeval 

mouth bar.  
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     The third variety of channel fill consists of fine sandstone with siltstone with no discernable 

sedimentary structures. Bioturbation is intense, with BI values of up to 5. Discernable traces are 

predominantly Ophiomorpha and Planolites. This type of channel contains F1a and F1b.   

 

Interpretation 

 

     These erosively-based channel forms are interpreted to represent terminal distributary 

channels due to their relatively small size and intimate association with the mouth bars in the 

delta-front deposits of FA 2a and FA 2b.  

     Infilling of TDC’s by low-angle forward-accreting clinoforms is interpreted as infilling by an 

incoming, overlying and contemporaneous mouth bar, a channel-fill style common in TDC’s 

(Olariu and Bhattacharya, 2006).  Both lateral and forward accretion are common to mouth bars 

in river-dominated settings (Olariu and Bhattacharya, 2006). Lateral accretion occurs in these 

channels but they do not migrate far due to their distal, lower energy nature as compared to their 

upstream counterparts (Olariu and Bhattacharya, 2006). Such an active infill explains the low BI 

values observed.   In the case of channels filled with fine-grained, bioturbated material, the nature 

of the fill suggests that the channel avulsed quickly and was infilled passively from suspension. 

Because of the distal setting of the TDCs, intense bioturbation was able to occur as brackish to 

marine water slowly filled the abandoned channel with fine-grained sediment. The variability 

between the internal characteristics of terminal distributary channels is not uncommon, and all are 

documented by Olariu and Bhattacharya (2006). 

2.7 FA 4: Distributary or Fluvial Channels 

Description 

     This facies association is composed of F2a, F2b, F3a, F3b, F3d, F6 and F9. Vertically, this FA 

is associated with interdistributary-bay deposits (FA 5). Sandstone bodies of FA 4 are sharp and 

erosively based with lateral extents at the kilometer scale. These bodies are multi-story sandstone 

bodies with 2-3 individual stories. Some of the bases show a lag containing pebbles and bivalve 
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shells (Figure 2.7D) that can be used to delineate stories within composite sandstone bodies. The 

thickness of individual stories ranges from 3-9 m. Fine to medium sandstone is the predominant 

grain size in this facies association, with a sandstone to mudstone ratio of 95:5. A fining-upward 

trend is noted within each story. Internally, the stories are dominated by both 2D and 3D cross-

bedding that is up to 1m thick with rare interbedding of structureless sandstone.  Trough cross-

stratification is more common than planar-tabular cross-stratification. The cross-beds are thickest 

at the base (approximately 1 m thick), and gradually become thinner upward (10-20 cm). Some 

cross-beds have organic drapes in their troughs, but these are not ubiquitous and normally do not 

form a cyclic pattern (Figure 2.7C). Grain striping (i.e., distinct grain-size segregation between 

adjacent laminae) is found in some planar-tabular cross-beds (Figure 2.7E).  The paleocurrent, as 

derived from the cross-bedding, was dominantly toward 300° - 10°, but had a spread from 270° to 

70° (Figure 2.6). Lateral accretion (Figure 2.7A) is seen in this facies with the master surfaces 

dipping at a low angle (approximately 5°) in a general southwesterly direction. Bioturbation is 

sparse (BI 0-2) and consists mainly of the star-shaped trace fossil Dactyloidites (Figure 2.7B), 

which occurs normally in clusters near the top of the multi-story sandstone body, but also 

randomly and not in clusters throughout all stories. Rare Arenicolites and Planolites are also 

present.  Above the sandy portions of this FA, there is rarely an abrupt contact with fine, 

bioturbated sandstone, or lenticular to flaser-bedded sandstone. BI is 2-3 in these intervals, and 

Planolites is the most common trace fossil in the finer sediments. 
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Figure 2.6: Rose diagram of paleocurrents from FA 4 (n = 116). 

 

 Interpretation 

     The lag commonly present at the base of channel stories coupled with the fining-upward grain-

size trend, the upward decrease in the size of the sedimentary structures, the unidirectional 

paleocurrents, and the presence of the lateral-accretion surfaces indicate deposition in a laterally 

migrating channel environment.  

     The predominant north to northwest paleocurrent direction is consistent with the direction of 

delta progradation at this location which implies that deposition was dominated by fluvial 

currents (cf. Fielding, 2010).  The absence of southeasterly directed cross-beds suggests that 

flood-tidal currents were not strong. Cyclically organized organic drapes on dune toesets could 

reflect tidal influence. Such drapes are present, but are not common. Non-cyclic drapes can occur 

in fluvial systems due to carbonaceous material moving as bedload, which is the preferred 

interpretation for the drapes in this FA (cf. Martinius and Gowland, 2011). The rare structureless 

material could have accumulated in the thalweg of the channel due to rapid deposition of 

suspended sediment during a river flood (Ponten and Plink-Björklund, 2007) and/or as a result of 

failure of one or other of the channel banks.  
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     The grain striping that occurs in the Lajas is likely not the result of tidal modulation of river 

currents as described by Ponten and Plink-Björklund (2007), who suggest that weak tidal currents 

in the Gauja Formation could not reverse the flow, but were capable of slowing the current 

sufficiently to allow the deposition of finer material from suspension in a manner similar to mud 

draping (cf. Dalrymple and Choi, 2007). The Lajas Formation rarely contains some striping of 

this nature, but, because there is no cyclicity to the thickness of the fine-coarser alternation, it is 

thought that the striping is not indicative of tidal processes. The striping is, instead, likely the 

result of intermittent avalanching during times of lower flow. Avalanches occur intermittently 

due to the piling-up of coarser grains at the brink of the lee face until failure occurs. Between 

individual avalanches, finer sediment is deposited from suspension, causing the fine-coarse 

alternation, or the ‘stripes’ (Allen, 1965); by comparison, continuous avalanching occurs during 

times of higher flow and more rapid rates of sediment transport, and the size segregation that 

generates the stripes is not possible.  The low occurrence of grain striping could be related to 

preservation potential; times of low current speed (interflood periods) do not deposit as much 

sediment and are more rarely preserved than the deposits formed during floods (Jablonski, 2012). 

     These deposits differ from those of terminal distributary channels by their larger size and 

association with interdistributary bays (FA 5; see below) rather than with mouth bars. These are 

more proximal features than TDC’s. It is difficult to know whether these channels are more 

downstream and distributive, or more upstream and tributive. Blum et al. (2013) suggest that 

when a tributary river enters the backwater zone (defined as the distance upstream that basin 

processes influence river flow), meandering of the river decreases as aggradation increases and 

avulsion and distributary systems become dominant. Because of the presence of lateral migration 

in the Lajas, it might be that these channel deposits formed above the backwater zone.  The 

relatively coarse grain size of some of the sediment is also consistent with a relatively proximal 

depositional setting. However, the presence of Dactyloidites and rare cyclic drapes indicate the 
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presence of at least occasional incursion of sufficient sea water during low river flow (interflood) 

to cause a brackish setting (Agirrezabala and Gibert, 2004; cf. Bhattacharya, 2006), which is 

more likely to occur in a distributive setting. Lastly, the association of FA 4 with the 

interdistributary bays of FA 5also suggests a more distributive, downstream setting. Thus, it is 

difficult to say with certainty which type of channels these are but these apparently contradictory 

interpretations can be reconciled if these channels were distributary channels close to the 

backwater limit, with occasional incursion of sea water and tidal influence during periods of low 

river flow to create a brackish environment without allowing tides to have a profound effect on 

sedimentation. It is also likely that there is a continuum of types between the channels – some are 

closer to the backwater limit whereas some are slightly above. 
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Figure 2.7: Characteristics of FA 4. (A) Lateral-accretion surfaces (red lines) in a channel 

succession. Person crouching circled for scale. Red lines denote individual stories, except for 

the bed labelled FA 5. (B) Bedding-plane view of Dactyloidites. (C) Non-cyclical organic 

drapes on the toesets of dunes. (D) Erosional lag at the base of a channel. (E) Grain striping 

in channel cross-beds. 
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2.8 FA 5: Interdistributary Bays 

Description 

     This FA is composed of Facies F1a, F1b, F2b, F3a,b,c, F4 and F7. This FA exists in vertical 

association with the channels of FA 4 or with the flooding surfaces of FA 6a and 6b. The 

thickness of this FA can range from 1 m to almost 10 m. Occurrences are laterally continuous for 

distances on the order of kilometers until they are eroded into by overlying channel facies (FA 4).  

The sandstone to mudstone ratio is varied (60:40 – 85:15), but this FA normally contains more 

mudstone than adjacent FA’s.  Mudstone is manifested as either discrete layers (Figure 2.8A) that 

are continuous on the meter scale, or it can be intermixed homogenously by bioturbation in places 

where the BI is higher (up to BI 5) (Figure 2.8B, C). Where mudstone is found in discrete layers, 

it is characterized by a 5 to 10 cm-scale alternation of coarser and finer layers. The finer layers, 

which are normally <5 cm in thickness, are more prevalent at the base of the FA and can show 

tidal rhythmicity but this is not ubiquitous. These layers are normally highly bioturbated (BI = 4-

5) with Planolites as the dominant trace. Rarely, black, organic-rich ‘coaly’ layers up to 30 cm 

thick are present that can be laterally persistent over 100’s of meters. The coarser layers contain 

sand ranging from very fine sand with siltstone to upper fine sand. Commonly, the sandstone 

beds are thinnest at the base of the FA (around 5 cm in thickness) and become thicker towards the 

upper portion of the FA where they reach up to 10 cm thick (Figure 2.8A). This creates a 

coarsening- and sanding-upwards profile for the majority of FA 5 occurrences (Figure 2.8A); 

only rarely is a slight fining-upwards trend present. The sandstones are primarily structureless or 

rippled (most are current ripples but some appear to be symmetrical wave ripples; Figure 2.8D) or 

contain small-scale dune cross-bedding. Ripple and dune cross-bedding may locally have cyclic 

bundling of mudstone/organic laminae in their toesets. The BI in the sandstone layers can become 

quite high (up to BI 5), but it is more commonly around 3. Discrete traces are hard to distinguish 

but named traces have been identified as Planolites and Teichichnus. Organic flecs are prevalent 

throughout the entirety of this FA. 
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Figure 2.8: Details of FA 5. (A) Coarsening upwards unit of FA 5 with interbedded 

sandstone and mudstone. (B) Fine-grained homogenized FA 5 siltstone and sandstone. (C) A 

unit of FA 5 where the sandstone layers decrease in thickness slightly towards the top. Ten 

centimeter scale bar circled for scale. (D) Interbedded sandstone and mudstone of FA 5 

with a symmetrical wave ripple circled.  

 

Interpretation 

 

     Interdistributary bays are brackish settings characterized by the presence of both river (flood) 

and wave energy, although they are overall low energy in nature and are locations where muddy 

sediments accumulate (Elliott, 1974). In the Lajas, the high amount of mudstone (FA 5) 

compared with other FA’s suggests a low-energy setting. Both river and wave influence are 

denoted by the presence of the rare wave ripple coupled with current ripples that indicate both 

river-flood generated structures from the spill-over of neighboring distributary channels (Elliott, 

1974) and wave re-working due to exposure to the open ocean to the northwest (cf. Coleman and 

Gagliano, 1964). The alternating coarse and fine material is formed by flood and interflood 

bedding as coarser material is carried over or through breaches in the levees during floods and is 

deposited in the bay, whereas the fine layers are deposited from suspension during the interflood 

periods (Elliott, 1974). Periodic tidal influence is shown by cyclic drapes in the toesets of dunes 

during flood and interflood periods.  The general increase in the thickness of the beds upwards 
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and an increase in evidence of current energy as indicated by presence of dunes in the sandstone 

layers indicate the infilling of the water body by the progradation of crevasse splays and deltas, 

levees (Elliott, 1974) or minor tide-influenced mouth bars in brackish-water settings such as 

lagoons (Fielding, 2010).  A brackish to more open-marine setting is inferred by the high degree 

of bioturbation, coupled with the relatively high intensity of tide and wave action compared to the 

other FA’s. Because some occurrences of this FA are more highly bioturbated whereas others are 

less bioturbated insinuates a change in the degree of exposure to the ocean. Close vertical 

association with channel deposits (FA 4) suggests a genetic relationship between the two facies 

associations (cf. MacNaughton et al., 1997). 

2.9 FA 6: Flooding-Surface Lags  

     This facies association consists of both carbonate and siliciclastic units that can be interpreted 

as flooding surfaces. Flooding surfaces are common in the lower Lajas and are denoted by 

‘deeper-water’ sediments, such as large-wavelength HCS or large formset dunes lying sharply 

above ‘shallower-water’ deposits (normally FA 2 mouth bars, FA 4 distributary channel or FA5 

interdistributary bay deposits).  

FA 6a: Shell Layers 

 

Description 

 

     Shell layers up to 60 cm thick, composed of F6a and F6b, occur above interdistributary bays 

(FA 5), on top of distributary channels (FA 4) or on top of mouth bars (FA 2) after a regional 

flooding. Shells are mainly bivalves with Trigonia (McIlroy, 2007) being the most abundant, with 

rare gastropods thought to be Turritella (Figure 2.9D) intermixed with the bivalves.  One unit in 

particular above sandstone tongue 2 (see location in Chapter 3) contains a biodiversity that is 

higher than any other shell bed in the lower Lajas, with oysters and Trigonia, together with both 

colonial and, scleractinian corals (Figure 2.9E, F). Shells commonly have their long axis 

preferentially oriented horizontally, more often concave down than concave up (Figure 2.9A). 
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Most are disarticulated but some have both valves preserved together. The matrix between the 

shells is normally medium sandstone. Locally, black, sub-rounded pebbles up to 2 cm long are 

found as well (Figure 2.9C). The layers tend to be preferentially cemented, allowing them to be 

picked easily in photo panoramas. They have reasonable lateral continuity over tens of meters but 

become hard to follow in places without preferential cementation. It is thought that some layers 

are laterally extensive with uniform thickness, whereas some pinch and swell. 

 

Interpretation 

 

     The shell beds represent times of low siliciclastic input. Shells in the high-diversity coral-

bivalve layer do not have a strongly preferred orientation; thus, it is likely that they were more 

gently reworked after deposition. A nearly fully marine, offshore environment is inferred for this 

shell layer (Sharafi et al., 2013) because of its diverse biota including corals. The preferential 

horizontal orientation of the shells in the lower-diversity bivalve-shell beds, the presence of 

intraclasts and mostly disarticulated shells, denote re-working by waves or currents after 

deposition (Furisch and Pandey, 1999; Furisch and Oschmann, 1993; Sharafi et al., 2013). The 

medium sandstone matrix between the shells is presumably the result of winnowing of fines from 

the sediment (Ainsworth et al., 2008). The lack of a distinct fining-upwards succession precludes 

deposition solely as tempestites, although storm waves or currents must have prevented the fines 

from being deposited. The lack of associated sedimentary structures makes it difficult to 

determine which process dominated sedimentation. The presence of rare black, rounded to 

subrounded pebbles (likely reworked shale) within the shell beds can be the result of 

synsedimentary or early post-depositional diagenesis of deeper-water, fine-grained material, or 

they could be reworked burrows that underwent early diagenesis (Fursich and Pandey, 2003).  

These were likely carried landward during transgression.  
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Figure 2.9: Details of FA 6a. (A) Bivalve lag in cross-section, showing a preferential 

concave-down shell orientation. (B) Bivalve lag in plan view. (C) Bivalve lag in plan view 

with arrows showing black pebbles. (D) Lag including Turritella. (E)  Unknown colonial 

corals. (F) Plan view of a scleractinian coral. 
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FA 6b: Siliciclastic Flooding Surfaces 

  

Description 

 

     Siliciclastic flooding-surface deposits are composed of either large wavelength HCS (fine to 

very fine sand size) (F7; Figure 2.10A) or a large formset dune (F2b; upper fine sand size) 

(Figure 2.10B) that lies abruptly on shallower-water deposits (i.e., FA 4 or 5). These are not 

laterally continuous and can be followed for distances on the order of 100’s of meters. Where 

these are not present, the juxtaposition of deeper-water facies associations over shallower-water 

facies associations occur without an intervening lag. 

     Within the HCS-dominated flooding-surface deposits, BI is low (0-1) and HCS wavelengths 

are up to 2 m. The formset dune, which is 1.5 m thick at its crest with a wavelength of 

approximately 5 m, also shows very small amounts of bioturbation (BI = 0).  

Interpretation 

 

     The suite of structures present in these layers suggest that deposition occurred in a relatively 

deep-water environment. They are interpreted as flooding surfaces because they occur directly 

above shallower-water deposits (ie. FA 2a, FA 4, FA 5) inferring an increase in water depth.  

     The long-wavelength HCS and large-scale dunes that are found locally on the flooding 

surfaces represent seafloor reworking by waves and currents, respectively. The long wavelength 

of the HCS implies a relatively deep, offshore setting (Yang et al., 1996).  A rise of sea level is 

inferred by its stacking over FA 4. This increase in water depth caused regional flooding allowing 

for a more direct connection to the ocean and hence an increase in wave energy (Legler et al., 

2013). With regard to the large dunes, large dunes are common on transgressive surfaces (e.g., in 

the Adriatic Sea; Correggiari et al., 1996) where currents rework previously deposited sediment. 

The isolated nature of the formset dune implies sediment starvation and reworking under the 

influence of a current strong enough to form dunes (Correggiari et al., 1996).  Their morphology 
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is preserved by early cementation (Correggiari et al., 1996) or by a decrease in energy levels as 

transgression continues, causing the dunes to become abandoned.   

 

 

Figure 2.10: Variations of FA 6b. (A) Large-wavelength HCS, implying deep-water 

structures. Scale bar is 10 cm long. (B) Formset dune that underlies fine silty sandstone of a 

distal mouth bar (FA 2). Outline is in black and the foreset beds in red.  

 

          The high energy levels in both types of flooding surface, and the presence of a shifting, 

sandy substrate, preclude intense bioturbation. As lower-energy conditons become prevalent, the 

level of biotubation is able to increase as suitable burrowing conditions become prevalent and 

progradation commences again. 
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2.10 FA 7: Tidal Inlet 

Description 

 

     The tidal-inlet facies association only occurs at 2 locations. It is hard to distinguish the 

morphology of one of the examples because it is highly weathered, but the other shows a distinct 

channel morphology. This erosively based, concave-up, fining-upward, lenticular-shaped 

sediment body (Figure 2.12) can be seen cutting into low-angle delta-front clinoforms (FA 2a and 

b). This FA contains F1b, F2b, F3a and F8. A coarse-grained lag occurs at the base of the FA. 

Vertically, it is filled with fine to medium-grained sandstone that contains trough cross-beds up to 

1m thick that do not contain mudstone/organic drapes.  The mean paleocurrent direction is toward 

150° (i.e., landward; Figure 2.11), which is opposite to the flow direction within the 

fluvial/distributary channels (FA 4; Figure 2.6) and the overall progradation direction of the 

clinoforms (FA 2a). It does not show event bedding as is present in other FA’s. Lateral-accretion 

surfaces are visible, dipping to the southwest. These inclined-bedded deposits can be seen 

extending laterally for 20 m before a gradual lateral change to recessive, very fine sandstone to 

siltstone occurs. This facies association has a bioturbation index of 2-3 and the identifiable traces 

consist of Dactyloidites and Thalassinoides that is up to 8 cm in length, with rare Cruziana and 

possible Asterosoma.  
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Figure 2.11: Paleocurrent rose diagram for FA 7 (n=9). 

 

 

Figure 2.12: An interpreted tidal inlet (FA 7) eroding into the underlying low-angle delta-

front clinoform (FA 2a). The green arrow shows the dip direction (northward) of the deltaic 

clinoform surfaces whereas the yellow arrow shows the lateral-accretion direction of the 

master bedding in the tidal inlet. The red lines show the erosive base of the inlet and 

internal lateral accretion surfaces. Scale at bottom right corner. 

 

Interpretation 

 

     These concave-up, lenticular bodies with paleocurrents opposite (landwards) to the underlying 

clinoforms are interpreted to represent tidal inlets.  The fact that these bodies “hang” downward 

from a regional flooding surface that is elsewhere covered by FA 6 lags is consistent with this 

interpretation. The coarse lag and the high-energy, 3D dunes that formed the trough cross-

bedding are representative of the thalweg and the high-energy axis of the inlets. The lateral 

change to fine-grained material represents the infilling of the channel after abandonment (Moslow 

and Tye, 1985). The bioturbation found in this FA is indicative of brackish water. Tidal inlets are 

commonly the only preserved feature from wave-dominated barrier islands because the barrier 
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islands are normally ravined completely as the shoreline migrates landward during transgression. 

Inlets tend to be preserved because they scour deeply into the underlying substrate and thus can 

escape transgressive erosion (Moslow and Heron, 1978; Boyd, 2010). Thus, the upper part of the 

inlet succession has been eroded and it is difficult to determine whether it was a wave- or tide-

dominated inlet (cf. Moslow and Tye, 1985). Despite the small sample size of only 2 possible 

examples, they are interpreted to represent wave-dominated tidal inlets as the well-documented 

example consists of a flood-dominated channel which is more commonly associated with wave-

dominated inlets than with tide-dominated inlets that tend to be more commonly ebb-dominated 

(Reading and Collinson, 1996). The lack of significant clay drapes also attest to this as these are 

prevalent in tide-dominated inlets (Moslow and Tye, 1985), The lateral-accretion surfaces within 

the inlet fill indicate that the direction of longshore sediment transport was to the southwest (i.e., 

into the embayment that likely occupied the southward extension of the Neuquén Basin; Figure 

1.1) as would be expected if the predominant wave-energy flux was from the open basin to the 

north.    
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Chapter 3 

Facies Architecture of the River-Dominated Mouth Bars 

3.1 Introduction 

     The facies associations introduced in the previous chapter are not distributed evenly 

throughout the Lajas Formation (see Chapter 4 for a more detailed description). The basal 100 m 

of the lower Lajas contains near continuous exposure along an oblique, dip-oriented outcrop belt 

(Figure 3.1) that is dominated by facies associations FA 1 and FA 2a, with lesser amounts of FA 

3. These associations together show detailed insight into the mouth-bar region of a river-

dominated delta. While mouth bars and the associated delta front are common and important 

deltaic sub-environments, relatively few studies have analyzed both the architecture and facies in 

modern or ancient examples (Willis et al., 1999; Fielding et al., 2005, Olariu and Bhattacharya, 

2005; Gani and Bhattacharya 2007; Lee et al., 2007; Enge et al., 2010a, 2010b; Schomacker et 

al., 2010). Mouth-bar architecture has historically been considered simple but recent studies have 

shown significant variability and complexity in bar facies and architecture, which has caused 

misidentification and potentially an under representation of mouth bars in the documented 

literature (Fielding et al., 2005; Schomacker et al., 2010). 

     The mouth-bar deposits in the basal Lajas Formation are present in a series of sandstone 

“tongues” (which are analogous to parasequences) that are shown in Figure 3.2 and Figure 3.3 as 

“sst 1”, “sst 2”, etc. The tongues are sheet-like and can be traced along the outcrop for several 

kilometers. They are typically gradationally based and pass upwards from distal delta-

front/prodelta deposits (FA 1) into mouth-bar sediments (FA 2a) over a vertical thickness of 8-12 

m. Tongues coarsen upwards from very fine sandstone with silt to upper fine and medium 

sandstone and pinch out at their seaward (northern) end into fine-grained, bioturbated distal delta-

front deposits (FA 1).   
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Figure 3.1: Region of detailed study in this chapter as shown in dotted yellow box. Exposure 

is nearly continuous.  The section is oriented oblique to the paleocurrent and delta-

progradation directions but has a significant dip component. The arrows represent the 

average paleocurrents. Note the difference in scale (i.e., number of measurements) between 

the two rose diagrams. 
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Figure 3.2: Tops of the 4 sandstone tongues (sst) exposed in the lower Lajas; refer also to 

Figure 3.3 around 2500 m. The black line is the top of sst 1, which is the stratigraphically 

highest and hardest tongue to observe in detail due to the widespread development of cliffs 

and the weathered nature of the outcrop. The yellow line denotes the top of sst 2 and is the 

main tongue which shows well-developed mouth-bar deposits and is the basis for the 

majority of this chapter. The blue line denotes the top of sst 3.  This surface is broadly 

planar, but appears irregular due to the three-dimensional nature of this part of the 

outcrop and the effects of perspective. The red line denotes the top of sst 4, which is nearly 

all siltstone at the distal location of this photo. 

 

     This chapter explores the architecture of  the river-dominated mouth bars of FA 2a, as well as 

their internal structure and relation with associated facies associations FA 1 (distal delta front to 

prodelta) and FA 3 (terminal distributary channels). It is organized to build upwards from the 

smallest feature (clinothem beds) through individual mouth bars to mouth-bar complexes. While 

there are 4 sandstone tongues in the Lajas, the second highest (sst 2) exhibits the most complete 

exposure and has the best access and thus is the primary focus of this chapter.  

3.2 Introduction to River-Dominated Mouth Bars 

 

     Mouth bars form as a river enters a larger body of water such as a lake or ocean, and the flow 

becomes unconfined, reducing the river’s ability to carry sediment. The sandy sediment deposited 

at the river mouth by this process is called a mouth bar. The morphology and sedimentary facies 
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are determined by the dominant sediment-transporting agent in the river-mouth area (river, tide or 

wave), grain size, basin morphology, water depth and basin slope (Wright, 1977; Fielding et al., 

2005). Features common to most mouth bars, and especially river-dominated mouth bars that are 

not modified by tidal or wave processes, include an inner bar, bar crest, bar front, and distal bar 

(Figure 3.4; Wright, 1977; Bhattacharya, 2010). The inner bar area is characterized by current-

generated dunes and ripples as flow is still confined at this location (Bhattacharya, 2010). As 

sediment is deposited because of decreasing current speed, a topographic high termed the bar 

crest will form, creating a pressure gradient above it. As water flows over the bar crest, it 

accelerates as the flow is compressed into a smaller cross-sectional area. This flow acceleration 

erodes the stoss side of the bar. On the basinward side, the flow spreads laterally and sediment is 

deposited and either avalanches, moves downslope as turbidity currents (Enge et al., 2010a) or 

falls from suspension down the seaward face of the bar crest, creating the bar-front clinoforms. 

Bar-front deposits prograde as flow continually erodes the stoss side of the bar and deposits that 

sediment on the lee side (Edmonds and Slingerland, 2007). This process is accelerated during 

river floods (Wright, 1977; Fielding et al., 2005). Sandy bar-front deposits grade into fine-grained 

distal-bar and prodelta deposits that can contain fine-grained material mixed with sand beds that 

contain partial Bouma sequences generated by failures of the delta-front slope or with sandy 

hyperpycnites that are produced by sustained, high density outflows that can occur during river 

floods (Wellner et al., 2005; Mulder et al., 2003).  Prodelta deposits are variably bioturbated 

because sedimentation rates are slower than on the delta front and salinity levels are more nearly 

normal marine during times of low river discharge (Bhattacharya, 2006). Eventually, a bar will 

aggrade to a height at which the flow can no longer go over the bar crest and will instead travel 

around it to form a new mouth bar in an adjacent interdistributary area (Fielding et al., 2005; 

Enge et al., 2010a). A bar will grow primarily downstream and laterally, with a minor component 
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of upstream accretion when the bar grows high enough to impede flow, causing it to decelerate 

toward the bar crest (Edmonds and Slingerland, 2007; Olariu and Bhattacharya, 2010). 

     As a series of mouth bars is generated by local switching of terminal distributary channels, 

they coalesce to form mouth-bar complexes, which can further coalesce to form even larger-scale 

delta lobes (Bhattacharya, 2010; Wellner et al., 2005). Individual mouth bars range in length from 

200 m (Tye, 2004) to 9.6 km (Reynolds, 1999), whereas mouth-bar complexes can be more than 

11 km long (Wellner et al., 2005). The width is thought to be one half of the length in the case of 

river-dominated bars (Reynolds, 1999). 

 

3.3 River-Dominated Mouth Bars in the Lajas Formation 

     A clinoform is a package of basinward-dipping sandy beds that represents an increment in the 

progradation of a delta (Rich, 1951). The most well-defined clinoforms in the Lajas are found in 

sandstone tongue 2 from 1500-2100 m (Figure 3.3). Clinoforms coarsen upward and fine 

seaward, and are composed of ‘foresets’ and ‘bottomsets’ but lack ‘topsets.’ The lack of topsets is 

locally attributed to low-angle scouring by rare TDC’s (FA 3) but is mainly due to the presence of 

a planar erosional surface that truncates the top of the foresets (FA 6a,b). Rarely, concentrations 

of bivalves and coral beds (FA 6a) are found along this erosional surface, which is interpreted as 

a ravinement surface. A clinoform is internally composed of clinothems, which are the individual 

beds within a clinoform. Genetically related clinothems are considered to be a mouth bar. Mouth 

bars can amalgamate together to form mouth-bar complexes. This hierarchy from clinothem to 

mouth bar to mouth-bar complex is described below.   
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Figure 3.3: Line drawing of 3 km of cliff section south of Los Molles (Figure 3.1) depicting the architecture of the Lajas Formation mouth 

bars. This section was constructed from photographic panoramas (Appendix B) supplemented by 12 vertical logs (approximate locations 

indicated at the top of the section; Appendix A). The lower panel is a continuation of the right-hand end of the upper panel. “DF” stands 

for ‘delta front’ which are the names of the logs as found in Figure 3.1. ‘Sst’ stands for ‘sandstone tongue’ and is used to delineate 

parasequences.
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Figure 3.4: Classic shape of a river-dominated mouth bar including inner bar, bar crest and 

distal bar. From Wright (1977). 

 

3.3.1 Level 1: Clinothems 

     Most clinothems are 10-20 cm in thickness, but reach a maximum of 50 cm, and are typically 

thickest near the top of the clinoform (FA 2) and pinch out distally into the muddy bioturbated 

prodelta deposits (FA 1). One of the distinctive characteristics of clinothems in the Lajas is the 

ability to see an event style of bedding through foreset, toeset and, to a lesser degree, bottomset 

parts of the clinoform.  

     In the foreset region of a clinoform, the clinothems dip up to 16° with an average of ~10° and 

flatten outward into the bottomsets until reaching practically horizontal (Figure 3.5). Foreset 

clinothems are internally composed of structureless material (facies F8) or inclined parallel-

laminated sandstone (facies F6). These facies imply rapid deposition and/or deposition by a high-

speed current, and can suggest upper flow regime deposits. It is rare that cross-beds (up to 30 cm 

thick) are found within the clinothems (facies F2a, minor amounts of F2b).  The cross-beds are 

oriented toward the northwest quadrant with the majority showing a northwest paleoflow 

direction (Figure 3.1). The presence of flood-oriented dunes within the clinoforms is extremely 

rare, with only one example showing a southerly direction. In some cases it is possible to see 

individual clinothem beds fine upwards.  The fining upwards within each clinothem is likely the 

result of waning energy at the end of a river flood and is the manifestation of event bedding in the 

foresets. Successive clinothems in the clinoform foresets show sandstone-on-sandstone contacts 
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implying the presence of flows with energy levels too high for the deposition of fine-grained 

material (cf. Dixon et al., 2012) or that mudstone was deposited during the interflood period but 

was eroded by the next river flood (refer to Chapter 2).  

     Foreset beds in the clinoform packages pass seaward gradationally through toesets into 

bottomsets over distances of 30-80 m. The toesets may contain well-defined or poorly-defined 

event beds (Figure 3.5). Event beds are defined by an alternation of unbioturbated, sharp-based 

fine to medium sandstone (facies F2a, F6 or F8) and bioturbated, gradationally based very fine 

sandstone with siltstone (facies F1a, F1b). The coarser sandstones are deposited as the river flood 

begins to wane, whereas the finer layers are deposited and bioturbated in the time between 

successive flood events (See Chapter 2). The poorly defined event beds found  in some clinothem 

toesets are slightly different in that they are represented by alternation of coarser and finer layers 

(fine sandstone and very fine sandstone with a silty matrix, successively) that lack a distinct and 

sharp contact at the base of the coarser layers. The coarser layers do not show well preserved 

sedimentary structures (Figure 3.5). It is likely that the difference between the locations of a well-

defined or poorly-defined event bed relates to the distance from the TDC, with poorly defined 

beds being closer to the TDC as sedimentation rates are higher there and interflood deposits are 

not as well developed. Some toeset beds can contain horizontal laminae composed of 

comminuted organic material (‘tea leaves’) in a non-cyclic pattern. Toeset beds eventually pass 

seaward into bottomsets that contain remnant bedding that consists of highly bioturbated (BI =3-

5), fine sandstone to siltstone (FA 1). High degrees of bioturbation preclude the preservation of 

sedimentary structures except in very rare instances where parallel laminations are present within 

the beds. Identifiable traces include Rosselia, Rhizocorallium?, Palaeophycus, Planolites and 

Skolithos.  
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Figure 3.5: Schematic representation of an ideal clinoform. Parallel-laminated, fining-

upward foresets (right) grade into more classic event-bedded toesets (middle), that in turn 

pass seawards into bioturbated, silty fine sandstone (left). The dotted pattern within the 

toeset and bottomset beds indicate bioturbation which tends to obscure the event bedding. 

Many bottomsets in the Lajas downlap onto the distal delta-front/prodeltaic material (FA 1) 

of the preceding mouth bar.  

 

     2D dunes up to about 75 cm in height can be seldom found migrating down the foreset of 

clinoforms where the slope of the clinothems is less than about 7° (at 1400 m in sst 2; in 

proximity to the lateral change to FA 1).  These dunes die out in the down-dip direction.  Where 

clinothem dip is lower (7° or less), the clinothems contain well-defined event beds in their 

foresets and toesets. These locations are further into the basin and likely farther from the TDC 

feeding the clinothem. The distal location allows event beds to be well developed here because 

interflood beds are better preserved. Because these clinothems are lower angle, it is more likely 

that dunes are able to form and migrate down the dipping surface during river floods. 
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3.3.2 Level 2: Mouth Bars 

     Mouth bars are composed of genetically related clinothems deposited during a single, discrete 

episode of river-mouth progradation. Mouth bars are delineated visually by the presence of 

conformable contacts between the sets of constituent clinothems and a uniform dip direction 

within each set which is termed a ‘clinoform’. The tendency is for the dip of the internal 

clinothem foresets to increase basinwards within each set of clinothems (mouth bar) until a 

sudden decrease in dip is reached, corresponding to the beginning of a new mouth bar (Figure 3.6 

and Figure 3.7). The average dips of the clinothems are lower seawards (Figure 3.3), but even so, 

within each individual mouth bar this pattern still exists. Such changes in dip can be subtle and 

difficult to recognize (Figure 3.8). Clinothems at the beginning of a new mouth bar tend to 

become flatter, and extend over longer distances than those at the seaward end, where the 

clinothems are shorter and steeper.  

     This geometry is formed by autocyclic avulsion as aggradation and progradation of a mouth 

bar into the basin forced the flow to bifurcate around the mouth bar into a previous 

interdistributary area, forming a new mouth bar at the seaward end of the newly established 

terminal distributary channel (Olariu and Bhattacharya, 2006; Enge et al., 2010a). Each 

successive bar grew seaward and laterally until it impinged on an older mouth-bar, onlapping and 

amalgamating with it, which forms a compensational stacking pattern (Bhattacharya, 2006; Enge 

et al., 2010a; Plink-Björklund, 2012) (Figure 3.6). 

     The presence of terminal distributary channels (TDC’s) (FA 3) can create irregularities in the 

clinoform geometry. Minor incisions into the underlying clinoform are infilled, forming an 

onlapping or draping geometry within the incision as the channel is filled in ways described for 

FA 3 in Chapter 2 (Figure 3.9). TDC’s occur in the uppermost few meters of the clinoforms and 

thus can help delineate between stacked clinoform sets (Figure 3.3).  
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Figure 3.6: Mouth bars in plan view (left) are individually defined as singular lenticular 

bodies. In cross-section, we can identify individual mouth bars by searching for abrupt 

changes in dip direction and angle. Mouth bars can be seen onlapping previous mouth bars 

at their meeting point in strike section (E-F). In dip section (G-H), it is possible to see 

increasing dips within a single mouth bar; at the contact with the newer mouth bar, there is 

an abrupt decrease in dip. Numerous mouth bars stacked in this manner form a mouth-bar 

complex.  
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Figure 3.7: Uninterpreted and interpreted outcrop photo, showing 2 distinct mouth bars 

(FA 2a; contact denoted by yellow line).  Immediately above the contact, the clinothem dip 

is much shallower as compared to below the contact. A TDC (FA 3) is shown at the right 

side (highlighted in green). This photo is from sandstone tongue 2, around the 1750 m 

location (Figure 3.3). 
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Figure 3.8: Example of a subtle change in clinothem dip that defines the contact between 

two mouth bars. The thick black line denotes the contact between the two mouth bars, 

where clinothems above the line dip less steeply than those below the line. Backpack circled 

for scale. Photo from sst 2, around the 1950 m position (Figure 3.3).  

 

 

Figure 3.9: Erosionally based TDC containing low-energy abandonment facies separating 

individual mouth bars. Photos from sst 2, around 1500 m (Figure 3.3). The black lines 

represent the bases of the TDC. Left photo shows backpack at lower right for scale (about 

60 cm high). 
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     The dimensions of a sand body are important in exploration and production because the size 

will dictate how much oil is potentially contained in the reservoir. Eight mouth bars have been 

identified in the study area of the Lajas Formation. Following Enge et al. (2010b), the length of 

each mouth-bar sediment body was taken as the distance from the updip pinchout where the body 

is truncated by the flooding surface to the distal end where the bottomsets become 

indistinguishable from more distal delta-front and prodelatic deposits, as measured using Google 

Earth, photographic  panoramas and Figure 3.3. This method may be somewhat subjective, 

depending on the placement of the distal end of the bar. However, it provides a reasonable 

estimate for the sizes of the mouth bars. Lengths of the mouth bars are likely to be slightly longer 

than measured because of the discrepancy between the cliff-line orientation and the direction of 

progradation (Figure 3.1). The average (n=8) length of mouth bars in the Lajas is approximately 

400 m. The length to width ratio in a river-dominated delta is believed to be 2:1 (Lowry and 

Raheim, 1989; Reynolds, 1999), so an average width, perpendicular to the main progradation 

direction, would be approximately 200 m. Sizes of the mouth bars in the Lajas are comparable to 

those found in the Ferron Sandstone, where the lengths are 200-300 m (Enge and Howell, 2010), 

and with modern mouth bars, such as those at the mouth of the Colville River with modal lengths 

of 430 m (Tye, 2004).  

3.3.3 Level 3: Mouth-Bar Complexes  

     Mouth-bar complexes are groupings of mouth bars formed by repeated avulsion and 

progradation of the mouth-bar system on the delta front. A mouth-bar complex forms when 

avulsion occurs numerous times at a kilometer scale such that the mouth bars amalgamate. 

Mouth-bar complexes continue to grow until the accommodation space between two bounding 

distributary channels is infilled or an upstream, larger-scale avulsion occurs (Wellner et al., 

2005). Figure 3.10 shows the difference between a mouth bar and a mouth-bar complex. Delta 
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lobes undergo similar episodes of repeated avulsion and progradation but on an even larger scale 

(can be around 17 km long and 16 km wide; Wellner et al., 2005). 

 

Figure 3.10: An individual mouth bar (left) amalgamates with other mouth bars to form a 

mouth-bar complex (right), bounded by larger distributary channels (in blue). From 

Wellner et al. (2005). 

 

     In the lower Lajas, each sandstone tongue is interpreted to be a mouth-bar complex (sst1, sst2 

etc. in Figure 3.11). The progradation direction of each individual mouth bar does not vary 

greatly within each sandstone tongue, insinuating attachment to a single channel with no major 

re-organization of the delta within the tongues. Between the tongues, however, major 

reorganization is inferred by the presence of the intervening distal delta-front to prodeltaic 

sediments (FA 1) that suggests abandonment of the mouth-bar complex and/or a regional sea-

level rise that moved the region of deposition to a different position within the larger delta.  

     Sea-level change occurs on different frequencies, with 1
st
-order being longest-period 

fluctuations and 6
th
-order or higher being the shortest-period fluctuations (Catuneanu, 2006). It is 

hypothesized that the mouth-bar complexes, or sandstone tongues, in the Lajas represent 4
th
 or 

5
th
-order relative sea-level changes. By looking at changes in the trajectory of the individual 

mouth bars, it is possible to delineate a higher-order relative sea-level cycle that occurred during 
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the formation of sandstone tongue 2. The exact order of this higher-order cycle is difficult to 

discern. 

 

Figure 3.11: Trajectories (red arrows) of mouth bars within the mouth-bar complex of 

sandstone tongue 2 are delineated by the approximate rollover point in adjacent mouth 

bars. These demonstrate higher-order changes in the relative sea-level curve. 

 

     Analysis of the trajectory of mouth bars was done by tracking the location of the approximate 

rollover point of adjacent mouth bars (Figure 3.11). Mouth bars 1 to 5 (Figure 3.11) display a 

horizontal progradational trajectory interpreted as a highstand systems tract. A downward 

trajectory is found between mouth bars 5 and 6, as indicated especially by the presence of a TDC 

at the distal tip of mouth-bar 6, at an elevation well below the top of the older clinoforms.  This 

down-stepping is interpreted to represent the falling-stage of the higher-order sequence. Mouth- 

bars 7 to 8 show both aggradation and progradation as indicated by an upward and seaward 

trajectory relative to mouth-bar 6, which is interpreted to be the lowstand systems tract of the 
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higher-order sequence.  This is followed by a major transgression at which time the top of 

sandstone tongue 2 undergoes ravinement. Therefore, within sandstone tongue 2, it is possible to 

view high-order changes in sea level during the deposition of a mouth-bar complex. Extrapolating 

from this information, it is interpreted that each sandstone tongue (sst1 to sst 4; Figure 3.11) is 

composed of numerous compensationally stacked mouth bars that demonstrate these internal 

high-frequency relative sea-level cycles.  Furthermore, each tongue contains a sequence boundary 

(sensu Exxon; Catuneanu, 2006) of a high order. 

3.4 Differences Between Sandstone Tongues  

     In the prior sections, the discussion of the architecture looked exclusively at the superbly 

exposed architecture of sandstone tongue 2. However, sandstone tongues 1 and 2 have some 

different internal characteristics showing variability between mouth-bar complexes. In sandstone 

tongue 1, outcrop quality does not permit individual mouth bars to be delineated, but it is 

hypothesized that this tongue has similar architecture to sandstone tongue 2. Because of the lower 

dip angles of the clinothems in sandstone tongue 1, it is more difficult to discern individual mouth 

bars, and LIDAR or other imaging software would likely be needed to detect changes in dip 

direction (cf. Enge et al., 2010a).  

     Sandstone tongue 1 contains abundant structureless material and higher BI values (up to BI 5). 

Outcrop quality is excellent on the large scale (Figure 3.12A), but, on the small scale, yields few 

sedimentary structures (Figure 3.12B). The shallowly dipping clinothems are dominantly 

composed of structureless fine to medium sandstone with intermittent trough cross-stratification 

and rare plane-parallel lamination (Figure 3.12D). Ophiomorpha, Dactyloidites and 

Thalassinoides trace fossils are present in these sandstone layers. Bioturbation is prevalent (BI 2-

4) in much of these structureless sandstones. The structureless sandstones could have been a 

product of outcrop weathering, rapid deposition, mechanical mixing during mass movements,  

cryptobioturbation (Gingras et al., 2005) or macro-bioturbation that destroys structures but does 
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not leave any recognizable trace fossils. Original rapidly deposited structureless sandstones are 

likely present. Weathering could play a factor in some of the structureless portions of sandstone 

tongue 1, but this cannot explain the lack of structures on clean surfaces. Cryptobioturbation 

(Gingras et al., 2005; Pemberton et al., 2008) or macro-bioturbation that does not leave any 

distinct trace fossils could help explain this because trough cross-beds are found rarely in 

seemingly structureless material, leading to the conclusion that structures were once present but 

reworking of the sand has obliterated most of the evidence.   

     In other locations in sandstone tongue 1, a defined distinction between bioturbated, 

structureless sandstone and cross-stratified sandstone exists. The two facies alternate in an event-

bed manner with the cross-bedded fine to medium sandstone intervals (interpreted as flood 

deposits) having a sharp base, grading into structureless, bioturbated fine sandstone (interpreted 

as interflood deposits). The thicknesses of the flood and interflood layers are variable, ranging 

from 5 cm to 40 cm (Figure 3.12 C, E). Much like event beds in sandstone tongue 2, BI is higher 

in the finer grained, interflood beds (BI = 4-5). Ophiomorpha is the major trace fossil present. 

The flood deposits in this tongue tend to have a higher BI, with values varying from BI 2-4. 

Where visible, the flood-deposit paleocurrents are less reliable because of the rarity and trough-

like shape of the sets; only a general orientation rather than a reliable direction could be 

measured. Paleocurrents in the flood deposits are slightly more toward the west/northwest.  No 

TDC’s are found in sandstone tongue 1. 

     In comparison to sandstone tongue 2, sandstone tongue 1 has a lower dip angle, more poorly 

defined clinothems, a more west/northwest direction of progradation, a lack TDC’s and a higher 

overall BI. The change in BI, clinothem dip and paleocurrent direction can be attributed to where 

the two mouth-bar complexes are intersected by the cliff line. The available section of sst 1 

apparently does not cut directly through the proximal portions of a mouth bar or a mouth-bar 

complex, but instead cuts through material at the edge of a complex where TDC’s are not present 
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(Figure 3.13). The lower dip angles and more westerly paleocurrent directions suggest a more 

easterly source, which, because of the northeasterly cliff orientation, provides a more strike-

oriented view relative to sandstone tongue 2. Lateral, off-axis regions of the mouth-bar complex 

are likely to have lower-energy facies with higher levels of bioturbation that are similar to the 

distal facies of a mouth bar complex (Wellner et al., 2005). Distal and lateral portions of mouth-

bar complexes have slower deposition rates than proximal portions and can also be more open to 

the sea (especially the distal portions) and thus create an opportunity for higher BI levels.  Event 

beds are consistent with both lateral and down-dip positions within the mouth-bar complex 

because interflood layers can be well preserved, allowing distinct event beds to be seen. By 

contrast, the cliff section through sandstone tongue 2 (Figure 3.13) likely cuts the center of a 

mouth-bar complex due to its lack of bioturbation (until the seaward end where it grades into 

prodelta) and the relative abundance of TDC’s (cf. Lee et al., 2007).  

3.5 Comparative Examples 

     The interpreted compensational-style architecture shown by the onlap relationship of 

successive mouth bars to form a mouth-bar complex is similar to that seen in the Ferron 

Sandstone and the Panther Tongue (Enge et al., 2010a, b; Olariu et al., 2010) in Utah. Some 

major differences include the absence of TDC’s in the Utah outcrops, which is attributed to high 

amounts of transgressive erosion removing traces of the channels (Enge et al., 2010b). The Lajas 

contains clinoforms with higher dip angles (Figure 3.14) than the Ferron (up to 5º) or the Panther 

Tongue (up to 3º) (Enge et al., 2010b; Olariu et al., 2010).  Mouth bars in the Lajas are more 

similar in size to those in the Ferron than in the Panther Tongue (Table 3.1), and also have 

clinothem dip angles that are closer to those in the Ferron, although the Lajas dip angles are still 

much steeper. The Panther Tongue has lower dip angles and greater clinothem thickness than the 

Lajas, although its grain size is similar to the Lajas. Both the Lajas and the Ferron were thought to 
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Figure 3.12: Features of sandstone tongue 1. (A) Large-scale clinothems, represented by 

black lines. The yellow lines show the approximately horizontal bedding in the overlying 

mudstone deposits. (B) Internal structureless nature of clinoforms in (A). Ophiomorpha 

burrows indicated by black arrows. (C) Event-style bedding (break denoted with black line) 

with Ophiomorpha burrows (black arrows) below the black line representing the interflood 

layer and trough cross-bedding above the black line representing the flood layer. (D) 

Trough cross-bedding in otherwise structureless medium sandstone. (E) Event bedding in 

sandstone tongue 1. Black line denotes separation from underlying structureless, 

bioturbated fine sandstone with siltstone and overlying trough cross-stratified sandstone. 
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Figure 3.13: Schematic map views showing interpreted way that the cliff outcrop (black 

line) cuts through sandstone tongue 2 (left) and sandstone tongue 1 (right), yielding 

different sedimentary structures, BI levels and clinoform dips. In sandstone tongue 2, the 

cliff is cuts through the central sandy portion of the mouth-bar complex, showing a 

compensational mouth-bar stacking pattern. In sandstone tongue 1, the cliff line skirts the 

edge of a mouth-bar complex, causing the distal event bedded and bioturbated portions to 

be visible. 

 

have been deposited in a sheltered bay where wave reworking was minimal, whereas the Panther 

Tongue was more open to marine settings and thus wave reworking (Enge et al., 2010b). Despite 

these differences, all 3 formations are interpreted as river-dominated in origin, suggesting factors 

such as grain size, discharge characteristics of the river (e.g., shape of the flood hydrograph), 

location on the relative sea-level cycle and wave influence can affect clinoform thickness and dip 

angle. 

     The causes for the differences between the three formations are difficult to pinpoint precisely. 

Enge et al. (2010b) suggest that the differences in geometry and clinothem dip angle between the 

Ferron and the Panther Tongue are due to a combination of factors such as mode of emplacement 

(hyperpycnal flows vs. turbididic flows) and position within the basin (sheltered bay vs. open 

ocean). It is also suggested that the Panther Tongue had larger floods than the Ferron Sandstone 

(Enge et al., 2010b). They suggest that the hyperpycnal flows are more constant, whereas the 

turbiditic flows are more sporadic which allows for fine material from suspension to be deposited 
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in interflood times, thereby lowering the dip angle. A discussion on the effects of waves is given 

below. 

     The depositional process responsible for the foreset beds in the Lajas is difficult to decipher. 

Fining-upward clinothem beds, some of which change from structureless to inclined parallel 

lamination, are reminiscent of partial Bouma sequences (Olariu et al., 2010). Clinothems that do 

not show a fining upwards trend could have been deposited directly by grain flows from the bar 

crest (Catuneanu, 2006). Only a few event beds in the Lajas seem to exhibit equivocal evidence 

of pulsating flow conditions that are thought to be characteristic of hyperpycnal beds, such as a 

change from structureless to laminated and then back to structureless (Olariu et al., 2010). Thus, 

it is suggested that the Lajas clinothems were more likely emplaced by a combination of delta-

front turbidites and grain flows than by hyperpycnal flows. Since the Lajas and the Panther 

Tongue have similar grain sizes (Table 3.1) and both were more likely constructed by turbidity 

currents, the question remains as to why the Lajas has higher clinothem dip angles. One 

difference between the two is their setting. The Lajas was formed in an embayment (McIlroy et 

al., 2005) whereas the Panther Tongue was more open to the ocean and thus probably 

experienced some wave action (Enge et al., 2010b). It is possible that waves contributed to 

lowering the clinothem dip angle. It is known that turbidity currents are auto-suspending in the 

sense that the turbulence within the current keeps the sediment within the flow in suspension 

(Bagnold, 1962; Middleton, 1993). A study by Traykovski et al. (2000) has shown that waves are 

able to re-suspend fine-grained sediment on shelves to high enough concentrations that they are 

able to flow downslope. These fine-grained flows generate turbulent energy. If this is true on 

shelves, perhaps it can similarly be applied to the delta-front region. If waves can re-suspend fine 

sediment sufficiently to generate flows that become turbulent, perhaps this will increase the 

turbulent energy and increase the sediment concentration and thus the run-out distance of the 

flow. This may in turn be responsible for the lower-angle clinothem dips in the Panther Tongue in 
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comparison to the Lajas, given that evidence of wave action is rare in the Lajas. Another 

difference between the two formations relates to the presence of grain flows in the Lajas. Other 

studies have shown that grain flows can contribute to the formation of clinothems with dip angles 

up to the angle of repose (Catuneanu, 2006). Perhaps these two factors together can partially 

explain the increase of the relative angle of the clinothems in the Lajas compared to the Panther 

Tongue. More work on clinothems in general is needed to decipher exactly what affects 

clinothem dip angle and how. 

 

 

 Systems 

tract 

Dip angle Grain-size Mouth bar 

length 

Environment 

Lajas 

Formation 

HST (each 

sandstone 

tongue is 

likely fourth 

order) 

5-15° 

(average ~ 

10-12°) 

Fine to 

medium 

sandstone 

300- 

approximately 

600 m 

(average ~ 

400 m) 

Fault-defined 

embayment; 

protected from 

ocean waves 

Ferron 

Sandstone 

Late HST 

(fourth 

order) 

1.75-5° 

(average 

around 3°)  

Fine 

sandstone 

200-300 m Interdistributary 

bay; protected 

from ocean 

waves 

Panther 

Tongue 

FSST 

(unknown 

order) 

0.25-3° 

(average 

~1.5°)  

Predominately 

fine sandstone 

but up to 

medium 

sandstone 

600-700 m  Open seaway 

Table 3.1: A comparison of mouth-bar characteristics between the Lajas Formation, Ferron 

Sandstone and Panther Tongue. Ferron and Panther Tongue data from Enge et al. (2010b) 

and Olariu et al (2010), respectively.  
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Figure 3.14: A comparison of dip angles of the low-angle Panther Tongue clinothems 

(“Outcrop” values; data from Olariu et al., 2010) with those as measured in log DF 11 

(Figure 1.5) of the lower Lajas. 
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Chapter 4 

Stratigraphic Framework 

4.1 Overview 

     Detailed logging of the succession in the study area shows that two distinct sequences are 

present (Figures 4.1, 4.2). Chapter 3 documented in detail the architecture of the river-dominated 

mouth–bar deposits that occurred in the older sequence, Sequence 1. Here, we place this in its 

stratigraphic context and compare these deposits to the stratigraphically younger portions of the 

succession. The different systems tracts present in the Lajas show varying degrees of tidal 

influence that affect the deltaic morphology. 

     At the most general level, the lower Lajas in the study area is composed of two sequences 

(Figure 4.1, 4.2) that show vertical changes in the facies associations present. The lower sequence 

(Sequence 1, which is equivalent to the “Burgess Sequence” of McIlroy et al. (2005)) was 

examined in detail in Chapter 3. It is composed of mouth-bar complexes (FA 2a and 3) 

alternating with prodeltaic to distal delta-front sediments (FA 1) deposited during the HST of 

Sequence 1. The underlying part of the succession was not analyzed, so the depositional 

environment(s) of the lower part of Sequence 1 is not known, although it is composed of muddy 

deposits that apparently are a continuation of the deep-water deposits of the Los Molles 

Formation.  

     The second sequence (Sequence 2; equivalent to the “Pushme-Pullyou Sequence” of McIlroy 

et al. (2005)) preserves a complete relative sea-level cycle. The lower part of Sequence 2 is 

composed of fluvial to distributary channel sediments (FA 4) alternating with interdistributary 

bays (FA 5).  This grades vertically into tidally influenced mouth-bar deposits (FA 2b). The 

vertical stacking pattern of this sequence has not yet been described and will be investigated 

below.  
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Figure 4.1: Composite idealized section of the lower Lajas Formation.  
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Figure 4.2: Stratigraphic correlation panel of the study area with sections labelled, showing the distribution of facies associations and 

systems tracts. Seaward is to the left. The HST of Sequence 1 is discussed in Chapter 3 (sst 1 – sst 4).
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4.2 Sequence Boundary 

     The sequence boundary separating Sequence 1 from Sequence 2 is placed at the base of a 

fluvial-channel sandbody (FA 4) that lies abruptly above distal delta-front sediments (FA 1) 

(Figure 4.1, 4.2). Four distinct observations identify this level as the sequence boundary: 1) 

regional low-angle incision into the underlying delta-front to prodelta deposits (McIlroy et al., 

2005; Figure 4.3);  2) the presence of a pebble lag at the base of the fluvial-channel deposits, 

together with some of the coarsest sand present in the entire succession, are consistent with a sea-

level fall; 3) a vertical change in facies associations from the underlying mouth-bar and delta-

front to prodelta (FA 1 and 2a)  deposits to the overlying thick, stacked succession of channel 

deposits and interdistributary bays (FA 4 and 5); and 4) a change in bioturbation style from 

intensely bioturbated sediments with a more marine trace-fossil assemblage (Cruziana, 

Teichichnus, Paleophycus, Planolites, Rosselia?, Rhizocorallium?, Thalassinoides) in the 

underlying delta-front to prodelta deposits to evidence of more brackish water in the overlying 

subaqueous channels and interdistributary-bay succession (Dactyloidites, Planolites; 

Agirrezabala et al., 2004). The incision that accompanies the sequence boundary (Figure 4.1) cuts 

down ca. 30 m into the underlying delta-front deposits (McIlroy et al., 2005). The documented 

incision does not indicate the presence of a discrete valley but suggests instead a gently 

undulating erosion surface on which the LST channel deposits (FA 4; see below for description of 

LST) accumulated (McIlroy et al., 2005). The shallow nature of the incision has been attributed to 

high rates of subsidence preventing major fluvial incision (cf. Dam and Surlyk, 1997; Ichaso, 

2012). 

4.3 Below the Sequence Boundary (Sequence 1) 

     This basal portion of the Lajas Formation overlies the deep-water (turbidite) deposits of the 

Los Molles Formation, which were not studied here; progradation of the deltaic deposits of the 

Lajas over the Los Molles is part of the long-term filling of the basin (Howell et al., 2005). The 
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studied interval of Sequence 1 contains four distinct sandstone ‘tongues’ (sst 1to sst 4) that pinch 

out toward the north-northwest (Figure 4.2; Figure 3.3 in Chapter 3). Each sandstone tongue is 

composed of multiple mouth bars with a compensational-style architecture that was described and 

discussed in Chapter 3. The internal, higher-order changes in relative sea-level that are 

 

Figure 4.3: Correlation panel showing shallow incision along the sequence boundary (red 

line) at the base of Sequence 2. Modified after McIlroy et al., (2005, Figure 16). 

 

present within each tongue are also discussed in Chapter 3. A flooding surface that is overlain by 

FA 6a or b, which is in turn overlain by a fine-grained, muddy unit (FA 1), separates each tongue. 

The top of the last sandstone tongue (sst 4) and its incision by tidal inlets (FA 7) also represents a 

flooding surface.  Above this surface, there is a thick succession of distal delta-front to prodeltaic 

fine-grained sediment (FA 1) which is presumably the beginning of another regression. The sandy 

upper part of this was removed by erosion associated with the formation of the sequence 

boundary although the isolated body of FA 2a sandstone in Logs 1 and DF10 (Figure 4.2) is 

likely part of that regression. .  
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     The studied portion of Sequence 1 is interpreted to contain only a highstand systems tract 

(HST). The succession described above is overall progradational as seen by the fact that each 

successive tongue reaches farther basinward than the previous one (Figure 4.2). The shoreline 

trajectory is outward and upward. This, coupled with a location directly below the sequence 

boundary, allow these deposits to be interpreted as HST (Catuneanu, 2006). 

4.4 Above the Sequence Boundary (Sequence 2) 

     Sequence 2 is more complex than Sequence 1 and contains a complete relative sea-level cycle. 

Because the deposits of Sequence 2 and their stacking patterns have not been described 

previously in this thesis, a brief overview will be given here.  

     Figure 4.2 shows an idealized stratigraphic column of the succession studied. The lower 70 m 

of Sequence 2 shows three higher-order sea-level fluctuations that generated either high-order 

sequences or parasequences. Each high-order sequence or parasequence begins with a stacked 

channel complex (FA 4). The lowest complex present in Sequence 2 contains a lag with the 

coarsest sediment found within the study area and occurs immediately above the sequence 

boundary throughout the entire study area. Each channel complex shows a flooding surface at the 

top of the last story. The flooding surface is commonly, but not universally, overlain by either a 

shell bed (FA 6a) or long wavelength HCS (FA 6b). An interdistributary-bay deposit (FA 5) or, 

less commonly, mouth-bar deposits (FA 2a or 2b), occur above each flooding surface. In one 

instance (Log 1 at 65 m), an interdistributary-bay succession is overlain by a formset dune (FA 

6b) before being overlain by a mouth bar (FA 2a), suggesting a continued sea-level rise and re-

working of the underlying interdistributary-bay deposits (cf. Correggiari et al., 1996). Because the 

architecture of Sequence 2 was not the focus of the thesis, more work is needed to document the 

true nature of this environmental alternation.  

          In Sequence 2, deposits belonging to the LST/TST and HST can be identified. Sediment 

within the amalgamated channels in the lower Lajas is normally of fine to medium sand size. 
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However, because the coarsest sediment in the succession (i.e., coarse and very coarse sand and 

gravel) is found in the lag above the sequence boundary, an overall fining-upward trend can be 

seen within the lowermost succession of stacked FA 4 channels (Figure 4.1). Coupled with this, a 

backstepping pattern can be seen in the tide-influenced mouth bars to the north (Figure 4.2). The 

lowest channel belt is interpreted to be the LST because of its location above the sequence 

boundary and because it contains the coarsest sediment. The exact location of the transition to 

TST above is difficult to discern, however, because no maximum regressive surface has been 

identified due to a lack of data in down-dip areas. However, because we can see the backstepping 

nature of the tide-influenced mouth bars in the northerly sections (Figure 4.2), it is best to 

designate the overlying sediment as LST/TST. The LST/TST was part of an overall transgression 

where coarse sediment was unable to be moved basinward because unfilled accommodation 

existed upstream, creating the overall fining-upward succession.  

     The top of the LST/TST is placed at a 40 cm-thick organic-rich ‘coaly’ unit (Figure 4.2). 

Coals are commonly associated with the TST as base-level rise causes the water table to rise, 

providing waterlogged conditions that are ideal for coal formation (Baganz et al., 1975; 

Catuneanu, 2006). This coal layer is interpreted to represent the MFS (maximum flooding 

surface) because it overlies a transgressive succession (TST of the previous paragraph) and 

underlies a regressive succession (see below) (cf. Catuneanu, 2006). However, it might seem that 

the underlying formset dunes (FA 6b) can also represent a candidate MFS since they might 

indicate a relatively deep, offshore environment, based on the size of the bedforms. Nevertheless, 

the larger-scale stacking pattern of environments within Sequence 2 suggests that this is not the 

best choice for the maximum flooding surface.  In particular, the channel bodies below the 

‘coaly’ layer are associated with tide-influenced mouth bars (FA 2b) that show an overall 

backstepping pattern (as indicated by the location of the mouth bars at the north end of the section 

in Figure 4.2), whereas the tide-influenced mouth bars above this layer show a progradational 
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stacking pattern. Therefore, the MFS is placed at the ‘coaly’ unit (Fig. 4.2). Perhaps the formset 

dunes (FA 6b) represent an MFS of a higher-order sequence, while the ‘coaly’ unit represents the 

MFS of the lower-order sequence.  

     The lower part of the HST is marked by the presence of tidally influenced mouth-bar deposits 

(FA 2b) overlying the ‘coaly’ MFS layer. This environmental interpretation is based on the tidally 

influenced mouth bars being part of an overall prograding succession containing crevasse deltas, 

crevasse channels and distributary channels indicative of a more nearshore, delta-plain 

assemblage (M. Gugliotta 2013, pers.comm.) that prograded over more distal, mouth-bar 

deposits.  

4.5 Relation of Dominant Processes to Sequence Stratigraphy and Facies 

Associations 

     By examining Figure 4.2, it is apparent that each sequence contains a different suite of facies 

associations. Sequence 1 is composed of river-dominated mouth bars (FA 2a), terminal 

distributary channels (FA 3) and distal delta-front to prodeltaic material (FA 1) with flooding 

surfaces (FA 6a and 6b) separating mouth-bar complexes (Figure 4.1, 4.2). This sequence 

contains facies associations with little tidal evidence as discussed in Chapter 2 and Chapter 3. 

Sequence 2, on the other hand, contains different suites of facies associations between the 

LST/TST and HST. The LST/TST in Sequence 2 is composed of a river-dominated suite of 

distributary channels (FA 4),  interdistributary bays (FA 5) and some mouth bars (both river-

dominated and tide-influenced; FA 2a and FA 2b), with flooding surfaces that are capped by FA 

6a and 6b deposits separating the parasequences or high-frequency sequences. The channels of 

FA 4 in the LST/TST of Sequence 2 contain little evidence of tidal action, although there are 

some tide-influenced mouth bars to the northwest and periodic indicators in the interdistributary 

bays. The HST of Sequence 2 is also composed of a suite of deltaic facies similar to that in 

Sequence 1; however, this succession contains a more distinct tidal signature within the mouth-
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bar deposits (FA 2b) that are vertically separated by prodeltaic material (FA 1) or 

interdistributary-bay sediments (FA 5). These bay sediments are more bioturbated than those in 

the LST/TST, likely because the bays were more open to the ocean. There is also evidence of 

tidal bedding within the bay sediments, although the higher BI levels obscure this somewhat. 

Because the mouth bars in the HST of Sequence 1 and Sequence 2 are both located in the same 

general environmental setting (i.e., inner part of the delta front) and within the same systems tract 

(HST), but contain different concentrations of tidal indicators, we can infer that a regional process 

change occurred through time, and not just a local change in process because of shifting 

environments (Yoshida et al., 2007). It is likely that this change occurred around the time of 

formation of the sequence boundary, as we begin to see an increase in the amount of definite tidal 

indicators at this point, with the first appearance of FA 2b a short distance above the sequence 

boundary. 

     These differences in facies associations and, thus, the dominant process, suggest that the 

morphology of the deltas was different between these two intervals. The HST from Sequence 1 

shows a dominance of river processes over tidal process. During this interval, the morphology of 

the delta is expected to be similar to modern river-dominated deltas (Figure 4.4A; Ainsworth et 

al., 2011). In Sequence 2, the amount of tidal indicators present in the LST/TST suggests that 

tidal currents began to increase in strength through time. It is difficult to say with certainty what 

the relative intensity of processes occurring at the mouth were during the lower part of the 

LST/TST in Sequence 1 because the coarse grain size suggests this was located at a distance from 

the mouth. However, some of the younger channel belts found in the LST/TST are associated 

with tide-influenced mouth bars to the northwest, suggesting a relatively more distal setting. 

Although tidal indicators are not ubiquitous, a higher degree of tidal influence is inferred for this 

than compared to anything in Sequence 1. The HST of Sequence 2 shows an increased prevalence 

of tidal indicators in the mouth-bar deposits compared with the LST/TST of Sequence 2, leading 
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to the interpretation of a more tide-influenced, but still river-dominated, delta than existed before: 

the delta during the emplacement of the HST of Sequence 2 contains tidal indicators thus 

suggesting that tides could affect sedimentation, but river-flood deposits are nevertheless 

predominant. Morphologically, it is suggested that, in its nearshore portions, the delta would 

contain some characteristics of a tide-influenced delta such as blind flood-tidal channels 

(Ainsworth et al., 2011) (Figure 4.4B), but would also maintain most river-dominated 

characteristics such as interdistributary bays and lobate mouth bars with terminal distributary 

channels. Interdistributary bays are not present in strongly tidal systems because interdistributary 

areas are filled as tidal currents carry sediment to create tidal flats and tidal-channel networks 

instead (Willis, 2005).  
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Figure 4.4: Differences in morphology of river-dominated (F) deltas compared to river-

dominated, tide-influenced deltas (Ft). These differences are expected because of changes in 

the intensity of the tidal signatures present in the HST of Sequence 1 (A) and the HST of 

Sequence 2 (B) within the lower Lajas Formation. The LST/TST of Sequence 2 likely has a 

morphology closer to (A) but contains tidal indicators in the mouth bars. Morphologies 

based on Ainsworth et al. (2011).  
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Chapter 5 

Discussion 

5.1 Recognizing Dominant Processes 

     Recognizing the dominant process in an ancient deltaic succession is important at both the 

facies and the architectural levels, and is critical when attempting to recreate the paleo-

geomorphology of the delta and the three-dimensional geometry of the sand bodies. In modern 

settings, the determination of dominant process has been based primarily on delta morphology 

(Galloway, 1975) but this is very difficult to do in the ancient. Because most deltas experience an 

interplay of processes and can thus be classified as mixed-energy (Coleman and Wright, 1975; 

Bhattacharya, 2010), it is the relative amount of distinct indicators from each of the three 

processes (i.e., river currents, waves and tidal currents) that is needed to arrive at the correct 

classification of the delta (Ainsworth et al., 2011).  In core, Ainsworth et al. (2011) advocates 

calculating the percentage of structures created by each of the three processes. If the sample size 

is large enough, it should lead to accurate designation of the dominant, influencing and affecting 

processes.  

     From a facies perspective, it is suggested that river-dominated deltas are defined when there 

are few definite tidal or wave indicators with a predominance of unidirectional, offshore-directed 

currents (cf. Tanavsuu-Milkeviciene and Plink-Björklund, 2009; Olariu et al., 2010).  In addition, 

evidence of a seasonal alternation in river flow between flood and interflood periods should be 

widespread, as documented in the Tilje Formation (Ichaso and Dalrymple, 2014) and also as seen 

in the Lajas. It is proposed here that a system can be considered tide-influenced when tides are 

able to re-work low-flow (interflood) deposits to produce tidal bedding, tidal bundling and bi-

directionality (cf. Ichaso, 2012). Within river-flood layers, however, it is expected that tides 

would not have a large effect on sedimentation and the river-flood layers would primarily be 
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similar to those in river-dominated systems (Chapter 3). In some tide-influenced examples 

documented here, cyclic drapes can be found within the river-flood deposits but they are not 

ubiquitous. This suggests that tides are strong enough to modulate but not reverse or significantly 

affect river-flood currents in the mouth-bar area and thus likely not farther upstream (cf. 

Martinius and Gowland, 2011, Figure 6). A system is likely to be tide-dominated when tides have 

a profound effect on the river-flood layers, to form structures including cyclic mud drapes, fluid-

mud layers (rapidly formed mud layers deposited by muddy suspensions with a suspended-

sediment concentration of over 10 g/L (Ichaso and Dalrymple, 2009)), reactivation surfaces and 

evidence of bi-directionality in these layers (Willis, 2005), while consistently reworking 

interflood layers. A tidal dominance is inferred as it can override river processes to slow the river-

flood current enough to not only modulate it and create cyclic mud drapes, but actually reverse 

the current to form bi-directional ripples and dunes, and erode existing dunes to form reactivation 

surfaces. For tides to effect an incoming river-flood deposit so highly is evidence of its 

dominance overall. In a tide-dominated system, the seasonal river signal may still be present 

because much of the sediment delivered to the delta arrives during river-flood stages (Goodbred 

and Saito, 2012).  However, depending on the magnitude of the flood and other factors such as 

size of the drainage basin and overall tidal energy in the delta, it is hypothesized that tide-

dominated processes have the potential to completely re-work sediment deposited by river floods, 

erasing the seasonal signature. Of course, the seemingly distinct systems described above are 

gradational with one another, and mixed characteristics are likely to be found.  

     In the Lajas, the HST of Sequence 1 is composed predominantly of three facies associations: 

distal delta-front to prodelta (FA 1), river-dominated mouth bars (FA 2a) and terminal 

distributary channels (FA 3) representing a mouth-bar/delta-front region. For this region to be 

considered tide-dominated as previously interpreted by McIlroy et al. (2005), it is thought that the 

characteristic structures present should show bidirectional paleocurrents with an abundance of 
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flood-tide-dominated (i.e., landward-directed) paleocurrents, fluid-mud deposits, reactivation 

surfaces and mud drapes (Dalrymple and Choi, 2007).  However, in the lower Lajas, the 

ubiquitous presence of event beds interpreted as river-flood deposits and unidirectional seaward-

directed paleocurrent indicators, and the scarcity of tidal sedimentary structures, even in the 

interflood deposits, support the reclassification of Sequence 1 from a tide-dominated system to a 

river-dominated system with minor tide influence.  The presence of overwhelmingly seaward-

directed paleocurrents denote river dominance over tidal processes (cf. Ponten and Plink-

Björklund, 2007), and the presence of event beds (Chapter 3; Figure 3.5) generated by river 

floods containing a lack of tidal indicators suggest that tides were unable to rework river-

generated deposits, even during interflood periods (Chapter 2). Organic drapes are mostly found 

in the toesets of clinoforms and in the troughs of dunes where the low-energy environment allows 

for the deposition of carbonaceous drapes. Drapes in the basal part of the Lajas do not normally 

show evidence of cyclicity, therefore suggesting that tides were rarely able to slow the incoming 

river flow sufficiently to allow tidally generated drapes to form and the drapes are instead 

interpreted to be caused by variations in turbulence in a river-dominated environment (cf. 

Martinius and Gowland, 2011). However, the isolated occurrence of a single reversed dune 

suggests that tides were occasionally able to reverse the flow (likely during spring tide in period 

of very low river flow).   

     The HST of Sequence 2 is different as tidally influenced mouth-bar deposits (FA 2b) show 

definite tidal evidence in the form of bidirectional ripples and cyclic mud drapes. These features 

occur primarily in muddy, interflood deposits. Some tidal and wave evidence is found in the 

interdistributary bays, but there is also a significant fluvial influence as shown by predominantly 

unidirectional current indicators and the widespread presence of seasonal bedding. During river-

flood periods, cyclic organic drapes are intermittently formed but there is little evidence of bi-

directionality or the presence of reactivation surfaces suggesting that tides are unable to slow the 
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flood current significantly and that, after deposition of a river-flood deposit, tides are unable to 

rework most of this newly deposited sediment.  Thus, it can be suggested that during the HST of 

Sequence 2, the system overall becomes more of a mixed-energy system, with fluvial dominance 

and a more pronounced tidal influence than in Sequence 1. 

     The interpretations of a different dominant process in flood versus interflood times are 

reminiscent of the Brazos Delta in Texas. Classically defined as a wave-dominated delta due to its 

morphology, recent research classifies the Brazos as river-dominated during flood periods and 

wave-dominated to wave-influenced during interflood periods (Rodriguez et al., 2000), 

suggesting that even on a seasonal scale, there are changes in the dominant process. The Jurassic 

Lajas preserves yearly (seasonal) cycles (see more below) in the form of event beds that are 

separated by more tidally influenced deposits, which demonstrate an interplay of river-dominance 

and tide-influence. The Lajas overall demonstrates a change in subordinate process vertically 

through the succession.  

5.2 Evidence for Seasonality in the Lajas 

     Event beds in the Lajas are interpreted to represent “seasonal” layers, with one major river 

flood each year that lasted many days to a few weeks, separated by a lengthy (i.e., several 

months) of low river flow. An annual interpretation of the event beds is preferred to event beds 

formed by individual, short-lived storms for the following reasons. 

Firstly, a striking similarity exists between the event beds present in the Lajas Formation 

and the modern event-bed analogs in IHS (inclined heterolithic stratification) in the Fraser River 

that occur during the annual snow-melt-induced flood and the subsequent return to base flow 

(Sisulak and Dashtgard, 2012). Similar interpretations have been made for flood-interflood 

bedding in the Tilje Formation (Ichaso and Dalrymple, 2009; Ichaso and Dalrymple, 2012).  

     Secondly, an annual interpretation is preferred due to the large size of the drainage basin. A 

large basin is implied by the high amount of sediment delivered to the delta (FA 4). More 
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importantly, however, the source of the Lajas was the Sierra Pintada belt to the east and the 

Patagonian Massif to the south (Figure 1.1), both of which areas are located hundreds of 

kilometers away (cf. Howell et al., 2005); thus, it is reasonable to infer that the drainage basin 

covered a large area. This is important because larger drainage basins tend to dampen the effects 

of individual storms in a local area and allow the system to respond more to annual changes in 

precipitation and/or temperature (Milliman and Farnsworth, 2011).  

     A third reason relates to the high levels of bioturbation in the interflood deposits in contrast 

with the low levels of bioturbation in flood deposits, and especially within event beds in river-

dominated mouth bars. Gingras et al. (2002) suggest that it would take burrowers at least a year to 

re-establish the degree of bioturbation to such a high level after a flooding event if they were 

emplaced in the finer layers by larvae.  

5.3 Vertical Changes Between Sequences 

     As discussed in Chapter 4 and in the preceding section, an increase in tidal influence is 

inferred because of the presence of more pervasive tidal deposits in the HST of Sequence 2 (as 

well as some in the LST of Sequence 2), whereas the same depositional setting in the HST of 

Sequence 1 shows few tidal indicators. The reason for the upward increase in tidal indicators is 

unclear. It is likely that allogenic factors are the cause as this change occurs over a large time 

scale, as evidenced by the 100 m of strata, including a sequence boundary, separating the two 

highstand systems tracts. It is difficult to say with certainty what caused this, but progradation 

and aggradation of the system could have decreased the delta-plain gradient. This could in turn 

cause an increase in tidal prism (defined as the volume of water that must pass a specific point 

between high tide and low tide; Dalrymple, 2010) because the tide penetrates farther inland 

because of the lower gradient; thus, the current speed would have to be higher to compensate for 

the increased water volume, even if the tidal range remained constant. Alternatively, the lowered 

gradient and slight change in morphology could have brought the system closer to tidal resonance 
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(cf. Ponten and Plink-Björklund, 2009), even though fluvial energy remained higher than tidal 

energy. The tidal resonance of a basin can be turned on or off rapidly during any part of a relative 

sea-level cycle (Yoshida et al., 2007). Another allogenic factor that could have controlled the 

degree of tidal influence might have been the connection of the Neuquén Basin with the open 

ocean through the arc to the west. It is known the connection through the arc was more open at 

times during deposition of the Neuquén-Basin sediments (Legarretta and Uliana, 1996; Burgess et 

al., 2000). This could change the local geometry and thus tidal range. More work would have to 

be done to determine exactly when the arc was more open or closed to the back-arc basin. 

 

5.4 Implications for Mouth Bars in General 

     Because there is variability in the nature of the mouth-bar deposits in the Lajas, it is possible 

to obtain more general conclusions about the differences between tide-influenced and river-

dominated mouth bars, and to speculate about their differences from tide-dominated mouth bars. 

The following discussion uses data from both the Lajas and other researchers to document more 

fully the variability between river-dominated, tide-influenced and tide-dominated mouth bars.  

Admittedly, tide-dominated systems are the least well known of the three system types (Legler et 

al., 2013).  Unfortunately, such mouth bars are not present in the Lajas, so this portion of the 

discussion is more speculative and is not based on data obtained directly from the Lajas.  

5.4.1 Mouth-Bar Variability in River-Dominated Systems 

     Modern examples of mouth bars are difficult to study, so their internal structures are not 

particularly well documented. The characteristics and architecture of river-dominated mouth bars 

were examined in Chapter 3 using details from the lower Lajas, so only a brief review will be 

given here. 

     The proximal portions of river-dominated mouth bars in the Lajas show evidence of rapid 

deposition in the form of inclined parallel lamination and structureless bedding along with 
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upward-fining clinothems, indicating deposition during river floods.  Bioturbation is also not 

pervasive, implying that deposition was too rapid to permit thorough biogenic reworking, or that 

any bioturbated sediment was removed before deposition began during the next river flood.  

Well-developed flood and interflood bedding is common in the distal portions of mouth bars, 

demonstrating a seasonal control on deposition on the mouth bar. Tidal and/or wave evidence is 

minimal in both flood and interflood beds.  

     As mentioned, the Lajas contains a well-constrained, nearly dip-oriented cross-section, but it is 

harder to interpret lateral variability along strike in the Lajas. Variability in the facies within 

mouth-bar systems is a function of the distance from the mouth of the terminal distributary 

channel (TDC) feeding it. The contact between the sandy mouth-bar deposits with the underlying 

prodeltaic material is more likely to be erosional in areas closer to the river mouth (TDC’s) as 

scouring during river-flood events can occur in the portion of the mouth bar with the highest 

energy (Fielding et al., 2005); by comparison, lateral and distal areas should be non-erosional 

such that the mouth-bar deposits grade outward and downward into distal fine-grained, event-

bedded sediment. Proximal portions of mouth bars normally contain more constant fresh-water 

flushing, creating a stressed environment not suitable for bioturbation, whereas the lateral and 

distal portions do not have constant fresh-water flushing and also have a lower deposition rate, 

allowing for colonization by bioturbating organisms, especially during times of low river 

discharge (Wellner et al., 2005).  

5.4.2 Tide Influence on Internal Facies and Morphology of Mouth Bars 

     Mouth bars in tidal settings would show different attributes than those located in river-

dominated settings (Figure 5.1; cf. Bhattacharya, 2010). It is possible that the grain size would be 

overall finer than in a river-dominated mouth bar, especially in the interflood layers, as tides trap 

mud in the delta-front area (Goodbred and Saito, 2012).  
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Figure 5.1: Plan views of the approximate morphology of river-dominated, tide-influenced 

and tide-dominated mouth bars. The arrows show the relative strengths of river plus ebb-

tide (moving toward the top of the page) and flood-tide (moving toward the bottom of the 

page) energy. Aspect ratios for river-dominated mouth bars from Reynolds (1999) and tide-

dominated bars from Bhattacharya (2006). The aspect ratio for the tide-influenced bar is 

constrained by the end-member cases and a gradation of ratios exists between mouth-bar 

morphologies. 

 

5.4.3 River-Dominated, Tide-Influenced Mouth Bars 

     Based on the Lajas examples, tide-influenced mouth bars should coarsen and become sandier 

upwards, like river-dominated mouth bars. Because the river still has a strong influence on the 

bar, seasonal flood/interflood layers will be present, with tides modifying primarily the interflood 

layers; tidal influence is absent, or at least is not pronounced, in the river-flood deposits.  

     The river-mouth-proximal region of both tide-influenced and river-dominated mouth bars 

contains seaward-directed unidirectional current indicators, clinothems and terminal distributary 

channels (Willis, 2005). Internally, the proximal sands would contain primarily stacked river-



 

90 

 

flood event beds, as the interflood layers are commonly eroded by subsequent floods. The sand 

layers should fine upwards, indicating a waning of individual river-flood currents. In the Lajas, 

the sedimentary structures found in the flood layers of tide-influenced event beds include 

structureless sand, unidirectional ripples, dunes or plane-bedded, sharp-based sands; these 

features are comparable to those in a river-dominated system (FA 2a compared to FA 2b). 

Evidence of tidal modulation of river-flood currents in the mouth-bar area can potentially be 

shown by intermittent cyclic drapes, as seen in FA 2b. Tides are rarely capable of reversing flow 

during river floods in this region except potentially during particularly small floods and/or during 

spring tides. The influence of tides is likely to appear first in the troughs of dunes in the form of 

cyclic mud drapes and bidirectional ripple lamination, or tidal bundles on the dune cross-beds.  

     It is in the distal and lateral portions of the mouth bar, further from the TDC, where significant 

changes to the facies would be found relative to those in river-dominated settings. The more distal 

portions of a tide-influenced mouth bar should preserve well-developed flood and interflood 

layers (as seen in FA 2b). Tidal signatures during times of low river flow have been seen in the 

inner part of the fluvial-tidal transition in rivers (Jablonski, 2012; Dalrymple et al., 2013) and in 

heterolithic tidal-fluvial point bars (Sisulak and Dashtgard, 2012); a similar depositional style is 

expected to occur in the distal parts of tide-influenced mouth bars because the strength of the 

river currents is likely to be weaker there. During interflood periods, it is unlikely that a large 

amount of river-derived sand or coarser material will be transported to the lateral and distal edges 

of the bar because of their distance from the TDC, allowing tidal currents to re-work fine 

sediment deposited from suspension at these locations. Tidal reworking should allow for tidal 

rhythmites, tidal bedding or bidirectional ripples to be generated in the interflood layers, as seen 

in the Lajas tide-influenced mouth bars (FA 2b). These structures remain prominent in the 

sedimentary record if bioturbation levels do not completely obliterate them. During flood periods 

in distal settings, it is likely that tides are unable to rework the majority of the flood-derived, 
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river-deposited sediment, except perhaps in the waning stages. Therefore, the facies present in 

distal river-flood layers in tide-influenced settings should be similar to those distal flood layers 

found in river-dominated settings. 

     Morphologically, since tidal currents are not able to significantly rework flood deposits in 

proximal regions, the shape of the mouth bar and stacking patterns should be more similar to 

those described in river-dominated mouth-bar systems than to those in tide-dominated systems, 

although a transition will occur as the intensity of the tidal influence increases. Because there is 

some influence of the reversing tidal currents, it is likely that they would lengthen the mouth bar 

slightly (Plink-Björklund, 2012), forming a length to width ratio higher than the 2:1 ratio 

characteristic of river-dominated mouth bars (Reynolds, 1999) but less than the 10:1 ratio that is 

thought to characterize tide-dominated mouth bars (Bhattacharya, 2006) (i.e., probably in the 

range of 3:1- 6:1; Figure 5.1). This would cause the clinothems to be longer and lower angle than 

in river-dominated settings, as seen in the Lajas and documented by Plink-Björklund (2012). It is 

inferred that tide-influenced mouth bars prograde mainly during times of high river flow (cf. 

Fielding et al., 2005). Tide-influenced mouth bars, along with river-dominated bars, would 

prograde primarily downstream, but lateral and upstream accretion can occur (Olariu and 

Bhattacharya, 2006).  An example of a tide-influenced bar has been documented in the Middle 

Devonian Gauja Formation of southern Estonia to southern Lithuania (Ponten and Plink-

Björklund, 2007; 2009). 

5.4.4 Tide-Dominated Mouth Bars 

     Tide-dominated mouth bars should be dissected by mutually evasive channels and it would 

commonly be classified as a ‘tidal bar’ (cf. Dalrymple and Choi, 2007; Dalrymple, 2010; 

Goodbred and Saito, 2012). The facies of such bars have not been studied in detail (Dalrymple et 

al., 2003; Dalrymple, 2010) and thus even whether they coarsen or fine upwards is not known 

with certainty, and both grain-size trends have been documented (Figure 5.2) (Willis et al., 2005; 
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Dalrymple, 2010, Legler et al., 2013). In the Dir Abu Lifa Member in Egypt, coarsening-upward 

trends in elongate, non-channelized tidal bars on the delta-front are noted that show both lateral 

and seaward accretion (Legler et al., 2013). Thus, it is likely that all tidal bars in a mouth-bar 

setting show both forward and lateral accretion.  

     In the Fly River delta, which is interpreted to lie close to the tide-dominated end member of 

the delta classification scheme (Dalrymple et al., 2003), seismic sections and vibracores have 

shown that lateral-accretion bedding with an erosive base is common in the tidal bars due to 

migration of the adjacent channels that contain fluid-mud deposits at their base (Dalrymple et al., 

2003). If the bar is dominated by lateral accretion, it is shown that these tidal bars have a sharp, 

erosional base and a fining-upward grain-size trend within the sand-size fraction, but an overall 

upward-sanding trend because of the fluid-mud deposits in the channel base (Dalrymple and 

Choi, 2007; Ichaso and Dalrymple, 2009; Dalrymple, 2010b; Olariu et al., 2012). The erosive 

base formed by lateral accretion is in contrast to river-dominated and tide-influenced mouth bars 

that normally (but not always; cf. Fielding et al., 2005; Schomacker et al., 2010) have gradational 

bases. In the Fly River, upward-coarsening successions can still be present on the downstream 

end of the bar as progradation continues, but a lack of data suggests more work is needed to 

confirm this (Dalrymple et al., 2003).  

     There are many reported examples from the literature that emphasize the existence of a 

coarsening-upward trend in tidal bars (e.g., Fenies and Tastet, 1998; Kuehl et al., 2005; 

Tanavsuu-Milkeviciene and Plink-Björklund, 2009; Legler et al., 2013). Based on observations in 

the Ganges-Brahmaputra (Kuehl et al., 2005), downstream accretion in tide-dominated systems is 

common as these bars become vegetated and are able to prograde downstream. Vegetation also 

plays an important role in the downstream progradation of the Trompeloup tidal bar in the 

Gironde Estuary (Fenies and Tastet, 1998).  The typical coarsening upward profile occurs as the 

delta progrades seaward and coarser sediment is delivered to that area, whereas finer sediments 
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are delivered further offshore. Waves can help form a coarsening-upwards trend by keeping fine-

grained material from being deposited on the shallow part of the tidal bar (Dalrymple et al., 2003; 

Goodbred and Saito, 2012), if waves are present in the system.  

     Based on these observations, it is likely that the more landward ends of the tidal bar and the 

lateral sides of the tidal bar demonstrate lateral accretion (and thus a fining-upwards profile), 

whereas the downstream end of the bar shows forward accretion (and thus a coarsening-upwards 

profile). This accretion style is seen on the large tidal bars in the predominately muddy Han River 

Delta, Korea (Cummings et al., 2014). 

     From a facies perspective, we can predict that tidal indicators in the form of bidirectional 

ripples and dune cross-stratification, tidal bundles, reactivation surfaces, cyclic mud drapes and 

heterolithic bedding should be found in both the proximal and distal portions of tide-dominated 

mouth bars. Evidence of seasonality (flood/interflood bedding) will be less prominent, and 

potentially even absent, as tidal currents should be capable of modulating flood discharges and of 

more completely re-working flood deposits during low-flow periods. Many of these features, such 

as cyclic mud drapes, reactivation surfaces, tidal bundles and both ripple and dune cross-

stratification, are seen in the tide-dominated Dir Abu Lifa Member in Egypt, in elongate bars 

occurring on the delta front (Legler et al., 2013).   

     Tidal bars should be more heterolithic than tide-influenced bars since there are more slack-

water periods affecting the bar, in conjunction with tidal currents being efficient at re-suspending 

previously deposited mud to create high suspended sediment concentration values and a more 

pronounced turbidity maximum (Goodbred and Saito, 2012). As a result, the deposits of tide-

dominated mouth bars are likely to inherently contain more mud than river-dominated or even 

tide-influenced mouth bars. However, if the sediment delivered to the mouth bar was 

predominantly sandy, these tide-dominated bars would probably have more cross-bedding than 

tide-influenced settings since there is more time for tides to rework any rapidly deposited river-
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supplied sediment (Plink-Björklund, 2012). Reactivation surfaces and tidal bundles would be 

numerous in the cross-beds as tides rework the sediment (cf. Nio and Yang, 1991; Bhattacharya, 

2010). Tidal rhythmites may be found in the toesets of dunes.  

     Another significant difference between tide-influenced and tide-dominated bars is the scale of 

the associated channels. River-dominated and tide-influenced mouth bars are associated with 

small TDC’s (Olariu and Bhattacharya, 2006), whereas tide-dominated bars are flanked by 

mutually evasive channels and may possibly be cut by swatchways. Because tides keep channels 

open and inhibit avulsion from occurring as frequently as in river-dominated deltas 

(Bhattacharya, 2010; Plink-Björklund, 2012), channels tend to be deeper and larger (Olariu and 

Bhattacharya, 2006; Bhattacharya, 2010). 

     Despite this, eventually the channel will become abandoned (perhaps due to upstream 

avulsion, or as a delta becomes transgressed). This is seen in the modern mixed-energy (fluvial-

tidal) Mahakam Delta.  The dominant process in the Mahakam is not constant everywhere and 

varies along strike (Salahuddin and Lambiase, 2013). The abandoned portion of the delta is tide-

dominated and the former deltaic distributaries are being infilled, not by bar accretion driven by 

river discharge, as can occur in river-dominated TDC’s or interdistributary bays (Olariu and 

Bhattacharya, 2006), but by muddy marine sediment moving landward due to tidal processes 

(Salahuddin and Lambiase, 2013). Although it has been documented that river-dominated TDC’s 

can also be filled with fine-grained abandonment facies (Olariu and Bhattacharya, 2006; this 

study, Chapter 2), TDC’s are smaller than the channels between the tide-dominated bars. As a 

result, it is hypothesized that tide-dominated bars have the potential to be more isolated since they 

are separated by large tidal channels that can be filled by fine-grain sediment, as compared to the 

compensational stacking of river-dominated and tide-influenced mouth bars that juxtaposes the 

sandy deposits of successive mouth bars.  
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Figure 5.2: A comparison of schematic river-dominated, tide-influenced and tide-dominated mouth-bar successions. The boxes below the 

stratigraphic columns show the detailed nature of the facies in the lower, distal portions of the bar except in the fining-upwards tide-

dominated example, which shows the deposits at the base of the interbar channel. The scale is relative; the mouth bars themselves can be 

up to 10 m thick. The fine-grained layers are likely much thinner than they appear in the diagrams, and may only be millimeters thick.  C 

= clay; s = silt; vf = very fine sand; f = fine sand. 
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5.5 Applications and Significance to the Lajas 

5.5.1 Differences from the McIlroy et al. (2005) Environmental Reconstruction 

     The key difference between the environmental interpretation proposed here (Figure 5.3) and 

the model put forward in McIlroy et al (2005) is the absence of tidal dominance throughout 

complete base-level cycles. This study suggests that tidal signatures only become prevalent in the 

HST of Sequence 2. Because tidal signatures and significant evidence of flood-tide currents are 

not present in the mouth-bar area of Sequence 1, it is unlikely that the tidal currents were able to 

penetrate very far into the distributary channels (cf. Martinius and Gowland, 2011, Figure 6). 

Tidal signatures in the mouth bars of Sequence 2 are more convincing due to the cyclic nature of 

the organic drapes and the bidirectionality of the ripples in interflood layers; however, we still 

interpret the HST of Sequence 2 to be river-dominated, albeit with a high degree of tidal 

influence, because of the pervasive presence of flood-generated event bedding. During interflood 

periods, tidal currents were able to rework the fine-grained sediment. However, because the tides 

were only able to modulate river flow only weakly during river floods and not rework flood-

derived sediment during interflood periods, it is unlikely they were able to penetrate very far 

landwards in the distributary channels (c.f. Martinius and Gowland, 2011, Figure 6). 

     In this study, no tidal-flat deposits were recognized within the succession.  This lack of tidal-

flat facies is a marked departure from the abundance of tidal-flat successions identified by 

McIlroy et al. (2005). We interpret the heterolithic, fine-grained sandstones containing tidal 

bedding that McIlroy et al. (2005) identified as tidal flats as instead being the distal portions of 

tide-influenced mouth bars (FA 2b) or as interdistributary bays (FA 5). No evidence of subaerial 

exposure such as root casts or mud cracks were found in the study area, arguing against an 

intertidal origin. A coarsening-upward profile was noted as characterizing the tidal-flat deposits 

(McIlroy et al., 2005), but this is more typical of a prograding delta-front setting than a 

prograding tidal flat, which typically has an upward-fining profile as depositional environments 
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migrate from sandy subtidal to muddy intertidal/supratidal (Dalrymple, 2010). The river 

flood/interflood bedding that is extensively developed in the distal tidally influenced mouth-bar 

facies (FA 2b) would not be expected to occur on tidal flats as tidal currents are expected to be 

stronger than river or wave processes in these settings, and sedimentary structures would 

predominantly include those generated by tides. Also, tidal flat usually form high on the flanks of 

channels, in lower-energy locations that are not strongly influenced by river currents (Dalrymple, 

2010). Tidal flats also occupy the interdistributary areas of tide-dominated to tide-influenced 

deltas (Bhattacharya, 2006; 2010). In the Lower Lajas, we do not see tidal flats between the 

distributary channels, but instead we see interdistributary bays, which are characteristic of river-

dominated deltas (cf. Elliott, 1974). 

 

Figure 5.3: Classification of deltas in the Lajas Formation. The first letter (F, W, T) of the 

classification fields represents the dominant process (fluvial, wave or tide). The second letter 

represents the influencing process, and the third represents the affecting (i.e., least-

important) process.  The previous classification is based on McIlroy et al (2005). 

Classification scheme from Ainsworth et al (2011).  
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5.5.2 Reservoir Implications 

     The interpretation of the Lajas Formation as a river-dominated delta (with low to moderate 

tidal influence) rather than a tide-dominated delta as proposed by McIlroy et al., (2005) and 

McIlroy (2007) (Figure 5.3) has implications for its use as a reservoir analogue. Firstly, river-

dominated mouth bars tend to amalgamate to form larger-scale sand bodies (mouth-bar 

complexes; Olariu and Bhattacharya, 2010). By comparison, tide-dominated mouth bars are 

thought to be in poorer communication with each other and are separated by tidal channels 

(Olariu and Bhattacharya,  

2006), a situation that can be positive if the adjacent channels are sandy (cf. Ichaso and 

Dalrymple, 2014) but negative if they are passively infilled with marine mud (Salahuddin and 

Lambiase, 2013). The more heterolithic nature of tide-dominated mouth bars (and tidal sediment 

in general compared with fluvial deposits) means that they contain many more barriers to fluid 

flow. While the sandy layers may have good communication laterally, the mud layers form 

vertical barriers to flow that represent a challenge during oil extraction (Ichaso, 2012; Martinius 

et al., 2005). Unlike tide-dominated mouth bars, river-dominated mouth bars contain 

comparatively less mud. Some researchers have documented siltstone lamina draping each 

clinothem, representing low-flow river periods (Enge et al., 2010a), that are interpreted to have a 

significant effect on fluid flow (Enge and Howell, 2010). In the Lajas these siltstone interbeds are 

rarely present, making the Lajas an ideal reservoir with good internal communication at the scale 

of an entire mouth-bar complex. There is potential for poor communication between separate 

mouth-bar complexes, however, as prodeltaic sediments can separate them. Despite this, the large 

sizes of individual mouth-bar complexes (i.e., up to 11 km long; Wellner et al., 2005) makes them 

an excellent candidate to be a reservoir. 

5.5.3 Comparison Between Lajas and Tilje Formations  
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     The Lajas Formation has often been thought to be an excellent outcrop analogue for parts of 

the Jurassic succession beneath the offshore Norway Halten Terrace, including the Tilje 

Formation (Brandsaeter et al., 2005). This is primarily because both basins were thought to be 

tidal due to a structural control that allowed for tidal dominance that was present continuously 

over entire relative sea-level cycles (Brandsaeter et al., 2005; McIlroy et al., 2005), but also 

because of the layer-cake stacking of heterolithic facies associations in both units (Ichaso, 2012). 

Previous interpretations have proposed that the delta stage in the Tilje Formation was tide-

dominated (Martinius et al., 2001; McIlroy et al., 2005) to fluvially dominated at times (Martinius 

et al., 2001), but recent work has shown it is more likely to be a mixed-energy tidal-fluvial system 

with local wave influence, based on the presence of a seasonal river-discharge fingerprint within 

the Tilje mouth bars (Ichaso, 2012; Ichaso and Dalrymple, 2014). Unlike the Lajas, which 

increases in tidal influence through time, the Tilje shows no significant change in the dominant 

process of the system as a whole. Instead, the relative importance of river currents, tidal currents 

and waves varied spatially within the delta complex, with, for example, waves being relatively 

more important in distal and lateral locations, whereas river and tidal currents dominated 

sedimentation in the river-mouth area (Ichaso and Dalrymple, 2014).      

     The Tilje is composed of sub-environments similar to those in the lower Lajas, such as delta-

front, mouth bar, lower delta-plain and channel deposits; however, the Tilje is overall more 

muddy and more pervasively heterolithic (notably in river-flood-derived layers), and shows a 

greater abundance of tidal sedimentary structures such as herringbone cross-bedding, fluid-mud 

deposits, tidal bedding and tidal bundles (Ichaso, 2012; Ichaso and Dalrymple, 2014). Tidally 

derived fluid-mud deposits are prevalent in the Tilje (Ichaso and Dalrymple, 2009) but are 

notably absent in the Lajas.  

     Major differences occurring at a facies and facies-association level between the two 

formations are the presence in the Tilje of an abundance of heterolithic tidal channels and more 
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tide and wave indicators in the delta-front and mouth-bar area, including double mud drapes, 

fluid-mud layers, HCS and bidirectional ripples (Ichaso and Dalrymple, 2009; 2014). Mouth bars 

in the Lajas are similar in that they both show distinct flood and interflood layering; however, 

whereas the Lajas only shows tidal modulation during interflood periods, the Tilje displays 

evidence of tidal modulation at all times, including during river floods (Figure 5.4; Ichaso and 

Dalrymple, 2009; Ichaso, 2012). Channels in the Lajas exhibit little tidal evidence and no 

examples of fluid-mud deposits, whereas the Tilje contains fluid-mud layers in channel-base 

deposits, as well as in mouth-bar and delta-front deposits (Ichaso and Dalrymple, 2009; 2014).  

All of these features indicate that the Tilje Formation formed in a setting with a stronger tidal 

influence than the Lajas Formation. Because of these differences, the Lajas and the Tilje will 

have different reservoir qualities and sand-body geometries as discussed above. The Lajas 

exhibits compensational stacking patterns (Chapter 3) in the mouth-bar area, whereas the Tilje 

mouth bars can have abandonment facies infilling channels between mouth bars (Martinius et al., 

2001); compensational-style stacking patterns have not been identified (Ichaso, 2012). The Lajas 

mouth bars are primarily sandy, with very little mud to form barriers to fluid flow. The 

heterolithic Tilje, on the other hand, would have more complex fluid pathways due to good lateral 

and poorer vertical continuity due to the presence of intervening mud layers (Martinius et al., 

2005; Ichaso, 2012). In both deposits, the sandy the mouth-bar and terminal distributary-channel 

regions should be the best reservoirs (Ichaso, 2012). 
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Figure 5.4: The Tilje mouth-bar deposits (left) compared to the Lajas mouth-bar deposits 

(right; coin for scale in B is 2.3 cm in diameter). Both show evidence of seasonal deposition 

with coarser, less bioturbated flood layers alternating with finer, more bioturbated 

interflood layers. River-flood deposits in the Tilje are more heterolithic than the river-flood 

deposits of the Lajas, because the tidal currents were capable of modulating river-flood 

currents in the Tilje. Overall, the Tilje is muddier than the Lajas in both flood and 

interflood beds. Tilje image from Ichaso (2012, Figure 3.12). 
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Chapter 6 

Conclusions 

     The Lajas Formation (Jurassic) in the Neuquén Basin in Argentina consists of a 600 m-thick 

succession dominated by shallow-water deltaic deposits.  Event-bedding is present throughout the 

deposits of the river-dominated mouth bars (FA 2b), tide-influenced mouth bars (FA 2b) and 

interdistributary bays (FA 5) that comprise most of the lower Lajas. This event bedding is 

expressed as alternating layers of finer and coarser sediment. The event beds are attributed to 

river floods, whereas the intervening fine-grained sediment accumulated during the interflood 

period. The sharp-based, coarser beds are up to 30 cm thick and consist of structureless, cross-

bedded or inclined parallel-laminated sandstone showing little bioturbation. These grade into 

finer sandstone with siltstone layers that form finer beds that are up to 10 cm thick. In tide-

influenced environments, the finer layers show evidence of tidal reworking in the form of 

bidirectional ripples, mud drapes or tidal bundles. In river-dominated environments, there is a 

distinct lack of tidal indicators and the interflood layers are mainly distinguished by higher 

bioturbation levels. The recognition of event beds, and the interpretation of dominant process in 

the interflood periods is used as a methodology to distinguish between river-dominated and tide-

influenced environments.  The floods are interpreted to have occurred annually, due to their 

similarity to modern analogs in the Fraser River (Sisulak and Dashgardt, 2012) and ancient 

analogs in the Tilje Formation (Ichaso and Dalrymple, 2014). As well, the large size of the 

drainage basin feeding the Lajas rivers (cf. Howell et al., 2005) is thought to have dampened the 

effects of individual storms, leading to a more seasonal style of sedimentation rather than a more 

storm-based sedimentation (cf. Milliman and Farnsworth, 2011). The recognition of seasonal 

bedding provides an important criterion for recognizing river influence in successions that contain 

tidal indicators. 
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     The lower ~200 m of the Lajas Formation were examined in detail and consists of 16 facies 

and subfacies that comprise 7 facies associations. These associations occur with different 

abundances in each of two sequences. The lowermost Lajas contains only the HST of the lower 

sequence, Sequence 1. This interval consists of distal delta-front to prodelta sediments (FA 1) 

grading upward and southeastward into river-dominated mouth bars (FA 2a) and terminal 

distributary channels (FA 3), with flooding surfaces marked by shell beds (FA 6a) or tidal inlets 

(FA 7). Rivers dominated sedimentation during the formation of the HST of Sequence 1, as 

denoted by the widespread presence of event bedding and the scarcity of tidal and wave 

indicators in the interflood deposits. The second sequence, Sequence 2, contains an LST/TST and 

an HST. The LST/TST shows an alternation of fluvial/distributary channels (FA 4) and 

interdistributary bays (FA 5) separated by flooding surfaces (FA 6 and/or 6b); these packages are 

either parasequences or high-frequency sequences, but the information needed to distinguish 

between these alternatives is not available in the study area. Because some of these environments 

are relatively more proximal, it is difficult to say what the dominant process was at the mouth of 

the river, but it is likely that river currents were the dominant process as interdistributary bays are 

primarily found in river-dominated deltas. Also, few tidal indicators are found in the channels. In 

the interdistributary bays, seasonal event bedding is predominant, indicating a fluvial dominance. 

In the HST of Sequence 2, an increase in the abundance of tidal indicators in the interflood 

deposits is documented in the tidally influenced mouth bars (FA 2b) and TDC’s (FA 3) that are 

interbedded with distal delta-front (FA 1) and interdistributary-bay deposits (FA 4). Because 

seasonal bedding is still the predominant style of deposition and tidal currents were not able to 

have a profound effect in the flood layers, river-dominance with tidal influence is inferred. These 

observations have implications for the reconstructed paleo-geomorphology of the delta in the 

different systems tracts. The tide-influenced morphology that existed during deposition of the 

HST of Sequence 2 should have some blind flood channels present, as well as more elongated 



 

104 

 

mouth bars relative to the river-dominated mouth bars in the HST of Sequence 1. This river-

dominated morphology would have no blind flood channels and interdistributary bays would 

dominate the areas between distributaries.   

     The architecture of the coarsening upward, river-dominated mouth bars in the HST of 

Sequence 1 was examined in detail. Internally, evidence of seasonal discharge variations was 

documented in both the toesets and foresets, while the bottomsets were generally too bioturbated 

to distinguish a seasonal influence there. In the foresets, fining-upward clinothems were 

interpreted to be derived from individual river-flood events and are the manifestation of seasonal 

sedimentation in the foresets. In the toesets, distinct flood/interflood layers are present. These are 

better preserved here than in the foresets as the next river flood does not completely remove the 

previous interflood layer. The river-dominated mouth bars exhibited a distinct compensational 

stacking pattern with mouth-bar sizes that are similar to those of the modern Wax Lake delta and 

the ancient Ferron Sandstone (Wellner et al., 2005; Enge and Howell, 2010). Individual mouth 

bars amalgamate to form mouth-bar complexes (expressed as sandstone tongues) that show high-

frequency relative sea-level changes within individual tongues: mouth-bar complexes are very 

sensitive to changes in relative sea level and record this by changes to their dip angles and the 

trajectory (upward-downward; seaward-landward) of the shoreline. 

     A comparison of river-dominated and tide-influenced mouth bars in the Lajas found that tide-

influenced bars contain lower-angle clinothems than river-dominated mouth bars (5-7° in tide-

influenced mouth bars versus up to 16° in river-dominated mouth bars in the Lajas). This study 

notes indicators of seasonal discharge variations in the tidally influenced mouth bars in the Lajas. 

Therefore, both river-dominated and tide-influenced mouth bars show seasonal indicators. These 

are in contrast to tide-dominated mouth bars, which are believed to show definitive tidal 

indicators in the flood-derived layers. Alternatively, flood-derived layers may not be able to be 

distinguished as it is possible for tides to re-work them completely. 
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     The lower Lajas had previously been interpreted as tide-dominated (McIlroy et al., 2005), but 

this study now interprets the delta as river-dominated with some tidal influence, especially in the 

HST of Sequence 2 (Figure 5.3).  This change is due to a different interpretation of the 

heterolithic sandstones that had previously been interpreted as having formed on tidal flats. This 

study interprets these as distal delta-front (FA 1) or interdistributary-bay deposits (FA 5) due to a 

lack of subaerial exposure features and the presence of a coarsening-upward profile, which is not 

characteristic of tidal flats. The recognition of evidence of seasonal river-discharge variations, 

which is unlikely to be documented in tidal flats as they form away from areas with strong river 

currents, also suggests the existence of fluvial dominance. Furthermore, many of the organic-

matter drapes that had been interpreted as tidal slack-water drapes do not show evidence of 

regular cyclicity, which would be expected if they were tidal in origin.  Instead, they are 

interpreted to reflect irregular variations in the intensity of turbulence in a fluvially dominated 

environment.  Overall, good tidal indicators such as cyclic variations in the spacing of drapes and 

evidence of current reversals are not common, and a unidirectional seaward-oriented paleocurrent 

pattern prevails. The Lajas is perhaps not the best analogue for the more strongly tidally 

influenced Tilje Formation, which contains abundant tidal indicators (including fluid-mud layers, 

which are absent in the Lajas), specifically in the river-flood deposits, and is overall more muddy.  
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Appendix A 

Stratigraphic Logs 

    Stratigraphic logs from the Lajas Formation are shown below. The location of each log is 

shown in Figure 1.5 in Chapter 1. The colours in the logs depict grain size. The observation 

column shows BI values or paleocurrent directions (direction toward-which the current flowed). 

The facies-association (FA) column indicates to which facies association that portion of the log 

belongs; refer to Chapter 2 for descriptions and interpretations of these FAs. Although a great 

deal of information is shown in the logs, they are supplemented by the examination of panoramic 

photographs (see Appendix B). Note that scales on logs are in meters. The horizontal scale shows 

grain size (from left to right: c= clay, s = silt, vf = very fine sand, f = fine sand, m = medium 

sand, c = coarse sand, g = granule). Bottom is at the lower left and top is at the upper right. 



 

116 

 



 

117 

 



 

118 

 



 

119 

 



 

120 

 



 

121 

 



 

122 

 



 

123 

 



 

124 

 



 

125 

 



 

126 

 



 

127 

 



 

128 

 



 

129 

 



 

130 

 



 

131 

 



 

132 

 



 

133 

 



 

134 

 



 

135 

 

         



 

136 

 

Appendix B 

Panoramas 

     Panoramas were a key part of determining the architecture of the sand bodies within the lower 

Lajas Formation. Because many panoramas were taken, only a sample of the total collection is 

shown here. The locations of the panoramas presented here are shown in the cross sections 

contained in Figures B.1 and B.2. 
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Figure B.01: Stratigraphic cross section of the studied part of the lower Lajas showing the locations of panoramas B.1 – B.4. Note that 

locations are approximate. 
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Figure B.02:  Stratigraphic cross section of the lowest part of the Lajas (Sequence 1) showing the locations of panoramas B.5 – B.12. Note 

that locations are approximate.  

 

 

Figure B.1:  View of the main cliff in the Lajas outcrop belt. The lower sand bodies represent the delta-front facies associations while the 

middle sand bodies represent the distributary-channel sands. The muddy, fine grained material above that was not the focus of this study. 

The left is northeast, right is southwest. 
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Figure B.2: View of Log 1 looking south. The log was done directly up the road, as shown by the black line. 
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Figure B.3: Unannotated photo used in Figure 2.7A showing lateral accretion in distributary channels from log 5 (path along blue line).   

 

Figure B.4: Sandstone channel body in log 1 looking northeast. This panorama occurs at approximately 80 m in log 1.  
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Figure B.5: View of the Lower Lajas as seen from a sandstone ridge in the turbidites of the Los Molles Formation. The left is northwest, 

right is southeast. Section DF 9 is located in a canyon near the left of the photo (green line) while DF 1 is in the canyon on the right of the 

photo (yellow line). 

 

Figure B.6: Southward continuation of the section shown in Figure B.5. The left is northwest, right is southeast. DF 1 is located at the left-

hand side of the photo (yellow line) while DF 2 is located in a canyon in the right-hand part of the photo (red line).  
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Figure B.7: Details of the north side in the canyon of DF 1. The rectangle shows the approximate location of the following photo (Figure 

B.8) 
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Figure B.8: Passively infilled TDC (FA 3) separating 2 distinct mouth bars (above and below). Backpack in bottom right corner (~60 cm 

high) for an approximate scale.  
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Figure B.9: Continued view along the cliff exposed in the lower Lajas from B.6. The left is northwest, right is southeast. The canyon 

containing DF 2 is on the left of the photo (red line), and the canyon containing DF 8 is to the left of the photo (orange line).  

 

Figure B.10: Outcrop view of DF 3. The left is northwest, right is southeast. A photo similar to this is shown in Figure 2.2A. 
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Figure B.11: Southern end of the studied portion of the lower Lajas outcrop belt. The left is northwest, right is southeast. This photo 

contains DF 4 (blue line) and DF 5 (yellow line) near the center of the photo, and DF 6 at the right (red line). This is the southernmost part 

of the study area.  

 

Figure B.12: Unannotated view of the TDC shown in Figure 2.4 and the tidal inlet shown in Figure 2.12 as seen from DF 6.  


