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Abstract 

 

Slope to Basin-floor Evolution of Channels to Lobes, Jurassic Los 
Molles Formation, Neuquén Basin, Argentina  

 

Nataleigh Kristine Vann, MS Geo Sci 

The University of Texas at Austin, 2013 

 

Supervisor:  Ronald J. Steel and Cornel Olariu 

 
The relatively steep and short-headed Neuquén Basin margin provides an 

excellent natural laboratory for documenting down slope changes in sediment gravity 

flow bed thickness, grain size and sedimentary facies, including channel to lobe 

transitions. Approximately 400m high clinoformal, shelf-slope-basin-floor deposits of 

Jurassic Los Molles Formation outcrops are evaluated for reservoir scale definition of 

facies and architectures in the La Jardinera field area, Neuquén Basin. Slope deposits 

represent the accretionary front of the prograding shelf margin that were fed by a coarse 

grained shelf (Lajas Formation). Mapping of high-resolution satellite images draped on 

digital elevation model resolved a sub-meter stratigraphic framework. Thirty-three 

measured sections from outcrops exposed along a 5km transect characterize the evolution 

of sand body architectures from the shelf edge to the basin floor. The Neuquén Basin 

margin is typified by four main depositional environments that transition from shelf edge 

incisions filled with conglomerates, to confined channels in upper- to middle-slope 

reaches, to weakly confined channels on the lower slope to sheet-like lobes and 

distributary channel complexes that drape onto both the lower slope and basin floor. 
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Along the slope to basin floor profile the depositional architecture changes by overall 

decrease in grain size, amalgamation of beds and degree of erosion.  

Confined slope channels are up to 25m deep, isolated within muddy slope 

deposits and have complex multistory fills marked by basal and internal erosive contacts 

lined with mud-clast and/or pebble conglomerates. Channel axes contain amalgamated, 

medium to coarse sandstones that thin and fine towards channel margins over 100m. 

Down dip, lower slope channels are up to 400m wide and less than 10m thick. A marked 

reduction in mud clasts and conglomeratic material at basal erosional surfaces in weakly 

confined channels represent a downslope decrease in flow energy. However, distinct 

meter scale erosion surfaces continue to be recognizable where thin ripple laminated 

sands are truncated on channel margins by amalgamated structureless sands. Erosional 

surfaces are absent in laterally extensive (>5km), sheet-like lobes of basin-floor fans that 

are generally finer grained than lower or upper slope channel fills. There are lenticular 

debrites and thin micro-conglomerates associated with basin-floor fans. 
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Chapter 1: Introduction & Geologic Background 

INTRODUCTION 
The goal of this study is to characterize slope and basin floor channel and lobe-

form architectures. Quantification of grain size, bed thickness, facies proportions, and 

degree of erosion and amalgamation allow for vertical and lateral variability comparisons 

within and between architectural elements. The study proposes a model that defines the 

changes of channelized sand body dimensions and characteristics summarizing 

architectural elements from the variety of depositional environments encountered on the 

slope and basin-floor. 

The	  Los	  Molles	  Formation	  in	  the	  Neuquén	  Basin,	  Argentina	  represents	  slope	  

and	   basin-‐floor	   deposits	   of	   a	   complete	   source	   to	   sink	   system.	   The	   excellent	  

exposures	   in	   the	   La	   Jardinera	   area	   (Fig.	   1)	   allow	   for	   investigation	   of	   deep-‐water	  

channel	   and	   lobe	   architectural	   elements	   involved	   in	   the	   accretion	   of	   the	   shelf	  

margin.	  The	  fundamental	  sediment	  transport	  processes	  and	  the	  resulting	  deposition	  

that	   occur	   and	   are	   preserved	   in	   deep-‐water,	   slope	   and	   basin	   floor	   depositional	  

environments	  are	  poorly	   constrained	  because	  of	   their	   remote	   location	  and	   lack	  of	  

direct	   observation	   of	   erosional	   and	   depositional	   processes	   (McHargue,	   2011).	  

Existing	  models	  for	  slope	  deposition	  suggest	  that	  sediment	  flows	  can	  be	  focused	  into	  

confined	  channels	  on	  the	  slope	  (Clark	  &	  Steel,	  2006).	  Erosion	  is	  promoted	  because	  

of	  higher	  gradients	  present	  on	   the	  basin	   slope	  and	  once	   the	  gradient	  decreases	  at	  

the	  base	  of	  slope	  and	  basin	  floor	  deposition	  occurs	  (Galloway,	  1998).	  Erosion	  is	  no	  

longer	   promoted	   in	   the	   areas	   where	   flows	   become	   unconfined	   (McHargue	   et	   al.,	  

2011).	   A	   continuum	   of	   confined	   to	   unconfined	   sand	   body	   geometries	   creates	   a	  

basinward	   succession	   from	   channel	   to	   lobe	   (Brunt	   et	   al.,	   2013).	   Quantitative	   and	  

qualitative	   observation	   of	   vertical	   and	   lateral	   changes	   in	   facies,	   geometries,	   bed	  

thickness,	  degree	  of	  amalgamation	  and	  erosion	  define	   the	  downslope	  progression.	  

However,	   models	   defining	   generalized	   facies	   and	   geometry	   changes	   of	   deposits	  

suggest	   proximal	   to	   distal	   and	   axial	   to	   marginal	   fining	   and	   thinning	   of	   turbidity	  
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currents	  (Gardner	  &	  Borer,	  2003).	  Other	  models	  (Fig.	  2)	  emphasize	  basinal	  increase	  

in	  degree	  of	  confinement	  due	  to	  erosion.	  According	  to	  Kneller	  (1995)	  observations	  

should	  not	  be	  based	  solely	  on	  the	  theory	  of	  unidirectional	  waning	  flow.	  	  The	  theory	  

is	  not	  complex	  enough	   to	  describe	  observations	  made	   in	  outcrop	  because	  of	  slope	  

and	  basin	  floor	  complexities.	  	  

Slope	  to	  basin	  floor	  channel	  and	  lobe	  deposits	  have	  proven	  to	  be	  prolific	  oil	  

and	   gas	   producing	   plays	   (Mayall	   &	   Stow,	   2000;	   McHargue	   et	   al.,	   2011).	   One	  

motivation	   of	   this	   study	   is	   to	   enhance	   the	   ability	   to	   predict,	   discover	   and	   exploit	  

hydrocarbon	   resources	   in	   these	   types	   of	   depositional	   environments.	   Individual	  

sandstone body dimensions preserved in the rock record are often below the resolution of 

industry exploration seismic and difficult to map with well log data. Vertical and lateral 

continuous outcrop datasets are necessary for developing high-resolution 

sedimentological and stratigraphic models to complement low-resolution subsurface 

remotely sensed data. 

The Los Molles Formation, with exposures of over 5km laterally and 1000m 

vertically, provides one of the few worldwide examples of the entire shelf to basin-floor 

clinoformal margin. Other known outcrop exposures in the world that definitively link 

shelf edge deposits to the basin floor are, onshore Spitsbergen (Clark & Steel, 2006) and 

the Karoo Basin, South Africa (Di Celma et al., 2011, Flint et al., 2011; Dixon et al, 

2012) and the Magallanes Basin, Chile (Hubbard et al., 2010). The La Jardinera outcrops 

provide a unique opportunity to reliably place architectural elements along a clinoformal 

margin resulting in detailed outcrop analogs to seismic datasets (Clark & Steel, 2006). 
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Figure 1: Aerial view of excellent vertically and laterally continuous outcrop exposures in 
the La Jardinera field area. 
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Figure 2: Simplified box diagram showing the evolution of sediment gravity flows. Map 
view of degree of confinement from confined to unconfined depending on 
spatial location and depositional environment. (Reading & Richards, 1994). 

REGIONAL BACKGROUND OF THE NEUQUÉN BASIN 

The	  Neuquén	  Basin	  is	  located	  in	  present	  day	  western-‐central	  Argentina	  (Fig.	  

3).	  The	  present	  day	  configuration	  of	  the	  basin	  covers	  160,000	  km2	  extending	  700	  km	  

north	  to	  south	  (Ramos,	  1998).	  The	  basin	  is	  situated	  between	  the	  North	  Patagonian	  

and	   the	   Sierra	   Pintada	  massifs,	   to	   the	   south	   and	   north	   respectively.	   The	  modern	  

Andean	  Cordillera	  defines	  the	  western	  boundary	  of	  the	  basin.	  Basin	  deposits	  range	  

in	   age	   from	   Late	   Triassic	   to	   Paleogene	   and	   are	   up	   to	   7000	  meters	   thick	   (Ramos,	  

1998).	  

Primary	  basin	  formation	  was	  a	  result	  of	  rifting	  caused	  by	  the	  presence	  of	  an	  

arc/trench	   system	   on	   the	   western	   margin	   undergoing	   slab	   rollback	   in	   the	   Late	  

Triassic.	   Basin	   accommodation	   was	   limited	   to	   northwest	   oriented	   fault-‐bounded	  

depocenters	  (Vergani,	  2005).	  Non-‐marine	  and	  volcanic	  deposition	  was	  confined	  to	  

fault-‐bounded	   depressions	   and	   was	   unconformably	   overlain	   by	   initial	   marine	  

sedimentation	   in	   the	   Early	   Jurassic.	   Syn-‐rift	   marine	   sediments	   were	   confined	   to	  
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fault-‐bounded	   depocenters,	   but	   as	   extensional	   processes	   ceased	   during	   the	   Early	  

Jurassic,	   basins	   became	   linked	   along	   a	   north	   south	   corridor	   due	   to	   initiation	   of	   a	  

post-‐rift	  thermal	  sag	  stage	  (Fig.	  4)(Uliana	  &	  Legaretta,	  1995).	  

Miocene	  uplift	  of	  the	  present	  day	  Andes	  Mountains	  exposed	  Jurassic	  syn-‐rift	  

deposits	   (Morabito,	   2012)	   and	   the	   overlying	   stratigraphy.	   Subsequent	   erosion	  

exposed	   the	   present	   day	   deep	   to	   shallow	   water	   sequence	   observed	   in	   the	   La	  

Jardinera	  field	  area.	  	  
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Figure 3: Map showing the location of the La Jardinera field area. It is located in the 
southwestern Neuquén Basin in west-central Argentina (Paim et al., 2008). 

STRATIGRAPHIC FRAMEWORK 

The Los Molles formation is part of the Jurassic (Pliensbachian to Bathonian) 

Cuyo Group that unconformably overlies metamorphic breccia of the Paleozoic 

Colohuincul Formation (Paim et al., 2008). The Cuyo Group contains non-marine and 

marine siliciclastic rocks and is comprised of Sierra Chacaico, Los Molles, Las Lajas and 

Challaco formations (Fig. 3) (Leanza, 1992). Sierra Chacaico Formation (basal Cuyo 

Group) deposits are alluvial conglomerates and fine-grained green sandstones (Paim et 
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al., 2008). Overlying these continental deposits is an approximately 1000m thick, marine 

shale succession representing initial Los Molles Formation sedimentation. The Los 

Molles Formation succession has an overall shallowing upward trend with increasing net 

to gross (sandstone beds) (Paim et al., 2008), before transitioning to shale deposits with 

isolated coarse sandstones and gravels in the upper Los Molles Formation. The 550 m 

thick Lajas Formation incises into underlying Los Molles Formation deposits and is 

marked by coarse-grained packages of cross-bedded sandstones and conglomerates.  

Contrasting Paim et al., (2008), this study interprets the Las Lajas formation to be the 

coeval shelf and shelf edge deposits that represent the up-dip source of the Los Molles 

Formation. Challaco Formation represents an abrupt shift in facies as alluvial plain 

sandstones overly the shallow marine Lajas Formation (Paim et al., 2008). The study of 

the Chacaico, Lajas and Challaco formations was not included in the scope of this work.   
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Figure 4: Stratigraphic column indicating Pleinsbachian to Bajocian deposition of the Los 
Molles Formation. Los Molles deposits preserve depositional clinoform 
geometries indicative of slope and basin-floor paleophysiographies and 
coeval to the shallow marine Las Lajas Formation. Deposition was initially 
syn-rift in the early Jurassic and transitioned to back-arc as rifting subsided 
and a period of thermal sag took over (Tudor, 2013). 

SLOPE AND BASIN FLOOR ARCHITECTURE 

The Los Molles Fomation is comprised of slope and basin floor deposits (Paim et 

al., 2008). Deposits that are driven by excess density down a gradient are referred to as 

sediment density flows (Talling, 2012). Resulting deposits can be interpreted in terms of 

the processes that occurred to transport the sediment to its final destination. The idea of 

linking sediment density flow deposit type to flow type is used in this study to interpret 

the deposits. Two divisions of sediment density flow deposits are possible, turbidite and 

debrite. Turbidites are defined by deposition occurring incrementally versus en masse 

deposition of debrites (Talling, 2012; Amy, 2005). Sedimentary models are made to 

predict lateral variations in bed thickness and porosity and permeability of sedimentary 

deposits critical in hydrocarbon exploration (Amy, 2005). Understanding flow processes 
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can help to understand architectural element morphology and the resulting deposits that 

are preserved. 

Sand bodies deposited on the slope and basin floor develop particular geometries 

(architectural elements) dependent on the degree of confinement of the flow (Gardner et 

al., 2003). Geometries range from confined channels to laterally extensive lobes. 

However, the actual transition from confined to unconfined deposits is less well 

documented. Many studies document channel or lobe elements from subsurface 

(Posamantier & Kolla, 2003) and modern depositional settings by remote sensing and 

outcrop studies from preserved deposits (Gardner et al., 2003; Bernhardt et al., 2011; 

Flint et al., 2011). Direct observation, necessary to characterize deposition and erosion in 

deep-water environments remains challenging because of their remote location 

(McHargue, 2011).  

Outcrop analysis of deep-water systems is dominated by studies of channels or 

lobe, but usually not the continuum. Models for slope channel fill display fairly similar 

fill composition, however process-response models, such as the Lateral Accretion model 

of Abreu et al. (2003) or the Build-Cut-Fill-Spill model of Gardner & Borer (2000) serve 

to describe fill mechanisms. Deep-water slope and basin floor channel deposits exhibit 

the greatest degree of erosion, especially higher on the slope by amalgamated, nested 

channels with complex erosional surfaces (Galloway, 1998; Garnder & Borer, 2000; Di 

Celma et al. 2011). Dominant facies are controlled by sediment feeder system, but thick 

amalgamated sands in channel axis define the aspect ratio observed in outcrops. Upper 

slope channel fill deposits have the lowest aspect ratio (~5-10) and are often observed to 

be isolated in slope mud deposits (Gardner & Borer, 2000; Brunt et al., 2013).  Outcrop 

channel fill often shows a fining and thinning upward sequence with less amalgamated 

sands at the top of channels (Galloway, 1998; Di Celma et al., 2011; McHargue et al., 
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2011; Olariu et al, 2011;) Olariu et al. (2011) found a range (4:1 to 32:1) of channel 

aspect ratios but placement in depositional environment is not available. Aspect ratios for 

channels in the Brushy Canyon channels from slope to basin floor depositional 

environments range from 6.7:1 to 25:1. Channel dimensions range from 1km x 40m in 

upper slope confinement (canyon) to 150m x 20m on the basin-floor. However, 

placement in the depositional system is questionable in this field area because of outcrop 

correlation between several canyons. Paim et al. (2008) define slope channels simply as 

isolated amalgamated sand bodies (3-25m thick and 30 to 400m wide) in the La Jardinera 

field area.   

Laterally continuous sand bodies characterize outcrop exposures of lobe deposits 

(Flint et al., 2010). Sand beds range in thickness from cm to several meters and have 

greater than kilometer scale continuity (Galloway, 1998). Lobe complexes are 

characterized by an increasingly coarsening and thickening upward pattern (Galloway, 

1998, Macdonald et al, 2011). In distal positions flows have usually gone through a high 

degree of textural sorting and therefore loss or decrease of the coarsest grain size 

associated with the system can be expected (Gardner & Borer, 2000). However, a high 

degree of overall net to gross ratio should be expected. Beds are described to be sheet-

like with rare occasions of channelization at proximal parts of lobes (Plink-bjorklund et 

al., 2001). Sand beds are usually separated by laterally continuous fine-grained intervals 

(Hubbard et al., 2010, Macdonal et al., 2011).  Paim et al. (2008) documents turbidite 

lobes in the La Jardinera area as tabular sandstone bed sets (beds ranging from 0.1 to 0.8 

m) interbedded with 5 to 10m thick muddy deposits. Lobes consist of structureless, 

normally graded and planar-low-angle cross-bedded beds with common flute casts (Paim 

et al., 2008).  
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This study serves to provide a characterization of the down-slope transition from 

channels to lobes observed in outcrops. Depositional setting of architectural elements is 

interpreted from position on clinoformal margin. Documentation of  quantitative 

changes in facies, net to gross sand to mud ratio, aspect ratio and sand body geometry and 

degrees of erosion and amalgamation define architectural elements. A continuum is 

therefore established for the transition from channel to lobe elements on the slope and 

basin-floor in the La Jardinera field area.
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Chapter 2: Methods and Data 

High-resolution (0.5m) satellite images and a high-resolution (1m) digital 

elevation model (DEM) were used to create a stratigraphic framework of the field area 

over an area of 10km2 (Fig. 5). The integration of vertical measured sections spanning 

over 1 km laterally allows building of sedimentary facies models for comparison to 

seismic scale architecture. The basis for the stratigraphic framework was established by 

recognizing the exposure of at least one clinoformal surface reaching from the shelf all 

the way to the basin floor. Topsets were assumed to be close to horizontal and topsets and 

bottomsets associated with this prograding margin were assumed to be parallel. Presence 

of the clinoformal margin geometry and sedimentary facies observations allowed 

placement of environments on the source to sink profile.
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Figure 5: Basemap highlighting measured section locations and figure locations. 
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MAPPING FROM SATELLITE IMAGERY 

High-resolution satellite images and a DEM were used to create a stratigraphic 

framework in the field area. Tops of sand bodies defining timelines were mapped over 

>5km distance in ArcGIS and Google Earth.  Mapping of the sandstone units showed the 

lateral continuity and relative thickness of the sandstone units. The sandstone/mudstone 

mapping over an area of a few kilometers combined with vertical measured sections was 

used to separate the main depositional environments (Fig. 5). A high-resolution 

stratigraphic framework was developed for the field area using a combination of satellite 

images, digital elevation models, measured vertical sections and field mapping. 

Recognition of clinoformal geometries provides a framework to understand architectural 

elements. Twenty-two slope and basin floor timelines, as well as the shelf edge margin 

were mapped in the field area. Clinoformal topsets above the shelf edge were not 

mapped. The following provides a more complete discussion of each physiographic 

element and their constitutive architectural elements.  

 

OUTCROP VERTICAL MEASURED SECTIONS 

Vertical measured section logging and field based mapping were the chief 

investigation methods of this study.  Fifty vertical measured sections were made in the 

Los Molles Formation along a shelf to slope and basin floor transit (Fig.5). Sedimentary 

descriptions and interpretations were made of the depositional elements associated with 

transition from channels to lobes occurring in these environments.  

Each measured section was exactly located by collecting GPS data points at the 

top and base of the sections (shown in Fig. 5). Measured sections were made in strategic 

locations along the shelf-slope-basin floor transect in order to capture depositional 

elements of each environment. Measured sections were spaced as evenly as possible 
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along each architectural element to systematically analyze lateral variations of grain size, 

bed thickness, degree of erosion, degree of amalgamation and bedding geometries. 

Vertical sections were measured using a Jacob’s staff with centimeter scale ruling. A 

clinometer was used to ensure accuracy of thickness measurements due to dipping beds. 

Thicknesses were measured as close to perpendicular to strike direction as possible. 

Four correlation panels were constructed along the following elements: upper 

slope confined channels, middle slope weakly confined channels, base of slope 

distributary channel complex and unconfined basin-floor lobes (Fig.5). The use of high-

resolution satellite photo, digital elevation model, Google Earth and Gigapan photo 

panels allowed the correlation of measured sections over >1km distance. Thirty-three 

measured sections, hung on four correlation panels, display information such as grain 

size, bed thickness, facies distribution and the degree of amalgamation and erosion in the 

basinward progression from confined channels to unconfined lobes. 

Each measured section contains observations based on bed thickness and 

geometry, grain size, sedimentary structures and paleocurrent measurements. 

Paleocurrent measurements were taken mainly on groove and flute casts and some 

ripples. Paleocurrent indicators, indicating only the sense of flow and not the direction 

(groove casts) yield an average paleocurrent direction of 102 degrees. Unidirectional 

paleocurrent indicators yielded an average of 64 degrees. Sedimentological observations 

and grain size and bed thickness data were in turn used to characterize lithofacies and 

paleocurrent data helped explain sand body geometries and spatial variability with 

respect to outcrop orientation. 
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GIGAPAN PHOTO PANELS 

Several Gigapan photo panels were taken in the La Jardinera field area and three 

were used for correlation panels (Fig. 5). Gigapan EPIC robotic camera mounts were 

programmed to take several high-resolution photographs in sequence that would later be 

stitched together using the Gigapan software. These photopans provide very high-

resolution photographs across large panoramic areas. Three panels were analyzed in 

detail to support vertical measured section correlation and create bedding diagrams of 

architectural elements. Lateral variation in, bed thickness, degree of erosion and 

amalgamation can be interpreted from the photos in addition to vertical measured section 

correlations. 

GRAIN SIZE, BED THICKNESS AND FACIES ANALYSIS 

Matlab scripts were written to read the drafted log sections and analyze vertical 

and lateral variability in grain size, bed thickness and lithofacies. Results from each 

measured section were normalized to each subset of data to be consistent in analysis. Bed 

thickness and grain size histograms were plotted for each log section and comparison and 

contrast was made for each architectural element and between individual elements. An 

example of how the matlab script read the vertical measured sections is displayed in 

Figure 6. Facies proportions were calculated for each log section and analyzed for 

variability within architectural elements. Variability was also considered across each of 

the distinct elements. 
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Figure 6: Matlab plot showing A)Vertical measured section B) Matlab script reading of 
bed thickness (cm) and C) Dimensionless grain size, where 0-200 is 
representative of grain sizes ranging from mud to pebble. 
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Chapter 3: Results 

CLINOFORMAL GEOMETRY 

A shelf to slope to basin floor profile can be observed in outcrops of the Los 

Molles Formation in the La Jardinera field area (Fig. 7). The term clinoform is employed 

to describe the sigmoidal shaped surface expression of shallow to deep-water (composed 

of shelf, slope and basin-floor environments) deposits (Plink-bjorklund & Steel, 2001; 

Helland-Hansen et al., 2012). Clinoformal geometries can be seen in the southern portion 

of the field area suggesting a complete source to sink profile (Fig. 7,8). It	   is	  suggested	  

that	   the	  margin	  was	   a	   submarine	   ramp	   system	   that	   prograded	   into	   fairly	   shallow	  

water	   (<400	  m)	   (Paim	   et	   al.,	   2008).	   Sediment	   provenance	   is	   believed	   to	   be	   from	  

western	  volcanic	  arc	  erosion	  and	  the	  North	  Patagonian	  Massif	  (Burgess,	  2000).	    

Shelf deposits are defined by meter to tens of meters thick, laterally continuous 

sandstone units and are visible in the Las Lajas formation (Fig. 7,8). Sandstone units on 

the shelf edge diverge from flat-lying (shelf) strata up dip to slope channels down-dip 

(Fig. 7). Shelf deposits are distinguished from the slope by marked increase in net to 

gross ratio. Slope deposits have the lowest net to gross ratio of all paleophysiographic 

elements and are distinguished from basin floor deposits by down-slope increasing net to 

gross ratio. 

Clinoform height is estimated from vertical measured section, thickness of slope 

deposits to be between 200 and 400 meters (Fig. 8, measured section). A total run-out 

distance from shelf edge to basin floor is ~6-7 km. From these data, the resulting slope 

angle ranges between 1.6 and 3.8°. Coarse-‐grained	  sediments	  and	  proximity	  to	  rifted	  

margin	   (Gawthorpe	   &	   Leeder,	   2000)	   suggest	   that	   the	   southern	   margin	   of	   the	  

Neuquén	  basin	  was	  fairly	  steep.	  	  
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Field observations of clinoformal geometry and paleocurrent measurements 

suggest sediment transport from southwest to northeast (Fig. 7, 9). This is corroborated 

by average paleocurrent measurements (n = 44) indicating transport direction towards 64 

NE (Fig. 9). Recognition of the clinoformal geometry is a key constraint facilitating 

accurate positioning of channels and lobes within the correct reaches of the slope in order 

to make more informed interpretations of facies, architectural elements and sandstone 

body geometry data. Comparisons are made on the down-slope evolution of channel-lobe 

architectural elements in different spatial locations along the depositional profile. 

Figure 7: Gigapan photo showing divergence of shelf edge onto slope from the southwest 
to northeast. Photo is located within the red box in Figure 7. Clinoform 
height of 400m is an approximation of water depth. 

PALEOPHYSIOGRAPHIC ELEMENTS 

Physiographic elements of the study area were defined by Paim et al. (2008) as 

near shore, inner shelf, middle to outer shelf, slope, slope rise and basin plain. We 

propose alterations to the position and classification of these environments based on new 

data from this study. Focus of this study is on slope and basin-floor paleophysiographic 

environment deposits of the Los Molles Formation and they are separated into 

appropriate elements, while shelf deposits (Lajas Formation) will only be briefly 

discussed and are therefore combined as one element. Shelf deposits are critical in linking 

the shallow water shelf to the deep-water slope and basin floor deposits.  
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Vertical measured sections from the base to the top of the Los Molles Formation 

suggest a total thickness of 1100 meters (Paim et al, 2008).  The Lajas Formation is up to 

550 meters thick (Ramos, 1993). A long measured section made by this study (650 

meters) documents the vertical transition of paleophysiographic elements from shelf to 

slope to basin floor deposits in the southwestern portion of the field area (Fig. 8). The 

section was measured from the upper 600 meters of the total 1100 meter Los Molles 

Formation, from the basin-floor through the slope and through 50m of the shelf edge 

(Lajas Formation).  The basal 200 meters of the long measured section are basin floor 

deposits, followed by 375 meters of slope and 75 meters of shelf deposits (Fig. 8). The 

full thickness of the Los Molles Formation was not measured because of lack of exposure 

and focus on smaller scale architectures and stratigraphy.  

The complete thickness of slope deposits separating the shelf and basin floor is 

considered a proxy for paleo water depth. Slope deposits were determined to be up to 400 

meters suggesting that water depth was at least 400 meters, plus the additional depth of 

the shelf-edge.  

Shelf and Shelf Edge 

Shelf and shelf edge deposits in the field area are part of the Lajas Formation, the 

coeval shallow water equivalent of the Los Molles Formation. Seventy-five meters of 

shelf deposits were measured to show the characteristic difference from slope and basin 

floor deposits. Accumulation of conglomeratic material is common at the shelf edge 

overlying and incising into muddy slope deposits (Fig. 10). The lithofacies assemblage of 

shelf deposits is dominated by coarse cross-bedded sandstone and conglomerate tabular 

to wedge shaped beds. There is an increased abundance of organic material including 

petrified wood (up to > 2 meters long) occurring in shelf deposits. Sandstone packages 
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are tens of meters thick and separated vertically by 1-5m of muddy deposits. Laterally 

continuous sandstone packages are discernable up to 100’s of meters parallel to 

paleoflow (Fig. 8). 
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Figure 8: A) Satellite image of the La Jardinera field area showing mapped 
paleophysiographic divisions of shelf (thick blue), slope (thick orange), and 
basin-floor (thick green). Thin correlation lines are timelines mapped 
parallel to bottom sets and show seven timelines in slope deposits (orange) 
and 16 on the basin-floor (green). Red dots mark locations of measured 
sections. B) Vertical measured section depicting the transition from basin-
floor to slope and shelf deposits.  C) Schematic diagram showing 
clinoformal geometry as related to the Los Molles, Las Lajas and Challaco 
Formations.
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Figure 9: Rose diagram indicating average paleocurrent measurements. Gray indicates bi-
directional measurements made on tool marks with average paleocurrent of 
102 ESE. Red indicates unidirectional measurements made on flute casts 
and ripples and average paleocurrent direction of 64 NE.  
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Figure 10: Photo showing shelf edge facies. A) Conglomerate on the shelf edge. B) Thick 
(up to 30m) sanstones on the shelf edge that incise into muddy slope (D). C) 
Petrified wood commonly found in shelf deposits. 4)Muddy slope deposits 
situated directly below the shelf edge. 

FACIES ASSOCIATIONS  

Vertical section measurements revealed nine lithologic facies associations that 

can be linked to larger scale architectural elements. The observations made in outcrops 

were used to classify lithofacies that are complemented by a process-based interpretation 

of facies.  

Nine distinct lithofacies (LF) were recognized (Table 1) in the lower and middle 

Los Molles formation exposed in the La Jardinera field area: mud rip up clast 
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conglomerate (LF A); gravel-pebble conglomerate (LF B); structureless sandstone (LF 

C); normally graded sandstone (LF D); plane-parallel to cross bedded sandstone (LF E); 

ripple laminated sandstone (LF F); heterolithic interbedded sand and mud (LF G); silty 

mud (LF H). Facies identified in this study are compared and contrasted to classic 

turbidity current classification schemes (Bouma, 1962, Lowe, 1982, Talling, 2012). 

Facies are used to characterize and quantify variations within individual architectural 

elements and across elements undergoing transformation from channels to lobes in a 

down-slope direction. 

Lithofacies A) Mud rip-up conglomerate is comprised of well to poorly sorted 

sandstone matrix with bed thickness ranging from 10 cm to 50 cm (Table 1). Lower 

bedding contacts are commonly sharply erosive to very irregular while upper contacts are 

sometimes sharp and sometimes gradational. Beds are commonly lenticularly shaped and 

usually encased in medium to coarse-grained structureless sandstone beds. This facies is 

commonly found mantling steep erosional surfaces.  

Erosional surfaces overlain by mud rip-up conglomerates are interpreted to define 

the base of confined to weakly confined channels on the slope. Various process-based 

interpretations can be made for this facies. One interpretation is that deposition occurred 

as a result of high-energy, basal scouring, turbidity current (Talling, 2012). Another 

interpretation is that deposition resulted from a medium cohesive strength debris flow as 

in the clast rich DM-2 facies presented by Talling (2013). Thin, lenticular deposits of mud 

clast conglomerates on basal surfaces indicate erosion and bypass of larger flows. Mud 

clast origination is likely from channel margins or the muddy slope. Well-sorted 

sandstone matrix is indicative of a sandy turbidity current that has entrained the substrate 

rip-up mud-clasts. 
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Lithofacies B) Gravel-pebble conglomerate: The pebble conglomerate facies is 

separated into two distinct categories: A) Gravel to pebble conglomerate encased in 

muddy matrix. Large cobbles and allochthonous rafted blocks from surrounding 

sandstone beds, up to one meter, are commonly found. There is no presence of 

imbrication or internal stratification. Weakly developed grading of clasts can be 

discerned. Beds range in thickness from 10cm to 2m (Fig. 11).  

Figure 11: Weakly developed grading of clasts in gravel/pebble conglomerate in muddy 
matrix. 

These observations are found in basin-floor lobes in the La Jardinera area. The 

observations support the facies to be deposited from a highly cohesive debris flow 

(Talling, 2012). Abrupt lateral termination of beds is present and is evidence that this 

type of flow was not undergoing incremental deposition. (Fig. 12). 
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Figure 12: Laterally discontinuous character of gravel to pebble conglomerate with 
poorly sorted mud matrix located in basin floor lobe complex. On either side 
of the Jacob staff the deposit could not be tracked. 

B) Gravel to pebble conglomerate are hosted in a well-to-poorly sorted sand 

matrix. Well-sorted sand matrix ranges from fine to medium grained sand. Internal 

stratification is present and normal grading of clasts from base to top is sometimes 

present (Fig. 13). Beds are thinner ranging from 10-50 cm. This facies is commonly 

found in axial channel position in the upper to base of slope depositional setting. Pebble 

conglomerates with clean sand matrix are rarely found on the basin floor and are always 

located in the basal position of normally graded beds.  
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Figure 13: Photo illustrating normal grading of pebbles with clean sand matrix. 

 It is likely that these deposits were gravel-rich to begin with. However, this facies 

can indicate erosion and bypass of finer grained sediment down-dip, thus representing lag 

deposits that were bedload and could not travel as far or as fast as the suspended load 

sediment (Gardner & Borer, 2000; DiCelma et al., 2011).  

 

Lithofacies C) Amalgamated Structureless sandstone: Structureless sandstone 

facies range from well to poorly sorted fine to very coarse sandstone. These beds lack 

sedimentary bedforms, but some planar laminations are present at times but difficult to 

recognize due to weathering. Beds range in thickness from 10-80cm but are commonly 

amalgamated forming thicker (up to 10m) sand intervals. Small organic fragments can be 
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found within beds. Two entire leaf impressions were found within channel sands. Flute 

casts and tool marks are commonly present on sharp bases, most often overlying mud or 

silt (Fig. 14). Average paleocurrent transport direction measured from these deposits 

ranges from 064 to 102 degrees. Top surfaces are usually sharp. Amalgamation surfaces 

are most often defined by small cm scale aligned mud clasts or subtle grain size breaks.   

Figure 14: Flute cast characteristic of base of a medium grained structureless or normally 
graded sandstone bed.   
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Figure 15: Photo showing degree of amalgamation of structureless sands in channel axis. 
See person for scale. 

Lithofacies D) Thin bedded unamalgamated structureless sandstone: Degree of 

amalgamation and bed thickness separates Lithofacies C from D. It is important to 

distinguish between the two because of the nature of their spatial distribution within 

architectural elements. Beds are commonly 5-30 cm and range from fine to coarse-

grained sandstone. Top and base of surfaces are commonly sharp. Sometimes tops of 

beds are graded in lobed deposits. Fine deposits interbedded between sand beds are 

mud/silt and range from structureless to planar laminated. 

Debate can be made about whether structureless sandstone facies are deposited 

from turbidity currents or debris flows. In our field area more observations would need to 

be made to determine if deposition was en masse or incremental. From a Bouma 

sequence perspective this facies is most similar to Ta structureless sand deposits. Talling 

(2012) states that massive sand deposits incrementally from traction carpets and high 

sediment fallout rates. Structureless sandstone beds appear to taper away from thickest or 

most axial deposits. Also, thick structureless sands are commonly amalgamated with 
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normally graded sand and other traction structures in basin-floor lobe positions therefore 

supporting this interpretation. Sustained flow, sand-rich, depletive, turbidity currents are 

necessary for depositing very thick massive sandstones (Kneller, 1995). Structureless 

sandstone facies are commonly found in channel axis (Gardner & Borer, 2000; DiCelma 

et al., 2011; Olariu et al., 2011) and it is possible that high flow velocity could cause 

hindered settling of finer grained portions of the flow. Thinner bedded less amalgamated 

structureless sandstone that is less well-sorted could be evidence that deposits were 

deposited in marginal or distal positions (Barker et al., 2008, DiCelma et al., 2011). 

Conversely it is postulated structureless sandy thick beds could have originated 

from liquefied debris flow (Talling, 2012).  If the deposits were formed by debris flows 

increase in mud content, poor sorting and clasts floating in matrix are indicators (Amy, 

2005). Also, sharp top is listed as criteria for structureless beds being the result of debris 

flows. Many observed beds have sharp tops, a criteria suggested for structureless debris 

flows (Amy, 2005). However abrupt lateral termination, suggesting debris flow origin, 

was not observed in the field area (Amy, 2005).  

 

Lithofacies E) Normally graded sandstone: Graded sandstone beds range from 

very coarse sand or pebbles at the base to medium/fine sandstone at the top. Fewer 

observations were made of sandstone grading directly into silt and or mud (Fig. 16). 

Sometimes grading was subtle ranging from medium sand at the base to fine sand at the 

top. Imbrication of compacted pencil shaped pebbles at the basal portion of some 

normally graded beds is a unique characteristic (Fig. 13). Beds range in thickness from 20 

cm to two meters. Observed lateral thickness variations of up to 50 cm over 5 to 100 

meters laterally are common. Basal and top bedding contacts are commonly sharp. 

Normally graded sandstone beds can be amalgamated with other normally graded beds or 
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other facies. Erosional features are common on basal contacts and tool marks and flutes 

casts give evidence of paleocurrent direction (Fig. 14).  

 

Figure 16: Photo showing normal grading ranging from medium sand to silt over 10cm.  

Normally graded beds are interpreted as deposits from waning decelerating 

turbidity currents (Kneller, 1995; Talling, 2012). They are recognized as a determinant 

facies for turbidity current deposits (Amy, 2005) and suggest incremental deposition of 

the coarsest portion of the flow prior to finer portions. Normally graded beds are found 

dominantly in basin-floor lobe deposits. These beds commonly taper and become less 

amalgamated away from flow axes over 10’s of meters suggesting flow deceleration and 

dilution from expansion (Di Celma et al., 2011).  
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Lithofacies F) Plane-parallel, cross-bedded sandstone: Coarse to fine sandstone 

contain faint plane parallel to cross-bedded laminations (Fig. 17). Beds range in thickness 

from 10 to 50cm and are commonly amalgamated at the top of structureless or normally 

graded sandstone beds. Beds can be wedge shaped and discontinuous laterally 

perpendicular to paleo-flow direction (Fig. 18).  

Figure 17: Twenty centimenter plane parallel laminations capping a structureless 
sandstone bed. 
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Figure 18: Planar laminated beds with wedge shaped geometry. 

Planar laminated beds are interpreted to have been deposited as the result of 

waning sand-rich to sand-poor turbidity currents. Sedimentary structures such as plane 

parallel laminations are consistent with Bouma’s (1962) TB facies giving evidence for the 

depletive nature of the flow. Talling (2012) denotes a change from sand-rich to sand-poor 

turbidity current that cause direct fallout due to hindered settling (TB-2) versus reworking 

of deposits causing low amplitude bed waves (TB-1).  Flows becoming dilute turbidity 

currents form coarse grained upper plane bed regime while sand-rich flows form by en 

masse freezing or traction carpets (Kneller, 1995; Talling, 2012). 

   

Lithofacies G) Ripple laminated sandstone: This lithofacies is characterized by 

medium to fine sandstones with sharp bases and tops interbedded with silt. Finely 
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laminated ripples with occasional mud drapes are observed. Beds are thin and often 

lenticular, ranging in thickness from 5 to 20cm (Fig. 19).  

 

Figure 19: Thin, rippled beds outside of channel axis in distributary lobe complex. 

Ripple laminated sandstones are found in base of slope distributary channel 

complexes marginal to channels and within heterolithic basin-floor lobe complex deposits 

separating sandy intervals. Longer runout of turbidity currents, where more dilute flows 

exist, could result in ripple-laminated sands similar to Bouma (1962) Tc facies. 

Deposition of rippled sandstones is the result of dilute and fully suspended, turbulent 

flows with low fallout rates (Talling, 2012).  Ability to form sedimentary structures 

indicate flow deposits poor in sand that have undergone bed load reworking to form 

ripples (Talling, 2012). Poor organization of ripples (Table 1) indicates that the turbulent 

flow was extremely dilute or “starved” thus preventing well-developed bedforms to 

occur. 
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Lithofacies H) Heterolithic interbedded sand and mud: One to ten cm thick , 

fine to coarse sandstone beds are interbedded with 5-50cm thick muddy siltstones beds 

(Fig. 20). Intervals are up to 10’s of meters thick. The sandstone beds commonly have 

sharp bases with groove casts. Sharp to graded tops of sandstone beds are common. 

Lenticular wedge shaped sandstone body geometries and deformed beds are common in 

this facies. Starved ripple bedsets (LF G) are extremely common in this facies.  

 

Figure 20: Heterolithic interbedded thin sands and muds showing sharp tops and base. 

Deposition is bimodal (sand and mud) in this facies resulting from the alternation 

of suspension fallout during abandonment phases and low-density turbidity currents 

(Talling, 2012). This facies represents an incomplete Bouma series of Tc-Te or some 

combination of these three facies. Sandstone beds that grade upwards into mudstone are 
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probably the result of low-density waning turbidity current (Bouma, 1962; Kneller,1995). 

However, beds with sharp base and top might have a more proximal or axial location to 

confined channel. 

 

Lithofacies I) Silty mudstone: Dark, organic rich mud with faint, millimeter scale 

parallel laminations. Some massive structureless intervals are present. This lithofacies 

association contains common contorted, deformed beds (Fig. 21). Thicknesses of silty 

mudstone facies range from 1cm to 5 meters. Occurrence is most often between 

amalgamated to less amalgamated and normally graded sandstone facies on the basin-

floor and on the slope. Commonly this facies is covered by vegetation in the field area 

and is therefore difficult to describe except from road cut exposures or some deep 

ravines.  

LF I most closely represents Bouma’s (1962) TE facies that is described as a 

muddy interval. Talling (2012) proposses a tri-fold subdivision of mud deposits modeled 

after Piper (1976). In this scheme, laminated muds, massive ungraded muds and massive 

graded muds are differentiated. These characteristics are noted in measured sections but 

were not divided into separate facies because good outcrop exposure was severely limited 

and the specific mud study was beyond the scope of the study. Two theories for the 

process of mud deposition are accepted in this study. One theory suggests that the process 

of mud deposition is from relatively dilute and expanded turbidity flows (Talling, 2012). 

Flows with this behavior are expected to occur in a more distal or off axis spatial 

proximity from sediment feeder axes and deposit as flows run-out and meet the 

conditions necessary for deposition (Kneller, 1995). Muds displaying no sedimentary 

structures are interpreted as muddy turbidites or hemipelagic muds that are deposited by 

sediment fall-out during the intermission of coarser sand deposition in a certain location. 
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It is difficult to distinguish the exact process of deposition for muddy units, however it 

has been suggested that very thick muddy intervals would need sustained flow conditions 

for multiple days (Talling, 2004, Tripsanas et al, 2004). It is also likely that these deposits 

are muddy turbidites because of no indication for decrease in sedimentation. 

Figure 21: Deformed mud beds below the beginning of a sandy interval on the basin 
floor. 
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Table 1: Table with nine lithofacies subdivisions, photos, descriptions, and their process based interpretations 

 
Facies 

(decreasing 
energy) 

Photo Description Interpretation Depositional  

Environment 

Mud rip-up  

intraclast 

conglomerate 

(LF A) 

 

 
 

Clean sand to poorly sorted 

muddy matrix, 10-50 cm 

thick, erosive/irregular 

contact, Lense-like within 

beds 

 

Deposition from 

basal scouring 

turbidity current 

(Grundveg), clean 

sand debris flow 

(Talling,) high 

energy, erosive  

Upper and lower slope 

channel lag, high energy 

channel axis  

Pebble 

conglomerate 

(LF B) 

a)muddy/ 

poorly sorted 

b)sandy/ 

graded 

 

a)  

Gravel to pebble 

conglomerate  

 

a) muddy matrix, cobbles 

and rafted blocks, 10cm-2m 

thick 

  

b) sandy matrix, 10-50 cm 

thick, lenticular 

a)cohesive debris 

flow 

 

b)high density 

turbidity current, 

suggestive of 

bypass 

 

 

a) slope and basin floor fan 

 

b)channel lag deposit, basin 

floor lobe 

 

 

Table 1 
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b)  

 

 

 

 

 

 

 

Amalgamated 

Structureless 

Sandstone 

(LF C) 

 

 

 

Ranging from well to poorly 

sorted, very coarse to fine 

sand, structureless, flute 

casts and tool marks on 

sharp, loaded base, sharp 

top, amalgamation surfaces 

defined by mud clast or 

grain size break, containing 

organic matter 

Sustained flow, 

sand-rich, 

depletive 

turbidity currents, 

liquefied debris 

flow 

Basin floor lobes  and slope 

channels, increasing 

amalgamation indicating 

flow axis and degree of 

proximity to confinement 

Non 

Amalgamated 

Structureless 

sandstone 

(LF D) 

  

   

Table 1, cont.
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Normally 

graded 

sandstone 

(LF  E) 

 

 

Graded from very coarse 

sand, sometimes pebble to 

medium/fine sand, ranging 

in thickness from 20 cm to 2 

meters, sharp base with tool 

marks and flute casts 

common, variable thickness 

laterally up to 50 cm 

Waning, 

decelerating sand-

rich or poor  

turbidity currents 

Axial, proximal, Basin floor 

lobe, upper and lower slope 

channel (less well defined)  

Plane, 

parallel, low 

angle 

parallel, 

cross bedded 

sandstone 

(LF F) 

 

 
 

Coarse to fine sand, often 

faint plane parallel to cross 

beds, Wedge shaped, 

discontinuous along a single 

bed, 10-50 cm thick, 

commonly overlying 

structureless or normally 

graded bed 

 

Waning, dilute, 

turbidity current, 

high to low 

concentration 

flows, dilute 

turbidity current 

forms coarser 

grained upper 

plane bed regime, 

sandier flows 

form by en masse 

freezing or 

traction carpets 

Basin floor lobe deposits, 

lower slope channel 

deposits, spaced laminations 

indicate proximity  

Ripple 

laminated 

sandstone 

 Coarse to fine sand, sharp 

base and top, finely 

laminated ripples with some 

Dilute and fully 

turbulent 

suspension, low 

Distal/off-axis basin floor 

lobe 

Table 1, cont. 
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(LF G) 

 
 

mud drapes, 5-20 cm thick, 

lenticular 

 

 

 

 

fallout rates 

Heterolithic, 

interbedded, 

 sandstone 

and 

mudstone 

(LF H) 

 

 

 
 

5-50 cm, mud to silt 

interbedded with 1-10 cm, 

fine to coarse sand, up to 10 

m thick packages, 

commonly sharp bases and 

drag marks on sand, sharp to 

fining up top, lenticular sand 

bodies, slump features 

common 

Alternating 

suspension fallout 

deposits and 

dilute turbidity 

current 

Distal/off-axis basin floor 

lobe 

Table 1, cont. 
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Silty 

mudstone 

(LF I) 

 

 
 

 
 

Dark, organic rich mud with 

faint parallel laminations to 

structureless, slump features, 

commonly occurring in thick 

packages between sand 

layers, 1 cm to 5 m thick  

Suspension 

fallout, 

background 

sedimentation, 

hemipelagic mud 

Distal/off-axis basin floor 

lobe, sedimentation during 

avulsion, slope 

Table 1, cont. 
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Architectural Elements 

An architectural element analysis resulted in the classification of sand bodies into 

four divisions: Upper/middle slope confined channels, middle slope weakly confined 

channels, base of slope distributary channel complex and unconfined basin-floor lobes. 

These four elements are displayed in several figures below.  Descriptions were made 

based on bounding surfaces, distribution of sedimentary facies, sand body geometry and 

scale (Flint, 2011). Degree of amalgamation and erosion within each of the elements was 

also a defining factor.  A summary of the down-slope transformation of these elements is 

given in a final summary figure. 

Upper/Middle Slope Confined Channels 

Description 

A field example of confined channel fill, outcrop A (Fig. 5) occurs on the slope 

below timeline S6 (Fig. 5). Channels are often isolated within slope muds (Fig. 22). 

Correlation of bedding and facies was made on Gigapan photopanel and four vertical 

measured sections (Fig. 23). Outcrop orientation is N-S therefore an oblique dip view of 

the channel is exposed.   

Axial sand body dimensions are ~100 m wide by 20 m thick. The approximate 

aspect ratio of confined slope channels is 5:1. Thin bedded, non-amalgamated 

structureless sandstones are present up to an additional few hundred meters laterally. The 

channel is sharp based and the basal beds pinch out to the NE and SW. The channel has 2 

multistory channel components and it becomes multilateral at the top where channel 

aggradation changes to lateral migration (Fig. 23). 
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Figure 22: Illustrated photo showing isolated slope channels below within muddy slope 
deposits below the shelf edge. On average confined channels are 100m high 
and 20m deep creating an aspect ratio of ~5. 

Four main lithofacies (LF A, B, C & D) were identified within the channel axis 

(Fig. 23). Amalgamated structureless sandstones are the dominant facies found in axial 

channel deposits. Steep erosional surfaces (up to 30 degree) within the channel are draped 

by LF A (mud clast conglomerate), and LF B (pebble/gravel conglomerate). Basal relief 

of the channel is up to 5m while erosional surfaces within the channel are up to 3m (Fig. 

23). Mud clast layers (LF A) are up to 2m thick, but on average are only 20cm, while 

pebble conglomerate layers are up to 50cm thick. One pebble conglomerate layer overlies 

a surface within the channel body. This surface marks a distinction between the upper 

and lower channel stories.  

Confined channels are relatively coarse grained. Average grain size in all 

measured sections was above medium sand (Fig. 26). Lateral variation in grain size was 

not significant along the outcrop (Fig. 26). Pebble conglomerates were the coarsest grain 

size observed across all elements. Channel axes contained minor occurrences of thin mud 
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drapes. However, outside of the main channel axis, logs 3.5 and 3.6, slope muds 

dominated as exhibited by decreased net to gross sandstone/mudstone ratios (Fig. 28). 

Typical net to gross ratios inside channels ranged between 70 and 96%. Outside of 

channel axes net to gross ratios were as low as 26% where channel margin facies were 

not present and 40% where they were (Fig. 23, 28). 

Thick, amalgamated, medium to coarse-grained sandstones (LF C) make up the 

majority of the channel body (Fig. 23, 24). The thickness of amalgamated sands is 

typically 3-5 meters with beds of 50 cm to 2 meters thick. Within this facies, an imprint 

of a leaf, possibly a fern, was preserved. Figure 24 shows the lateral variation in 

proportion of amalgamated sands.  

Lastly, LF C-B (less amalgamated thinly bedded sandstones with decreased grain 

size) is present at the top and the edges of the channel. Figures 23 and 24 shows increase 

in un-amalgamated sand beds at the channel margins. Bed thickness ranges from 5 cm to 

no more than 50cm. Some amalgamation is present, but generally thin, 5 to 10 cm, mud 

or silt beds, partially covered, separate sand beds. This facies is present at the top of the 

isolated sand bodies creating an overall thinning upward sequence.       

Average individual bed thicknesses in confined channels ranges from 28-70cm 

(Fig. 27). Beds are thickest at the central portion of the channel and decrease laterally 

(Fig. 27). Internal bedding surfaces are truncated by erosional surfaces within the channel 

(Fig. 23). Some bedding surfaces show evidence for accretion of inclined surfaces. 
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Figure 23 Above A) Photo of multi-story to multi-lateral, confined middle/upper slope 
channel illustrated with lithofacies correlations, bedding, and major 
erosional surfaces. For location see Figure 7 (basemap) B) Six vertical 
measured sections from the outcrop depicting the same lithofacies 
correlations mapped on the photo.: The northernmost and southernmost logs 
are off the photograph. The southernmost log was measured through 
amalgamated structureless sandstones that were deposited earlier than the 
channel correlated in detail while the upper sands are thin-bedded un-
malgmated facies. The northernmost log also displays the un-amalgmated 
facies as well as another channel offset above and to the north of the 
pictured channel. Similar vertical trends are seen in the top of section 3.6 
measured through the laterally and vertically offset channel.
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Figure 24: Chart depicting lateral facies variations within upper slope confined channels. 

 

 

 

 

Figure 25: Legend presenting facies colors. 
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Figure 26: Variation of average grain size within confined slope channel. Each graph 
corresponds to the measured section from Figure 23. Average grain size 
varies little around medium grain sandstone. However, not that section 3.2 
has no fine beds. 
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Figure 27: Variation in bed thickness in confined channel setting, Outcrop A. Thickest 
beds are deposited in central channel location (Log 3.2).  
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Figure 28: Variation in net to gross sand to mud ratio in confined channel setting, 
Outcrop A. Note highest net to gross ratios within channel axis position as 
high as 95%. Channel margin net to gross ratios decrease to 27 and 40%.  

Interpretation 
Confined channels are interpreted to be in the most proximal setting on the upper 

to middle slope. Steep margins and basal channel relief define erosional confinement. 

The channels of this environment are a product of strongly erosional flows. However, 

flows that created channel fill were depositional. Erosional and sediment bypass surfaces 

are present within these isolated channels, supporting previous workers (Gardner & 

Borer, 2000, Di Celma et al., 2011) that emphasize the dominance of erosional flows in 

this regime. These channels are interpreted as multistory because of truncation surfaces 

within channels indicating amalgamation of multiple channel bodies (Fig. 23). 

Slope depositional settings have very steep (2-3 degree) gradients promoting 

erosion and bypass of sediments (Gardner & Borer, 2000). Marginal, off-axis facies (LF 

D) flank the channel to the south up to 200m away from the main channel axis. The 

primarily multistory nature of these channels reflects the probability that sediment was 
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being focused from up-dip confinement (Gardner & Borer, 2000). In addition to the 

channel described above the La Jardinera outcrops, several isolated slope bodies (Fig. 22) 

suggest short-lived dominantly erosional channels without constructional levees. 

Confined channel axes in La Jardinera area have erosional surfaces, mud clast 

layers and pebble conglomerates (LF A & B), a common feature in other channel axes 

(Di Celma et al., 2011; Brunt et al., 2013). The grain size of these facies suggests high-

energy flow dominance and they are interpreted as lags in the channel axis above 

erosional surfaces. High-energy facies are indicative of erosion and bypass of sediment 

into more distal parts of the basin along the shelf to basin floor profile (Clark & 

Pickering, 1996; Gardner & Borer, 2000; Di Celma et al., 2011).   

Amalgamated sandstone beds in the channel axis represent focused deposition of 

multiple sand-rich gravity flows. Amalgamated structureless sands are deposited in 

channel axes as flows collapse and high fall-out rate ensues (Di Celma et al., 2011). 

Decreasing amalgamation and fining and thinning sand beds observed at the top of the 

channel represent a final fill and eventual abandonment phase of slope channels possibly 

due to base-level rise and avulsion of channel axis (Mutti & Normark, 1991; Clark & 

Pickering, 1996). Fining and thinning upward pattern is commonly seen in confined 

channel setting (Flint et al., 2010). The presence of less amalgamated beds at the channel 

top and margin suggest flow becoming less confined as the channel filled and was 

eventually abandoned.  

Mid-lower slope weakly confined channels 

Description 

Weakly confined channels, Outcrop B, are present on middle slope timelines 5&6 

(Fig. 5), approximately 50m lower (stratigraphically) on the slope than the previously 

described confined slope channels (outcrop A). Outcrop B consists of channels (Fig. 29), 

which are up to approximately 500 m wide, and 10 m thick. After correcting for outcrop 

orientation the true channel width is about 175 m. The resulting aspect ratio is at least 
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17.5, 3-4 times higher than the more confined upper slope channels. Sandstone body 

dimensions were defined by abrupt lateral termination of sands into cover/fine-grained 

siltstone/mudstone. Basal relief of the channel is not as well defined as confined slope 

channels and internal erosion surfaces are non-existent.  

Similar to strongly confined channels found in the middle to upper slope, middle 

slope weakly confined channel bodies are made up of structureless, amalgamated beds in 

channel axes (LF C) that thin and become un-amalgamated at the top and sides of the 

channel (LF D). Facies proportions across measured sections show up to 90% 

amalgamated sands in axial locations and values of 45-60% in peripheral positions (Fig. 

30).  Average bed thickness ranges from ~25cm on the channel sides to up to 45cm in the 

central portion of the channels (Fig. 31). The average bed thickness observed in weakly 

confined channels (20cm) were less than beds found in confined channels (up to 85cm). 

Lateral variation in average grain size, ranging between medium lower to medium upper, 

was not significant. However, central measured sections show an increase in coarse to 

very coarse sand that is not present in peripheral channel locations (Fig. 32). 

Some normally graded beds (LF D) are present at the top of the channel. 

Lenticular beds of mud rip-up clast and pebble conglomerates (LF A & B) are present but 

do not define steep erosional surfaces as they do in strongly confined channels. 

Vegetation cover that is most likely fine silt/mud up to 20m thick separates sandstone 

channel bodies up to 10m thick. Within the covered interval that separates channel 

bodies, an isolated 1-1.5m thick, 400 m wide pebble conglomerate bed was observed. 

The channels along slope timeline 5 show a slight vertical increase in aspect ratio from 

bottom to top in multiple channel stories. 

Net to gross ratios calculated from measured sections show high net to gross 

ratios within channel sand bodies, up to 90%. Net to gross ratios are much lower, ~40%, 
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when considering multiple stacked isolated channels in the middle to lower slope reaches 

(Fig. 33). 
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Figure 29: A) Vertically exaggerated satellite image draped over a DEM showing outcrop 
expression in location of vertical measured sections defining weakly 
confined channels. Outcrop orientation is 20 degrees oblique to paleocurrent 
direction. B) Vertical measured section correlation through middle slope 
weakly confined channels. Outcrop width is ~500m. Corrected channel 
width is 175m. Vertically stacked channel sandstone bodies are ~5-10m 
thick and separated by ~15m thick intervals of fines/cover.
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Figure 30: Chart showing lateral variation in facies within middle slope weakly confined 
channels. See Figure 25 for legend. 
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Figure 31: Variation in bed thickness from, weakly confined channels from Outcrop B 
measured sections. Note decreasing average bed thickness away from the 
center of the channels from 45cm to 25cm. Also central measured sections 
also have the thickest bed up to 190cm. 
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Figure 32: Variation in grain size in weakly confined channel setting. Average grain size 
does not vary much from lower/upper medium sand. However, central 
channels have an increase in overall grain size with some having up to very 
coarse sand. 
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Figure 33: Lateral variation in net to gross from weakly confined channels in the middle 
slope, Outcrop B. Note decrease in net to gross ratio in measured sections 
including slope fines. 

Interpretation 

Mid-slope weakly confined channels are distinguished from middle-upper slope 
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confined channels is dependent on high flow velocity as evidenced by the presence of 

high energy facies such as mud rip-up clasts and pebble conglomerates. However, 

decreased bed thickness is indicative of a decrease in flow strength and sand entrainment 

relative to the up dip middle-upper slope strongly confined channels. The lack of erosion 

and amalgamation surfaces in weakly confined mid-slope channels may be a result of the 

more dip-oriented outcrop exposure. However, it may also indicate decreased flow 

energy due to lack of confinement indicating that flows were no longer accelerating. 

Normally graded beds at the top of the channel suggest the presence of depletive flows as 

a result of channel abandonment (Kneller, 1995).  

Low-angle erosion surfaces at channel edges are indicative of oblique outcrop 

orientation through weakly confined channels similar to Brunt et al. (2013). However, 

lack of climbing ripples or other tractional type deposits indicate that flows had not 

undergone any rapid expansion allowing for deposition, therefore some degree of lateral 

confinement must be present (Brunt et al., 2013).  

An increase in net to gross ratio from confined channels to weakly confined 

channels is indicative of increasing sand deposition in the down-dip direction as already 

depositional flows entrain more water and lose speed. 

The pebble conglomerate bed between channel sand bodies is probably the result 

of a debris flow on the slope. 

Base of Slope Distributary Channel Complex 

Description 
Base of slope, unconfined channels are wider and thinner than mid-upper slope 

weakly confined channels (Fig. 34). Individual channel widths are up to 200m and 

thickness varies between five and ten meters. Channel complexes are comprised of 
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multiple unconfined sandstone channel bodies that are spatially arranged in a stacked 

multilateral/multistory pattern.  

Upon initial inspection of the outcrop from a distance, these individual 

unconfined channel bodies appear to be connected laterally to other individual channel 

bodies along timeline surfaces (Fig. 34 A). However, at the scale of detailed measured 

sections these unconfined channels appear to be isolated within thin packages of 

mud/cover. Channel complex dimensions are ~1500m wide by ~30m thick resulting in 

aspect ratios of up to ~50. Channel complexes are vertically separated by 10-20 meters of 

less resistant fines, mostly covered with vegetation.  

Lithofacies assemblage of unconfined slope channels is made up of LF A through 

F. Channel bases are less defined than in confined channels, but more distinct than 

weakly confined channels. Erosion surfaces with 0.5 meter relief is common within 

individual sandstone bodies. Rippled, thinner, finer grained deposits of LF F are 

commonly truncated (Fig. 35). LF C (amalgamated medium to coarse sandstone) is the 

dominant facies between erosional surfaces. Amalgamated sandstone intervals bounded 

erosional surfaces are up to 5m thick. Internal bedding architecture observed in the field 

and from Gigapan photopanels shows lateral discontinuity of sheet-like fill (Fig. 34 A). 

Minimal normal grading, LF D, is present in amalgamated sandstone bodies. Up to 86% 

of deposits are coarse grained, massive and amalgamated sandstone facies (Fig. 36). 

Lenticular layers of mud-clast and pebble conglomerate are present near the base of 

channels as well as scour and fill structures. 

Average bed thicknesses are the least in base of slope channels. Bed thickness 

range from 10cm to 2m and are on average between 25-45 cm (Fig. 37) On average bed 

thicknesses were less than confined channels except in logs 4.2 and 4.4 that were 

measured mostly through channel axes.
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 Figure 34: A) Gigapan photo depicting base of slope distributary channel complex (for 
location see Fig. 5). Isolated distributary channels are vertically and laterally 
offset. Note the abrupt lateral termination of unconfined channels into fine 
interchannel deposits. Individual distributary channels are ~100m wide and 
10m thick while the entire channel complex is ~1500m wide and 30-40m 
thick (See Fig. 5). B) Nine vertical measured sections with correlated 
lithofacies.  The red box indicates the portion of the logs displayed in the 
photo above. 
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Figure 35: Thinly bedded, ripple laminated sands, truncated by amalgamated structureless 
sands in channel axis. 
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Figure 36: A series of vertical measured sections with percentages of facies spanning the 
lateral extent of a base of slope distributary channel complex. Refer to figure 
25 for facies legend. Note scour and fill structures are only present at the 
channel complex margin, while normally graded sandstone is confined to 
the central part of the channel complex. Structureless sandstone is dominant 
across the channel complex. 
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Figure 37: Variations in bed thickness from distributary channel complex measured 
sections at Outcrop C. Average bed thickness ranges from 20 to 45cm and is 
thickest in logs containing channel axis facies. 

 



 

 69 

 

Figure 38: Variation in grain size along distributary channel complex measured section 
from Outcrop C location. Grain size variation is from medium to coarse 
sand. An increase in grain size is possibly an indication of flow deposition 
due to decreasing confinement. 
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Figure 39: Net to gross variability from measured sections in distributary channel 
complex, Outcrop C location. Net to gross ranges from 27 to 60 % 
depending on log location, whether through channel axis or channel margin 
position. 

Interpretation 

Elements involved in base of slope channel building are primarily composed of 

small channels that incise into more laterally continuous sheet-like deposits interpreted to 

be a distributary channel complex (Fig. 34 & 35). Thin-bedded (5-20cm) sheet-like 

deposits are also unique to distributary channel deposits because they represent 

deposition external to channels that were clearly eroded into. Measurements made on 

ripple bedforms exterior to channels indicate transport transverse to average paleocurrent 

direction and possible migration away from channels. The fanning of transport direction 

away from channels supports the interpretation of these deposits as lower slope 

distributary channels. 
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Distributary channel complexes are located at the base of slope (Fig. 5) where 

flows are expanding from confined to mostly unconfined. Flows are poorly confined 

within the channels. Thinly bedded ripple laminated siltstones are found in outside of 

channel margins and are commonly truncated by amalgamated, structureless sands 

interpreted as distributary channel axes.  

Widths and depths (1500 m and 30 m, respectively) of lower slope distributary 

channel complexes observed in the La Jardinera area are comparable to channel 

complexes observed in Brushy Canyon area of West Texas  (Gardner & Borer, 2003). 

Increase in net to gross ratio is evidence for increased deposition at the base of slope 

location. Brushy Canyon outcrops exhibit a similar increase in sandstone volume 

(Gardner & Borer, 2003). 

Basin Floor Lobe 

Description 

Sandstone bodies located near the bottom of the succession deposited in the Los 

Molles Formation are laterally extensive and sheet like (Fig. 40). These deposits have 

been previously interpreted as lobe complexes (Paim et al., 2008). The lateral continuity 

of lobe complexes allows them to be mapped up to 10 km in the La Jardinera field area 

(Fig. 43). Typical lobe deposits are ~5 km wide and only 5m thick resulting in an aspect 

ratio of ~1000. A long measured section (Fig. 45) through multiple lobes revealed 

sandstone bed thickness ranges from 1cm to >2m (Fig. 46). The average bed thickness 

from a long profile through lobe complexes was 40 cm (Fig. 46) and average grain size is 

medium lower to fine upper (Fig. 47). Several repeated sand/mud intervals are observed 

in lobe complexes (Fig. 45) as seen in the 320m measured section. Mud intervals are up 

to 10’s of meters thick separating 2-10 m thick sandstone rich packages.  
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Outcrop D consists of an erosional, yet unconfined, top of lobe complex mapped 

over 1km (Fig. 40). Lobe complexes have a characteristic thickening upward log profile, 

seen in Outcrop E (Fig. 41). Commonly a sequence begins with thinly bedded 

mudstone/siltstone and gradually transitions into thicker medium sandstone beds and 

eventually into amalgamated structureless/normally graded beds (Fig. 41, 45). Field 

observations demonstrate that coarser grained deposits were deposited at the tops of 

sequences. Statistical analysis has not been performed to determine whether these coarse 

intervals are thickening or thining upward sequences.  

Lobe complexes posess fewer and smaller magnitude (<1m) occurrences of 

erosion compared to the depositional settings mentioned above. Thick, amalgamated beds 

at the top of lobe complexes cut out underlying beds and are evidence for high energy 

and erosive flows (Fig. 40, 41). Less amalgamated sheet-like sands, below, have sharp 

bases and tops with some flute and groove casts. The non-amalgamated beds are less 

laterally persistent than the thicker beds at the top, but this could also be a function of 

weathering and cover. Some thickening and thinning of beds is present within road cut 

exposures (Fig. 41). Sedimentary structures including planar laminations, normal grading 

and ripples are more common in lobe complex sands (LF D, E & F). Almost all sandstone 

beds are normally graded. Structureless beds become normally graded laterally in some 

locations. The degree of amalgamation also decreases laterally away from the interpreted 

flow axes. Outcrop D shows thinning of beds and decreasing amalgamation towards the 

east (possible basinward direction).  

Net to gross ratios from basin floor lobe deposits are higher than slope 

environment. The sandy top of lobe complexes can have net to gross ratios as high as 

85% (Fig. 44). The net to gross ratio from the entire lobe complex (Fig. 45), considering 

muddy intervals was 37%.   
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Figure 40: A) Gigapan photo highlights laterally continuity (>1km this photo) of lobe 
complexes in basin-floor deposits. Outcrop orientation is oblique to 064 
degrees paleoflow direction. Highlighted in yellow is one lobe complex top 
with vertical measured sections locations in red. B) Bedding diagram of lobe 
complex mapped from field photo. C) Vertically exaggerated (12X) bedding 
diagram showing lateral variation in thickness and areas of erosion and 
increased amalgamation. D) Eleven vertical measured sections spanning 1 
km along the lobe complex with lithofacies correlation. Coarse normally 
graded beds dominate lithofacies. Bed thinning and decreasing 
amalgamation occurs towards the east.  
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Figure 41: Photopanel showing roadcrop exposure of two thickening upward basin-floor 
lobe intervals. Structureless, unamalgamated, tabular to variable thickness 
beds separated by fines/muds thicken up to amalgamated, erosional beds. 
The first sequence has a coarse pebble base and the second has planar-cross 
laminated sands at the top of the sequence. 
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Figure 42: Chart showing lateral variations in basin-floor lobe facies. (Refer to figure 25 
for legend). Note presence of planar laminated sands towards flow margins 
where flow energy decreases. Increase in amalgamated sandstone (yellow) 
is indicative of flow axis where unamalgamated (orange) sands are cut out 
by erosional surface. 
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Figure 43: Matlab plots showing lateral trends in bed thickness from unconfined lobe 
complex, Outcrop D. Note increases in bed thickness in channel axis 
position up to 140cm.     
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Figure 44: Lateral variation in net to gross sand to mud ratio from basin floor lobe, 
Outcrop D. Within sandy lobe body net to gross ratios range from 58 to 
88%. Note lower net to gross ratios distal to flow axis. 

Interpretation 
Laterally extensive sheet-like sands are interpreted to be lobe complexes. Outcrop 

D is oriented oblique to strike and extends laterally for up to 1 km. Hodgson (2009) 

suggested that these dimensions may indicate lobe lengths of greater than 2km. The 

stacking pattern of lobe complexes was investigated with a 325m vertical measured 

section that defined 15 coarsening upward and thickening upward packages (Fig. 45). 

This pattern of interbedded sheetlike sandstone bodies (lobe complexes) and finer grained 

sandstones and mudstones (interlobe deposits) is referred to as compensational stacking 

(Normark, 1993; Galloway, 1998, Hodgson, 2009). The upward thickening and 

coarsening vertical succession observed is a common feature in basin floor lobe 

development (Macdonal et al., 2011). This is interpreted as the progressive expansion of 

the lobe at the channel mouth (Galloway, 1998). 

The increased presence of normally graded beds compared to other depositional 

environments discussed above is evidence for the occurrence of flow transformation due 

to confined flow becoming unconfined at the base of slope. Normal grading is the result 
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of waning depletive flows (Kneller, 1995). We suggest that the decreased flow energy, 

and therefore deposition, is the result of flows that became unconfined on the basin floor.  

Decrease in amalgamation and bed thinning towards the east in outcrop D, along 

strike, is indicative of proximity to flow/lobe axis (Gardner & Borer, 2003). 



 

 79 

Figure 45: Three hundred-twenty meter vertical measured section through basin floor 
lobe complex showing several sand/mud intervals.  
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Figure 45, cont.
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Figure 45, cont. 
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Figure 46: Bed thickness distribution from long vertical measured section (Fig. 44) from 
basin floor lobe complex. 

Figure 47: Distribution of mean grain size from long vertical measured section (Fig. 44) 
in basin floor lobe complex. 
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Chapter 4: Discussion 

The	  La	  Jardinera	  outcrop	  exposures	  suggest	  direct	  connection	  of	  the	  shelf	  to	  

basin	  floor	  (Fig.	  5,	  7).	  Previous	  work	  in	  this	  area,	  by	  Paim	  et	  al.	  (2008),	  recognized	  

the	  deposits	  to	  be	  deep-‐water	  shelf,	  slope	  and	  basin	  floor,	  but	  failed	  to	  recognize	  the	  

clinoformal	  nature	  of	  the	  outcrop	  exposures.	  Along	  the	  exposed	  clinoformal	  margin,	  

outcrops	   A,	   B,	   C	   and	   D,	   demonstrate	   the	   architectural	   evolution	   from	   confined	  

channels	  on	  the	  upper	  slope	  to	  unconfined	  lobes	  on	  the	  basin	  floor	  (Fig.	  50).	   	  

The advantage of the La Jardinera field area is that placement on the depositional 

profile and the associated depositional environment is more certain because of visible 

clinformal geometry. It is observable in the La Jardinera field area and many other 

outcrop studies have evidenced a downslope change in architectural element components 

(Gardner & Borer, 2000; Clark & Steel, 2006; Brunt et. al, 2013:) building the slope and 

basin floor.  

Quantification of changing facies, grain size, bed thickness and amount and 

distribution of erosion can be measured in elements in a downslope direction. 

Architectural elements are defined by unique distributions of these parameters. However, 

these variables are dependent on the inherent nature of the system such as basin tectonics, 

proximity to source, sediment supply rate, texture and geographic pattern (Galloway, 

1998; Gardner & Borer, 2003). In the case of La Jardinera the steep, rifted margin 

resulted in a very coarse grained system.  Coarse-grained systems tend to promote 

erosional channels on the slope and allow frequent avulsion of the channels resulting in 

channel body isolation within slope mudstones (Clark & Pickering, 1996). 

DOWNSLOPE FACIES VARIATIONS 

A significant down-slope variation in facies proportions defines the channel to 

lobe transition from the slope to the basin-floor. All elements have amalgamated 

sandstones, however the proportion of the sandstone body filled by this facies decreases 

downslope from 70 to 18 percent (Fig. 48). Channels are composed of 62 to 70 percent 
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amalgamated sand. Lobe elements are composed of 18% amalgamated sandstones. The 

higher proportion of amalgamation is indicative of flows being focused into confinement 

on the slope. Decreasing amalgamation observed in lobes is an indication that flows were 

being deposited in areas of decreased confinement where flow deceleration had occurred 

and/or flows were already dilute.  Un-amalgamated sands are the second most common 

facies in all of the elements. Channels have 16-17% un-amalgamated sands while lobe 

elements had 18%. A dramatic increase in normally graded beds from 3% in confined 

channels up to 28% in basin floor lobes is a defining transition from channels to lobes. 

The increase in normally graded beds indicates a flow condition transition. Normally 

graded deposits are made by waning depletive flows. Since the majority of sandstones in 

the basin-floor lobe position are normally graded we suggest that the increase in normal 

grading indicates a position that was unconfined and therefore a location where 

deposition intensified. Contrasting facies that indicate erosion at the up-dip basin margin 

are pebble and mud rip-up conglomerates. Within slope-confined channels these facies 

are 5 and 11% respectively. The presence of this facies decreases in weakly confined 

channels and completely disappears in the base of slope channels and basin-floor lobes. 

The disappearance of this facies is evidence for the system transitioning from erosion and 

bypass on the upper-middle slope and deposition at the base of slope and basin-floor. 
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Figures 48: Pie charts showing down-slope variation in facies within distinct architectural 
elements. Note the change in dominant facies from amalgamated sandstone 
(yellow) in channel elements to normally graded sandstone in lobe elements. 
Also, pebble and mud rip-up conglomerate proportions decrease down-slope 
within channels and disappear completely in lobes. 
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INCREASING ASPECT RATIO 

Channel dimensions display a range of widths and depths depending on 

architectural element (Fig. 50). Aspect ratios were smallest (~5) in confined channels that 

had widths of 100 m and depths of ~20 m. Weakly confined channels were found ~200m 

lower on the slope and had aspect ratios of 17.5. Weakly confined channel outcrops were 

up to 500 m wide and 10 m thick. However, outcrop orientation is oblique-strike and 

required a calculation for minimum channel width. Minimum channel width 

perpendicular to flow was calculated to be 175 m. Base of slope distributary channel 

complex are up to 1500 m wide and up to 30m thick creating sandstone body aspect 

ratios of ~50. Individual sand bodies within distributary channel complex have a smaller 

aspect ratio (20-30) because of widths of 100-150 m and depths of 5-7 m. Proximal lobe 

deposits were not plotted on the width to depth chart because they are not representative 

of typical channels. However, the aspect ratio is very high. Lobes can have lateral extents 

of up to 2 km with thickness of ~5-10m resulting in aspect ratios of 200-400. This aspect 

ratio is an order of magnitude higher than channels with any degree of confinement. 

CHANNEL TO LOBE TRANSITION 

The channel to lobe transition is best evidenced from base of slope deposits in the 

La Jardinera field area. Position above basin-floor lobes and below more confined 

channels supports this theory and is similar to the Karoo Basin study by Brunt et al. 

(2013). The down dip evolution of architectural elements from erosionally entrenched 

channel to weakly confined channel and finally lobe is exhibited in both outcrop 

exposures. In contrast to the Karoo exposures constructional levees are never observed in 

La Jardinera outcrops.  Weakly confined channel fills from Karoo (Brunt et al., 2013) and 

the La Jardinera field area preserve deposition of flows that overtop their erosional 

confinement. Incised axial zones of high aspect ratio channels associated with tabular 
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beds thinning away from channel axis is deterministic of the channel to lobe transition 

zone. Tabular beds most likely represent an early distributive lobe system that is 

eventually cut by later erosional flows (Fig. 35) (Brunt et al., 2013). The association of 

channel and lobe deposits in close spatial proximity is good evidence for the position of 

the transition zone because direct outcrop evidence of a channel transitioning to lobe will 

be very difficult to find. 
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Figure 49: Graph showing width versus depth of channels from ancient, modern and 
subsurface datasets. Data from this study are plotted. Red star indicates 
upper-slope confined channel, green star indicates mid-slope weakly 
confined channel, light blue star indicates individual base of slope 
distributary channels and purple star indicates the entire distributary channel 
complex. From this graph we see that upper slope multi-story confined 
channels correspond to data that indicates single-story channels from Brushy 
Canyon outcrops. Weakly confined channels are vertically and laterally 
offset and dimensions are consistent with single-story channels from the 
Brushy Canyon study. Lastly, distributary channel complex dimensions are 
consistent with channel complex dimensions from the Brushy Canyon study 
and composed of smaller single-story channels marked in dark blue.   

RESERVOIR IMPLICATIONS 
Channel/lobe complexes provide excellent source, reservoir, seals and traps for 

hydrocarbons. Grain size, lithofacies distribution and sand body geometry across a slope 

to basin-floor profile have dramatic effects on reservoir characterization and geometry. 

This study provides an observation and process-based interpretation to produce a model 

and quantify parameters significant for reservoirs such as grain size and lithofacies 
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(Kneller, 1995) Reservoir quality and heterogeneity is affected by position along the 

slope to basin-floor profile. An overall increasing net to gross ratio observed in slope to 

basin-floor outcrops in the La Jardinera field area shows that lobe complexes and base of 

slope channel systems desirable targets for hydrocarbon exploration. However, net to 

gross ratio within channels decreases and reservoir complexity is a problem in interpreted 

base of slope and basin-floor depositional environments. Connectivity of elements is 

highly important when considering reservoir drainage options. Confined slope channels, 

which have a high concentration of axial channel deposits supply good along channel 

connectivity from a reservoir heterogeneity perspective (Sprague, 2005; Clark & 

Pickering, 1996). We can see that the confined channels on the slope in the La Jardinera 

field area have coarse grain size and high degree of amalgamation good for porosity and 

permeability of reservoirs. A decrease in connectivity due to decrease in channel 

amalgamation in the downslope direction causes reservoir quality to be deteriorated in 

middle to lower slope channels and lobe complexes observed in the La Jardinera field 

area. Sand bodies have greater lateral continuity in the mid-lower slope position. While 

slope channels have greater vertical connectivity, basin-floor lobes have even greater 

lateral continuity up to several kilometers. Thick shale intervals deposited between sandy 

intervals on the basin floor serve as significant baffles to hydrocarbon production. 

Debrites found on the basin-floor are also considered to have a negative impact on 

reservoir quality because of high interstitial mud content and poor sorting (Talling, 2012).  
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Chapter 5: Conclusion 

La Jardinera outcrops show four distinct channel-lobe elements. Upper/Middle 

slope confined channels are nearly 100 percent amalgamated sand isolated in slope muds. 

Unique steep erosional surfaces defined by mud clast and pebble conglomerate lags 

indicate channel axes.  Mid-slope weakly confined channels have thick, amalgamated 

sandstone beds similar to more confined channels. Erosional surfaces are not as steep and 

aspect ratio increases from ~5 to ~17.5. Distributary channels found at the base of slope 

within a channel complex show an increase in the number of internal scour surfaces and 

truncation of overbank deposits by small channels. Normal grading and ripple 

laminations become present in this more distal base of slope position indicating 

decreasing flow energy and bed thickness, grain size and presence of pebble 

conglomerate decreases. Coarsening and thickening upward intervals distinguish basin-

floor lobe complexes. Normally graded beds are the dominant facies and indicate flow 

deceleration due to lack of confinement and change in gradient. Some intervals do not 

coarsen and thicken up as much as others indicating off axis position during deposition. 

Overall, slope and basin floor architectural elements can be evaluated and characterized 

by decreasing degree of erosion, decreasing degree of amalgamation, change in 

sedimentary structures and increasing aspect ratio in the down-slope direction. 
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Figure 50: Summary diagram of architectural elements along a clinoformal margin in the 
La Jardinera field area. Down-slope variation in channel to lobe elements 
results in increasing aspect ratio, and sand deposition.  
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Appendix 

See supplemental CD. 
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