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Abstract 

 

Architecture of Deposits formed in a Tectonically Generated Tidal 

Strait, upper Baronia Fm., Ager Basin, South Central Pyrenees, Spain 

 

Ashley Elizabeth Bens, MSGeoSci 

The University of Texas at Austin, 2011 

 

Supervisor: Ronald J. Steel 

 

The upper Baronia Fm. of the Ager Basin, Spain, is composed of a hierarchy of 

prominently stacked sets of primarily unidirectional cross-strata in units up to 40m thick.   

These large sets of cross-strata are interpreted as deposits of migrating subaqueous tidal 

simple dunes, compound dunes, and compound dune complexes within an approximately 

10km wide north-east to south-west oriented seaway with water depths of a calculated 

60-90m.  These interpretations are opposed to prior interpretations of the upper Baronia 

Fm. which suggests deposits were formed by tidal bars within a deltaic environment 

(Mutti et al., 1985).  Dunes developed due to dominantly north-east directed tidal currents 

driven through the strait by tidal phase differences between the two bodies of water 

(Mediterranean and Atlantic basins) connected by the seaway.  Evidence for syn-tectonic 

deposition further constrains timing of movement of the northern basin bounding 

Montsec thrust to the early Eocene. Indicators for movement on the Montsec thrust 

include the development of the Ager Basin elongate to the thrust front, and syn-tectonic 

signals in the fill of the basin such as local conglomerate wedges and emplacement of 

olistoliths. 

    Individual cross-stratified successions are interpreted to have formed with 

variable flow velocity and orientation, resulting in a basin wide stacking of compound 

dune complexes.   These compound dune complexes form cross stratified successions 

which are distributed throughout the basin according to the variable current speeds, dune 

size which impacts migration, and sediment availability during deposition.  This results in 

the observed distributions of muddy and sandy sediments, where finer grained materials 

accumulate preferentially in the low energy troughs of the hierarchy of compound dunes.  
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Chapter 1:  Introduction & Geologic Background 

INTRODUCTION 

Subaqueous marine dunes occur in a variety of environments, including delta 

fronts, estuaries, embayments, shallow seaways, and shelves (Off, 1976; Dalrymple, 

1984; Ashley 1990). Additionally, dunes have been identified as a characteristic feature 

of modern tidal straits, such as the Malacca Strait of southeast Asia (Keller and Richards, 

1967); the Messina Strait of Italy (Santoro et al., 2002); the Torres Strait of northeastern 

Australia (Harris, 1991) and ancient tidal straits which include the Guadalhorce corridor 

of southern Spain (Martín et al., 2001), and the North-Betic Strait, of southern Spain 

(Martín, 2009).   

The dominantly medium grain size, lack of mud, and thickness of the cross-

stratified units of the upper Baronia Fm. of northeast Spain indicate strong currents 

typical of deltaic, estuarine, or tidal straits/seaways settings.  Identification of tidal straits 

poses a difficult problem (as compared to deltaic and estuarine settings) due to the lack of 

sedimentological models, relatively local deposits, and similarity of deposits to other high 

energy systems.  However, a distinctive characteristic of strait deposits is the formation 

of large scale cross-stratified sandstones (Anastas et al., 1997).  The cross-stratified 

sandstones which dominate the upper Baronia Fm. have previously been interpreted as 

tidal bars migrating on a delta front (Mutti et al., 1985).  Here the upper Baronia deposits 

are re-interpreted as tidal dunes migrating in a strait/seaway environment.  

Reinterpretation results in differences in paleogeographic reconstructions, orientation of 

sandbodies and accretion surfaces, and water depths (Figure 50).  The idea of a tidal strait 

has previously been proposed as a possibility by Plaziat, 1981 who stated that “the Cuiso-
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Lutetian transgression in eastern Catalonia implies a seaway passing round the 

continental series of the south Central Pyrenean unit.”   

MOTIVATION 

The motivation for this investigation was four-fold; 1. to investigate the origin of 

the marine sediments of the upper Baronia Formation, 2. to understand the 

paleogeography of the Ager Basin during deposition of the upper Baronia Fm., 3) to 

investigate changes occurring in tidal deposition between the lower and upper Baronia 

Formations, and 4) to document evidence for syn-tectonic deposition of sediments within 

the Ager Basin, and to constrain the timing of activation and movement on the Montsec 

thrust. 

 

Figure 1: Location of the Ager Basin and distribution of Paleogene sedimentary rocks 

in the south Central Pyrenean Foreland Belt (modified from López-Blanco 

et al., 2003) 
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GEOLOGIC CONTEXT 

The Pyrenees are a double verging orogenic belt, which formed from the late 

Cretaceous through the Miocene due to north-south compression associated with 

continental collision between the Iberian and European plates (Dewey et al., 1989).  The 

Pyrenees are divided into two zones; a northern Pyrenean zone with northward verging 

thrust sheets and folds, and the southern Pyrenean zone  characterized by southward 

verging fold and thrusts giving rise to an extensive east-west oriented foreland basin 

(Munoz, 1992). 

The south Pyrenean central unit contains three south verging thrust sheets: the 

Boixols, Montsec, and the Serres Marginals, from north to south, respectively (Figure 1).  

Movement on the Montsec thrust is constrained between the Paleocene and the middle 

Eocene by geometry of growth strata (Soto et al., 2002) (Figure 2, 3).  Formation of the 

Ager Basin occurred in the south Pyrenean unit of northeast Spain as a piggy back basin 

between the Montsec and Serres Marginals thrusts, extending to the East where it is 

bounded by the Segre fault, and to the west, where it is bound by the Foradada fault 

(Figure 1). These north to south trending Segre and Foradada faults are thought to be 

associated with transpressive lateral ramps formed by southward propagation of the south 

Pyrenean central unit (Mutti et al., 1988). 

The Ager Basin is oriented east to west, and is dominated by a basin-wide east to 

west trending syncline whose northern limb dips approximately 80° to the south and 

whose southern limb dips approximately 22.5° to the north (Figure 7).  Evidence 

presented here suggests formation of the syncline as a syn-tectonic feature. Formation of 

a ramp anticline to the east likely caused syn-depositional tilting of the Ager basin to the 

west where shallow marine deposits are replaced by deepwater turbidites and submarine 
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fans, indicating a connection to the Atlantic Ocean (Dreyer & Fält, 1993; Tinterri et al., 

2003).   

Published Eocene paleogeography for the Ager Basin indicates an opening towards 

the Atlantic Ocean in the west, and a closure towards the East (Figure 18) (Mutti et al., 

1985; Dreyer & Fält, 1993).  Associated with these reconstructions is a sediment source 

off the flexural forebulge to the south, and formation of deltas fed from the south and east 

which infill the basin northward and westward (Mutti et al., 1985, 1988; Puigdefabregas 

et al., 1992).   

 

Figure 2:  Geologic map of the Ager Basin showing distribution of rock types, and 

location of study area.  (data from Institut Cartográfic de Catalunya) 
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Figure 3: Stratigraphy of the Ager Basin showing both lithostratigraphic and 

allostratigraphic correlations.  Lithostratigraphic nomenclature is utilized 

within this discussion, and interval of interest is highlighted. (Dreyer & Falt, 

1993, modified from Rosell & Llompart, 1988). 

STRATIGRAPHY 

The Ager Basin contains a succession of Eocene shallow marine deposits, the 

stratigraphy and sedimentology of which have previously been described (Mutti et al., 

1985; Mutti et al., 1988; Puigdefàbregas et al., 1989; Dreyer & Fält, 1993; Dreyer, 1994).  

Using lithostratigraphic nomenclature, the Ager Basin contains the shallow marine 

Eocene Ager Group, composed of the basal Alveolina limestone Formation., the Baronia 

Formation, Passarella Formation, and Ametlla Formation (Figure 3).   The Ager Group is 

overlain by the Eocene fluvial Montanyana Group and the Oligocene alluvial fan 

Campodarbe Group.  A major marine transgression is recorded by the Passarella 

Formation, which separates the sandy Baronia and Ametlla formations, and a number of 

internal unconformities are present within the basin filling Baronia, Passarella, and 
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Ametlla succession (Mutti et al., 1988).  To the western margin of the basin, the Ametlla 

Formation is unconformably overlain by the fluvial Corca Formation, while eastwards the 

upper portions of the Ametlla have been severely folded and disturbed by activity along 

the Montsec thrust (Puigdefàbregas et al., 1989, Dreyer & Fält, 1993). Westward thinning 

of sandstone units and thickening of offshore siltstones indicates a depocenter located in 

the eastern portion of the Ager Basin, while deeper water conditions occurred in the west 

(Mutti et al., 1988, Dreyer & Fält, 1993).   

 

Figure 4: Succession of cross-stratified deposits characteristic of entirety of the upper 

Baronia Formation.  Geologist- 6’.  
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A REVIEW OF TIDAL ENVIRONMENTS 

Tidal Signature 

The Baronia and Ametlla formations of the Ager Basin are considered to have 

been deposited under the influence of significant tides (Mutti et al., 1985; Dreyer & Fält, 

1993; Dreyer, 1994).  Influence of tides on sedimentary systems occurs due to the 

periodic tidal induced change in current velocity and direction. Tidal deposits are 

generally formed under mesotidal to macrotidal ranges (Sztano & De Boer, 1995), which 

are developed by amplification of tidal waves as they are transmitted from the open ocean 

into a shallow marine basin (Pugh, 1987).  Amplification of tidal waves can be modified 

by characters of the amphidromic system, topography of the basin floor, and tidal 

resonance (Sztano & De Boer, 1995).  Evidence of this rhythmic change is recorded in 

sedimentary deposits, and tidal indicators can include; “1. oppositely dipping ripple and 

dune-scale cross strata, 2. tangential contacts of dune scale cross strata with set bases 

produced by suspended-sediment fallout during flow pauses, 3. reactivation surfaces 

within cross sets produced by the beveling of dune crests by sub-dominant reversing 

flows followed by the rebuilding of crests during subsequent dominate flows, 4. an 

abundance of heterolithic facies, with shale drapes on ripple-scale cross laminae, dune 

scale cross strata, and bar-scale depositional beds, 5. distinctive patterns in the spacing of 

successive shale drapes within cross-strata sets, including cyclic patterns across 

successive cross strata and closely spaced “double” drapes separated by cross strata 

without mud drapes; and 6. tidal rhythmites with abundant thick-thin alterations of 

centimeter-thick sand-mud couplets” (Willis, 2005).  Evidence of these rhythmic changes 

are most recognizable in intertidal zones, but may be found in subtidal areas affected by 

tides as well.  Deposits showing evidence of strong tidal currents can occur in deltas, 
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estuaries, and tidal strait, where currents can be enhanced, and can produce large 

succession of cross-stratified deposits (Figure 4).  Both tidal dunes and bars are 

characteristic depositional elements for tidal environments and, though producing similar 

facies, distinguishing between the two has important implications for basin reconstruction 

(Figure 16).  

Characters of Tidal Bars 

Individual elongate bars (in modern and ancient environments) range from 1 to 15 

km in length and chains of bars can be up to 40 km long, while widths of individual bars 

range from 0.2-4 km (Dalrymple & Rhodes, 1995; Wood, 2004), heights scale to >20% 

water depth (Snedden & Dalrymple, 1999).  A fining upwards grain size trend is common 

for tidal bars due to a defined decrease in current speed from the channel bottom to the 

bar crest (Dalrymple and Rhodes, 1995), and the process of lateral migration into the 

channel.  Formation of elongate tidal bars occurs as sand moves in opposite directions on 

either side of the bar, due to ebb and flood currents.  These „streams‟ of sand move in 

opposite directions on either side of the bar, and can be deflected to the right, upslope, 

and converge at the bar crest, resulting in an asymmetric form, which reflects the 

dominance of one of the tidal streams (Caston, 1972).  Migration of bars occurs laterally 

to the main flow (Houbolt, 1968) through accretion of sediment (commonly dunes) onto 

master surfaces, producing a dominance of lateral accretion deposits (Figure 5) (Berne et 

al., 2002, Dalrymple et al., 2003).  Inclined strata formed by migration of bars can build 

upward nearly to the water surface at low tide on tidal deltas (Willis, 2005).  Smaller 

scale dunes, meters in height, can migrate over tidal bars, and subsequently move in the 

subordinate tide direction within the trough to the lee face of the bar (Willis, 2005).  

Movement of dunes within the trough of a barform can result in preservation of dune 
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scale cross-strata in the regionally subordinate flow direction (Figure 5) (Dalrymple, 

1992).  

 

Figure 5: Model of an asymmetric elongate tidal bar from Willis, 2005 (after Houbolt, 

1967; Stride et al., 1982). Bar is oriented oblique to the maximum tide, and 

local sediment transport is in opposite directions on either side of the bar 

crest.  Steeper lee face is in direction of dominant sediment transport.  As 

the bar forms, it migrates due to erosion of sediment from the stoss side of 

the bar, and oblique accretion on the lee face (Willis, 2005)   

Interbar channels are present between bar forms, developing on either side of the 

elongate barforms, but commonly with opposite directions of dominant currents.  

Between tidal bars channel bottoms can be covered with dunes, planar laminated beds, or 

ripples (Willis, 2005).  Channel deposits are erosionally based, filled with fining upwards 

deposits produced by lateral migration of the barform.  A fining upwards trend is due to 

water depth and current speeds decreasing from the thalweg to the inter channel bar crest, 
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thereby causing set thickness to thin upwards, and grain size to fine upwards (Dalrymple 

& Choi, 2007).  The fining upward sequence of a channel fill contains bi-directional to 

unidirectional cross-stratified sands, tidal bundles, and mud drapes at the base, and moves 

upwards into interbedded sands and muds with evidence of tidal rhythmites (Dalrymple 

& Rhodes, 1995). 

Overall, the defining characters of tidal bars include; 1. fining upward grain size 

trend, 2. large-scale lateral accretion surfaces that pass entirely through the bar,  and 3. 

association with an erosionally based channel.  

Characters of Tidal Compound Dunes 

Tidal dunes are coarsening-upward, flow-transverse bedforms 1-25 m thick, 

occurring in areas of reversing tidal currents where both ebb and flood currents are 

competent to transport bedload material (Allen, 1980). Tidal dunes migrate parallel to the 

main current flow direction, and are dominated by a coarsening upward motif within 

deposits that shows a forward accretion growth style (Dalrymple, 1984; Suter, 2006). 

Tidal dunes scale to 20% of water depth (Yalin, 1977).  Depending on dune size and 

current speeds, dunes can migrate their wavelength in hours to years, and smaller faster 

migrating dunes commonly become superimposed on larger dunes.  Allen‟s (1980) model 

of superimposed dunes illustrates dune scale cross-strata superimposed on larger 

bedforms, a style referred to as compound dunes (Figure 6).  Tidal compound dunes can 

be composed of both 2-D and 3-D dunes.  2-D dune forms have a relatively straight crest, 

and lack scour pits, whereas 3-D dune forms are sinuous to lunate with scour pits. Both 2-

D and 3-D dunes can form in tidal environments, 2-D forms resulting in planar-tabular 

cross-stratification, and 3-D forms generating trough cross-stratification (Ashley, 1990).  
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Figure 6: Theoretical model from J.R.L. Allen (1980) interpreting the structure of 

tidal dunes based on symmetry of the tides.  Increase of tidal asymmetry 

occurs from class IA, which is wholly unidirectional, to Class VI, which 

possesses equal flood and ebb tides.  As tides become increasingly 

symmetrical, the crest of the dune is beveled back by the strength of the ebb 

tide.  An increase in the number of superimposed dunes is also thought to 

occur, due to ease of which dunes can migrate across the crest of the tidal 

bar.   Within the upper Baronia, deposits similar to those described as Class 

IVA to V are dominant.  Currents, though tidal, result in primarily 

unidirectional deposits. 
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Models of the internal structure of tidal compound dunes have been proposed by 

Allen, based on three major controls (1) the tidal time--velocity pattern, (2) water depth, 

and (3) bed-material caliber, with the tidal time-velocity considered the variable factor in 

the proposed model (Figure 6).  Allen‟s model (1980) shows that increasing symmetry 

between the ebb and flood tides results in internal changes of dune structure (Figure 6).   

Where one current direction dominates a steep lee face forms and migration of smaller 

scale dunes across the face in the subordinate current direction is unlikely.  Allen (1980) 

further proposed that increasing bi-directionality of currents causes the dune crest to be 

eroded, making it easier for small scale dunes to migrate over the crest during ebb and 

flood tides.  Small-scale dune migration results in smaller cross-strata superimposed on 

larger dune scale cross-strata, as well as an abundance of oppositely dipping foresets.  

Reesink & Bridge (2007), propose the formation of unidirectional superimposed 

bedforms in fluvial environments, in a different way than Allen, claiming that 

superimposed bedforms travel faster than the host bedform, and simply overtake the host.  

If the overtaking bedform has a large height, the lee side of the host bedform can become 

reduced in slope and decelerates while the superimposed bedform overtakes it.  This 

results in a decreased lee face slope over which, in the bi-directional tidal environments, 

subordinate flow ripples can migrate during the secondary (ebb) current, forming bi-

directional cross-strata.  Reesink and Bridge (2007) argued that if the overtaking bedform 

has a smaller height, the lee side of the host bedform remains at the angle of repose.  This 

might prevent oppositely dipping strata regardless of current bi-directionality.  Thus, it is 

indicated that even in areas of reversing currents, only one current direction may be 

preferentially recorded.  
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POSSIBLE ENVIRONMENTS OF DEPOSITION 

Tidal bars have been identified in river mouths, deltas, estuaries, and open shelf 

environments (Dalrymple et al., 1992; Dalrymple et al., 2003), whereas tidal dunes have 

been found in tidal environments including delta fronts, estuaries, embayments, shallow 

seaways, and shelves (Off, 1976; Dalrymple, 1984; Ashley 1990). Additionally, dunes 

have been identified within modern environments for example Malacca Strait of 

southeast Asia (Keller and Richards, 1967); Messina Strait of Italy (Santoro et al., 2002); 

Torres Strait of northeastern Australia (Harris, 1991) as well as in ancient tidal straits 

such as the Guadalhorce corridor of southern Spain (Martín et al., 2001) and the North-

Betic Strait of southern Spain (Martín, 2009).  The dominantly medium grain size, clean 

nature (~90% sand, 4% mud, 6% bioclastic), and thickness of the cross-stratified units of 

the upper Baronia indicate strong currents which may occur in deltaic, estuarine, and tidal 

straits/seaway environments. 

Characteristics of Tidal Deltas & Estuaries 

Deltas are progradational bodies of sediment formed when a river supplies 

sediment more rapidly than it can be redistributed through basin processes (Elliott, 1986).  

Deltas formed in tidal environments are generally classified as either tidally influenced or 

tidally dominated with a complete continuum between the two (Galloway, 1975).  Tidally 

influenced deltas occur where deposition during river flood events builds mouth bars, and 

tidal currents subsequently rework the bars between river floods; whereas tide dominated 

deltas occur where tidal currents can significantly change the geometry of the 

sedimentary bodies, and the character of river deposited sediments (Willis, 2005).  In 

distinguishing tide dominated versus tide influenced deposits, it is important to note that 

other processes continue to act on the system.  These processes can include waves, river 
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currents, or storms events, and can impart distinct signatures on the deposits that help to 

differentiate a deltaic system from that of a tidal strait. Strong onshore (flood currents) 

and offshore (ebb currents) movement of water carried by tides within deltaic systems 

results in the formation of sedimentary bodies including mouth bars, delta front tidal bars, 

interbar channels, and tidal dunes that have distinctive characteristics.   

Overall, deltaic deposits coarsen upwards in their grain size. In fluvial-dominated 

delta systems, deposition occurs as a river plume decelerates into the basin.  Coarse 

bedload is deposited proximally, as high flow velocity is required to be competent to 

transport this material.  Finer suspended materials in the river plume are deposited 

offshore as the river plume velocity decreases.  Sands are thus deposited close to the river 

mouth in this system relative to muds.  Continual deposition of sediments results in 

progradation of the delta shoreline, and the formation of characteristic coarsening upward 

delta clinoforms.  Tidal influence results in complex changes on river delta depositional 

patterns, including; flow modulation of channel-mouth plumes, increasing rates of river 

and basin water mixing, grain sorting within and away from distributaries, changing 

patterns of erosion and deposition on the sea floor, elongation of sand bodies 

perpendicular to the coast, reworking of sediments between large river flooding events, 

creation of heterolithic deposits due to cyclic variation (eventually reversal) of current 

speeds, and  building of tidal flats in interdistributary areas (Willis,2005).  All these 

processes and the resulting deposits become key factors in building the architecture of 

tide-dominated deltas and the criteria used in identifying tidal deltaic systems. 

Tidal recognition criteria in deltaic (regressive) and estuarine (transgressive) 

strata do not differ greatly, as they are part of the same tidal system, however, tidal bars 

and compound dunes tend to be more thickly developed in estuaries, and certain facies 

successions such as compound dunes fining upwards into tidal flat and supratidal muds 
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may be more common in estuaries as well (Steel et al., in press).  Additionally, in deltas, 

compound dunes generally cap upwards thickening and coarsening parasequence 

successions (Steel et al., in press).  

Characteristics of Tidal Straits/Seaways 

Tidal seaways are narrow marine passages which link larger bodies of water and 

are bordered by exposed or shallowly submerged land (Anastas et al., 2006).  Due to the 

constricted nature of seaways, tidal and/or oceanographic currents are generally amplified 

(Pratt, 1990).  Currents flowing through tidal seaways are generated by 1. a tidal phase 

difference between the two bodies of water connected through the seaway (Pratt 1990), 

or, 2. by oceanic circulation producing uni-directional flow through the seaway (Anastas 

et al., 2006).  The resultant current strength is influenced by ocean circulation, water 

elevation differences on either end of the seaway, cross sectional area, and depth.  

Differences in seaway morphology, sediment type, and sediment availability, may also 

affect the sedimentary deposits formed within the strait.   

Within narrow seaways (bounded by high relief flanks) siliciclastic deposits may 

dominate throughout the width of the strait, such as in the Malacca Strait (Keller & 

Richards, 1967), while wide seaways surrounded by low gradient land may concentrate 

siliciclastic deposits in the marginal areas of straits as carbonate deposits form axially 

under suitable conditions (Torres Strait; Harris et al., 1991; Harris 1995; Anastas et al., 

2006).  Thus, both siliciclastic and bioclastic sediments can be deposited under the 

influence of strong currents within an active strait environment.  

 Sedimentation within tidal seaways is primarily influenced by enhanced tidal 

and/or oceanographic currents.  These currents impact the architecture, scale, 

heterogeneity, and migration of bedforms within straits. In modern siliciclastic seaways, 
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dune deposits predominate (e.g. St. Georges Channel, Irish Sea (Harvey, 1966); Dover 

Strait (Le Bot & Trentesaux, 2004)).  In the ancient, deposits of both siliciclastic and 

carbonate straits are characterized by thick successions of cross-stratified sandstones 

formed by migration of dunes (e.g. Te Kuiti Group, New Zealand (Anastas et al., 1997), 

Bearreraig Sandstone, northwest Scotland (Blackwood, 2006), Gaudix Basin, southern 

Spain (Betzler et al., 2006), Guadalhorce corridor, southern Spain (Martín et al., 2001), 

and the North-Betic Strait, southern Spain (Martín, 2009)).  Sediment supply into tidal 

straits can be sourced from outside the strait due to tides, storm waves, or currents (e.g. 

Cook Strait (New Zealand), Foveaux Strait (New Zealand) (Heath, 1985, Nelson et al., 

1988)), or from river deltas within the strait, which, due to strong current action, can be 

deflected parallel to the dominant tidal and/or oceanographic currents (e.g. the Klang 

Delta, Malacca Strait).  Paleocurrents within tidal straits commonly have one dominant 

current and record mainly unidirectional structures (Anastas et al., 1997; Martin et al., 

2001; Betzler et al., 2006) with some ancient straits exhibiting more bidirectionality 

(Martin, 2009) in the same general orientation of the strait axis.  

 Additionally, direction of the preserved sedimentary structures in strait deposits is 

dependent on the relative strength and nature of currents within a strait, as well as their 

preferred paths of movement.  In modern systems, ebb and flood currents are shown to 

possess preferential paths of movement within a tidal strait and result in a dominance of 

either flood or ebb orientated sandbodies in those areas.  This is exhibited in the narrow 

constriction acting as a strait between the Pacific Ocean and San Francisco Bay, where 

patches of dunes record either the flood or ebb tide according to the preferential flow in 

that area (Barnard et al., 2006) (Figure 20).  Variability in paleocurrent & modern current 

orientations within tidal straits has also been attributed to the 3-D nature of the dune 
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foresets, flow constrictions, subordinate tidal currents, and irregular basement topography 

(Berne et al., 1991, Anastas, 1997).   

 

 

Figure 7: Location of measured stratigraphic columns in the upper Baronia Fm, and 

mapped contacts between Formations of the Ager Group.  Paleocurrents are 

taken from each of the upper Baronia stratigraphic columns, and correspond 

to the numbered points.   
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Chapter 2:  Methods 

In order to address the questions of sediment origin, changing depositional 

patterns, syn-tectonic deposition, and paleogeography, thirteen stratigraphic profiles were 

recorded through upper Baronia deposits, along a 12 km extent of E-W outcrops within 

the Ager Basin (Figure 7, Appendix A).  Outcrops were continuously exposed along the 

12km span, with more accessible exposures to the east of Lake Noguera Camarassa.  

Within each stratigraphic profile; sedimentary structures, bed dimensions, geometries, 

grain sizes, bioturbation and paleocurrents were documented.  Photomosaics, covering 

several km were collected to illustrate the architecture of sandbodies within the 

formations, as well as to illustrate lateral and vertical changes in facies.  The collected 

data were then integrated in order to determine the conditions which existed during 

deposition, as well as to document the detailed sedimentology of the tidal sand bodies.  

In order to determine the nature of the sandbodies within the upper Baronia as 

laterally or forward accreting, and thus as bars or dunes, both the azimuth of the accretion 

surface (master surface) and the azimuth of the cross-stratal sets  bounded by the 

accretion surfaces were examined (Figure 8).  Lateral migration was indicated where the 

orientation of the accretion surfaces were greater than 60°, or nearly perpendicular to the 

sandbody (Miall, 1994).  Forward accretion was indicated where accretion surfaces are 

oriented within approximately 60° of the cross-stratification of the sandbody.  The 

tectonic dip, which averaged about 25
o
 N was removed from the azimuth readings of the 

sandbodies with the utilization of stereonet software (Allmendinger, v. 1.2.0). 
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Figure 8: Compound dune at La Regola type section, with measured paleocurrent 

orientations to the northwest.  A.  Photomosaic of compound dune.  B.  

Interpretation showing simple dunes making up a compound dune C. Fine 

scale sedimentology of a dune at the front center, and tail.  Bottomsets are 

thickest at the dune’s front margin, while at the center, and tail, bottomsets 

are nearly non-existent.  An individual simple dune is shaded in red, while 

surrounding simple dunes making up the compound dune are shaded in 

grey.  In order to determine forward versus lateral accretion, the orientation 

of the master surfaces (top and bottom surfaces (thick lines) of shaded area) 

and individual foresets bound by master surfaces were measured.   

1.6m 
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Chapter 3:  Results 

FACIES 

Eight facies were identified within the upper Baronia succession, and are listed in 

order of relative abundance (Table 1, Figure 9).  Facies 1-4, which represent cross-

stratified sandstones, contain variable degrees of mud, ripples, and bioturbation, which 

were distinguishable in the field, and reflect energy conditions within the basin. 

Table 1: Facies identified within the upper Baronia Fm. 

  Facies descriptions for the upper Baronia Fm. 

  Facies Description Interpretation Environment 

1 

Muddy 

Cross- 

stratified  

Sandstone 

 

• Fine to medium grained sandstone 

•20 cm average set thickness                                                  

• Planar and trough cross-stratified                                  

•cross-strata are bound by co-sets and 

master surfaces 

• Coarsens up from 1-4 cm mud draped 

ripples 

• 1-4 mm of mud draping on foresets 

• Packages range from 1-21 m thick, 

averaging 8 m  

• Bioturbation by Planolites (BI-2) 

• Outcrops as fissile slope forming, or 

ledge forming deposits 

2-D and 3-D simple 

dunes formed in a high 

energy tidal environment, 

with high concentrations 

of mud in the system, 

allowing for mud draping 

and bioturbation to occur. 

Tidal currents are 

bidirectional, but only 

one direction is 

preferentially preserved 

Shallow marine 

environment with 

high energy currents 

from the southwest.   

Lower energy 

conditions than 

those forming 

cleaner simple 

dunes.  

2 

Clean 

Cross- 

stratified 

Sandstone 

 

• Fine to medium grained sandstone 

•30 cm average set thickness 

• Planar and trough cross-stratified                                          

•cross-strata are bound by co-sets and 

master surfaces 

• Coarsens up from <1cm mud draped 

ripples 

• <1mm mud draping of foresets 

• Packages range from 2-29 m thick, 

averaging 8 m  

• Low to no bioturbation (BI 0-1) 

• Outcrops as ledge or cliff forming unit 

2-D and 3-D simple  

dunes formed by strong 

currents.  Tidal currents 

are bidirectional, but only 

one direction is 

preferentially preserved.  

High energy tidal 

environment, results in 

winnowing of mud from 

the system, and dynamic 

shifting substrate allows 

little opportunity for 

bioturbation to occur.  

Shallow marine 

environment with 

high energy currents 

from the southwest.   
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3 

Very Clean 

Cross-

Stratified 

Sandstone 

without 

ripples 

between 

beds 

 

• Fine to medium grained sandstone 

• Sets average 30 cm in thickness 

• Stacked planar and trough cross-strata                    

• Cross-strata are bound by co-sets and 

master surfaces 

• Occasional sigmoidal and bidirectional 

(herringbone) cross-strata 

• Absent to very thin finer grained ripples 

<0.5 cm thick between cross-stratified sets 

• Absent to 1mm mud draping of foresets. 

• Packages range from 4-40 m thick, 

averaging 13 m thick 

• No bioturbation 

• Outcrops as ledge or cliff forming units 

• Dominant in upper-most parts of upper 

Baronia Fm. 

2-D and 3-D simple 

dunes formed by strong 

currents.  Tidal currents 

are bidirectional, but only 

dominant current 

structures are preserved. 

Lack of mud results from 

a high energy tidal 

environment, which 

winnows mud from the 

system, or from low 

concentration of mud in 

suspension.  Dynamic 

shifting substrate 

prevents bioturbation.  

Shallow marine 

environment with 

high energy currents 

from the southwest.  

Increased energy in 

the system winnows 

out mud, and 

prevents 

bioturbation.  

4 

Muddy low 

Bioturbation 

Cross-

stratified 

Sandstone 

 

• Very fine to fine grained muddy 

sandstone 

• Sets average 20 cm thick 

• Stacked planar and trough cross-strata                        

• Cross-strata are bound by co-sets and 

master surfaces 

• Coarsening up sets from 1-3cm mud 

draped ripples  

• 1-3 mm of mud draping on foresets 

• Packages range from 1-2 m thick 

• Bioturbation by Planolites, Skolithos, 

Asterosoma, and Palaeophycus (BI 2-3) 

• Outcrop as slope forming deposits 

2-D and 3-D simple  

dunes  formed in lower 

energy area due to slow 

dune migration rate, or 

high concentrations of 

mud in the system.  Tidal 

currents are bidirectional, 

but only dominant current 

structures are preserved.  

Cruziana to Skolithos 

ichnofacie assemblage 

indicates a marine 

environment without 

brackish water influx.  

Shallow marine 

environment with 

currents from the 

southwest.  

Relatively decreased 

current speeds, or 

higher mud content 

in the system, as 

compared to other 

cross-stratified 

facies.  

5 

Mud 

laminated  

rippled 

sandstone 

 

• Very fine grained mud rich sandstone 

• Co-sets average 20 cm thick 

• Composed of laminated and rippled 

planar sets 1-3 cm thick 

• Packages range from 1-2 m thick 

• No bioturbation 

• Outcrop as slope forming deposits at the 

base of cross-stratified packages 

Toesets of sigmoidal 

cross-strata at the front 

margin of a migrating 

compound dune and/or 

compound dune complex. 

Low energy shallow 

marine environment 

with weak currents 

present in interdune 

areas of simple 

dunes, compound 

dunes, and 

compound dune 

complexes  where 

muddy dune toesets 

are present.  

6 

Muddy, 

thoroughly 

Bioturbated 

Sandstone 

 

• Fine grained muddy sandstone 

• Structureless sets averaging 2 m thick 

• <2 cm mud remnants of mud draped 

ripples and horizontal laminations 

• Packages 1-2 m thick 

• Bioturbation by Skolithos, Planolites, 

Thalassinoides, and possibly Asterosoma 

(BI 3-5) 

• Outcrops as slope forming deposits 

Low energy marine 

environment where mud 

could settle as a stable 

substrate, thus allowing 

fauna colonization by 

marine Skolithos and 

Cruziana ichnofacie 

assemblages whereby 

intense bioturbation could 

take place. 

Low energy shallow 

marine environment 

where mud is 

deposited in the 

troughs between  

migrating compound 

dunes and 

compound dune 

complexes. 

Table 1, cont. 
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7 
Bioclastic 

Sandstones 

 

• Bioclastic sandstone to wackestone or 

packstone 

• Sandstones of variable grain size and 

trend 

• Bioclasts include shell hash, forams, 

bryozoans, rare coral pieces, and other 

carbonate fragments 

• Variable bed characters: stacked planar 

and trough cross-strata, to structureless 

beds 

• Sets average .5-1m thick 

• Packages no greater than 3 m thick 

• Outcrop as ledge forming units 

Carbonate material 

transported into the basin, 

or produced 

intrabasinally, and 

transported relatively 

short distances within the 

basin.  Tidal currents are 

bidirectional, but only 

dominant current 

structures are preserved.   

Shallow marine tidal 

environment with 

bioclastic source 

which is increased 

relative to 

siliciclastic source 

material. 

8 
Carbonate 

olistolith 

 

• Wackestone carbonate lithology 

• Bioclasts include whole shells, shell hash, 

forams, bryozoans, and other carbonate 

fragments 

• structureless / massive 

• Percent bioclast range from 15-40% 

• 2-8 m thick 

• 10-15m in length, abruptly ending                                        

• Outcrops as a discontinuous block on top 

of a muddy unit approximating 8m thick 

Deposition of olistoliths 

due to tectonic activity of 

the Montsec thrust, which 

shed the blocks into the 

basin.  

Allogenic blocks 

close to a 

tectonically 

generated high relief 

(Montsec thrust).  

 

FACIES RELATIONSHIPS 

Facies 1-6 (Table 1), within the upper Baronia Fm., occur in a hierarchy 

comprised of three distinct scales of organization.  A 10-60cm cross-stratified set makes 

up the smallest component of the organization, and is composed of facies 1 to 4 (Table 1, 

Figure 9).  A 0.6-5m coarsening and thickening, or thickening up package composed of 

the 10-60 cm cross-stratified sets makes up the second level of organization and includes 

facies 1 to 6.  A 5-40m coarsening and thickening, or thickening upward package 

composed of the 0.6-5m packages makes up the largest level of organization within the 

basin, and is also composed of facies 1 to 6.  Facies 7 and 8 are unrelated to the larger 

hierarchal organization within the basin, Facies 7, the bioclastic sandstone deposits 

occurs differentially in 0.5-5m packages, while facies 8 is presented as a distinctive and 

unusual facies horizon marking the start of upper Baronia deposits.  

Table 1, cont. 
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Figure 9: Upper Baronia Facies.  1.  Muddy Cross-Stratified Sandstone, 2. Clean 

Cross-Stratified Sandstone 3. Very Clean Cross-Stratified Sandstone 

without ripples between beds, 4. Muddy low Bioturbation Cross-Stratified 

Sandstone.  5.  Mud Laminated Rippled Sandstone, 6.  Muddy Thoroughly 

Bioturbated Sandstone.  7.  Bioclastic Sandstone, 8. Carbonate Olistolith 
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OBSERVATIONS & INTERPRETATIONS: HIERARCHY OF CROSS-STRATIFIED UNITS 

Observations: 10-60 cm scale simple dunes 

On the 10-60 cm scale of hierarchal organization within the basin, are cross-

stratified sandstones with variable degrees of mud accumulation and bioturbation which 

are composed of facies 1 through 4 (Figure 10).  Cross-stratification can be planar (2-D 

dunes), or trough (3-D dunes) (Figures 9, 12 A & B).  Sets with 2-D geometries are 

continuous over tens of meters, and contain sigmoidal to tangential foresets while sets 

with 3-D geometries are continuous on a scale of meters to tens of meters, containing 

tangential foresets.  10-60 cm sets coarsen upwards slightly from rippled bottomsets with 

higher mud content to coarser foresets.  Bottomsets generally exhibit tangential contacts 

with lower bounding surfaces of each set, though angular contacts do occur.  Sigmoidal 

topsets are observed in places where little erosion, evidenced by the rippled bottomsets of 

the overlying cross-stratified sets, occurred. The amount of rippling present in the 

bottomsets of each cross-stratified set reflects the muddiness of the cross-stratified 

lithology, muddier cross-strata containing more ripples (facies 1 & 4).   In the cleaner 

cross-stratified facies (2 & 3), the well sorted nature, and lack of fine grained draping 

makes it difficult to recognize any stratification at all. Foresets are draped by 1-3 mm of 

mud, and are frequently double mud draped, depending on the lithology making up the 

cross-stratified sandstone (Figure 9, Table 1).  Paleocurrents within individual cross-

stratified sets display dominantly northeast-east transport with lesser northwest and 

southwest modes (Figure 7). 
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Interpretations: 10-60 cm scale simple dunes 

The 10-60 cm cross-stratified sets are interpreted to be 2-D and 3-D simple dunes 

(Figures 10, 12 A, B,).  Lower bounding surfaces are planar, indicating formation by 

dunes with flat troughs (Figure 11-A), or trough shaped, indicating formation by dunes 

with scour pits, or spurs in their troughs (Figure 11-B).  Dune morphology is indicated by 

these parameters, as sets with planar bounding surfaces and straight foresets are thought 

to result from migration of 2-D dunes, while sets with trough bounding surfaces and 

sinuous foresets are thought to result from the migration of 3-D dunes (Rubin, 1987; 

Ashley, 1990).  Simple dunes migrate according to direction of tidal currents within their 

environment of deposition, and become stacked upon one another, forming tidal 

compound dunes on a 0.6-5 m scale. 
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Figure 10: Stratigraphic Column 12 with interpreted facies relationships of simple 

dunes, which are drawn in accordance with field relationships, compound 

dunes, and compound dune complexes.   These interpretations resulted in 

the size ranges of the dune hierarchy.  Note the cleaning and thickening 

upwards trend within the stratigraphic column on a scale of 160m. 
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Observations: 0.6 to 5 m Scale Compound Dunes 

On the 0.6-5 m scale of hierarchal organization of the upper Baronia Fm. cross-

stratified packages are coarsening and thickening, or thickening upward successions of 

simple dunes bounded by gently dipping master surfaces which can extend laterally from 

tens of meters to hundreds of meters (Figure 10).  The basal portion of the coarsening 

upward component is made up of fine grained deposits of facies 6, which can transition 

into the heterolithic rippled facies 5.  Interbedding of the simple dunes (facies 1-4) may 

occur with facies 5 or 6 as the package coarsens upward as a whole.  Stacked sets of 

simple dunes make up the dominant component of this association, and have an average 

thickness of 10-20cm at the base, and 30-40 cm (up to 60 cm) at the top. Stacking of the 

simple dunes within the package results in variable degrees of topset erosion, resulting in 

a reworked surface in which sigmoidal contacts of planar cross-strata with topsets are not 

always observed.  Cross-stratification can be planar, trough, or mixed planar and trough 

within the package.  0.6-5 m units of simple dunes are bounded by low angle master 

surfaces (5-15°), which contain the coarsening & thickening upwards, or thickening 

upwards packages of simple dunes.  Simple dunes meet the master surfaces in a 

tangential manner in both updip and downdip directions, acting as “foresets” to the larger 

0.6-5 m unit.  These simple dunes are thus obliquely stacked on top of one another to 

make up the larger association.  However, due to the individual lateral extent of the 

simple dunes, ranging from meters to tens of meters, these master surfaces can be 

difficult to identify. 

 The morphology of the dune packages is variable depending on location within a 

sandbody.  Coarsening upward trends tend to occur on the front margins of the migrating 

sandbody (according to paleocurrent direction), while sharper based thickening up 
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packages tend to occur in the body to tail regions (Figure 8).  Overall package thicknesses 

of a single compound dune vary between measured sections, as the master surfaces 

eventually pinch out laterally.  In dune packages where the master surfaces were 

identified, foresets indicated forward accretion with relation to the master surface (Figure 

8).  Paleocurrents measured within these packages show a dominantly northeast-east flow 

direction with a smaller percentage to the northwest and southwest (Figure 7). 

Interpretations: 0.6 to 5 m Scale Compound Dunes 

Tidal compound dunes are 0.6-5 m successions composed of of 2-D and 3-D 

simple dunes, which form due to migration of simple dunes over one another (Figure 10, 

Figure 11 C).  Compound dune deposits have either a coarsening and thickening upwards 

nature, or just thicken upwards, depending on lateral location within the larger compound 

dune body.  Coarsening upwards packages are proposed as due to the progradational 

nature of a compound dune.  Dune bottomsets are muddy and bioturbated due to low 

energy conditions present in the compound dune complex trough (inter-dune area).   The 

muddy rippled facies represent bottomsets of individual progradational simple dunes 

making up the compound dune system and coarsen into the simple dunes of facies 1-4.  

The muddier simple dunes represent lower energy conditions, and may coarsen into the 

cleaner simple dunes which representing the crest of the compound dune which is 

actively building and migrating.  The coarsening upwards trend of the preserved deposit 

of a compound dune is observed towards the front or crest area of the migrating dune, 

where sediment is actively transported (Figure 8).  Thickening upwards occurs within the 

compound dune deposits due to the nature of the simple dune deposits making up the 

sandbody, and reflects increasing current speeds throughout deposition, as larger simple 

dune deposits are associated with higher current velocities.  Thus, each individual 
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compound dune deposit reflects increasing dominantly unidirectional flow conditions to 

the northeast.  Thickening upwards compound dune deposits which do not coarsen 

upwards are proposed to form in the same way as discussed above, but with erosion of 

the underlying coarsening upwards components of the deposits as migration of the 

compound dune occurs.  These two morphologies occur within the same sandbody and 

are laterally correlative.  As individual simple dunes shingle over one another, they meet 

in a low angle (5-15°) tangential manner with a common master surface horizon at their 

base and top.  These master surfaces bound the compound dune deposits.  The 

orientations of the master surfaces of the compound dune deposits were measured within 

60° of the cross-stratification of the sandbody, indicating formation of the deposit by 

downstream or forward accretion.  While both tidal compound dunes and bars produce 

similar stacks of cross-stratified sandstones, dunes migrate nearly parallel to the dominant 

current producing forward accretion deposits (Dalrymple, 1984)  whereas bars migrate 

obliquely to the main current, producing a dominance of lateral accretion deposits 

(Dalrymple & Choi, 2007) (Figures 6, 16).  The lower bounding surfaces of individual 

compound dunes migrated in a downcurrent (northeast) direction, consistent with 

paleocurrent directions, indicating that compound dunes migrated in the direction of net 

bedload transport and were thereby dunes, and not bars (Figure 14).  

Observations: 5 to 40 m Scale Compound Dune Complexes 

On the 5-40 m scale of hierarchal organization of the upper Baronia Fm., are 

coarsening upwards, and sharp-based blocky successions of stacked compound dunes 

bounded by low angle master surfaces which extend from hundreds of meters to 

kilometers (Figure 14).  These packages make up the largest association of the basin, and 

form the distinctive sand packages visible in the upper Baronia Fm. from great distances 
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(Figures 13, 14).  Coarsening upwards 5-40m packages are generally underlain by 

covered intervals 1-8 m thick, assumed to be facies 6, which coarsen to finer grained 

deposits of facies 6, and then into the rippled heterolithic unit of facies 5.  Packages of 

compound dunes make up the dominant component of this association, as they shingle 

over one another, potentially meeting a common master surface on a hundreds of meters 

to kilometers scale (Figures 13, 14).  The morphology of the dune packages is variable 

depending on lateral location within a single sandbody.  Packages tend to be sharp based, 

and show a cleaning and thickening upwards trend.  However, coarsening/cleaning and 

thickening upward sequences are also found to occur.  Package thicknesses become 

variable as the unit pinches out both updip and downdip.  Paleocurrent directions of the 

compound dunes within this association are predominately to the northeast, in accordance 

with the apparent dip direction of these large scale packages, once the tectonic dip is 

removed (Figure 14), indicating forward accretion. 

Interpretations: 5 to 40 m Scale Compound Dune Complexes 

Tidal compound dune complexes are 5-40 m thick and consist of stacked sets of 

tidal compound dunes (0.6-5 m) (Figure 10, 11 D).  Compound Dune Complexes 

represent the largest level of cross-stratification within the upper Baronia Fm., and are 

composed of compound dunes (0.6-5 m), which, in turn, are composed of simple dunes 

(10-60 cm) (Figure 11 D).  The sharp based cleaning and thickening upwards and 

coarsening, cleaning, and thickening upward nature of the compound dune complexes is 

reflective of the same lateral changes discussed in the compound dunes above, where 

coarsening upwards occurs towards the front progradational margin (according to 

paleocurrent direction) of the migrating sandbody, and a sharp based succession occurs in 

the body and tail of the compound dune complex where erosion of muddier toeset 
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deposits has occurred (Figure 13, 14).  Compound dune complexes are composed of 

compound dunes, which shingle over each other, meeting in a common horizon in a 

downcurrent (northeast) direction.  The coarsening upwards nature of the deposits at the 

front of the compound dune complexes is thus due to the toesets of each of the compound 

dunes meeting at this common basal horizon, as they migrated due to strong currents.  

Due to the lateral extensiveness of the compound dune complexes, on a scale of hundreds 

of meters to kilometers, it is difficult to identify the points at which compound dunes 

merge into the largest scale compound dune complex master surfaces.  However, it is 

proposed that this happens in a similar manner to the simple dunes forming the 

compound dunes, as discussed above.  Photomosaics and stratigraphic columns (Figure 

13, 14) indicate that these large compound dune complexes appear to thin tangentially in 

a downcurrent direction, whereby they may shingle upon each other in yet another level 

of stacking.   

 The hierarchy of cross-stratified sandstone packages discussed above 

characterizes the bulk (~94%) of the upper Baronia Fm. deposits.  These deposits are 

similar to ancient deposits described as dunes and compound dunes within tidal straits 

such as in the Te Kuiti Group of New Zealand (Anastas et al., 1997), the Bearreraig 

sandstone of northwest Scotland (Blackwood, 2006), the Gaudix Basin of southern Spain 

(Betzler et al., 2006), the Guadalhorce Corridor of Southern Spain (Martín et al., 2001), 

and the North-Betic Strait of southern Spain (Martín, 2009).  However, other 

explanations for the upper Baronia Fm. succession of cross-stratified deposits could 

include a tidal delta, or, a tidal bar. 



 32 

 

Figure 11: Hierarchy of dunes in the upper Baronia Fm. A. Simple 2-D dune.  B. 

Simple 3-D dune C. Compound dune formed from migration of simple 

dunes on top of one another.  Recognize that the bounding surfaces of the 

compound dune are the master surfaces from which forward accretion is 

measured.  D.  Compound dune complex (compound-compound dune) 

formed from migration of compound dunes on top of one another.   

A. 

B. 

C. 

D. 
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TIDAL INFLUENCE- OBSERVATIONS & INTERPRETATIONS 

The Baronia and Ametlla formations of the Ager Basin are considered to have 

been deposited under the influence of significant tides (Mutti et al., 1985; Dreyer & Fält, 

1993; Dreyer, 1994).   Indicators of tidal influence have been documented in both recent 

and ancient deposits (Nio and Yang, 1991; Dalrymple, 1992; Willis, 2005; Dalrymple & 

Choi, 2007).   Within the Baronia Formation, the most striking evidence for tidal currents 

are thick successions of cross-stratified sandstones in intervals up to 40m thick.  The 

grain size and sand-rich nature of these cross-stratified deposits imply a depositional 

environment with consistently strong currents (Steel et al., in press).  Tidal influence is 

implied by the presence of thick (average 8m), stacked sets of planar and trough cross-

stratified units without the additional occurrence of incisional erosive surfaces that are 

characteristic of fluvial cross-stratified units (Figure 4).  Other tidal criteria identified 

within the Baronia succession follow tidal indicators as summarized by Willis (2005) and 

include; 1. bi-directional ripple and dune scale cross-strata, 2. sigmoidal contacts of dune 

scale cross-strata with set bases, and 3. presence of heterolithicity in the form of mud-

draped ripples, mud-draped dune foresets, and double mud drapes (Figure 12). These 

deposits indicate both an ebb and flood current, as well as a period of decreased energy 

between the two currents, which allows for the deposition of fine grained sediments. The 

presence of bioturbation by Skolithos and Cruziana ichnofacie assemblages associated 

with the tidal indicators and cross-stratified deposits supports that these are tidal 

successions occurring within a marine environment. 
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Figure 12: Tidal signatures within the upper Baronia Fm. A & B. Bidirectional dune 

scale cross-strata, C. Mud draped dune scale sigmoidal foresets, D. Mud 

draped ripples, E. Tectonically dipping beds (25°), with mud draped ripples 

between dunes with mud draped foresets, F. Ripple scale bidirectional cross-

strata.  Muds pictured here appear as recessive planes due to weathering. 

Arrows and lines highlight key features.  
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COMPOUND DUNE HIERARCHY VS. BAR, DELTAIC, AND ESTUARINE DEPOSITS 

 While both compound dunes and bars produce large stacks of cross-stratified 

sandstones, dunes migrate parallel to the dominant current producing forward accretion 

deposits (Dalrymple, 1984) and bars migrate obliquely to the main flow, producing a 

dominance of lateral accretion deposits (Dalrymple & Choi, 2007) (Figure 16).  Where 

the orientation of the accretion surfaces are within approximately 60° of the cross-

stratification of the sandbody, forward accretion formed the deposit, and where it is 

greater than 60° lateral accretion occurred (see also Miall, 1994).  As the 0.6-5 m cross-

stratified units discussed above were formed by forward accretion, deposition by 

compound dunes, rather than by tidal bars, is indicated.  Forward accretion is also 

implied at the compound dune complex level, as the complexes downlap in the same 

general direction of the paleocurrents, indicating forward accretion (Figure 14).  

Deposition by tidal bars is also shown as unlikely due to the lack of erosionally based 

fining upwards successions typically associated with channel deposits formed adjacent to 

tidal bars (Caston, 1972; Dalrymple and Rhodes, 1995, Dalrymple & Choi, 2007). 

The coarsening upwards nature of the 0.5-5 m and 5-40 m cross-stratified deposits 

is better attributed to compound dune or deltaic deposits, both of which coarsen upwards 

(Dalrymple, 1984).   However, deposition by a deltaic system is unlikely due to the lack 

of heterolithicity characteristic of a delta, the absence of both a coeval river system and 

its associated distributaries, and the Cruziana to Skolithos marine trace fossil assemblage.  

The heterolithicity of the upper Baronia Fm. is negligible, with sandstones up to 40 m 

thick and thin muddy intervals of facies 5 and 6, no greater than 2 m thick, as well as 

slope forming cover, assumed to be the muddy bioturbated facies 6 with a maximum 

thickness of 8 m.   
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The argument could made that the deltaic system was simply sandy, however, this 

doesn‟t account for the lack of distributary channel deposits which would be expected on 

the delta top and the lack of a coeval river system from the south-southeast, as indicated 

by paleocurrent data.  Additionally, marine trace fossils include Skolithos, Planolites, and 

Thalassinoides, as well as, rarer Asterosoma, Rosselia, Ophiomorpha, and Cylindrichnus.  

These trace fossils are of a Skolithos to Cruziana ichnofacies assemblage, which occurs 

in an open marine environment without the stress imposed by the brackish and muddy 

waters created by a deltaic system (Crimes, 1975: Frey & Seilacher, 1980).   

Interpretation of the 0.6-5 m deposits as compound dunes, and the 5-40 m 

successions as compound dune complexes accounts for the coarsening upwards 

morphology, the forward accretion of the dunes, the lack of associated fluvial channels, 

and for the marine trace fossil assemblage.  Coarsening upward packages are thus 

proposed to be due to the progradational nature of compound dune complexes, where 

dune bottomsets are muddy and bioturbated because of the low energy conditions present 

in the compound dune complex trough (inter-dune area) (facies 6).  The muddy rippled 

facies then represent the bottomsets of the dune system (facies 5), the muddier cross-

stratified facies represent the lower energy slope or lower energy crest deposition(facies 

4), and the cross-stratified portion of the association (facies 1 to 3) forms the crest of the 

dune which is actively building and migrating.  Sharp based 0.6-5 m and 5-40 m 

successions are due to location in the tail to body region of the larger compound dune 

body, while laterally, coarsening upwards occurs in the front margin of the compound 

dune/compound dune complex.  This is shown by example in the La Regola type section 

(Figure 8) where a 2-D simple dune was examined in detail to determine the close up 

morphology.  Three cross sections through the front, center, and end of a simple dune, 

composing a compound dune, illustrate that the bottomsets, which coarsened up to 
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foresets on the prograding front margin of the dune were nearly absent in the body of the 

dune, leaving a blocky sharp based cross-stratified deposit (Figure 8).  On the larger scale 

of compound dunes 0.6-5 m, and compound dune complexes 5-40 m this trend is 

maintained, in that the front margins of the prograding dune have a coarsening up 

morphology from mud to ripples to cross-stratification while the body to tail region of the 

compound dunes would have a sharper base due to the erosion which occurs during dune 

migration.  Thus, deposits located in the body to tail region would appear as a thick set of 

cross-stratified sandstones. The thickening upwards nature of compound dunes represents 

the higher energy conditions as the compound dune builds upwards and energy increases 

towards the crest.   

Another possible explanation for the absence of coarsening upwards from 

bottomsets can be due to the high energy conditions present in the basin which could 

result in differential deposition of mud, as mud may not have low enough energy 

conditions, or sufficient concentration, to settle between dunes and compound dunes.  

Lack of finer grained deposits is evident in upper portions of the upper Baronia Fm., 

where little mud is deposited, and dunes and compound dunes form large successions 

without any defining mud deposits to assist in distinguishing individual compound dunes 

or compound dune complexes.  
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Figure 13: Photomosaic of the upper Baronia Fm. along an approximately 2 km long exposure covering stratigraphic sections 2-7 

(base map below in Figure 14), and  highlighting compound dune complexes within the basin.  Note that these sandy 

packages are thickest at the top of the exposure, indicating the general cleaning and thickening upward trend occurring 

throughout the deposition of the upper Baronia Fm.  Compound dune complexes are stacked on top of one another as 

they migrate Northeast-east within a tidal seaway, forming a seemingly continuous cross-stratified outcrop. 
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Figure 14: Correlation panel between measured stratigraphic columns (Appendix A) in 

the upper Baronia Fm. showing lateral changes in correlative sandbody 

thicknesses over relatively short distances.  Downlap occurs towards the 

east, indicating migration of sandbodies in an easterly direction, and 

supporting regional paleocurrent data, further indicating forward accretion.  

Stratigraphic columns 2-7 were used, due to their close proximity, and 

distinctly correlative basal olistolith horizon, while stratigraphic columns 8 

and 9, were correlated using a distinctive bioclastic sandstone unit 

.   

Compound 

dune complex 
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OBSERVATIONS: BIOCLASTIC SANDSTONES TO CARBONATE LITHOLOGIES  

Bioclastic to carbonate sandstones comprise approximately 6% of the facies of the 

upper Baronia unit and occur in thin 0.5-5 m thick packages, with sets ranging from 20 

cm to1.5 m thick.  Bioclastic sandstones to carbonate lithologies occur throughout the 

basin, and have no consistent grain size, percent bioclasts, or sedimentary structure 

trends. Coarsening, fining, and structureless bioclastic beds were documented, and both 

two dimensional cross-stratification and horizontal stratification occurs.  Bioclastic 

sandstones are sharp based with little erosion, and cross-stratified sets contain bottomsets 

exhibiting tangential contacts with lower bounding surfaces of each set.  Bioclastic 

sandstones range from 10% to 75% bioclasts, and carbonate lithologies include both 

packstones and grainstones.  Bioclasts were dominantly shell hash <1cm in size, but also 

included forams, bryozoans, rare coral pieces, and other carbonate fragments.  

Bioturbation by Planolites, and Cylindrichus, and rippled surfaces were observed, as well 

as the rare presence of very coarse quartz grains along and within bedding planes.  Grain 

sizes are predominately medium to very coarse.  Bioclastic sandstones, packstones, and 

grainstones occurred with no distinct associations within the basin, and are observed 

within, and capping cross-stratified intervals, as well as within slope forming cover 

intervals interpreted as facies 5 or 6.  Bioclastic sandstones and carbonates are laterally 

continuous on the scale of tens of meters to hundreds of meters, and thicknesses are 

variable.   Paleocurrents are dominantly to the northeast-east, with a subordinate amount 

to the southeast and northwest.    

INTERPRETATIONS: BIOCLASTIC SANDSTONES TO CARBONATE LITHOLOGIES  

While bioclastic to carbonate sandstones comprise only a small portion (6%) of 

deposits within the upper Baronia Fm., they indicate an important marine influence into 
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and/or within the basin.  Carbonate grains are proposed to be present in the basin due to 

1. transport into the basin, or 2. intrabasinal production.  Carbonates formed outside of 

the basin, would be transported in by strong tidal currents, indicating that the basin was in 

connection with a marine source, and active areas of carbonate production.  Carbonate 

clasts also have the potential to indicate intrabasinal production of carbonates, potentially 

during periods of decreased siliciclastic input.  However, it is difficult to determine the 

source of the carbonate material in outcrop, as the majority of carbonate clasts are 

fragmented, suggesting that carbonates were likely reworked by strong tidal currents 

which transported them throughout the basin, whether or not they were produced 

intrabasinally.  Whole shells >1cm are also found, indicating a smaller degree of 

reworking, possibly due to decreased tidal currents, smaller degree of transport, or 

intrabasinal formation. Bioturbation of carbonate lithologies by Planolites, and 

Cylindrichus, indicate a Cruziana ichofacies assemblage occurring in fully marine 

environments, as opposed to brackish environments associated with deltas and estuaries 

(Crimes, 1975; Frey & Seilacher, 1980).  Thus, marine conditions existed during 

deposition of carbonate and bioclastic beds.  Overall, bioclastic sedimentation is 

proposed to occur as background sedimentation, which was enhanced at times due to 

relative increase of bioclastic materials relative to siliciclastics, strong currents into the 

basin, or local intrabasinal sources.  Relative increase in bioclastic material resulted in 

deposits which are predominately bioclastic or carbonate wackestones to packstones.   

Juxtaposition of bioclastic sediments with siliciclastic sediments within straits has been 

proposed in other scenarios as due to local dominance in carbonate supply, which can 

occur on opposite sides of bedload parting zones (e.g. Torres Strait, Harris, 1988). 
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OBSERVATIONS & INTERPRETATIONS: CARBONATE OLISTOLITHS 

Carbonate blocks averaging 2-8 m in height, and 10-15 m in length were present 

as a discontinuous horizon marking the beginning of the upper Baronia Fm.  Carbonate 

blocks were of a wackestone lithology with bioclasts including shells, shell hash, forams, 

bryozoans, and other carbonate fragments.  Blocks were structureless and massive, with 

percent of bioclasts ranging from 15-40%.  These blocks were laterally discontinuous, 

ending abruptly (Figures 9, 15).  Blocks were oriented irregularly in respect to both the 

underlying muddy units of the lower Baronia Fm., and the overlying sandier upper 

Baronia Fm. sandbodies, and thereby mark a distinct change in dominant lithology from 

muddier to sandier deposits throughout the basin.  Carbonate blocks are interpreted as 

olistoliths whose collapse and deposition was initiated due to tectonic movement on the 

Montsec thrust.  These blocks represent a tectonic influence on the basin, whereby thrust 

movement affected the deposition of the upper Baronia Fm., and the formation of the 

basin as a whole  

VERTICAL & LATERAL TRENDS 

General Distribution of Facies within the upper Baronia Fm. 

The upper Baronia Fm. is composed primarily of compound dune complexes 

whose deposits dominate the stratigraphy of the Ager Basin.  Rough correlation of 

stratigraphic columns (Figure 14), as well as photomosaics, (Figure 13) indicate that 

compound dune complexes shingle in a downcurrent manner throughout the lateral extent 

of the basin.  Thus, the stacking of these large, 5-40 m thick compound dune complex 

successions determines the major distribution of mud and sand within the basin, as 

discussed above.   
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Facies distribution across the width (north to south) of the basin was harder to 

capture, as the dominant exposure was east-west oriented.  However, a road cut exposure 

along C-13 (Figure 7) exposed the axis of the basin wide syncline, and the northern limb 

of the deposits, which were not accessible elsewhere.  Deposits of the northern limb of 

the syncline, and close to the syncline axis on the southern limb exhibited coarser grain 

sizes (from coarse to very coarse sands with cobble sized clasts to conglomerate wedges) 

than any other location in the basin.  These coarse grained intervals were 2-15 cm thick, 

and occurred as pulses of coarser grains oriented within sandy sets ranging from tens of 

centimeters to meters.  However, as the exposure was a road cut, it was difficult to 

measure set thicknesses, and weathering was not sufficient to obtain cross-stratification 

orientations.  Coarser grain deposits are thus associated primarily with the northern limb 

of the syncline, which is adjacent to the Montsec thrust.  However, distribution of sand 

and mud is still suggested to occur primarily in relation to the distribution of compound 

dune complexes, as the northern limb of the syncline is not well exposed.  Deposits of the 

northern limb of the syncline are discussed in the syn-tectonic section below. 

Overall, distribution of facies within the upper Baronia formation occurs in 

relation to the distribution of the largest scale (5-40 m) compound dune complexes within 

the basin.  Migration of smaller, faster moving superimposed compound dunes occurs 

over one another, down the lee face of the underlying compound dunes, in order to form 

large compound dune complexes.  The orientation and location of these compound dune 

complexes throughout the basin determine the distribution of muds, which occurs 

preferentially in the troughs of these large complexes, and sands which form the body 

and crests.  Over time, migration of large dunes becomes slower, and they are overtaken 

by smaller, faster moving compound dune complexes, which, as they grow by addition of 

compound dunes, slow, and are again overtaken.  Thus, vertical and lateral stacking 
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represents dune migration over time, where muds are distributed preferentially in inter 

dune areas, and on the front margin of compound dune complexes.  A distinct trend in 

this distribution, however, is the overall cleaning and thickening upwards characteristic 

which occurs throughout the deposition of the entire upper Baronia Fm.  This indicates 

increasing energy conditions which would result in sandier compound dune complex 

deposits upwards in the succession. 

Overall Cleaning & Thickening Upwards Trend 

Cleaning & thickening upwards of the upper Baronia Fm. occurred on a scale of 

100-160 m, where cross-stratified sandstone facies became dominant, and the cleanest 

cross-stratified facies (Facies 2 and 3), without ripples or bioturbation, dominated the 

upmost exposures of the upper Baronia (Figure 14, Appendix A).  This cleaning, and 

thickening upwards trend suggests changing conditions within the basin, whereby an 

increase in rate of migration and height of compound dunes and compound dune 

complexes occurred.  Increase in the relative amount of sand, in accordance to the 

predominance of the compound dune complexes, indicates increasing current velocities 

within the basin, which would have resulted in energy conditions where muds were 

unable to settle out.  Increasing energy conditions are proposed as due to basin 

constriction, without necessarily causing significant water deepening of the system, 

probably due to progressive thrust movement.  Slightly larger compound dune complexes 

in the uppermost part of the upper Baronia Fm. are proposed to have migrated under the 

fastest current speeds, resulting in the thickest compound dune complexes of the cleanest 

sands (facies 2 & 3).  Decreased cross sectional area of the seaway (without greatly 

deepened water), as the thrust moved, would have forced stronger tidal current velocities 

within the seaway.  
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Figure 15: Evidence for syn-sedimentary tectonics.  A. Axis of the basin wide syncline 

B. Overview of syncline, and relation to Montsec thrust front (Road to left 

hand side for scale).  C. Carbonate Olistolith marking change from lower to 

upper Baronia deposits.  D. Modern olistolith off of Montsec thrust. E. 

Carbonate clasts within the upper Baronia on the northern limb of the 

syncline.  F. Bioclasts and carbonate clasts on the northern limb of the 

syncline. 
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SYN-SEDIMENTARY TECTONICS OBSERVATIONS & INTERPRETATIONS 

Evidence for syn-sedimentary tectonics during upper Baronia sediment 

accumulation in the Ager Basin includes 1. presence of the basin wide syncline, 2. 

thinning of sedimentary packages within the upturned northern limb of the syncline 

adjacent to the Montsec thrust, 3. coarseness of accumulated grain sizes adjacent to the 

Montsec thrust, 4. spectacular occurrence of a carbonate olistolith horizon within the 

Baronia succession, and 5. cleaning and thickening of dune deposits throughout 

deposition of the Baronia Fm. (Figure 15).    

1. The Ager Basin is dominated by an east to west trending asymmetric syncline 

which is adjacent to the thrust front.  The northern limb of the syncline dips 

from 60-80° to the south while the southern limb of the syncline dips 

approximately 20-25° to the north.  Footwall growth synclines are formed in 

response to fault propagation folding, fault bend folding, and detachment 

folding (Hoy & Ridgway, 1997).  Rotated strata, progressive unconformities, 

and abrupt changes in conglomerate clast composition have been documented 

within growth synclines, and indicate the relationship between thrust fault 

deformation, fold development and syn-orogenic sedimentation (Hoy & 

Ridgway, 1997).  Both rotated strata and progressive unconformities are found 

within deposits of the Ager Basin, as the syncline is approached (Mutti et al., 

1988).   

2. Sedimentary units of the Ager Basin thin adjacent to the thrust, with the total 

thickness of the Baronia Fm. (upper and lower) measuring ~106 m on the 

northern limb of the syncline, while just the upper Baronia on the southern 

limb of the syncline measures ~160 m thick. Thinning of packages adjacent to 
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thrust indicate the possibility of growth strata, where thickness changes result 

from contrasts in the rate of tectonic uplift, as compared to accumulation 

(Suppe et al., 1992; Burbank & Vergés, 1994).   

3. Coarsening and lithologic variability of grains occurred on the northern limb 

of the syncline, with common coarse to very coarse quartz to lithic sand 

grains, and pebble to cobble sized grains to conglomerate beds composed of a 

variety of lithologies, including; lithics, quartz, bioclastic sandstones, and 

limestones.   An abundance of bioclastic deposits also occurred in the northern 

thrust-adjacent Baronia deposits, and included shell hash and carbonate clasts 

containing Alveolina grains.  Coarse grained deposits from coarse to very 

coarse sands, as well as cobble sized conglomerate beds 2-15 cm thick are 

also associated with the syncline and Montsec thrust front.  This coarseness of 

upper Baronia deposits is not seen elsewhere in the basin.  Clasts were of 

variable lithologies, but included sub-rounded-angular carbonate clasts, and 

sub-rounded to angular clasts containing Alveolina bioclasts, as well as 

angular to sub-rounded quartz grains. Carbonate clasts suggest input from the 

Alveolina Limestone, and carbonates of the Montsec thrust. Alveolina clasts 

would be sourced due to erosion of underlying sediments from the north of the 

Ager Basin due to tectonic movement associated with thrust propagation, 

while carbonate clasts could be sourced from sediments off of the Montsec 

thrust.  

4. The most prominent evidence for syn-sedimentary tectonics comes from the 

collapse and emplacement of large carbonate olistolith blocks marking the 

start of the upper Baronia Fm.  These large, 2-8 m blocks, composed of 

dominantly bioclastic carbonates are laterally discontinuous on the scale of 
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10-15 meters (Figure 15).  Olistoliths appear as an angular unconformity to 

both the underlying lower Baronia Fm., and overlying upper Baronia Fm. 

deposits. Olistolith blocks thus mark the transition from the lower to upper 

Baronia Formation, though olistoliths were never found on the eastern side of 

Lake Camaressa Noguera, due to the tectonic dip, and location of the 

correlative horizon within the lake.  Additionally, no olistoliths were found on 

the northern limb of the syncline, adjacent to the Montsec thrust, though only 

the one road cut exposure was investigated. The appearance of these emplaced 

carbonate olistoliths provide the most dramatic evidence for large scale 

tectonic movements within the Ager Basin, and mark the initiation of 

deposition of the upper Baronia.  These large 2-8 m angular carbonate blocks 

are too large to have been transported by marine processes, nor were glaciers 

present on the Iberian Peninsula in the Eocene.  Thus, these blocks are 

assumed to have resulted from slope instability due to movement on the 

Montsec thrust at a point where blocks were driven under gravity into the 

marine basin.  In the modern landscape, large olistoliths are observed to have 

fallen from the Montsec thrust, indicating that this process might still have 

been active in the recent past (Figure 15).  Age of thrusting on the Montsec 

thrust is thus constrained to the mid Eocene (Illerdian), a result consistent with 

the opinion of some workers (Munoz, 1992, 2002,), and contradictory to the 

opinion of others (Nijman, 1998).   

5. Overall coarsening upwards of deposits occurs both within the upper Baronia, 

and between the upper and lower Baronia.  Lower Baronia deposits, which 

reach thicknesses of 180 m, show alternations of meter thick packages of 

cross-stratified siliciclastic or bioclastic sandstones with highly bioturbated 
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muddy sandstones containing abundant marine trace fossils (Olariu et al., 03-

05).  The lower Baronia is muddier in the basal extent of the outcrop, with 

thicker highly bioturbated intervals thinning upwards, and with a decreasing 

percentage of packstones to grainstones, and of bioclastic sandstones 

occurring from the base to the top.  At the olistolith horizon, these deposits 

become the predominately cross-stratified sandstone deposits of the upper 

Baronia Fm., which coarsen and become cleaner upwards throughout.  Thus, 

throughout deposition of the entire Baronia Fm., deposits both clean and 

thicken upwards.  However, the olistoliths horizon represents a sharp 

difference between lower and upper Baronia, indicating a distinct change in 

tectonic regime.  Deposits of the lower Baronia, aligned adjacent to the thrust, 

become sandier and more cross-stratified towards the top suggest a continuous 

regime of subsidence by which the Ager Basin was formed due to loading by 

the Montsec thrust, and by which deposits evolved from muddy to sandy, as 

high energy currents began to enter the seaway.  A large thrust movement and 

generation of slope collapse is then recorded by the blocks of the olistolith 

horizon, and marks the beginning of the upper Baronia Fm.  Sedimentary 

deposits record some continuity of movement on the Montsec thrust 

throughout deposition of the upper Baronia Fm as indicated by the observed 

coarsening upwards and dune-size increase through the upper Baronia Fm.  

Overall, sedimentary deposits of the entire upper Baronia succession suggest 

increasing tidal energy conditions which may have resulted from decreased 

cross-sectional area of the strait during thrust movement.  
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Figure 16: Deposits of tidal bars and tidal compound dunes.  Migration by tidal bars 

occurs laterally to the current, while migration by tidal dunes occurs parallel 

to the current.  This results in differential orientation of the accretion 

surfaces up to 90°. 
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Chapter 4:  Discussion 

SEDIMENTARY DEPOSITS & DEPOSITIONAL ENVIRONMENT 

Upper Baronia deposits are characterized by a hierarchy of cross-stratified 

sandstones, which extend throughout the basin.  From small to large scale, this hierarchy 

is composed of 1. simple dunes, 2. compound dunes, 3. compound dune complexes 

(compound-compound dunes), and 4. basin wide stacking of compound dune complexes 

(Figure 10, 12).  Simple dunes form the building blocks of the upper Baronia Fm., 

average 30 cm in thickness, and extend from meters to tens of meters in length.  Simple 

dunes are of both 2-D and 3-D natures, 2-D dunes resulting in planar-tabular cross-

stratification due to their relatively straight crest, and 3-D dunes forming trough cross-

stratification due to their sinuous to lunate form associated with scour pits (Ashley, 

1990).  Simple dunes migrate over one another forming compound dunes as they extend 

from a common master surface horizon in an upcurrent direction into muddy bottomsets 

of a common master surface in a downcurrent direction.  Compound dunes, composed of 

simple dunes, average .6 to 5 m in thickness, and extend tens of meters to hundreds of 

meters in length, and are generally low angle, making them hard to recognize due to the 

tectonic dip and lateral extensiveness.  The amount of mud draping and bioturbation of 

both simple and compound dunes occurs relative to the energy in the system, as indicated 

by the differentiation of facies 1-4 (Table 1).  Within the upper Baronia Fm. compound 

dunes make up compound dune complexes (compound-compound dunes) averaging 10-

15 m (up to 40 m) and extending for hundreds of meters to kilometers, which result from 

migration of compound dunes over one another.  Data presented from stratigraphic 

columns (Figure 14) and photomosaics (Figure 13) indicate that large compound dune 

packages stack one over another across the basin due to migration in a downcurrent 
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manner over very large time scales, forming an even larger association of compound 

dune complexes within the Ager Basin which extends for kilometers (Figure 13, 14).   

Architecture of the cross-stratified sandstones of the upper Baronia Fm. plays an 

important role in basin reconstruction, and understanding of the depositional system.  Re-

interpretation of cross-stratified sandstones as compound dunes, as opposed to bars, 

results in; 1. the orientation of bedform crests 90° to what was previously thought, 2.  

changes in the orientation of sandbodies and distribution of muddy and sandy sediments 

within the basin paleogeographic reconstruction, and 3. more accurate estimations of 

water depths.  Compound dune deposits in shelf environments are dominated by forward 

accretion and migrate parallel to the main flow direction (Dalrymple, 1984; Suter, 2006), 

whereas tidal bars in shelf environments are dominated by lateral accretion and migrate 

laterally to the main flow direction (Houbolt, 1968; Berne et al., 2002, Dalrymple et al., 

2003) (Figure 16).  Thus, depending on the interpretation of the sandbody as a bar or a 

dune, the orientation of the sandbody and the orientation of the accretionary surfaces, 

changes up to 90°.  This has great impact in determining the location of flow 

compartments and barriers to flow when utilizing the depositional system as a reservoir 

analogue.  Additionally, this changes the architecture of the paleogeographic 

reconstructions of the basin (Figure 17, 18, 19) 

Depending on dune size and current speeds, dunes can migrate their wavelength 

in hours to years, allowing faster migrating (smaller) simple dunes to become 

superimposed on one another, forming larger compound dunes (Allen, 1980; Dalrymple 

& Rhodes, 1995; Reesink & Bridge, 2007).  These larger compound dunes may become 

superimposed on each other in a similar manner, forming compound dune complexes, 

which are believed to be the largest topographic feature in the basin during any one time.  

The size of compound dunes, within a basin is considered to be controlled by water 
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depth, current speeds, and grain size (Rubin & McCulloch, 1980).  Water depth is 

particularly relevant to this discussion, as changes in water depth alter the height and 

wavelength of tidal dunes, resulting in relative changes in the scale of both internal cross-

stratification, and superimposed dunes (Allen, 1980).  The observed relationship in 

modern settings indicates that dune height (H) is related to boundary layer thickness (D) 

by:  

 

H=0.17D 

 

where D is taken to represent water depth (Yalin, 1977; Rubin & McCulloch, 1980; 

Dalrymple & Rhodes, 1995).  This relationship holds true only for the largest dunes 

within an area, and superimposed compound dune systems may present a more complex 

relationship.  Additionally, erosion and reworking of dune topsets, as indicated by 

rippling and mud draping, shows that full dune height is not preserved, and may also be 

changed by compaction and diagenesis.  Furthermore, this relationship does not hold true 

in deeper water conditions, as dune size can decrease with increasing water depth, related 

to decreasing current velocity (Dalrymple & Rhodes, 1995).  Current speed impacts dune 

height, as equilibrium sand waves are shown to increase in height and migration rate as 

flow velocity increases at any constant depth (Rubin & McCulloch, 1980).  The effect of 

grain size on dune height is poorly understood, though it has been indicated that dune 

height may decrease as sediment fines (Rubin and McCulloch, 1980; Flemming, 1988).  

Using the average compound dune complex height of 10-15m, as these would 

generally be the topographically largest bedform within the strait, water depths would 

approximate 60-90 m.  However, these calculations may vary depending on water 
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temperature, sediment availability and the time history of any or all of the above 

variables (Dalrymple & Rhodes, 1995).   

 

 

 

Figure 17: Proposed paleogeographic reconstruction showing the Ager Basin as a tidal 

strait and illustrating the distribution of dunes in during deposition of the 

lower Baronia.  (From Olariu, 03-05). 
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Figure 18: Paleogeographic reconstruction of the Baronia Fm.  The three units 

recognized here are reorganized into two units in the current study, based on 

change in dominant lithology, and the olistolith horizon.  Note the difference 

in orientation of sandbodies where tidal bars form the cross-stratified units, 

as opposed to the interpretation presented here, where tidal dunes form the 

cross-stratified units (Figure 17, 19).  (From Mutti et al., 1985). 

ORIGIN OF THE BARONIA FM. 

The bedform architecture, lateral and vertical arrangement of cross-stratified 

sandstones, bioclasts, and trace fossils suggest that the upper Baronia Fm. was deposited 

by accretion and forward translation (northeast) of large subaqueous dune fields in a 

current-dominated, fully marine environment.  Understanding of modern shallow marine 

tidal setting analogs suggest that development and migration of the dune field occurred 
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along a narrow seaway, or strait, in response to tidal currents.  The local tectonic regime 

in the Ager Basin area further implies that the strait formed in a piggyback basin on top 

of the Serres Marginales thrust, and was impacted by movement of the adjacent Montsec 

thrust.  

A high energy system is suggested by the succession of dominantly medium 

grained cross-stratified sandstones, which make up compound dunes and compound dune 

complexes, and are characteristic of tidal environments including deltas and straits (see 

also; Off, 1976; Ashley 1990: Anastas et al., 1997; Betzler et al., 2006; Dalrymple, 1984; 

Martin et al., 2001; Martin, 2009) (Figure 11).  Additional tidal indicators include; 1. bi-

directional ripple and dune scale cross-strata, 2. sigmoidal contacts of dune scale cross-

strata with set bases, and 3. presence of heterolithicity in the form of mud draped ripples, 

mud draped dune foresets, and double mud drapes; which are found throughout the upper 

Baronia succession (Figure 12).  A fully marine strait environment is indicated by a 

marine ichnofacies assemblage of Skolithos to Cruziana trace fossils, as well as carbonate 

material brought in from just outside the basin, or sourced intrabasinally.  Bioclastic 

sandstone to carbonate lithologies occurred within both muddy and sandy facies, 

suggesting that carbonates influx was contemporaneous with larger siliciclastic 

compound dune complexes, and thus occurred as a defined part of a marine 

paleoenvironment with little freshwater influx.  Juxtaposition of siliciclastic and 

bioclastic deposits is thought to reflect local dominance in supply.  

Tectonic evolution of the Ager Basin is evident in the Baronia sedimentary 

record, and is proposed to represent a decrease in cross sectional area of the basin, 

whereby current velocities increased due to continual movement of the Montsec thrust 

which constricted the basin.  This continual constriction of the basin due to thrust 

movement is proposed to account for increased current velocities, and a corresponding 
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coarsening of deposits both between the lower Baronia Fm. and upper Baronia 

Formations, and within the upper Baronia Fm.  The start of this constriction is marked by 

the olistolith horizon (facie 8). 

Overall, the tectonic evolution of the Ager Basin as a tidal strait during deposition 

of the Baronia Fm. is shown to be recorded by sedimentary deposits.  The Ager Basin 

was tectonically derived, forming adjacent to the Montsec thrust as a narrow tidal 

strait/seaway, which evolved in response to thrust movements.  Clastic sediments were 

carried into the basin from outside of the seaway, and from small fluvial systems to the 

north and south of the basin.  Carbonate and bioclastic sediments were brought in from 

the marine waters outside the basin, and potentially were derived from intrabasinal 

production whereby they accumulated due to dominance in local supply.  
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Figure 19:  Paleogeographic reconstructions of the deposition of the lower (A) and 

upper (B) Baronia Fm. Distinct pathways for ebb and flood currents are 

proposed to exist, and account for the dominantly unidirectional deposits 

recorded.  Areas outlined in dashed lines represent the extent of compound 

dune complexes, while individual lines within these areas represent 

compound dunes.  These would be the largest features within the basin at 

any point in time.  Cross sections across a compound dune complex 

illustrate compound dunes forming the larger compound dune complexes. 

A. 

B. 
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PALEOCURRENTS 

Paleocurrent orientations (n=830) from the upper Baronia Fm. are primarily 

unidirectional to the northeast, an orientation which, in places, appears to come off of the 

southern margin of what would have been the paleo-strait (Figure 7).  Expected 

paleocurrent orientations would be east-west oriented, following the margin of the tidal 

strait, such as those in the lower Baronia Fm., which were largely to the east (Olariu, 03-

05) (Figure 17).  However, variability in paleocurrent orientations within tidal straits can 

be explained by flow constrictions, which may cause paleocurrents to splay, by artifacts 

of the 3-D nature of the foresets, by paleotopography, and by the subordinate tidal current 

(Anastas, 1997).  Paleocurrent variability from the lower to upper Baronia may also be 

explained by a change in the shape of the Montsec thrust exposure to the northeast-east 

and thus the shape of the seaway.  This could have occurred due to development of the 

transpressive lateral ramp which bounds the modern Ager Basin to the east, or by a large 

thrust movement changing the thrust exposure.  Straits may have several components, 

and an irregular geometry, such as the Strait of Magellan, where the basin geometry tends 

to amplify tides on the extreme eastern portion of the strait by the Atlantic, from where it 

is reduced in a stepwise manner by tidal choking to the west where the strait ends in the 

Pacific Ocean about 500km away (Medeiros & Kjerfve, 1986).  In a similar way, the 

exposure of the Montsec thrust during deposition of the upper Baronia Fm. could have 

curved to the northeast due to geometry of the thrust exposure, thus deflecting the strait in 

to the northeast and resulting in northeast oriented paleocurrents.  The change of 

orientation of currents between the lower and upper Baronia Formations could thereby be 

attributed to movement of the Montsec thrust, a reasonable explanation when considering 

the olistolith horizon which is indicative of a large tectonic event.  
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 Dominantly unidirectional currents within the upper Baronia Fm. are proposed 

here to be due to capturing the path of either the dominant flood or ebb tides within the 

basin, as depicted in figure 20, in the San Francisco Strait, and modeled within figure 19, 

in the upper Baronia Fm.  In modern systems ebb and flood currents have preferential 

paths of movement within a tidal strait and result in a dominance of either flood or ebb 

orientated sandbodies in those areas.  This is exhibited in the narrow constriction acting 

as a strait between the Pacific Ocean and San Francisco Bay, where patches of dunes 

record either the flood or ebb tide according to the preferential flow in that area (Barnard 

et al., 2006, 2007) (Figure 20).  The exposure of measured upper Baronia deposits being 

oriented relatively east to west along a relatively strait exposure along strike, would 

account for measurement of dunes which migrated according to one of these preferential 

pathways of flow.   
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Figure 20:  Bedforms in the San Francisco bay, seaward of the Golden Gate bridge 

showing the diversity of bedforms, and the distinct paths of ebb and flood 

currents.  A and B show bedforms formed by ebb dominated currents, 

whereas C and D illustrate bedforms generated by flood dominated currents.  

Note the superimposed bedforms in A & B, which would represent 

compound dunes on top of the larger compound dune complexes.  (From 

Barnard et al., 2006)  
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WHY THE UPPER BARONIA FORMATION IS NOT DELTAIC OR ESTUARINE  

The interpretation of the upper Baronia as representing bars migrating within a 

deltaic to estuarine environment, is rejected due to; 1. Lack of thick muddy deposits that 

would represent the prodelta or central basin (in the case of an estuary), 2. lack of 

coarsening upwards cycles, 3.open marine trace fossil assemblage, 4. intrabasinal 

carbonate material, 5. lack of a coeval river system, and 6. lack of delta top distributary 

channels.  Additionally, paleocurrent orientations indicate forward accretion, which 

occurs in dunes, as opposed to lateral accretion associated with bars in shelfal (not 

fluvial) tidal environments.  Paleocurrent orientations off of the margin of the basin could 

suggest a deltaic energy source, though this variability can be accounted for by basin 

morphology, as described above.  It is possible, as well, that a deltaic source could have 

been feeding into the tidal strait, where sediments were reworked to variable degrees by 

tidal currents, but still influenced by fluvial energy, thus resulting in the north-northeast 

paleocurrent orientation (Figure 7, Appendix A).  The Klang delta of the Malacca Strait 

provides such an example of a delta influenced by strong seaway currents resulting in 

deflection of mouth bar deposits (Figure 21). Thus, it is possible that such a situation 

occurred subaqueously within the “Ager Strait,” influencing sandbodies to migrate in a 

north-northeast direction, rather than the expected northeast-southwest or east-west, 

which would be found if the tidal strait was aligned with a relatively straight exposure of 

the Montsec thrust.  However, marine indicators make it unlikely to have a large 

freshwater input into the basin, as there is little indication of brackish water conditions.  
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Figure 21: Sediment distribution within the Malacca Strait, a narrow, high-energy 

seaway.  Dunes are represented by yellow lines.  As a result of dominantly 

unidirectional seaway currents, the Klang delta has been deflected to the 

NW. (Modified from Blackwood, 2006; data from Keller and Richards, 

1967) 
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Chapter 5:  Conclusions 

This study documents the sedimentology and stratigraphy of the Eocene aged upper 

Baronia Fm. of the Ager Basin, and impacts our understanding of tidal deposits in strait 

environments, the role of changing environment on stratigraphy, and resultant reservoir 

geometries.  Facies analyses, stratigraphic correlations, and paleogeographic 

reconstructions inferred from study of upper Baronia deposits leads to the following 

conclusions: 

1. Cross-stratified deposits of the upper Baronia Fm. are formed from a hierarchy of 

dune deposits.  From the smallest to largest level are; simple dunes at thicknesses 

of 10-60 cm, compound dunes at 60 cm- 5 m thick, compound dune complexes 

averaging 5-40 m thick, and stacking of compound dune complexes on a basin 

wide scale (Figure 10, 12).  The impact of interpretation of these deposits as 

dunes, as opposed to bars, is in the orientation of the crests of the large 

sandbodies which changes up to 90° between the two deposits.  This has great 

impact in determining the location of flow compartments and barriers to flow 

when utilizing the depositional system as a reservoir analogue, as well as having 

impact for paleogeographic reconstructions (Figures 17, 18, 19). 

2. Bedform architecture, facies relationships, bioclasts, and trace fossils suggest that 

the upper Baronia Fm. was deposited by forward migration (northeast) of a large 

subaqueous dune field in a current-dominated, fully marine tidal strait 

environment (Figure 19).   

3. Initiation of thrusting on the Montsec is constrained to the early Eocene as 

indicated by formation of the Ager Basin, which is elongated adjacent to the 

thrust front, and contains a succession of Eocene aged sediments which suggest 
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ongoing thrust movement.  Indicators of thrust movement include; 1. basin wide 

syncline, 2. thinning of sedimentary packages adjacent to the Montsec thrust, 3. 

lithology and coarseness of grains adjacent to the Montsec thrust, 4. a dramatic 

carbonate olistolith horizon, and 5. cleaning and thickening upwards of deposits 

throughout deposition of the upper Baronia Fm, and between the lower and upper 

Baronia Formations. (Figure 15).    

4. Tectonic evolution of the Ager Basin is recorded by sedimentary deposits of the 

upper Baronia Fm., which indicates that movement on the Montsec thrust was 

ongoing, resulting in increasing current velocities by means of seaway 

constriction.  Constrictions result from variation in seaway width and cross 

sectional area, and are due to interplay between uplift on the Montsec thrust, and 

the resultant basin subsidence (deepening, or relative rise of sea level).  
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Appendix A: Stratigraphic Columns  

 

 

 Location of Stratigraphic Columns, and key for figures below.  Cross-

stratified beds are drawn according to field thicknesses.  
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