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ABSTRACT
The sediments of a foreland basin succession in the southeastern Ebro Basin,

northeast Spain, were deposited syntectonically with the growth of the Pyrenees and the
nearby Catalán Coastal Range, and thus, changes in mineral composition and lithofacies
of these sediments through time relate to the tectonic development of the region.  A
petrographic and point count study of sandstones from a 536 meter measured section
through this foreland basin succession reveals that the lower part of the section contains a
much more diverse assemblage of framework grain types while the upper part of the
section is dominated by micritic carbonate rock fragments.  When the different grain
mineralogies are associated with different source rock types, the signals of a least two
distinct sediment source regions emerge: one of sedimentary, mostly carbonate rocks and
one of metamorphic rocks.  The relative amounts of sand-sized material from these two
source rock types indicate a shift in provenance over time; with the advance of the
Catalán Coastal Range, a mixed provenance of sedimentary and metamorphic source
terrains gives way to a depositional record characterized by sedimentary source rocks.
The mineralogy of this mostly carbonate, sedimentary provenance signal suggests the
material is derived from the Catalán Coastal Range thrust belt, whereas the sediment
from a metamorphic terrain probably came from a more distant source.  Rates of
compositional change suggest the shift from a mixed provenance to one dominated by the
Catalán Coastal Range may have been a relatively rapid one, and this transition could
possibly represent a time of major uplift in this thrust belt.
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INTRODUCTION

In a sandstone, the mineralogical composition of framework grains can be

considered a product of source rock composition, tectonism, weathering/transportation,

and diagenetic processes (Ingersoll et al., 1984; Carozzi, 1993).  Therefore, all

framework grains in a sandstone, provided they have not been too significantly altered by

transportation and diagenesis, can provide information about the composition and

tectonism of the source areas; thus, the mineralogical composition of sandstone grains is

key in the study of provenance (Ingersoll et al., 1984; Carozzi, 1993).  In turn, changes in

the provenance of the sand grains can sometimes shed light on the tectonic history and

timing in a region, especially in an area where the sediments are known to have been

deposited simultaneously with active tectonic change.

This study examines the petrography and provenance of sandstones from a

foreland basin succession at the foot of the Catalán Coastal Range in the Ebro Basin,

northeastern Spain.  The sediments of this foreland basin succession were deposited

syntectonically with the growth of the distant Pyrenees and the advance and uplift of the

nearby, relatively small Catalán Coastal Range; thus, they record compositional and

lithofacies changes associated with the tectonic development of the region.  This paper

investigates how sandstones from the section change compositionally through time, with

the advance of the adjacent Catalán Coastal Range thrust belt.  For this investigation, the

foreland basin succession is characterized by a measured stratigraphic section, lithofacies

observations, and sandstone samples from across the entire section.  Thin sections of

these sandstones are point counted in order to determine the mineralogical composition of

their framework grains.  The same type of study has been done for other foreland basin
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successions, such as the Bolivian Andes (DeCelles and Horton, 2003).  In addition, this

paper relates sandstone composition to distinct source region signals, and changes in the

rock composition to shifts in provenance across the measured section.  The rates of

compositional change up the stratigraphic section may represent the rate of change of the

different sediment source areas’ relative contribution to the regional deposition.  Thus,

the sediments in this foreland basin system have the potential to record the timing and

rate of tectonic change in the Ebro Basin.

GEOLOGICAL SETTING OF FIELD AREA

This sedimentary petrography and provenance study focuses on sandstones from a

foreland basin succession in the Ebro Basin, northeastern Spain.  The studied foreland

basin succession is well exposed along the southeastern margin of the Ebro basin, near

the foot of the Catalán Coastal Range.  The field area for this study is located near the

small towns of Ulldemolins and Albarca, about 108 kilometers (67 miles) west of

Barcelona (see Fig. 1).

The Ebro Basin is bounded by three mountain ranges (Pyrenees in the north,

Iberian Range in the southwest, and Catalán Coastal Range in the southeast) built up

during the Eocene-Oligocene, and which controlled subsidence rates through lithospheric

flexure, depending on the proximity to the three ranges’ tectonic loads (Barberá et al.,

2001).  Tectonic loading by orogenic thickening of the crust causes lithosphereic flexure

in the form of a dampened sine wave, the magnitude of which corresponds to the size of

the load; the subsidence created by this flexure causes a distinct pattern of depositional
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zones or ‘depozones’ with lateral distance away from the front of the thrust belt (Fig. 2)

(DeCelles and Giles, 1996; Barbeau, 2005).

These depozones are called the wedge-top, foredeep, forebulge, and back-bulge,

and are characterized by DeCelles and Giles (1996) as follows.  The wedge-top depozone

is the region of sediment which accumulates above active frontal thrusts of the

propagating mountain belt; it is characterized by the coarsest sediment, alluvial fan and

fluvial megafan deposits, and growth structures (syndeformation deposits).  The foredeep

depozone occurs in the region of maximum subsidence adjacent to the tectonic load, and

represents the region of thickest sediment accumulation; it contains coarse to fine-grained

sediments which tend to fine with distance from the thrust belt, and receives sediment

from fluvial, alluvial, flood plane, and lacustrine depositional systems.  The forebulge

depozone is a region of flexural uplift craton-ward of the foredeep; in subaerial foreland

basin systems (like the southern Ebro Basin) it is an area of weathering, erosion, or thin,

condensed sedimentation, which may be recognized by an unconformity, thin distal

fluvial or aeolian lithofacies, or well developed paleosols.  The back-bulge depozone

represents the last shallow trough in the dampened sine wave created by lithospheric

flexure, and thus is a region of minor subsidence craton-ward of the forebulge; it is

characterized by much thinner sediment accumulation and its distance from the mountain

belt typically promotes finer grained lithofacies (DeCelles and Giles, 1996).  In addition,

the lithofacies of this depozone can be erased from the stratigraphic record by the

propagation of the forebulge erosional zone with the advance of the thrust belt.  If the

propagation of the thrust belt (the shortening of the foreland lithosphere) is equal or

greater to the length of lithospheric flexure away from the orogenic load, then the
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Figure 2.  Schematic diagram of a fold-thrust belt and its associated foreland basin
system (modified from DeCelles and Giles, 1996).  The foredeep is often divided into
proximal and distal sections, proximal meaning nearer to the thrust belt and having
coarser-grained material, and distal meaning farther from the thrust belt and having finer-
grained material.  The wedge-top, proximal foredeep, distal foredeep, and forebulge
depozones are all present in the Ulldemolins-Albarca measured section.
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lithofacies of the four depozones will be stacked vertically in an upward-coarsening,

foreland basin sequence which records with the advance of the thrust belt (DeCelles and

Currie, 1996).

 As the southern foreland basin of the Pyrenees, the evolution of the Ebro Basin

was largely controlled by this bigger range, but also modified by Iberian Range and

Catalán Coastal Range tectonics (Barberá et al., 2001).  Because the basin was internally

drained, a thick succession built up which is now exposed at the margins of the basin,

making the region an excellent place to study sediments deposited syntectonically with

the advance of the Catalán Coastal Range and the Pyrenees (Anadón et al., 1985; Vergés

et al., 2002).  The basin appears to have all the components of a foreland basin succession

(Barbeau, 2005), with the depozones defined in DeCelles and Giles (1996) stacked

vertically in an upward-coarsening succession (see stratigraphic column, Fig. 3, and Fig.

A1 in the appendix).  This foreland basin succession is missing the back-bulge depozone

lithofacies at the bottom, but as mentioned above, the record of this depozone is not

always preserved.  However, the depozones are oddly proportioned compared to similar

foreland basin successions which have been described for other mountain ranges

(Barbeau, 2005): for example, the Tertiary lithofacies of the Bolivian Andes (DeCelles

and Horton, 2003).  The interpreted foredeep succession is proportionally thin, while the

wedge-top is rather thick (Barbeau, 2005).  The Ebro foreland basin succession is Eocene

to Miocene in age (Anadón et al., 1985; Barberá et al., 2001); some attempts have been

made to create a more precise chronostratigraphy for the region (Barberá et al., 2001).

Other previous studies in the Ebro Basin have focused on the relationship between

syntectonic sediment deposition, growth structures, and the timing of deformation
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Figure 2.  Simplified, schematic stratigraphic column for the Ebro Basin measured
section showing the interpretation of the foreland basin succession depozones.  The
depozones and large covered intervals are shown to scale, but individual beds are
schematic.  See Figure A1 in the appendix for the complete, detailed stratigraphic column
with non-schematic, true-to-scale representations of the individual beds.

Wedge-top:
Thick conglomerate
layers (1 to 12 meters)
with up to boulder-sized
clasts interbedded with
sandstones in alluvial
fan to fluvial megafan
type deposition.
Conglomerates coarsen
upsection.

Proximal foredeep:
Thin conglomerates or
gravel filled layers
interbedded with
sandstones and finer
sediments in alluvial to
flood plane type
deposition.

Distal foredeep:
Periodic fluvial
sandstones interbedded
with fine-grained flood
plane and lacustrine
marl deposits.  Sands
coarsen upsection.

Forebulge:
Rare, thin distal fluvial
sandstones and
mudstones, as well as
paleosols.
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(evolution of the Pyrenees and Catalán Coastal Range fold-thrust belts) (Anadón et al.,

1985; López-Blanco, 2001; Vergés et al., 2002).

METHODS

The fieldwork for this project was carried out under the guidance of Dr. David L.

Barbeau (Dept. of Geological Sciences, University of South Carolina), and with the field

assistance of fellow geology majors Kate Stalker and Nick Swanson-Hysell.  In order to

better characterize the southeastern Ebro Basin’s Tertiary stratigraphy, a well-exposed,

relatively continuous stratigraphic section was located near the margin of the Ebro Basin

and the Catalán Coastal Range (Fig. 4).  Approximately 536 meters of section were

measured, and a detailed stratigraphic column was constructed, including rock type, grain

size, cross-bedding, early diagenetic features, and paleobiological traces (Fig. A1).

Samples of well-consolidated, medium-grained sandstones were collected approximately

every 10 to 15 meters, as the stratigraphy allowed.  The sandstones are characteristic of

fluvial to alluvial fan deposition, with a transition from the former to the latter up the

section.  The sandstone beds sampled were selected for their uniform grain size, lack of

burrows, homogeneity, and overall suitability for point count analysis.  Sandstone

samples were gathered from a total of 36 distinct beds spanning the stratigraphic section.

In the lab, a rock saw was used to cut the sandstone samples into chips, suitable

for standard 27 by 46 mm thin sections.  The chips were sent to Spectrum Petrographies,

where thin sections were cut and stained for calcite and K-feldspar.  Alizarin Red S was

used to stain the calcite a pinkish red, and sodium cobaltinitrite to stain any K-feldspar

yellow.  The mineralogy of the framework grains in the sandstones was analyzed using a
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Figure 4.  (A) Photograph of field area, looking SSE from across the valley.  The
measured section approximately follows the ridgeline.  Part of the modern Catalán
Coastal Range is just visible in the background.  (B) Looking SW, a view of the upper
few hundred meters of the measured section, with the first exposed rocks starting at meter
144.  Perspective hides some of the section, but the thick conglomerates that compose the
top of the section can be seen in the background.

A

B
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Swift Automatic Point Counter, attached to the stage of a Nikon petrographic

microscope.  First, all of the thin sections were examined qualitatively to identify the

minerals present in framework grains and cement; these observations helped define the

categories of grain type that would need to be recorded in the point count analysis.  Next,

the relative abundance of grain types was analyzed in the following manor; the Swift

Automatic Point Counter was set up to move each thin section in a grid pattern, one

millimeter at a time, and the grain type which fell under the cross hairs was recorded.  In

order to achieve statistical significance, a total of 300 framework grains were counted per

thin section (Ingersoll et al., 1984).  Pore space was skipped and the number of point

counts of interstitial material such as cement was recorded, but on an isolated channel not

included in the 300 total framework grain counts per slide.

The categories of different grain types that were identified and used in point

counting were monocrystalline quartz, polycrystalline quartz, sedimentary lithics (rock

fragments such as siltstone, not including carbonate grains), micritic limestone grains,

sparitic limestone grains, calcareous bioclasts (also called skeletal grains or fossil

fragments), feldspars, opaques (Fe-Ti oxides), microcrystalline quartz (chert), and

sheared (metamorphic) quartz.  Finally, the resulting data on framework mineralogy was

compiled (Tables A1 and A2, see appendix), new petrographic parameters such as total

quartz and total calcite grains were calculated (Table A3, see appendix), and the

mineralogy was graphed over location in the measured section, in order to look for trends

in compositional change over time.

The categories for framework grain mineralogy used in point counting were

determined through reference to other point count studies and the goals of this project.
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There are a variety of different methods for determining detrital mineral composition of

sandstones, depending on the specific project goal and geological settings; the Gazzi-

Dickinson point-counting method, or modifications thereof, is frequently used in

provenance studies because the method is designed to get the most source-region tectonic

and rock composition data out of the framework mineralogy (Ingersoll et al., 1984).  In

addition, the Gazzi-Dickinson method is intended to facilitate comparisons between

different sandstone suites, and thus it simplifies varied framework compositions into

more common grain parameters (Dickinson and Suczek, 1979).  The purpose of this

study, however, is not to compare these foreland basin sandstones with other sandstones

from vastly different tectonic settings and provenance types, but instead to distinguish

source-rock (and therefore provenance) changes within these related sandstone samples

by comparing them to each other across the measured section.  To this end, the samples

need to be described using grain type parameters relevant to these particular sandstones:

parameters which best describe the changes in framework mineralogy through the

section, especially as that mineralogy provides information about different source rock

types.  The grain type parameters of the Gazzi-Dickinson and related methods either

lump carbonate grains in with all sedimentary rock fragments (Ingersoll et al., 1984;

DeCelles and Horton, 2003) or such grains are disregarded entirely (Dickinson and

Suczek, 1979).  In these sandstones with such a dominant fraction of carbonate grains, it

makes sense to employ a framework grain classification similar to that used by von

Eynatten et al. (2003); here, not only are carbonate grains counted separately from

sedimentary lithics, but they are also subdivided into micritic, sparitic, and bioclasts,

which could potentially be important mineralogical criteria for distinguishing source
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areas.  In addition, it seems important for this provenance study to distinguish between

microcrystalline quartz (chert), polycrystalline quartz, and sheared metamorphic quartz,

since they can come from very different source rocks (sedimentary, igneous or

metamorphic); with the Gazzi-Dickinson method these grain types are all counted as

polycrystalline quartz, thus concealing potential source rock information (Dickinson and

Suczek, 1979; Ingersoll et al., 1984).

PETROGRAPHY

The sandstones in this study would be classified as litharenites according to Folk

(1968), as their framework mineralogy is dominated by sedimentary rock fragments (if

carbonates are included) followed by quartz, and they contain relatively few (less than

25%) feldspar grains (Table A2).  Near the top of the measured section, where some of

the sandstones contain about 90% carbonate clasts, these rocks might be called

calclithites – which are chiefly derived from older, lithified limestones (Folk, 1968;

Scholle, 1978).  This classification, however, disguises the presence of non-carbonate

grain types, and thus seems inappropriate for these rocks.  A more complete description

for these sandstones would be sparite-cemented, calcareous-quartzose lithic arenites with

limestone grains (Carozzi, 1993).  Lithics are sand-sized rock fragments; by definition,

lithic arenites contain over 25% more lithic grains than feldspar grains, but also less than

a total of 75% quartz grains on a triangular QFL (quartz, feldspar, lithic) diagram

(Carozzi, 1993).

Petrographic analysis of the thin sections allows further classification of the

samples; sandstones are classified on the basis of the mineralogical composition of their
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framework grains and their texture, such as the sorting of framework grains and the

amount of argillaceous matrix (Carozzi, 1993).  In terms of textural aspects of

sandstones, these rocks are described as arenites because they are mainly grain-supported

and the inter-granular matrix is filled with cement (less than 10% argillaceous matrix),

although there is sometimes a small amount of interstitial carbonate mud (Carozzi, 1993).

Most of these sandstones are well sorted in terms of grain size variation, and the grains

are mostly subangular to rounded (Schollo, 1979).  These sandstones could be described

as submature (in terms of sorting and grain roundness) to immature (in terms of

composition, i.e. the high proportion of relatively unstable grains such as easily

weathered carbonate rock fragments).

In terms of mineralogical composition of framework grains, these sandstones

dominantly consist of carbonate rock fragments, especially micritic limestone, and grains

of monocrystalline quartz.  In addition, they include smaller percentages of

polycrystalline quartz, ‘sheared’ or ‘stretched’ composite quartz, feldspars (almost all K-

feldspar), Fe-Ti opaques (magnetite, hematite, etc), skeletal grains (fossil fragments),

sparitic limestone grains, and rare amphiboles (see Table A1).  Sheared quartz is a type of

polycrystalline grain in which crystals are elongated in a preferred orientation; such

crystals often have sutured or irregular crennulate crystal boundaries, as well (Adams et

al., 1984).  In addition to the sheared quartz grains, most of the polycrystalline quartz

grains in these sandstones also have sutured or crenulated crystal boundaries.  The

majority of monocrystalline quartz grains show straight extinction (within 5 degrees of

stage rotation), although a large percentage show pronounced undulatory extinction.  A

small number of quartz grains contain abundant inclusions; needle-shaped sillimanite
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crystals are common in these grains.  As for the carbonate grains, the bioclasts (skeletal

grains) include fragments of mollusk shells with lamellar calcite, foraminifera (Miliolidae

and other unidentified genus), red algae, and possibly some rare sponge spicules and

echinoid spines (Scholle, 1978; Majewske, 1969).  Many of these skeletal parts appear to

have weathered out of micrite grains (as evidenced by partial coatings of the same micrite

seen in fossiliferous micritic limestone grains), and thus represent bioclasts recycled from

the older source rocks.  Recrystallization seems to have affected some foraminifera,

partially obscuring their originally clear internal structure.

Examining evidence of diagenetic processes (such as cementation, compaction,

and replacement) in these sandstones is important because dramatic alteration of the

mineralogy during diagenesis could potentially affect the results of a provenance study

(Carozzi, 1993).  Almost all of the sandstones sampled are cemented with coarsely

crystalline sparry calcite, with only very small amounts of carbonate mud in the matrix.

Sample ALBm22 (the lowest in the measured section) is the only sample with a

significantly different cement; ALBm22 has a gypsum cement which shows a

poikolotopic (or ‘luster-mottled’) texture, where large, optically continuous crystals of

gypsum surround many of the detrital carbonate and other clastic grains (Scholle, 1978;

Scholle, 1979).  Hematite staining creates orangey-brown rings around the limestone

grains in many of the thin sections, a common product of interactions with groundwater

during diagenesis (Scholle, 1979).  Although similar signs have not been identified in the

other thin sections, sample ALBm70 shows evidence of pressure dissolution; for

example, quartz and other grains seem to penetrate the sides of the fibrous calcite

mollusk shells fragments.  Pressure dissolution is one possible source of calcite cement,
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since the calcite can precipitate in close proximity to where it was dissolved (Scholle,

1978).  In another possible sign of diagenetic alteration, some of the micritic limestone

grains have an internal patchy appearance caused by uneven acceptance of the Alizarin

Red S stain.  This may simply record the original, partially replaced texture of the

recycled limestone, or it may be caused by partial dolomitization of the limestone grains.

The replacement of biomaterial within the limestone grains, original or recent, could also

cause these patches which did not accept the stain; many micritic grains contain the

indistinct but recognizable shapes of partially replaced formaninifera.

Other than the possible partial dolomitization of some micritic limestone grains

and the possible recrystallization of calcite in some fossil fragments, few grains show

evidence of significant alteration or replacement by other minerals.  This is a good sign

for the success of a provenance study, for if original mineralogy were more obscured by

diagenetic processes, the point count data could be potentially misleading and provide

less reliable information on source rock composition and tectonism.

Preliminary qualitative observation reveals that the thin sections from lower in the

section clearly have a more diverse collection of grain types, including sheared quartz,

more polycrystalline quartz, more feldspar grains, and very rare grains of microcline,

plagioclase, and hornblende.  Higher in the section, there is clearly less variation in

composition and greater dominance of carbonate grains, though the results from point

counting quantitatively reveal these and more subtle trends in grain mineralogy change

over time.
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RESULTS

The point count data for framework mineralogy is summarized in Table A1,

expressed as percentages of the total number of point counts per thin section in Table A2,

and recalculated petrographic parameters such as total quartz and total calcite grains are

explained and listed in Table A3.  Trends in the sandstones’ framework grain mineralogy

are graphed over location in the measured section (Fig. 5 through Fig. 14).  The graphs

(Fig. 5) show that there is a dramatic decrease in total quartz content in the sandstones

above the lowest part of the section (above meter 72).  Point count data demonstrate that

the sandstones in the lower part of the section have a more diverse array of grain types in

general, while the upper part of the section is dominated by carbonate clasts.

The graphs of sandstone composition (in terms of framework grain types) verses

the sandstone’s location in the measured stratigraphic section reveal interesting trends in

the rate of compositional change over position in the section (which is not necessarily

equivalent to rate of compositional change over time - see Discussion).  The change in

sandstone composition occurs very rapidly in the lower part of the section, and then only

very gradually higher in the section.  For instance, the total quartz content drops off

significantly between samples ALBm70 and BENm95, accompanied by a dramatic rise in

the percentage of carbonate rock fragments, specifically of micritic limestone grains

(abbr. Cm) (Fig. 5 and Fig. 6).  Above sample BENm95 (meter 238), on average the total

quartz content of the sandstones continues to fall (sporadically and interrupted by small

spikes), but this trend is almost imperceptible compared to the initial shift in composition

(Fig. 7 and Fig. 8).  Sparitic carbonate grains, like quartz, are most abundant at the very

bottom of the section, though they show little clear trend after this initial
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Figure 5.  Graph illustrating the total quartz and total calcite framework grain
compositions of all 36 sandstone samples verses location (height) in the measured section
(see stratigraphic column, Fig. A1).  The recalculated petrographic parameters “total
quartz” and “total calcite” are explained in Table A3.
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Figure 6.  Graph illustrating the micritic limestone (abbr. Cm) framework grain content
of the sandstone samples verses location (height) in the measured section.  Notice that the
dramatic rise in the number of total carbonate rock fragments (total calcite) shown in
Figure 5 is caused by the rise in number of micritic limestone grains.
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Monocrystalline Quartz and Total Polycrystalline 
Quartz Grains
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Figure 7.  Graph illustrating the monocrystalline quartz (abbr. Qm) and total
polycrystalline quartz (abbr. Qp + Qsh) framework grain content of the sandstone
samples verses location (height) in the measured section (see stratigraphic column, Fig.
A1).  The recalculated petrographic parameter “total polycrystalline quartz” is explained
in Table A3.  Note the vertical scale change from the previous graphs.
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Figure 8.  Graph illustrating the total quartz framework grain content of the sandstone
samples above meter 238, verses location in the measured section.  As compared with the
part of the section below meter 238, this part shows a very slow rate of change in quartz
grain content.  The linear trendline shows the subtle average decrease in quartz grains.
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decrease (see Fig. 9).  In addition, the percentage of polycrystalline quartz grains (abbr.

Qp) also decreases rapidly over this same interval (samples ALBm70 through BENm95);

however, unlike the monocrystalline quartz which continues to constitute about 11 to 5

percent of the total grain count, composite quartz nearly disappears above the

stratigraphic level of sample BENm100 (meter 243), composing only 1.3 to zero percent

of the framework grains (Table A2 and Fig. 7).  Although monocrystalline quartz also

decreases rapidly, in the upper part of the section it maintains a higher percentage of its

original total counts at the bottom of the section than polycrystalline quartz high in the

section maintains of its original numbers (Fig. 7).  Quantitatively, the ratio of average

monocrystalline quartz in the upper part of the section (BENm107, meter 250, and up) to

the average in the very bottom of the section (ALBm22 through ALBm70, meter 22 to

meter 70) is 22.1%, while the ratio of average composite quartz in the top of the section

to the average in the section bottom is 3.6%.

As for grain types which make up less than 5 percent of the sandstones’

framework composition, few show notable trends across the stratigraphic section, except

for the sheared quartz and the feldspars.  Carbonate fossil fragments occur throughout the

section, absent only from a couple samples, and make up between 3.0 and 0.3 percent of

the framework grains (Table A2).  This percentage fluctuates, showing no definite

pattern, although the average number of fossil fragments is slightly higher in the lower

half of the section than in the upper half (Fig. 10).  Lithic fragments (such as grains of

fine sandstone or siltstone) are rare, but show a small presence throughout the section

(approximately one grain per thin section, which was not statistically significant enough

to be recorded in every 300 grain point count) (Table A1 and Fig. 11).  The percentage
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Figure 9.  Graph illustrating the sparitic carbonate (abbr. Cs) framework grain content of
the sandstone samples verses location (height) in the measured section (see stratigraphic
column, Fig. A1).  Note the change in vertical scale from the previous graphs.
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Figure 10.  Graph illustrating the carbonate bioclast (abbr. Cb) framework grain content
of the sandstone samples verses location (height) in the measured section.  The linear
trendline shows the very slight up-section average decrease in carbonate bioclasts.
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Sedimentary Lithic Grains
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Figure 11.  Graph illustrating the sedimentary lithic (abbr. Ls) framework grain content
of the sandstone samples verses location (height) in the measured section (see
stratigraphic column, Fig. A1).  There is a very small presence of sedimentary lithic
grains throughout the section.  Same vertical scale as previous graphs.
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Figure 12.  Graph illustrating the opaque (Fe-Ti oxide, abbr. O) framework grain content
of the sandstone samples verses location in the measured section.  No clear average
increases or decreases in the number of opaque grains are apparent across the section.
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of opaques in each sample also fluctuates throughout the section, jumping up and down

between 3.7 and 0.3 percent from one sample to the next, and showing no average

increase or decrease (Fig. 12).  On the other hand, grains of sheared or stretched quartz

only occur in the two samples nearest the bottom of the section, and completely disappear

from the sandstones above sample ALBm70 (meter 70, Fig. 13).  Similarly, chert grains,

though very sparse in these sandstones, are found only at the bottom of the section (below

sample BENm73, meter 216); however, this trend is difficult to quantify since the chert

grains are almost too rare to be recorded by the point counting process (only four grains

total were observed in an initial, qualitative examination of all the thin sections).  In

addition, the percentage of feldspar grains per thin section, like all the quartz grain types,

is notably higher in the very bottom of the stratigraphic section (Fig. 14).  Indeed,

feldspars make up an average of 3.7% of the grains below sample BENm13 (meter 156),

and an average of less than 1% of the grains above this stratigraphic level.

DISCUSSION

In the sandstones studied, different aspects of framework grain composition

reveal particular information about provenance.  For instance, the presence of certain

mineral grain types and grain sphericity can suggest the relative sediment transportation

distance, and thus the proximity of the sediment source region.  Calcareous sedimentary

rock fragments are easily weathered and abraded, and so when they are found in such

abundance, they indicate special depositional conditions.  A high percentage of carbonate

grains indicates that they were deposited either under extremely arid conditions or have

undergone only very short transportation from the source rocks, such as sediments along
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Sheared Quartz Grains
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Figure 13.  Graph illustrating the sheared metamorphic quartz (abbr. Qsh) framework
grain content of the sandstone samples verses location (height) in the measured section
(see stratigraphic column, Fig. A1).  Sheared quartz grains are only found in the bottom
of the section, disappearing completely above meter 72.  Same vertical scale as previous
graphs.
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Figure 14.  Graph illustrating the feldspar (abbr. F) framework grain content of the
sandstone samples verses location (height) in the measured section.  The number of
feldspar grains is significantly higher in the bottom of the section.
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fault scarps or in alluvial fan deposits (Scholle, 1979).  Therefore, the dominant presence

of carbonate clasts in the studied sandstones, especially in the upper part of the section,

implies a relatively short transportation distance from the sediment source, perhaps in

combination with arid climate conditions in the source and depositional regions.  As for

grain sphericity, the majority of carbonate grains in the sandstones have a rounded shape,

while quartz grains range from angular to rounded.  Since carbonate grains are easily

abraded, it is difficult to relate this to transportation distance, but the difference in

sphericity of the quartz grains could indicate a mixture of relatively distant and nearby

source regions.

The composition and type of source rocks (sedimentary, igneous, or

metamorphic) can be inferred from a study of framework grain mineralogy, as certain

minerals and crystal behaviors are indicative of particular rock types.  In these

sandstones, the sedimentary lithic fragments, carbonate grains (limestone fragments and

bioclasts), and chert fragments are, by definition, clearly derived from a sedimentary

source (Scholle, 1979).  The quartz grains are particularly important for completing this

story of provenance, because they frequently record evidence of strain or contain

inclusions which associate them with certain source rocks.

Many types of quartz grains have been distinguished based on criteria such as the

shape and number of subcrystals present in the grain and their extinction behavior when

the microscope stage is rotated under crossed polars; some of these quartz grains are

associated with specific types of source rocks (Scholle, 1979).  Monocrystalline grains

with uniform or straight extinction are common in quartz of igneous origin, but these are

not characteristics definitive of such a source.  Similarly, monocrystalline quartz grains
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with slightly undulose extinction (between 1 and 5 degrees of stage rotation causes

complete extinction) can originate from most types of source rocks (Scholle, 1979).

Monocrystalline grains showing strong undulose extinction (more than 5 degrees of stage

rotation are required for full extinction) are likely to have come from strained source

rocks, such as a metamorphic source; however, this is still not diagnostic evidence

because igneous quartz may also have undulose extinction (Scholle, 1979; Adams et al.,

1984).

On the other hand, composite (or polycrystalline) grains with sutured contacts

between crystals are characteristic of quartz from a metamorphic source (polycrystalline

quartz with straighter crystal boundaries can be either igneous or metamorphic) (Adams

et al., 1984).  Sheared or ‘stretched’ quartz, which has a strong, strain-induced preferred

orientation and elongation of crystals, is also very diagnostic of a metamorphic source

rock (Adams et al., 1984).  Polycrystalline quartz with relatively straight boundaries

between crystals is likely to be from a metamorphic source when at least 10 subcrystals

are in a single detrital grain, especially if the subcrystals are of equant size or show some

elongation of crystal shape (Scholle, 1979).  As discussed above, many monocrystalline

quartz grains in these sandstones show strong undulatory extinction, and a high

percentage of polycrystalline quartz show sutured or crennulate boundaries, and also high

numbers of subcrystals.  These grains, along with the sheared quartz, most likely

represent the signal of a metamorphic source. More good evidence for a metamorphic

source area is detrital quartz with sillimanite inclusions (Scholle, 1979).  A few such

grains with abundant needle-like crystals of sillimanite were observed in the thin

sections, especially in the lower part of the section.  The observation that many of these
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polycrystalline, sheared, and inclusion-filled quartz grains are subangular increases the

probability that they are from a metamorphic terrain, instead of recycled grains from a

sedimentary source.

A pattern has emerged among the grains which probably represent a metamorphic

source; these grains appear in the bottom part of the measured section, rapidly drop in

numbers, and then disappear or retain a severely diminished presence throughout the

upper part of the section.  Overall, the sandstones in the lower part of the section have a

more diverse array of grain types, including more total quartz, feldspars, and grains that

appear to be from a metamorphic source, in addition to the carbonate grains and others

that represent a sedimentary source.  Above the stratigraphic level of sample BENm95

(meter 238), carbonate clasts dominate the rest of the section, and it appears that a

distinctly sedimentary source region has taken over the supply of sediment.  This pattern

in sandstone composition implies the presence of at least two distinct sediment source

regions: one source for the metamorphic grains in the lower part of the section and one

for the sedimentary, dominantly carbonate grains, which appear in the lower part but

dominate the top of the section.  A mixing of more than two sources could account for the

more diverse lithology of the lower sandstones, but the striking consistency of grain types

in the upper part suggests the major influence of a single source.

I propose that the sedimentary-carbonate source region that dominates the upper

part of the measured section is a signal of the Catalán Coastal Range, while the

metamorphic and some of the other non-carbonate grains may indicate a more distant

sediment source.  The Catalán Coastal Range is composed of Hercynian basement

overlain by a sedimentary cover consisting of Triassic red beds, and late Triassic though
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Cretaceous marine evaporites and carbonates (Anadón et al., 1985).  Catalán Coastal

Range deformation in the study area occurred along the NE striking Gandesa-

Ulldemolins fault, along which sinistral slip and regional shortening caused uplift of the

basement block southeast of the fault and folding of the sedimentary cover.  In this area

of the southeastern margin of the Ebro Basin, the upper part of the sedimentary cover

(Jurassic to Cretaceous) is detached from the basement at a décollement, and so the

sedimentary evaporate and carbonate cover was folded and uplifted without the basement

involved faults reaching the surface (Anadón et al., 1985).  According to Anadón et al.

(1985), cobbles and boulders of these Mesozoic carbonates dominate the conglomerate

clasts in the Montsant Formation, the name given to a composite of several alluvial fan

deposits that stretch tens of kilometers along the NW edge of Catalán Coastal Range, and

which comprises the upper part of the measured section in this study area (Barbeau,

2005).  Indeed, the pebbles, cobbles, and boulders found in the alluvial fan deposits in the

upper part of the measured section (Fig. 3 and Fig. A1) are all carbonate clasts, especially

micritic limestones.  The short range of alluvial fan sediment transport suggests that these

strata of relatively continuous, clast-supported alluvial fan conglomerates in the upper

part of the section correspond to the proximal foredeep and wedge-top depozones of the

foreland basin succession (Fig. 3) (Barbeau, 2005).  Thus, these conglomerate clasts

represent a sampling of the type of sediment being shed from the Catalán Coastal Range

thrust belt into the foreland basin.  Given the rock types that compose Catalán Coastal

Range and the consistent carbonate (usually micritic limestone) composition of the large

clasts in alluvial fan deposits, we can expect that sand-sized sediment sourced from the
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uplifting Catalán Coastal Range would be dominantly carbonate material with a high

percentage of micritic limestone fragments.

This is exactly the type of sediment that dominates the sandstone framework grain

mineralogy higher in measured section (above the stratigraphic level of sample BENm95,

meter 238).  The shift in sandstone composition, from more grain-type variety with some

carbonate grains toward carbonate dominated sandstones, probably represents a shift in

provenance from a mix of source regions to a single source region – the advancing thrust

belt of the nearby Catalán Coastal Range.  Perhaps this shift corresponds with a regional

drainage pattern change, from a mix of sources near and far along strike of the Catalán

Coastal Range (orogen-parallel fluvial system) to an orogen-perpendicular drainage

pattern, where sediments are derived almost entirely from the nearby uplift of the thrust

belt.  A few measurements of paleocurrent obtained from furrows in the upper part of the

section (meter 456) indicate a NW to N, or orogen-perpendicular flow (see stratigraphic

column, Fig. A1), although many more measurements would be needed to confirm this

hypothesis.

As for the evidence for a metamorphic source area and possibly a mix of source

areas supplying some of the sediment in the bottom of the section, little can be said about

their exact provenance without a more comprehensive study of the lithologies of all

possible source regions, which was beyond the scope of this research.  However, what is

known about the type of sediment originating from the Catalán Coastal Range and the

different mineralogy of these metamorphic grains suggest that they are not coming from

this immediately adjacent thrust belt, but from some more distant sediment source.
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One possible such source is the Pyrenees, since the evolution of the Ebro Basin as

a sedimentary trough was most closely associated with the major uplift and lithospheric

loading of the Pyrenean Chain (Anadón et al., 1985).  In addition, the Pyrenees have a

diverse collection of source lithologies, and so could supply very different grain

mineralogies (Vergés et al., 2002).  The following scenario could explain the potential

presence of material from a more distant Pyrenean source near the bottom of the section;

the studied region of the Ebro Basin probably experienced subsidence from the large

Pyrenean tectonic load before the Catalán Coastal Range had been uplifted enough to

constitute a major sediment source.  Perhaps, as the relatively small Catalán Coastal

Range thrust belt grew and began to shed sediment toward the northwest, its

proportionally smaller vertical deflection of the lithosphere began to create more

accommodation space and more sediment from this source was deposited in the region.

In addition to distinguishing sediment source areas and their changing influence

over regional deposition through time, this study of sandstone framework mineralogy can

potentially provide information about the rates of source area change.  Several of the

graphs of sandstone grain-type content across the measured section show changes in the

rate of compositional shift over position in the section. For instance, there is a rapid

change in sandstone composition in the lower part of the section, followed by a much

more gradual shift in composition in the upper part.  This changing rate can be seen in the

graphs of total quartz verses total calcite, of monocrystalline quartz over the whole

section, and of the total quartz content in the upper part of the section (Fig. 5, Fig. 7, and

Fig. 8).  This change in the rate of compositional shift over the measured section does not

necessarily indicate a change in the rate of compositional shift over time.  For instance, it
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is possible that the finer grained rocks in the lower part of the section represent a greater

interval of geologic time than the coarser grained sandstones and conglomerates in the

upper part of the section.  If this is the case, the apparently rapid change in sandstone

composition in the bottom part of the section may simply result from the condensed time

represented in the thickness of the strata in that part of the section.  On the other hand, if

we can assume position in the measured section is a reasonably good proxy for time, we

can draw some conclusions about the temporal rate of sandstone compositional change,

and therefore, about the relative speed of changes between sediment source regions.  For

example, the rapid change in sandstone composition near the bottom of the section may

represent a corresponding, relatively rapid change in the provenance, which in turn,

suggests rapid tectonic change.  Thus, the transition from sedimentation controlled by a

mix of near and distant source regions to sedimentation controlled almost totally by the

nearby, growing Catalán Coastal Range may have been a relatively rapid one, in terms of

geologic time.  This suggests the Catalán Coastal Range may have experienced rapid

uplift or thrust propagation during this interval.  In the absence of more constrained dates

for this stratigraphic section, it is difficult to determine whether the changing rates of

compositional shift indicate the distribution of time in the measured section or the

relative speed of changing sediment sources.  On the other hand, the dramatic shift in rate

of compositional change from the lower to the upper part of the section suggests at least

some of the apparent rate change is caused by actual, relatively fast rates of source area

shift over time.

This study of sandstone composition over the stratigraphic section gives an

interfacies record of compositional change and the signals of regional tectonic change;
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this record can be compared with the ‘big picture’ record of change in the strata of

different rock types across the measured section.  The advance of the Catalán Coastal

Range is recorded in the lithofacies changes in this foreland basin stratigraphic sequence

(the changes in rock type throughout the section), supplying a record of tectonic change

both complimentary to and distinct from the story told by change in sandstone

composition.  The stratigraphic column for the measured section shows signs of

depositional changes caused by the advancing thrust belt of the Catalán Coastal Range.

For instance, the rock types show an overall upward-coarsening trend, with the first

abundant carbonate pebbles and cobbles (with the same composition as the alluvial fan

material from the Catalán Coastal Range) appearing at meter 246 (see stratigraphic

column, Fig. 3 and Fig. A1).  Then farther up the column, at meter 327, we see the first

thick and relatively continuous conglomerate deposits, which mark the arrival of the

alluvial fan facies.  When focusing on lithofacies change in the stratigraphic column, the

appearance of this coarser material is the first clear evidence for the arrival of sediment

from the Catalán Coastal Range.

The interfacies sandstone record of change in sediment source regions appears to

show the signal of sediment arriving dominantly from the Catalán Coastal Range just

below the stratigraphic level of the first coarse-grained carbonate clasts (by sample

number BENm95, meter 238); however, in contrast to the lithofacies record, the

interfacies sandstone record suggests the presence of the Catalán Coastal Range as a

sediment source earlier in time: as one of multiple sources for the lower part of the

section.  This is demonstrated by the significant fraction of carbonate grains (of the same

mineralogy as those in the upper section) still present in the sandstones lower than meter
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238.  Therefore, the finer sand-sized sediments appear to show the signal of the Catalán

Coastal Range as a significant source of sediment for the basin long before the lithofacies

of the measured section herald the proximity of the growing mountain range.

CONCLUSIONS

This study of sandstone compositional change over a foreland basin succession

reveals that, with the advance of the Catalán Coastal Range, a more diverse, mixed

provenance of sedimentary and metamorphic source terrains gives way to a

sedimentation record dominated by sedimentary source rocks.  The signals of at least two

distinct sediment source regions, one of sedimentary, mostly carbonate rocks and one of

metamorphosed rocks, were distinguished in the sandstone composition data.  The

abundance of easily weathered limestone fragments implies a relatively short

transportation distance from the sedimentary source terrain.  This largely carbonate

sedimentary provenance signature which dominates the upper part of the measured

section is most likely sediment eroded from the adjacent, developing Catalán Coastal

Range thrust belt, while the metamorphic provenance signature apparent in the lower part

of the section probably comes from a more distant sediment source (perhaps a Pyrenean

source).  An examination of shifts in rate of sandstone compositional change over the

section reveals relatively rapid compositional change near the bottom of the section

which levels off into a very slow rate of change.  If this is not a phenomenon of more

condensed time in the lower part of the section, this observation suggests a relatively

rapid shift in provenance, perhaps associated rapid tectonic change in the Catalán Coastal

Range.  Finally, a comparison of the sandstone interfacies record of compositional
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change with the lithofacies change though the foreland basin succession indicates that the

sedimentary signal of the Catalán Coastal Range appears earlier in the fine-grained record

than in the large scale rock types.  The fact that the sandstone composition begins to

show the influence of the Catalán Coastal Range as a sediment source long before the

rock types reveal this trend could have implications for the timing of uplift and thrust

propagation for this small range.  More precise dating of the measured section is needed

to see whether the relatively early signal of the Catalán Coastal Range in finer-grained

foreland basin sediments requires pushing back the time of Catalán Coastal Range uplift

and propagation.
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APPENDIX

                Stratigraphic Column Symbol Key:

Figure A1.  Stratigraphic column of the 536 meter foreland basin succession measured
section, including a key to the symbols (above), the stratigraphic column (p. 37 – 44), and
the lithology and sedimentology field notes for the stratigraphic column (p. 45 – 54).
Figures A2 through A5 are photographs that help characterize the lithofacies of the
measured section, and so the strata photographed are labeled on the stratigraphic column.
This figure also shows the 36 sandstone sample locations throughout the measured
section (refer to Table A1 for a complete list of sample names and their stratigraphic
levels).

Grain size scale:
m = mud
s = silt
vf = very fine sand
f = fine sand
m = medium sand
c = coarse sand
vc = very coarse sand
P = pebbles
C = cobbles
B = boulders
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Stratigraphic Column Lithology and Sedimentology Field Notes

m1.0  - Red brown clay matrix, some silt, white sub-horizontal gypsum veins, green
gypsum nodules

m1.8  - Red brown clay and silt matrix, fizzes with HCl acid, no white gypsum veins,
smaller and more sparse green gypsum nodules, calcite nodules

m3.2  - Mottled red and white, well lithified layer consisting mainly of white gypsum,
numerous very fine veins of gypsum visible with hand lens, red clay/shale
trapped in between the fine gypsum layers, no fizzing with HCl

m6.8  - Light brown limestone with ‘sugary’ or ‘granular’ texture, fizzes violently with
HCl

m8.0  - Mottled layer of white gypsum and some red clay and silt, clay fizzes with HCl,
some white horizontal gypsum veins with a vertical fibrous texture

m8.5  - Red brown clay matrix, riddled with white, sub-horizontal fibrous gypsum veins,
no fizzing with HCl

m11.2  - Light pink to orange colored silt and clay layer with gypsiferous green mottling,
three semi-continuous benches created within the layer seen in weathering profile,
perhaps a paleosol,

m13.9  - Deeper red brown clay matrix, some fine silt, no fizzing with HCl, shot through
with white, sub-horizontal fibrous gypsum veins, no nodular gypsum, gypsum
veins create two benches in the weathering profile

m19.6  - Pale pinkish orange clay, less interstitial gypsum than below, green mottling
increases toward top of layer

m20.6  - White layer with sparitic calcite and perhaps some gypsum, fizzes violently with
HCl

m20.9  - Red clay layer, isolated white gypsum veins
m21.4  - (Sample ALBm22) Tan colored fine grained sandstone, non-planar base, some

troughs but none good for measuring, poikolitic cement texture creates shiny
surfaces when cracked open, mud chips of red clay, same material as the layer
below

m24.8  - Ocher mottling in red clay-rich layer, a few floating fine to medium sized sand
grains, sparse green and purple mottling, grades up into the layer above

m26.0  - White calcite-rich layer, fizzes violently with HCl, not laminated, non-planar on
top or bottom, grades down into the layer below

m26.3  - Red mudstone, churned texture, some cryptic ocher mottling, rare green
mottling increases toward the top of the layer, interstitial gypsum blades

m29.6  - Dark brown fine mud, breaks into coarse peds, large interstitial gypsum blades,
no gypsum veins, some green mottling throughout

m30.2  - Red mud chip ‘conglomerate’ (abundant small, pebble-sized mud chips),
interstitial gypsum blades

m30.4  - Brown, poorly consolidated mudstone, some green and ocher mottling, churned
texture, breaks into peds, some horizontal gypsum blades, top 85cm of the layer
contains burrows filled with the material from the layer above

m32.2  - Red sand-sized mudstone grains and white micritic limestone grains
m32.4  - Red mudstone, local green and ocher mottling, breaks into peds, no burrows,

some gypsum blades, some veins of white gypsum
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m34.1  - Thick gypsiferous layer, some parts riddled with gypsum veins, others are solid
laminated gypsum, local green mottling, interstitial red mud

m37.4  - Reddish brown grading up into brown mudstone, greenish gray mottling, breaks
into fine peds, some horizontal gypsum blades (fibrous but not continuous veins)

m40.0  - Layer of made solid with gypsum, laminations in the gypsum near the top of the
layer

m41.3  - Red clay, silt, and sand-sized grains, top 25cm has green ‘polka dot’ mottling
m42.0  - Red mudstone, churned texture, vertical green mottling, local horizontal white

gypsum veins
m42.4  - Brownish mudstone, much less gypsum, some horizons of abundant green

mottling, breaks into fine peds
m45.4  - Layer made solid with gypsum, interspersed with red mudstone, local small

green gypsum nodules
m46.0  - Lower part is a brown, churned mudstone with infrequent green mottling, grades

up into ocher mudstone with increasingly frequent green mottling, grades up into
red mudstone with fine to medium grained sand grains, churned texture, gypsum
veins

m47.0  - Red mudstone, green gypsum nodules, frequent interstitial gypsum blades, some
gypsum nodules

m47.6  - Layer made solid with gypsum, very crystalline, some clay
m48.4  - Bottom part is reddish pink clay/silt, some green mottling, churned texture,

cracks fizz with HCl, grades upward into gray-green clay/silt
m49.3  - Layer made solid with gypsum, crystalline texture, sparse brown clay
m50.3  - Red mud grading up into ocher mud, possibly a leached paleosol
m50.9  - Red mudstone grading up into a gray-green mud
m51.7  - White calcareous layer, fizzes violently with HCl
m51.9  - Red grading upward into ocher mudstone, some interstitial gypsum, rare green

mottling
m52.7  - Red mudstone, churned texture, sporadic green mottling
m54.7  - Layer made solid with gypsum
m55.3  - Brown mudstone, some ocher and green mottling, top is a laterally continuous

horizon of green mottling, fizzes violently with HCl
m56.4  - Red grading upward into ocher mudstone, green mottling, breaks into fine peds,

possible mudchips
m58.0  - White to light gray silty marly limestone, no paleobiological traces, laminated

gypsum veins near the top of the layer
m64.7  - (Sample ALBm65) Well-sorted, moderately rounded, quartzose and calcareous

sandstone, cryptic bedding, yellow micritic carbonate grains
m66.2  - Similar lithology to layer below, a couple of layers of scattered pebbles,

pebble/cobble layer at the base, local red-beds at the base, bed is of varying
thickness

m68.3  - Red-bed of clay and silt, erosional bottom surface, possibly floodplain fill of a
small channel

m68.7  - Pebbles, big mud chips, small cobbles at the bottom, grades up into a well sorted
sand, 4 or 5 bedforms visible, the same channel sequence continues above

m70.3  - Well-sorted within the sandy intervals, discontinuous pebble layers, a few
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indistinct bedforms, some planar-tabular cross-stratification
m127.0  - Off-white, chalky, relatively homogeneous limestone, micritic with some

sparry calcite (perhaps recrystallization or microfossils)
m130.2  - Transition from limestone below to bumpy, nodular marl, yellow mottling,

some sparitic calcite
m131.1  - Yellow, pink, and white mottled marl with sparry calcite crystals, weathers to a

bumpy nodular texture but may be that way throughout
m131.7  - Yellow and pink mottled marl (very calcareous but has a significant clay

content), no apparent bedding, breaks into nodular chunks, relatively
heterogeneous

m138.6  - Dark red-brown (iron rich?) semi-continuous layer, creates a sharp break in the
weathering profile at its base, grades upward into the yellow/pink mottled,
nodular marl

m139.9  - Deep red clay (siliciclastic) material, some white calcite spar, grades upward
into the yellow/pink mottled, nodular marl

m141.4  - Deep red clay (siliciclastic) material, some white calcite spar, grades upward
into the yellow/pink mottled, nodular marl

m142.7  - Pink and yellow mottled marl with a very pronounced chunky, nodular texture,
contains a lot of red siliciclastic mud, many white sparry calcite crystals, bottom
of the layer creates a break in the weathering profile,

m143.7  - Bench forming layer of the same yellow, pink, and white mottled, bumpy
nodular marl as below, cracks are filled with reddish clay or may have hematite
coatings, the top 30cm contain some kind of oval shaped pellets (fecal pellets?) a
few mm in length, they have no internal structure and fizz as violently as the
surrounding material, though they might be a slightly different material, root-like
columnar structures in the upper meter of this layer: yellow with an external
fibrous texture, also in the matrix: sub-horizontal thin white laminations on the
pinkish-red stained surfaces (secondary features?), few original sedimentary
structures are visible, overall churned texture

m148.6  - Another bench forming layer of the same yellow, pink, and white mottled,
bumpy nodular marl as below, more abundant vertical root-like structures, some
in large clumps, too irregular to be burrows, more root shaped, fizzes violently
with HCl on all fresh surfaces, some horizons with very frequent vertical root-
structures, pellets found at the bottom meter of this layer as well

m152.6  - Bench forming layer of the same yellow, pink, and white mottled, bumpy
nodular marl with super abundant columnar root-like structures, the same external
vertical fibrous texture on the columnar chunks, irregular columnar forms are
thin at the bottom of the layer and thicken upward

m153.6  - More pinkish-reddish layer, semi-continuous, greater clay content
m154.0  - Same yellow, pink, and white mottled, bumpy nodular marl with columnar

root-like structures, less resistant than surrounding layers
m155.3  - Gray-white, laterally discontinuous calcareous sandstone, up to medium

grained, some yellow mottling, less pink, appears unchurned and contains no
columnar root-like features, creates a channel-like feature through a matrix of
yellow and less pink mottled marl with a vuggy texture (riddled with vertical
tubes filled with calcite crystals), possibly root-casts?, all surfaces fizz violently



48

with HCl, red clay material in the cracks, this layer forms a thick laterally
continuous bench

m161.3  - More easily weathered layer, very clay rich, full of root-like structures, softer
material with the same vertical fibrous outer texture, maroon to pink, dull yellow
and white mottling, all surfaces fizz violently with HCl

m161.5  - Same yellow and pink mottled, bumpy nodular marl with vuggy texture, pink
and yellow calcite crystals in the spaces, ambiguous columnar structures

m167.2  - Orange and white mottled, laterally continuous, bench creating, well-lithified,
fine to medium grained calcareous sandstone layer, fizzes violently with HCl,
mottling continues on fresh surfaces at least a few inches in, weathered surface
has a chunky rather nodular texture

m167.8  - Orange and white mottled, poorly lithified, silty marl, full of calcareous
concretions, vertically oriented orange columnar features, the top 30cm form a
more resistant layer

m170.6  - Orange, yellow, and white mottled marl, heterogeneously lithified, very
crumbly in places, cryptic columnar features, the upper meter of this layer has
more pink and yellow mottling with pronounced columnar root-like structures,
that have an external, vertical fibrous texture

m173.6  - Dark yellow, white, and faint pink mottled, fairly well lithified marl layer,
layer forms a large, laterally continuous bench, cryptic columnar features, cryptic
horizontal, laterally discontinuous fine white patterning on the yellow mottling
(secondary weathering feature?), layer filled with vertical hollow irregular tubes
filled with white calcite crystals (vuggy)

m180.3  - Gray and white small bench forming layer of well lithified marl, much less
orange mottling, nodular texture

m180.8  - Bench forming layer of clay filled marl, mottled dark ocher, pink, and gray,
ocher mottling patches have white sub-horizontal linear surface patterning, the
layer is filled with twisting and branching sub-vertical white hollow tubes filled
with calcite crystals

m186.7  - Another bench forming layer of clay filled marl, mottled dark ocher, pink, and
gray, fewer but similar twisting and branching sub-vertical white hollow tubes
filled with calcite crystals

m191.0  - Another bench forming layer of clay filled marl, mottled dark ocher, pink, and
gray, same twisting and branching sub-vertical white hollow tubes filled with
calcite crystals

m195.5  - More resistant layer of the same marly material as below creates a semi-
continuous bench

m196.7  - More resistant layer of the same marly material as below creates a semi-
continuous bench

m201.0  - Uneven contact between mottled marl below and yellow-orange very clay rich
material, fresh samples fizz violently with HCl, yellow-orange calcite nodules
(cannot tell if they are a primary or modern feature)

m205.8  - Well lithified, bench-forming, calcareous very fine-grained sandstone, mottled
gray and yellow, fizzes readily with HCl

m207.3  - Well lithified, bench-forming, calcareous fine- to medium-grained sandstone
many yellow/ocher colored grains are visible to the naked eye (micrite grains)
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m209.2  - Orange clay to silty material interbedded with very thin more resistant layers of
gray-white fine-grained calcareous sandstone clasts (possibly thin weathered
sandstone layers),

m213.0  - Orange-ocher to gray mottled very calcareous clay and fine silt layer, breaks
into peds (primary or modern?) with slicken lines between them, fizzes violently
on all fresh surfaces

m215.1  - Fine approaching medium grained calcareous sandstone, fairly continuous
layer

m215.6  - Orange-ocher to gray mottled very calcareous clay and fine silt layer, breaks
into peds (primary or modern?) with slicken lines between them, fizzes violently
on all fresh surfaces

m216.0  - Medium- to coarse-grained sandstone, with some ocher yellow grains, many
burrows 2cm in diameter filled with a finer- grained material which is weathering
out, smaller burrow with a green clay fill

m216.6  - Orange-ocher to gray mottled very calcareous clay and fine silt layer, breaks
into peds with slicken lines between them, fizzes violently on all fresh surfaces

m217.7  - Fine-grained calcareous sandstone
m217.8  - Orange mottled poorly consolidated calcareous clay/silt, full of calcite nodules

which are mottled orange and gray, no distinct beds or weathering profile, perhaps
it is a modern soil which covers eroding sandstones

m224.0  - Very fine-grained orange and gray mottled calcareous sandstone, coarsens
upward, no visible sedimentary structures

m225.2  - Well lithified and laterally continuous bench creating bed of fine- to medium-
grained calcareous sandstone, some visible yellow grains, orange and white
mottling, no visible sedimentary structures

m226.5  - Poorly lithified orange calcareous clay to silt layer with calcite nodules,
perhaps a modern soil weathering from sandstones

m227.2  - Well lithified fine grained calcareous sandstone layer, mottled orange and
white, no visible sedimentary structures, bumpy nodular weathered surface

m228.0  - Interval of very weathered orange calcareous clay/silt material with calcite
nodules, perhaps a modern soil weathering from poorly lithified calcareous
sandstones

m236.8  - Fine- to medium-grained calcareous sandstone, mottled orange and white, no
visible sedimentary structures, well lithified and semi-continuous

m238.3  - Pinkish fine-grained calcareous sandstone, easily weathered in profile
m239.3  - Medium-grained calcareous sandstone, pinky gray on a fresh surface, orange to

gray mottling when weathered
m239.7  - Fine-grained calcareous sandstone, orangey pink
m240.6  - Medium-grained calcareous sandstone, orangish color, creates a fairly

prominent bench in the weathering profile, beds are wavy and indistinct, probably
all channel deposits which pinch out laterally

m241.3  - Interval of more heavily weathered medium grained calcareous sandstones
m242.8  - Up to coarse-grained calcareous sandstone, prominent and fairly continuous

bench, orangey pink in color
m243.8  - Heavily weathered orange silt and very fine-grained calcareous sandstone

material
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m246.0  - To the left of the measured section, a laterally discontinuous deposit filled with
carbonate pebbles and cobbles, steep-sided channel

m248.7  - Pebble dominated conglomerate, many small cobbles as well, clasts are mainly
brownish micritic carbonate rocks, the matrix is a coarse-grained sand, semi-
continuous 20 to 40cm internal beds visible, coarser cobbles at the bottom,
imbrication and dominantly sub-horizontal clasts, some layers sorted by size
(clearly worked by water)

m250.3  - Medium- to coarse-grained orangey-pink calcareous sandstone, conglomerate
appears to grade upward into the sandstone

m250.7  - Large interval of poorly exposed fine- to medium-grained calcareous
sandstone, light orangey-pink, fining upward to the bottom of the next
conglomerate layer

m259.4  - Discontinuous layer of very fine calcareous very fine sandstone with very
laminar bedding, laminations are only semi-continuous

m259.8  - Conglomerate layer with channelized, interbedded sandstones which have
small discontinuous pebble beds within them, two coarsening upward sequences
(cobbles to pebbles to sand), the clasts are mostly brown micritic limestone

m261.7  - Interval of orange clay/silt covered slope, perhaps an interval of fine- to
medium-grained calcareous sandstone covered by modern soil

m267.0  - Medium-grained calcareous sandstone
m267.4  - Dominantly medium-grained sandstone but some coarse and very coarse sand

grains, calcareous, orangey color, has a layer of large, horizontally oriented
pebbles near the top

m268.2  - Interval of poorly lithified orange calcareous clay to siltstone, breaks into peds
m276.0  - Medium- to fine-grained sandstone with large floating pebbles throughout,

clasts are micrite or calcareous sandstone, laterally continuous but of varying
thickness

m276.7  - Poorly consolidated very fine calcareous siltstone with calcite crystals filling
empty spaces

m277.2  - Interval of orange silt/clay, possibly a modern soil
m279.4  - Fine- to medium-grained calcareous sandstone, orangey-pink
m279.6  - Interval of orange silt/clay, possibly a modern soil
m281.2  - Medium-grained calcareous sandstone, orangey-pink
m281.4  - Interval of orange silt/clay, possibly a modern soil
m283.2  - Thick, discontinuous layer of cobble and pebble-filled conglomerate with

medium- to coarse-grained sandstone lenses within, matrix of pinky gray
calcareous sand, some layers are sorted by size, clasts: mostly sub-horizontal
many are micrites, some are fossiliferous, rare oolite

m285.3  - Interval of orange silt/clay, possibly a modern soil
m287.3  - Coarse-grained calcareous sandstone, pebble clasts and very coarse sand at the

bottom, fining upwards
m287.5  - Interval of orange silt/clay, possibly a modern soil
m293.9  - Coarse-grained sand filled with discontinuous pebble beds, matrix is very

ocher colored sand
m294.8  - Clast-supported conglomerate layer, rich in pebbles, many brown and yellow

micrite clasts
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m295.3  - Cobble-rich layer of conglomerate at the top
m302.8  - Coarse-grained calcareous sandstone, orangey ocher in color, no pebbles or

cobbles, no clear sedimentary structures, discontinuous channel deposit
m327.4  - Very thick, relatively homogeneous conglomerate, dominated by cobble-sized

clasts
m333.2  - Coarse-grained orange calcareous sandstone, fines to silt just under the next

thick conglomerate
m338.2  - Very thick, relatively homogeneous conglomerate, mostly cobble-sized clasts
m343.9  - Very weathered orange calcareous siltstone to very fine sandstone, brown and

deep ocher mottling
m345.0  - Fine- to medium-grained orange calcareous sandstone, creates a bench in the

weathering profile
m345.3  - Very fine-grained calcareous sandstone weathering into a modern soil
m346.4  - Fine- to medium-grained calcareous sandstone, to one side of the section, the

layer thickens dramatically into a steep-sided channel with large pebbles at the
bottom, and very coarse sand and small pebbles throughout, no clearly visible
internal bedding

m346.7  - Fine- to medium-grained orange calcareous sandstone
m348.0  - Fining upward orange calcareous sandstone, near the top it contains a bed of

pebbles, these clasts are mostly brown micrite and red coarse sandstone
m349.1  - Fine- to medium-grained orange calcareous sandstone
m350.6  - Medium- to fine-grained orange calcareous sandstone, layer creates a bench in

the weathering profile, no visible clasts
m351.4  - Very thick, clast-supported conglomerate with a couple of discontinuous

sandstone layers inside, conglomerate matrix is mostly medium-grained orange
calcareous sand, discoid clasts are sub-horizontal and some show imbrication,
clasts are dominated by micrite, some of the internal sandstone beds grade into the
clast-supported conglomerate

m358.1  - Conglomerate layer with uneven base and top, some large boulders at the base,
otherwise dominated by large pebble and cobble-sized clasts, some lenses of very
coarse sandstone, some sub-horizontal and imbricated clasts

m361.4  - Clast-supported conglomerate with ocher calcareous coarse-grained sand
matrix, great imbrication, many micrite clasts, discoid clasts are sub-horizontal

m363.3  - Fine- to medium-grained orangey calcareous sandstone
m366.5  - Thick conglomerate layer, mostly coarse-grained ocher-colored calcareous

sand in the matrix, clast-supported, a couple of internal layers contain small
pebbles only (evidence of sorting), visible clasts are mostly sub-horizontal, clasts
weathering out of a less well lithified layer in the middle reveal a furrowed
surface, this layer is a bit less internally organized than the previous
conglomerates

m373.1  - Well lithified orangish medium-grained calcareous sandstone, the layer has a
varying thickness

m373.8  - Conglomerate with a coarse to very coarse calcareous sand matrix, some clasts
are sub-horizontal, no imbrication, lenses of smaller pebbles

m375.3  - Medium- to coarse-grained calcareous orangey sandstone
m378.0  - Thin conglomerate, difficult to see clast orientations
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m378.5  - Medium-grained orange calcareous sandstone with some laminated bedding,
laterally discontinuous

m379.5  - Poorly exposed conglomerate bed with coarse-grained orange calcareous sand
matrix, clast orientation obscured by weathering, some evidence of compression:
cobbles are often concave where they are in contact with other clasts

m382.7  - Well lithified, medium-grained calcareous sandstone, some laminated bedding
visible in this layer

m383.5  - Conglomerate layer with medium- to coarse-grained ocher calcareous sand
matrix, clasts are mostly brown and pink and ocher micrite, a layer of larger 
cobbles in the middle occurs just below a break in the weathering profile of the
conglomerate

m388.0  - Discontinuous bed of fine-grained orange calcareous sandstone, with some
indistinct horizontal bedding

m390.8  - Conglomerate with coarse- to very coarse-grained ocher calcareous sand
matrix, discoid clasts are sub-horizontal, some possible imbrication, some
discontinuous layers are sorted by grain size such as thin layers of small pebbles

m393.6  - Thin, coarse-grained ocher/orange calcareous sandstone layer
m394.7  - Medium- to coarse-grained ocher/orange calcareous sandstone, laterally

continuous for at least 15 meters
m404.6  - Fine-grained, calcareous sandstone, well lithified, horizontally laminated bed
m404.8  - Gray-brown mottled clay to silt sized bed, breaks into peds, possibly a modern

soil
m405.0  - Fine- to medium-grained brown and gray mottled calcareous sandstone bed
m405.1  - Gray-brown mottled clay to silt sized bed, breaks into peds, possibly a modern

soil
m405.7  - Fine- to medium-grained, light brown to gray calcareous sandstone layer
m405.9  - Red mudstone/siltstone bed, breaks along bedding planes
m406.0  - Finely laminated, brown to white calcareous crystalline bed
m406.5  - Alternating thin layers of brown to red clay/silt and discontinuous white

calcareous crystalline layers which appear to show some small wave ripples
m406.9  - Fine- to medium-grained gray-white calcareous sandstone, more resistant layer
m407.9  - Thin conglomerate with medium-grained ocher calcareous sand matrix,

possibly some imbrication,
m408.6  - Thick conglomerate with a large sandstone channel cutting through it, coarse-

to fine-grained light orangey-brown calcareous sandstone in the channel (fining
upwards), some laminated bedding the sandstone but no large clasts, another
small sandstone lens appears near the top of the conglomerate layer

m411.9  - Siltstone to very fine sandstone with floating pebbles and coarse sand, some
soil slickens, possible burrows

m412.4  - Poorly sorted fine- to coarse-grained sandstone, some floating pebbles and
burrows, churned texture

m413.1  - Very weathered orange calcareous silty interval, possibly a modern soil
m414.1  - Fine- to medium-grained orange calcareous sandstone
m415.3  - Fine-grained orange/ocher calcareous sandstone
m416.3  - Red siltstone, mottling, burrows filled with coarser material (medium- to

coarse-grained) perhaps from the sandstone above, a few floating pebbles, no
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primary sedimentary structures, churned texture
m417.0  - Medium- to coarse-grained sandstone, possible current ripples (gently

inclined), reddish mottling on the weathered surfaces but not on a fresh surface
m417.1  - Reddish orange silt and clay material, breaks into peds, possibly a modern soil
m419.0  - Conglomerate with a very thin red bed at the base
m419.9  - Interval of interbedded medium-grained sandstone and very fine sand to silty

layers with clear laminated bedding and thick lenses, medium-grained sandstone
lenses have some crude bedding

m420.4  - Brownish ocher clay rich layer with some gray green mottling, totally churned
texture, floating pebbles, possibly a modern soil

m423.2  - Brownish ocher very fine-grained calcareous sandstone, mottled orange and
white on the weathered surfaces

m425.3  - Fine-grained limestone with chunky texture, probably lacustrine, full of
mudchips, possibly burrowed or disrupted by roots, a few parts have fine sub-
horizontal laminations (that were not churned)

m425.8  - Fine sand and siltstone, laminated, orange mottling on weathered surface
m426.1  - Fine calcareous sandstone, very even thickness, heavily burrowed, burrows

lined with red mud, crude tabular bedding but no laminations
m431.3  - Very fine-grained ocher-orange calcareous sandstone
m433.1  - Coarse-grained ocher-brown calcareous sandstone, laterally discontinuous
m433.6  - Coarse-grained ocher-brown calcareous sandstone
m434.8  - Very fine-grained calcareous sandstone, burrows
m435.2  - Orangish siltstone, breaks into peds
m436.2  - Orangish calcareous sandstone, fines upward, seems to pinch out laterally,

interbedded with finer grained layers
m436.7  - Orangish siltstone, breaks into peds
m439.0  - Fine- to medium-grained orangish calcareous sandstone, crudely bedded and

laterally discontinuous
m444.5  - Conglomerate with medium- to coarse-grained orangish sand matrix, up to

boulder sized clasts at the bottom and in other size sorted layers, small pebble
beds are common, near the top: channelized medium- to coarse-grained
sandstones, steeply angled channel sides

m447.3  - Reddish-orange sandstone on top of conglomerate layer
m447.5  - Orangish mudstone, breaks into peds
m448.6  - Coarse- to very coarse-grained calcareous sandstone, crude bedding, heavily

weathered, of variable thickness
m449.7  - Thick conglomerate with large curving sand channel through the middle of it,

the sand is coarse-grained, well lithified light ocher brown with distinct bedding,
the top of the sandstone bedding dips at a different angle from the overlying clast
beds of assorted size

m455.1  - Fine- to medium-grained orange calcareous sandstone, fines upward
m456.0  - Large, thick conglomerate layer medium- to coarse-grained sand matrix, up to

small boulder sized clasts, some discontinuous beds of sorted clast size (small
pebbles)

m462.4  - Fine- to medium-grained reddish sandstone, relatively continuous but of
varying thickness
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m463.1  - Conglomerate layer with two coarsening upward sequences from large cobbles
to small pebbles

m465.3  - Fine-grained red-bed sandstone, intense red color, visible bedding in the layer
m465.6  - Dull red siltstone/clay, breaks into large peds, a few floating pebbles and larger

grains, mudchips, possibly a modern soil
m477.0  - Fine- to medium-grained orange calcareous sandstone, filled with well-defined

burrows: wiggly and sub-vertical tubes of consistent width, typically 5 to 10mm,
burrows are filled with red siltstone/clay, probably from the layer above

m477.3  - Red siltstone/clay, heavily weathered and covered with modern soil
m490.8  - One of the three thickest, topmost conglomerates in the measured section,

clast-supported, dominated by cobbles and pebbles, difficult to see clast
orientations, fine- to medium-grained sandy channel cuts through it at meter 494,
some layers near the top are less resistant to weathering

m505.2  - Fine-grained ocher-orangish sandstone with large laminar bedding, horizons of
pebbles and cobbles near the top

m512.2  - The second of the three thickest, topmost conglomerates in the measured
section, of varying thickness, clast-supported, dominated by cobbles and pebbles

m519.5  - Medium-grained orange calcareous sandstone, very crude bedding but well
lithified

m524.4  - The third of the three thickest, topmost conglomerates in the measured
section, clast-supported, dominated by cobbles and pebbles, some small boulders,
medium-grained orangish sand matrix, clasts are well rounded (as is typical of the
micritic limestone clasts in this section), small beds of sorted clast size are visible
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Figure A2. (A) Photograph of the first thick (greater than 1 meter) sandstone layers in the
measured section, when walking from the bottom up-section.  The contact of the man-
made stone wall and the sandstone is at meter 70 (see stratigraphic column, Fig. A1).
The appearance of these fluvial sandstones is interpreted to mark the arrival of the distal
foredeep depozone (Fig. 3).  Pole is 1.5 meters long.  (B) Higher in the section, this
photograph shows more of the interpreted distal foredeep depozone stratigraphy, with
fluvial, floodplain, and lacustrine deposits.  The base of the poorly consolidated
sandstone layer in the foreground is at meter 167.  Pole is 1.5 meters long.

A

B
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Figure A3.
(A) Photograph shows
layered sandstone deposits
of varying grain size from
meter 237 to meter 244
(see stratigraphic column,
Fig. A1).  These
sandstones occur just
below the stratigraphic
level where the first
cobble-sized clasts appear
in abundance.  Pole is 1.5
meters long.  (B) One of
the first layers containing
abundant cobble-sized
clasts, meter 249.  This
lithofacies change marks
the interpreted shift into
the proximal foredeep
depozone (Fig. 3).  Pole is
1.5 meters long.

A

B
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 Figure A4.
(A) Photograph shows one
of the sandstone layers
(sample number
CONm76, stratigraphic
level meter 416) which
alternate with thick
conglomerate layers in the
upper part of the section
(see stratigraphic column,
Fig. A1).  Pole is 1.5
meters long.  (B) One of
the thick conglomerate
layers with sandstone
underneath (the bottom of
the sandstone is at meter
451).  This part of the
measured section is
interpreted to represent
the transitional proximal
foredeep to wedge-top
depozone (Fig. 3).  Pole is
1.5 meters long.

A

B
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Figure A5. Looking SW, the photograph shows the top of the measured section.  The
strata visible range from approximately meter 390 at the bottom left of the shadowed
slope, to meter 536, the top of the uppermost conglomerate layer, which is about 12
meters thick (see stratigraphic column, Fig. A1).  The one-lane dirt road on the right
also helps show the scale.  Notice how the conglomerate layers thicken towards the
top of the section.
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TABLE A1.  POINT COUNT DATA
Sample Stratigraphic Qm Qp Ls Cm Cs Cb F O Qc Qsh Other Total Cement
name location counts counts
 (m)              
ALBm22 22.0 116 39 0 87 35 1 11 8 0 2 1 300 80
ALBm65 65.0 83 46 1 141 15 4 8 1 0 1 0 300 83
ALBm70 70.0 131 41 1 91 11 9 14 2 0 0 0 300 81
BENm13 156.0 33 7 0 236 11 9 3 1 0 0 0 300 113
BENm24 167.0 44 10 0 223 13 2 2 5 0 0 1 300 113
BENm65 208.0 50 8 0 223 6 4 4 4 1 0 0 300 107
BENm73 216.0 31 6 0 251 10 0 1 1 0 0 0 300 117
BENm82 225.0 38 8 0 238 9 4 1 2 0 0 0 300 104
BENm95 238.0 18 7 1 247 16 7 1 3 0 0 0 300 121
BENm100 243.0 23 4 0 253 8 8 1 2 0 0 1 300 125
BENm107 250.0 27 2 0 254 9 5 2 1 0 0 0 300 114
BENm118 261.0 34 3 0 242 13 2 3 3 0 0 0 300 126
BENm125 268.0 29 2 0 260 5 1 2 1 0 0 0 300 143
BENm133 276.0 31 4 0 254 7 1 1 2 0 0 0 300 58
BENm141 284.0 26 1 1 251 12 4 2 3 0 0 0 300 126
BENm152 295.0 28 2 0 243 11 5 2 9 0 0 0 300 84
CROm8 302.4 26 2 0 250 12 3 3 4 0 0 0 300 121
CROm40 334.4 20 2 1 252 11 7 1 6 0 0 0 300 82
CROm50 344.4 28 2 2 249 8 5 2 4 0 0 0 300 107
CONm5 345.9 18 1 1 264 9 5 1 1 0 0 0 300 120
CONm11 351.9 22 0 0 263 10 1 2 2 0 0 0 300 100
CONm18 358.9 23 1 0 257 10 3 2 3 0 0 1 300 83
CONm23 363.9 22 1 0 261 6 2 4 4 0 0 0 300 106
CONm34 374.9 26 1 0 256 7 1 4 5 0 0 0 300 107
CONm42 382.9 28 1 0 255 6 2 3 5 0 0 0 300 129
CONm53 393.9 30 4 0 250 6 3 2 5 0 0 0 300 99
CONm69 409.9 27 0 0 249 7 6 4 7 0 0 0 300 138
CONm76 416.9 22 4 0 251 11 5 5 2 0 0 0 300 146
CONm93 433.9 26 1 0 260 4 2 4 3 0 0 0 300 140
CONm106 446.9 16 0 0 269 10 1 2 2 0 0 0 300 139
CONm110 450.9 15 1 2 264 12 4 1 1 0 0 0 300 138
CONm122 462.9 33 1 0 241 9 1 4 11 0 0 0 300 96
CONm136 476.9 25 1 0 262 3 0 4 4 0 0 1 300 136
CONm153 493.9 19 0 0 266 6 3 1 5 0 0 0 300 110
CONm167 507.9 18 0 0 263 10 2 2 5 0 0 0 300 120
CONm179 519.9 13 2 1 262 13 3 3 3 0 0 0 300 118

Notes:  This table shows all of the point count data.  A total of 300 framework grains were
counted per thin section.  The number of cement/matrix counts was recorded but not included in
the 300 total counts of framework grains.  Abbreviation key for grain types:
Qm = monocrystalline quartz,  Qp = polycrystalline quartz,  Ls = sedimentary lithic (such as
siltstone, not including carbonate grains),  Cm = micritic limestone,  Cs = sparitic limestone,
Cb = calcareous bioclast (skeletal grain, fossil fragment),  F = feldspar,  O = opaque (Fe-Ti
oxides),  Qc = microcrystalline quartz (chert),  Qsh = sheared (metamorphic) quartz
(abbreviations modified after von Eynatten et al., 2003; DeCelles and Horton, 2003).  The
category ‘Other’ includes amphiboles, pyroxenes, and unidentified grains.
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TABLE A2.  POINT COUNT DATA EXPRESSED AS PERCENTAGES
Sample Stratigraphic Qm Qp Ls Cm Cs Cb F O Qc Qsh Other
name location
 (m)            
ALBm22 22.0 38.7% 13.0% 0.0% 29.0% 11.7% 0.3% 3.7% 2.7% 0.0% 0.7% 0.3%
ALBm65 65.0 27.7% 15.3% 0.3% 47.0% 5.0% 1.3% 2.7% 0.3% 0.0% 0.3% 0.0%
ALBm70 70.0 43.7% 13.7% 0.3% 30.3% 3.7% 3.0% 4.7% 0.7% 0.0% 0.0% 0.0%
BENm13 156.0 11.0% 2.3% 0.0% 78.7% 3.7% 3.0% 1.0% 0.3% 0.0% 0.0% 0.0%
BENm24 167.0 14.7% 3.3% 0.0% 74.3% 4.3% 0.7% 0.7% 1.7% 0.0% 0.0% 0.3%
BENm65 208.0 16.7% 2.7% 0.0% 74.3% 2.0% 1.3% 1.3% 1.3% 0.3% 0.0% 0.0%
BENm73 216.0 10.3% 2.0% 0.0% 83.7% 3.3% 0.0% 0.3% 0.3% 0.0% 0.0% 0.0%
BENm82 225.0 12.7% 2.7% 0.0% 79.3% 3.0% 1.3% 0.3% 0.7% 0.0% 0.0% 0.0%
BENm95 238.0 6.0% 2.3% 0.3% 82.3% 5.3% 2.3% 0.3% 1.0% 0.0% 0.0% 0.0%
BENm100 243.0 7.7% 1.3% 0.0% 84.3% 2.7% 2.7% 0.3% 0.7% 0.0% 0.0% 0.3%
BENm107 250.0 9.0% 0.7% 0.0% 84.7% 3.0% 1.7% 0.7% 0.3% 0.0% 0.0% 0.0%
BENm118 261.0 11.3% 1.0% 0.0% 80.7% 4.3% 0.7% 1.0% 1.0% 0.0% 0.0% 0.0%
BENm125 268.0 9.7% 0.7% 0.0% 86.7% 1.7% 0.3% 0.7% 0.3% 0.0% 0.0% 0.0%
BENm133 276.0 10.3% 1.3% 0.0% 84.7% 2.3% 0.3% 0.3% 0.7% 0.0% 0.0% 0.0%
BENm141 284.0 8.7% 0.3% 0.3% 83.7% 4.0% 1.3% 0.7% 1.0% 0.0% 0.0% 0.0%
BENm152 295.0 9.3% 0.7% 0.0% 81.0% 3.7% 1.7% 0.7% 3.0% 0.0% 0.0% 0.0%
CROm8 302.4 8.7% 0.7% 0.0% 83.3% 4.0% 1.0% 1.0% 1.3% 0.0% 0.0% 0.0%
CROm40 334.4 6.7% 0.7% 0.3% 84.0% 3.7% 2.3% 0.3% 2.0% 0.0% 0.0% 0.0%
CROm50 344.4 9.3% 0.7% 0.7% 83.0% 2.7% 1.7% 0.7% 1.3% 0.0% 0.0% 0.0%
CONm5 345.9 6.0% 0.3% 0.3% 88.0% 3.0% 1.7% 0.3% 0.3% 0.0% 0.0% 0.0%
CONm11 351.9 7.3% 0.0% 0.0% 87.7% 3.3% 0.3% 0.7% 0.7% 0.0% 0.0% 0.0%
CONm18 358.9 7.7% 0.3% 0.0% 85.7% 3.3% 1.0% 0.7% 1.0% 0.0% 0.0% 0.3%
CONm23 363.9 7.3% 0.3% 0.0% 87.0% 2.0% 0.7% 1.3% 1.3% 0.0% 0.0% 0.0%
CONm34 374.9 8.7% 0.3% 0.0% 85.3% 2.3% 0.3% 1.3% 1.7% 0.0% 0.0% 0.0%
CONm42 382.9 9.3% 0.3% 0.0% 85.0% 2.0% 0.7% 1.0% 1.7% 0.0% 0.0% 0.0%
CONm53 393.9 10.0% 1.3% 0.0% 83.3% 2.0% 1.0% 0.7% 1.7% 0.0% 0.0% 0.0%
CONm69 409.9 9.0% 0.0% 0.0% 83.0% 2.3% 2.0% 1.3% 2.3% 0.0% 0.0% 0.0%
CONm76 416.9 7.3% 1.3% 0.0% 83.7% 3.7% 1.7% 1.7% 0.7% 0.0% 0.0% 0.0%
CONm93 433.9 8.7% 0.3% 0.0% 86.7% 1.3% 0.7% 1.3% 1.0% 0.0% 0.0% 0.0%
CONm106 446.9 5.3% 0.0% 0.0% 89.7% 3.3% 0.3% 0.7% 0.7% 0.0% 0.0% 0.0%
CONm110 450.9 5.0% 0.3% 0.7% 88.0% 4.0% 1.3% 0.3% 0.3% 0.0% 0.0% 0.0%
CONm122 462.9 11.0% 0.3% 0.0% 80.3% 3.0% 0.3% 1.3% 3.7% 0.0% 0.0% 0.0%
CONm136 476.9 8.3% 0.3% 0.0% 87.3% 1.0% 0.0% 1.3% 1.3% 0.0% 0.0% 0.3%
CONm153 493.9 6.3% 0.0% 0.0% 88.7% 2.0% 1.0% 0.3% 1.7% 0.0% 0.0% 0.0%
CONm167 507.9 6.0% 0.0% 0.0% 87.7% 3.3% 0.7% 0.7% 1.7% 0.0% 0.0% 0.0%
CONm179 519.9 4.3% 0.7% 0.3% 87.3% 4.3% 1.0% 1.0% 1.0% 0.0% 0.0% 0.0%

    Notes:  Table shows the same point count data as Table A1, this time expressed as percentages
of the total number of point counts per thin section (300 framework grains were counted per
slide).  Abbreviation key for grain types (same as before):  Qm = monocrystalline quartz,
Qp = polycrystalline quartz,  Ls = sedimentary lithic (such as siltstone, not including carbonate
grains),  Cm = micritic limestone,  Cs = sparitic limestone,  Cb = calcareous bioclast (skeletal
grain, fossil fragment),  F = feldspar,  O = opaque (Fe-Ti oxides),  Qc = microcrystalline quartz
(chert),  Qsh = sheared (metamorphic) quartz (abbreviations modified after von Eynatten et al.,
2003; DeCelles and Horton, 2003).  The category ‘Other’ includes amphiboles, pyroxenes, and
unidentified grains.
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TABLE A3.  RECALCULATED PETROGRAPHIC PARAMETERS
Sample Stratigraphic Cm Cs Cb Total  Qm Qp Qc Qsh Total Total
name location calcite  quartz polycryst.
 (m)           quartz
ALBm22 22.0 87 35 1 123  116 39 0 2 157 41
ALBm65 65.0 141 15 4 160  83 46 0 1 130 47
ALBm70 70.0 91 11 9 111  131 41 0 0 172 41
BENm13 156.0 236 11 9 256  33 7 0 0 40 7
BENm24 167.0 223 13 2 238  44 10 0 0 54 10
BENm65 208.0 223 6 4 233  50 8 1 0 59 8
BENm73 216.0 251 10 0 261  31 6 0 0 37 6
BENm82 225.0 238 9 4 251  38 8 0 0 46 8
BENm95 238.0 247 16 7 270  18 7 0 0 25 7
BENm100 243.0 253 8 8 269  23 4 0 0 27 4
BENm107 250.0 254 9 5 268  27 2 0 0 29 2
BENm118 261.0 242 13 2 257  34 3 0 0 37 3
BENm125 268.0 260 5 1 266  29 2 0 0 31 2
BENm133 276.0 254 7 1 262  31 4 0 0 35 4
BENm141 284.0 251 12 4 267  26 1 0 0 27 1
BENm152 295.0 243 11 5 259  28 2 0 0 30 2
CROm8 302.4 250 12 3 265  26 2 0 0 28 2
CROm40 334.4 252 11 7 270  20 2 0 0 22 2
CROm50 344.4 249 8 5 262  28 2 0 0 30 2
CONm5 345.9 264 9 5 278  18 1 0 0 19 1
CONm11 351.9 263 10 1 274  22 0 0 0 22 0
CONm18 358.9 257 10 3 270  23 1 0 0 24 1
CONm23 363.9 261 6 2 269  22 1 0 0 23 1
CONm34 374.9 256 7 1 264  26 1 0 0 27 1
CONm42 382.9 255 6 2 263  28 1 0 0 29 1
CONm53 393.9 250 6 3 259  30 4 0 0 34 4
CONm69 409.9 249 7 6 262  27 0 0 0 27 0
CONm76 416.9 251 11 5 267  22 4 0 0 26 4
CONm93 433.9 260 4 2 266  26 1 0 0 27 1
CONm106 446.9 269 10 1 280  16 0 0 0 16 0
CONm110 450.9 264 12 4 280  15 1 0 0 16 1
CONm122 462.9 241 9 1 251  33 1 0 0 34 1
CONm136 476.9 262 3 0 265  25 1 0 0 26 1
CONm153 493.9 266 6 3 275  19 0 0 0 19 0
CONm167 507.9 263 10 2 275  18 0 0 0 18 0
CONm179 519.9 262 13 3 278  13 2 0 0 15 2

    Notes:  This table shows the grain type categories included in the recalculated petrographic
parameters.  The number of grains of micritic limestone, sparitic limestone, and calcareous
bioclasts, as shown in the left side of the table, were added to obtain the total number of calcite
grains (Cm + Cs + Cb = total calcite).  The number of monocrystalline, polycrystalline,
microcrystalline, and sheared quartz grains, as shown on the right side of the table, were added to
obtain the total number of quartz grains (Qm + Qp + Qc + Qsh = total quartz).  The number of
polycrystalline (not sheared) and sheared quartz grains were added to obtain the true total
number of polycrystalline quartz grains (Qp + Qsh = total polycrystalline quartz).  These three
recalculated parameters are used in graphing the data.  Abbreviation key for grain types (same as
before): Cm = micritic limestone,  Cs = sparitic limestone,  Cb = calcareous bioclast (skeletal
grain, fossil fragment),  Qm = monocrystalline quartz,  Qp = polycrystalline quartz,  Qc =
microcrystalline quartz (chert),  Qsh = sheared (metamorphic) quartz (abbreviations modified
after von Eynatten et al., 2003; DeCelles and Horton, 2003).


