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ABSTRACT 

The Boquillas breccia bed exposed at Ernst Tinaja in Big Bend National Park is a 

unique bed within the Boquillas Formation, and must record a unique event that occurred 

during the c. 25 million year depositional history of the formation. The breccia bed is 

about 10 cm thick, and consists of semi-consolidated Boquillas limestone rip-up clasts 

supported in a matrix of sandy skeletal phosphate grains and inoceramid shell fragments. 

Several thin layers of calcareous shale interrupt the breccia bed, and divide it into three or 

four depositional units.  

The features of the breccia bed suggest that it represents the deposit of a 

cohesionless debris flow, initiated by disturbance and downslope movement of a mass of 

semi-consolidated Boquillas sediment.  Mixing of the material with ambient seawater 

allowed for disintegration of the originally bedded sediment into flat pebbles, segregation 

of the coarse fraction of skeletal phosphate and shell fragments into bedload, and 

suspension of the fine fraction into the water column above the flow.  The debris must 

have accumulated in several surges, separated by quiescent periods of several hours or 

days that allowed for the fine draping layers to accumulate.   

The mechanisms that may trigger deposition of these sort of beds has been a 

subject of widespread interest.  Surface waves generated by severe storms or tsunami 

may have sufficient wavelength to set the bottom sediment in motion even in very deep 

water, however, this should leave evidence in the form of oscillatory ripple cross-

lamination or hummocky cross-stratification indicative of traction transport at the 

sediment surface.  Similarly, storm surge or ebb flow or tsunami-generated run-up or ebb 
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flow would be expected to produce structures indicative of unidirectional flow at the bed 

surface.  Cyclic loading of the bottom sediment during passage of large surface waves or 

shaking due to transmission of seismic waves would be expected to result in soft 

sediment deformation, liquefaction, or fluidization.  None of these features generally 

thought to be especially diagnostic of tempestites, tsunamiites, or seismites are observed 

in the Boquillas breccia bed, although the bed exhibits some features compatible with all 

three of these.  Similarly, breccias generated by meteor impacts (impactites) should 

contain fragments ejected from the target rocks, quenched melt material, and shock-

metamorphosed or high-pressure mineral grains.  However, debris flows initiated at great 

distance from the impact site typically contain very little of this material, and it may be 

present only in minute amounts in the atmospheric fall-out that follows such an impact 

event. 

Petrographic study of the breccia clasts and matrix revealed no particularly 

unusual features, or minerals not found elsewhere in Boquillas limestones.  The 

precipitation of interstitial pyrite and kaolinite within the shells of foraminifera and 

within the breccia matrix, as well as its subsequent oxidation to hematite must have 

occurred shortly after deposition because many of the reworked clasts in the breccia show 

evidence for oxidation while others do not.  This could be due to initial deposition of the 

sediment under reducing conditions and later exposure to oxidizing conditions prior to 

disruption to form the breccia.  Precipitation of sparry calcite cement later took place 

within and between the particles throughout the breccia.  The markedly negative oxygen 

isotope values for the breccia may indicate that the calcite spar cement was precipitated 

when fresh water was flushed through the rock during later uplift. 
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CHAPTER I 

INTRODUCTION 

The Boquillas Formation comprises a thick sequence of rhythmically bedded 

Upper Cretaceous marine limestone and shale exposed over a wide area of southwest 

Texas (Figure 1.1). An unusual thin breccia bed occurs in the lower part of the formation 

(Figure 1.2), and records a unique Late Cretaceous event that took place during 

deposition of this deep-water pelagic succession.  Similar, rare sedimentary breccia 

deposits have been described from strata around the world, and attributed to a variety of 

causes ranging from severe storms or earthquakes to meteor impacts.  The Boquillas 

breccia bed is the subject of the present study. 

The goals of this study are 1) to describe the basic macroscopic features of the 

breccia bed, 2) examine each component of the breccia using thin-section petrography, 3) 

analyze the stable carbon and oxygen isotopic compositions of breccia components, and 

4) the mineralogy and chemistry of selected components using X-ray diffractometry and 

scanning electron microscopy.  The features of the breccia are compared with similar 

beds attributed to varied processes, and a model is proposed for deposition of the 

Boquillas breccia.  

Suggested Origins of Sedimentary Breccia Deposits 

Stratified sedimentary breccia beds, such as the one present in the Boquillas 

Formation, have been described from marine and terrestrial strata worldwide.  Because 

these beds are generally rare components of what are otherwise normally stratified rocks, 

their origin has been attributed to rare events.  In many cases, sedimentary breccia beds 



Texas Tech University, Amanda R. Rivera, May 2019 

 

2 

 

have been described simply as ‘debris flow’ deposits, referring to their likely mode of 

transport, but without identifying specific triggering mechanisms.  For example, the fore-

reef facies in carbonate platform environments typically include breccia beds that are 

attributed to mass wasting of platform-margin reefs, and deposition of the resulting talus 

by viscous debris flows below wave base (Courjault et al., 2011). 

Although in many cases it is not possible to establish the precise origin of a 

particular breccia bed with certainty, terminology has been introduced that is used to 

attribute a particular deposit to a specific causal mechanism.  For example, by analogy 

with the term ‘turbidite’ used to describe a deposit accumulated during passage of a 

turbidity current (Shanmugam, 2016), the term ‘tempestite’ is used to describe a deposit 

resulting from the passage of a severe storm, such as a hurricane (Liu et al., 2012).  Many 

debris flow deposits in carbonate platform fore-reef facies may represent tempestites 

(PÉRez-LÓPez and PÉRez-Valera, 2012).  The term ‘tsunamiite’ is used to describe a 

deposit resulting from seismic sea waves or tsunami (Shanmugam, 2016).  A ‘seismite’ is 

a deposit triggered by earth shaking due to the passage of seimic waves (Moretti and 

Loon, 2014; Shanmugam, 2017).  For modern seismic risk assessment, it has become 

important to document the magnitude and extent of pre-historic tsunami and seismic 

activity, and so a significant effort has been made to establish criteria that allow for 

recognition of deposits resulting from these causes. An ‘impactite’ is a deposit resulting 

from a meteor impact (Osinski et al., 2005).  In this case, particularly as a result of efforts 

to document the Cretaceous-Paleogene boundary impact event and similar events in the 

geologic record, criteria that allow for recognition of impact breccias have also been 
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discussed extensively (Reimold et al., 2011; Schulte et al., 2006).  Sedimentary breccia 

beds have been attributed to all of these causal mechanisms.   

Of course, the immediate origin of a breccia bed may differ from its ultimate 

cause.  For example, a tsunami may be triggered by a distant seismic event or meteor 

impact that itself might leave little evidence in a deposit that resulted a great distance 

away.  Nevertheless, the internal structure of the breccia deposit, its composition, as well 

as its geometry and extent may make it possible to distinguish among these or other 

possible origins.  In the case of the Boquillas breccia bed, it is hoped that detailed 

examination of its features will provide evidence of its origin.  

Geologic Setting of the Boquillas Formation 

The Boquillas Formation is an Upper Cretaceous sequence of rhythmically 

bedded pelagic limestone (‘chalk’) and shale over 200 m thick, exposed over a wide area 

of southwest Texas including Big Bend National Park (Figure 1.3). Deposition of the 

formation occurred from the Cenomanian through Santonian stages of the Late 

Cretaceous, a time span of about 25 million years (from c. 100 to 85 Ma)(Cooper et al., 

2014).  This time interval records a global highstand in sea level, and the maximum 

transgression of the Western Interior Seaway in North America, a time when virtually all 

of Texas was submerged beneath seawater (Petersen et al., 2016).  The Boquillas 

Formation is correlative with the Eagleford and Austin groups of central Texas, and the 

Greenhorn and Niobrara formations of the Great Plains and Rocky Mountain states; all of 

these strata represent pelagic sediments accumulated under relatively deep water during 

this time of maximum submergence (Donovan et al., 2012; Frébourg et al., 2016; Lock, 

2014; Lock and Peschier, 2006; Pratt, 1985). At that time the Western Interior Seaway 
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extended through the interior of North America from the Arctic Ocean down to the Gulf 

of Mexico as a continuous body of water.  The Boquillas Formation accumulated at the 

southern end of this seaway, over a broad stable area known as the Coahuila Platform 

(Figure 1.4) (Dean and Arthur, 1998).   

Earth was mostly ice-free during the peak transgression of the Western Interior 

Seaway, and the global paleoclimate was warm due to the resulting ‘greenhouse’ 

conditions (Dean and Arthur, 1998).  The rhythmic alternation of limestone and shale in 

the Boquillas Formation, like that observed in correlative pelagic marine strata, has been 

attributed primarily to periodic alternation in primary marine productivity, terrigenous 

sediment input, intensity of bottom currents, or bottom-water oxygenation level and 

resulting varied preservation of organic matter (Eldrett et al., 2015). 

Previous Work on the Boquillas Formation 

The stratigraphy of the Boquillas Formation was first studied in detail by Maxwell 

et al. (1967) who subdivided the formation into two units – the Ernst Member (correlative 

with the Eagleford Group) and the San Vicente Member (correlative with the Austin 

Chalk of central Texas).  Limestone and shale beds throughout the formation contain 

abundant planktic marine foraminifera.  Frush and Eicher (1975) studied the 

foraminiferal biostratigraphy of the formation, and proposed a depositional model 

indicating that these sediments accumulated under marine waters up to 500 m deep, based 

largely on the kinds and relative abundances of planktic and benthic foraminifera.  

Although there has been debate regarding the actual water depth, most favoring a water 

depth closer to 100 m, this general depositional model has been largely accepted (Lock, 

2014; Sanders, 1988). 
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Sanders (1988) studied the stratigraphy, sedimentology, and stable carbon and 

oxygen isotopic chemistry of limestone and shale beds in the lower part of the Boquillas 

Formation (Ernst Member).  He first described the breccia bed that is the subject of the 

present study, and collected the samples used in the analyses presented here.  The breccia 

bed occurs in the middle part of the Ernst Member and is best exposed at the type locality 

for this unit, a site known as ‘Ernst Tinaja’ in Big Bend National Park (Sanders, 1988).  

Based on foraminifera, ammonites, and inoceramid bivalves, the breccia bed interval of 

the Ernst Member was deposited around the time of the Cenomanian/Turonian stage 

boundary (Sanders, 1988; Cooper et al., 2014).  Sanders (1988) described a similar 

breccia bed exposed at about the same stratigraphic level in the Boquillas Formation, in a 

roadcut on State Highway 90 near Langtry, about 170 km east of the outcrop at Ernst 

Tinaja. Sanders (1988) interpreted the breccia bed(s) to be debris flow deposits.   

Recent studies of the Boquillas Formation (e.g., Cooper et al., 2014) have 

produced a fine-scale lithostratigraphy and biostratigraphy for the formation, but have not 

commented on the distribution or origin of the breccia bed.  Lock and Pescheir (2006), 

however, described a breccia bed they interpreted as a debris flow in their study of the 

Boquillas Formation in Lozier Canyon in eastern Terrell County, about 15 km east of the 

site on Highway 90 documented by Sanders (1988). 

It has not been possible to establish whether or not the breccia beds documented 

at Ernst Tinaja and near Langtry or at Lozier Canyon are precisely correlative with one 

another, although they occur at about the same stratigraphic level in the Boquillas 

Formation.  As a result, it remains uncertain whether they represent deposits produced by 

a single event, or by multiple events that occurred around the same time.  Whatever 
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process was responsible for depositing these beds must have occurred very rarely given 

the absence of similar breccia beds at higher levels in the Boquillas Formation, 

accumulated over a c. 25 million year time span.  Some possible processes may be 

excluded from consideration due to the paleogeographic setting of the Boquillas 

Formation – for example, the breccia beds cannot represent debris flow deposits derived 

from fore-reef talus, because there was no nearby carbonate platform margin or shelf 

edge at that time.  On the other hand, a meteor impact origin should be considered due to 

the proximity of the Sierra Madera astrobleme, which is about 200 km north of the 

breccia bed outcrops, and is thought to represent the remnants of a meteor impact crater 

that formed about the time of deposition of the Boquillas Formation (Wilshire et al., 

1971). 

General Features of the Boquillas Breccia Bed 

The exposure of the breccia bed at Ernst Tinaja, and samples collected there, are 

the subject of the present study.  At this site, the breccia deposit consists of a single, 

laterally contiguous bed about 10 cm thick that extends the full length of the outcrop 

(Figure 1.3).  Within the limits of the outcrop, there is no marked erosional relief at the 

base of the breccia bed – it is conformable above and below with undisturbed bedding in 

the overlying and underlying Boquillas (Figure 1.4).  The exposure at Ernst Tinaja is 

limited to the banks of an incised drainage, and so it remains uncertain how extensive the 

breccia bed may be beyond this outcrop.   

Sanders (1988) collected two large blocks of the breccia bed from the south bank 

of the exposure – these are labeled ‘block 1’ and ‘block 2’ in the present study (Figures 

1.5 and 1.6).  Block 1 includes some undisturbed Boquillas beds both above and below 
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the breccia layer; block 2 includes undisturbed Boquillas beds only above the breccia 

layer.  Both blocks were sawed lengthwise, and cut into slabs perpendicular to the 

bedding for purposes of the present study.   

In block 1, there is subtle millimeter-scale erosional relief at the base of the 

breccia bed, but the base is otherwise parallel to and conformable with bedding in the 

underlying undisturbed Boquillas bedding.  The top of the breccia bed shows substantial 

relief, with some larger breccia clasts projecting above the upper surface.  Bedding in the 

overlying undisturbed Boquillas drapes over these projecting clasts, but a few centimeters 

above the breccia bed the stratification returns to horizontal (Figure 1.5).  The breccia bed 

itself has three obvious macroscopic components: 1) the breccia clasts, 2) coarse-grained, 

unstructured sandy matrix that supports the clasts, and 3) thin fine-grained laminated 

layers that drape over the clasts and matrix, and separate the breccia bed into three or four 

discrete units. 

Each section of the following report provides description and analysis of selected 

internal components of the Boquillas breccia bed.  The descriptive section is followed by 

presentation of a depositional model for the bed, and a discussion of likely processes 

responsible for its origin.  
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Figure 1.1 Generalized geologic map showing location of Boquillas Fm outrops (Ku), location of 

Ernst Tinaja and the Sierra Madera astrobleme (from Lehman, 1991).  

Figure 1.2 Regional paleogeography during deposition of the Boquillas Formation atop the 

Coahuila Platform  (from Lock and Peschier, 2006). 
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Figure 1.3 Breccia bed of the Boquillas in outcrop approximately 10 cm thick.  

 

Figure 1.4 Cyclical bedding typical within the Boquillas Formation above and below the breccia 

bed. 
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Figure 1.5 Image and illustration of block 1 of Boquillas breccia bed including materials used for 

analyses. 
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Figure 1.6 Image and illustration of block 2 of Boquillas breccia including materials used for 

analyses. 
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CHAPTER II 

PETROGRAPHY 

 Slabs were cut from two large blocks of the breccia bed, and used to create 12 

petrographic thin-sections.  The purpose of petrographic examination was to determine 

the basic relationships between components of the breccia bed, and the mineralogical 

composition and textural features for each of the components.  There are three major 

detrital components of the breccia bed: the breccia clasts, the sandy matrix between 

clasts, and the fine-grained ‘draping’ layers (Figure 2.1).  At least three major authigenic 

components are also evident: calcite spar, iron oxides, and kaolinite.  

General Observations 

 The breccia bed is about 10 cm thick, and is coarse-grained and poorly sorted 

with locally-derived limestone clasts of foraminiferal grainstones and packstones.  

Breccia Clasts 

 The breccia clasts exhibit variation in size, shape, color, and texture.  Most of the 

clasts are in the pebble size range (length of long axis = 4 mm to 64 mm); however, the 

smallest clasts are of granule size (2 to 4 mm), and a few of the largest are at the low end 

of cobble size (> 64 mm).  The clasts are poorly sorted, and there does not appear to be 

any depositional size segregation of the clasts (i.e. no fining- or coarsening-upward 

trend), although some of the largest clasts appear to be imbricated.  The clasts vary in 

shape, but most have the platy or bladed form typical of ‘flat-pebble’ breccia or ‘rip-up’ 

clasts, with their shape controlled by the original bedding in the parent material.  Some of 

the clasts are very angular, however, while others are well rounded.   
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 The color of the clasts varies from light gray to yellow or red and dark brown.  

The differences in color can be attributed to inclusion of varied amounts of fine 

cryptocrystalline or amorphous iron oxide phases.  Those with abundant iron oxides are 

yellow or reddish-brown. There appear to multiple cryptocrystalline iron oxide phases 

with different form and occurrence, but these are difficult to identify in thin-section, and 

are examined further in a following chapter on X-Ray diffractometry (see chapter III). 

 Some of the clasts exhibit pronounced internal lamination, while others have no 

obvious internal structure.  In general, the well-laminated clasts are also gray and angular, 

while the clasts with no internal structure tend to be yellow or brown, and well rounded.  

There are, however, exceptions to these generalities.  These macroscopic features suggest 

that there were at least two sources for the breccia clasts, and three general types of clasts 

can be discriminated petrographically as discussed below.  

One type of clast consists of foraminiferal grainstone (biosparite).  Internally, 

these clasts are comprised solely of millimeter-scale tests of pelagic foraminifera, with 

abundant sparry calcite cement completely filling the inter- and intra-particle pore spaces 

(Figure 2.2).  There is little or no micrite present between the grains, and lamination is 

absent or weak.  These clasts are gray, contain only sparse amorphous iron-oxide phases, 

and are rounded to sub-rounded. 

A second variety of clast consists of peloidal-foraminferan packstone (biomicrite).  

Internally, these clasts are well laminated with alternating layers of small foraminiferal 

tests separated by layers of peloidal micrite (Figure 2.3).  These clasts are also gray, and 

contain only sparse amorphous iron oxide phases, but are generally angular to subangular 
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in shape, and appear to have been better indurated at the time of deposition (i.e. they were 

rigid while other clasts deformed around them during compaction). 

The third variety of clast also consists of foraminiferal packstone, but these are 

yellow to red or dark brown, and include abundant tiny clots of cryptocrystalline or 

amorphous iron oxide phases. These clasts are composed of tests of foraminifera, 

aggregates of iron oxides, and silica in a matrix of microcrystalline calcite (Figure 2.4). 

Silica is present within these clasts as silt-sized detrital quartz grains as well as clusters of 

microcrystalline quartz that appear to be an authigenic precipitate. Tiny calcite grains and 

sparry calcite cement comprise the remainder of the clast.  These clasts are rounded to 

well rounded, and many are deformed by compaction around adjacent rigid grains, and 

were apparently soft and only semi-lithified at the time of deposition.  The edges of the 

clasts are not sharply defined, and blend into the surrounding matrix. 

Matrix 

 A coarse sand matrix is present between the clasts, and generally supports the 

larger clasts (i.e. the breccia is ‘matrix-supported’ rather than ‘grain-supported’). This 

sandy matrix is poorly sorted, and consists predominantly of fragments of carbonate 

skeletal grains and phosphatic skeletal grains.  Most of the grains are of medium to coarse 

sand grade (0.25 to 1 mm diameter), however, the largest grains are in the very coarse 

sand to granule gravel range (2 to 4 mm). 

The carbonate skeletal grains consist of fragments of inoceramid bivalve shells, 

and calcite prisms from disintegrated inoceramid shells (Figure 2.5).  The skeletal 

phosphate grains consist predominately of fish scales, teeth, and bones (Figure 2.6).  
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Many of the skeletal grains were fractured in-place, with parts slightly displaced from 

one another, probably due to compaction.  Some of the phosphatic skeletal grains exhibit 

multiple sets of sub-parallel fractures that cut cross one another at low angles (Figure 

2.7).  Other grains appear to be host a secondary cryptocrystalline or amorphous mineral, 

that has low birefringence and high relief, but is difficult to identify optically (Figure 

2.8).  Some of the voids left within displaced fractures in the grains have been filled with 

microcrystalline quartz (Figure 2.9). 

 ‘Draping’ Layers 

Within the breccia are thin, yellow, very fine-grained laminations that drape over 

the clasts and separate the breccia bed into three distinct layers of variable thickness. A 

thicker lamination of similar composition drapes over the top of the breccia bed.  The 

mineral components of the fine-grained draping layers are difficult to identify 

petrographically, but the bulk of each layer consists of amorphous or very low 

birefringent material with well-defined laminations separated by layers of tiny calcite 

crystals (Figure 2.10). Within the layers are also sparse silt-sized detrital quartz grains, as 

well as microcrystalline quartz possibly of authigenic origin. The matrix also contains 

brown opaque amorphous material; at least some of which appears to be an alteration 

product of what were originally pyrite framboids. 

Authigenic Components 

All components of the breccia contain coarsely crystalline mosaic calcite spar 

cement.  This sparry calcite occurs within the clasts as inter- and intra-particle cement.  It 

also occurs between the clasts, filling large ‘shelter’ pores, and within the sandy matrix as 
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inter-particle cement.  The draping layers also have tiny crystals of calcite that appear to 

be authigenic rather than detrital in origin.  Some of the carbonate and phosphatic skeletal 

grains within the matrix show partial replacement and fracture fillings of microcrystalline 

quartz, and a few grains have partial rims of clay cement.  The cryptocrystalline and 

amorphous clots of iron oxides present within many of the clasts, surrounding some of 

the clasts, filling fractures (Figure 2.11), as well as within the matrix and draping layers, 

is also a diagenetic product.  At least some of this appears to be an alteration product 

resulting from pseudomorphic replacement of pyrite framboids. 

Discussion 

The foraminiferal grainstone clasts and well-laminated peloidal-foraminiferan 

packstone clasts are similar in composition to typical limestone beds in the Boquillas 

Formation, as described by Sanders (1988).  The clasts have characteristics typical of 

what Sanders’ describes as ‘Type I’ and ‘Type III’ limestone (1988).  These are pelagic 

limestones that consist primarily of planktonic foraminiferan tests and inoceramid bivalve 

shell fragments.  So, many of the clasts in the breccia bed were therefore probably 

derived locally from the Boquillas Formation itself, and not from some more distant 

source.   

The conspicuous yellow, red, and brown clasts are, however, somewhat unusual 

compared to those described by Sanders (1988).  These appear to represent unlithified 

pene-contemporaneous sediment ‘rip-up’ clasts, rather than reworked pieces of older 

lithified limestone.  In contrast to the other grains, which retain sharp edges, these clasts 

appear to have been soft at the time of deposition, were deformed around the rigid clasts 
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during compaction, and blend into the surrounding matrix. The brown clasts contain 

some constituents also found in the draping layers; these include detrital quartz grains, 

authigenic microcrystalline quartz, some foraminiferan tests, and aggregates of calcite 

spar.  These clasts are unique in containing much more abundant amorphous and 

cryptocrystalline iron oxide phases (10%) compared to the rest of the breccia components 

(2-3%). 

The sandy matrix of the breccia bed is also unusual compared to typical 

limestones of the Boquillas Formation described by Sanders (1988).  Although 

inoceramid shell fragments and phosphatic skeletal grains occur sparsely in many of the 

Boquillas limestone beds, in the matrix of the breccia bed these grains are highly 

concentrated, nearly excluding the foraminiferan skeletal grains characteristic of ‘normal’ 

Boquillas limestone.  Sanders (1988, figure 2.12) described several beds of ‘inoceramite’ 

grainstone comprised exclusively of reworked inoceramid shell prisms, but these beds 

contain few or no phosphatic grains.  He also described (Sanders, 1988; p. 40) several 

‘fish bone conglomerate’ beds that are composed of phosphatic skeletal grains such as 

those found in the matrix of the breccia bed, but these also contain phosphate nodules and 

pellets, and lack the limestone clasts found in the breccia bed.  Sanders (1988; see figure 

4.12) interpreted the phosphatic fish bone conglomerates as ‘condensed’ horizons 

(maximum flooding surfaces in sequence stratigraphic terminology) resulting from 

periods of very low sediment accumulation rate, or from erosional scour and 

concentration of the coarse grains by winnowing.  However, in the case of the breccia 

matrix the grains are very angular and show little evidence for prolonged transport or 

abrasion. 
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The draping layers in the breccia bed are also unusual compared to typical shales 

in the Boquillas Formation described by Sanders (1988).  Shales in the Boquillas 

Formation are composed primarily of smectite or mixed layer smectite-illite clays, 

whereas the draping layers in the breccia are composed mostly of amorphous or very low 

birefringent material (? kaolinite; see Chapter III).  Some of the lesser components of the 

draping layers (planktic foraminiferan tests, iron oxide psuedomorphs of pyrite 

framboids, authigenic calcite crystals) are similar to those also found in typical Boquillas 

shale beds.  Sanders (1988, p. 129) described several unusual shale beds in the Boquillas 

that he interpreted as ‘bentonites’ or altered volcanic ash beds, and these exhibit some 

similarities to the breccia draping layers.  
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Figure 2.1 Image and illustration showing three major components of breccia including clasts 

(light grey), matrix (dotted) and draping layers (dark grey). 

Figure 2.2. Photomicrograph showing interior of breccia clast composed of foraminiferal 

grainstone.  This clast is comprised solely of tests of pelagic foraminifera with sparry calcite 

cement filling inter- and intra-particle porosity; cross-polarized light. 
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Figure 2.3. Photomicrograph showing interior of breccia clast composed of well-laminated 

peloid-foraminiferan packstone. These clasts have alternating layers composed of foraminiferan 

tests and layers composed of micritic peloids; cross-polarized light. 

 

 

Figure 2.4. Photomicrograph showing interior of forminiferal packstone clast containing 

foraminiferan tests, quartz grain (slightly above center), microcrystalline quartz (far left, center), 

and detrital calcite prisms. Abundant iron-rich amorphous phase (dark brown) appears isotropic 

in some areas; cross-polarized (left) and plane-polarized (right) light. 
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Figure 2.5. Photomicrograph showing large inoceramid bivalve shell fragment (grain in center) 

and foraminiferan tests in coarse sand matrix of the breccia bed; cross-polarized light.  
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Figure 2.6. Photomicrograph showing phosphatic skeletal grains (fish scales, teeth, and bones) 

in sandy matrix of breccia bed; also visible are clots of amorphous iron oxide phases (brown 

opaque material) and foraminifera in matrix surrounding grains; scale bar is 0.5 mm, plane-

polarized (left) and cross-polarized light (right).  
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Figure 2.7. Photomicrograph showing phosphatic skeletal grain in cross-polarized light (left) 

and at increased magnification (right) under plane-polarized light; grain has multiple sets of sub-

parallel fractures that cross-cut at low angles; inoceramid bivalve shell fragments (bottom left 

corner) and brown amorphous iron oxide phase within matrix. 

 

Figure 2.8. Photomicrograph showing fractured phosphatic skeletal grain with secondary 

mineral replacement; plane-polarized (left) and cross-polarized light (right). 
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Figure 2.9. Photomicrograph showing fractured phosphatic skeletal grain with calcite spar 

filling fractures and center, and microcrystalline quartz filling voids left by break in grain; plane-

polarized (left) and cross-polarized (right) light. 

Figure 2.10. Photomicrograph showing draping layer in breccia bed, composed of well 

laminated, isotropic material with microcrystalline calcite, silt sized grains of quartz, and 

laminae of foraminiferan tests; opaque brown clots are altered framboids of pyrite; cross-

polarized light. 



Texas Tech University, Amanda R. Rivera, May 2019 

 

25 

 

 

Figure 2.11. Photomicrograph showing fracture lined with hematite cement passing through 

matrix and adjacent to clast of foraminiferan grainstone (left); cross-polarized light.  
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CHAPTER III 

BULK AND CLAY FRACTION MINERALOGY:  

X-RAY DIFFRACTION AND SCANNING ELECTRON MICROSCOPY WITH 

ENERGY DISPERSIVE SPECTROSCOPY 

For the present study, powdered samples were taken from each of the four fine-

grained ‘draping layers’ in the breccia bed to analyze the bulk mineralogy and clay 

fraction (<2 µm) using scanning electron microscopy (SEM) and x-ray diffractometry 

(XRD). Powdered samples were also prepared from each of the three general types of 

breccia clasts to determine their bulk mineralogy. Because most components of the fine-

grained ‘draping’ layers are too small to identify petrographically, a major goal for this 

part of the study was to determine the qualitative mineralogical composition of these 

layers. A second goal was to compare the mineralogy of the breccia clast types, and in 

particular the reddish-brown clasts that contain abundant cryptocrystalline iron-oxide 

mineral phases.  

Initial samples of the clasts and draping layers were cut from a slab taken from 

block 1 of the breccia bed (see Chapter I). These samples were powdered using a 

shatterbox until they were reduced to a fine powder. The clay fraction (<2 μm) was 

separated from the bulk material after disaggregation in an ultrasonic bath. After samples 

were allowed to settle for a minute, fine material was then decanted and further separated 

using centrifugation. Pipettes were used to place the suspensions onto porous ceramic 

tiles and allowed to dry overnight in order to obtain oriented mounts. The powdered 

samples were used to determine bulk mineralogy, and the oriented mounts were used for 

analysis of the clay fraction. 
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Samples were analyzed with a Rigaku Miniflex II at the Department of 

Geosciences using CuKα radiation (U=30kV and I=15mA). All samples were scanned 

using a step mode of 8 s per 0.02° over a range of 3 to 70° and 3 to 30° 2θ for bulk 

powder and clay fraction, respectively. Diffraction patterns were interpreted with the help 

of the Rigaku PDXL-Integrated X-ray powder diffraction software (v. 2.7.2.0, Tokyo, 

Japan) by comparing the experimental peaks with the published files provided by the 

International Centre for Diffraction Data (JCPDS 2000). 

In addition to diffraction analysis, a single polished thin-section was analyzed 

using SEM with energy dispersive spectroscopy (EDS) to examine the micro-textures and 

the composition of specific examples of the individual components of the draping layers. 

A sample was chosen in particular that allowed examination of one of the reddish-brown 

breccia clasts, a fine-grained draping layer, and the breccia matrix.  

After minimal polishing and application of Au-coating, the thin-section was 

analyzed using the Hitachi S4300 E/N field emission variable pressure scanning electron 

microscope at the Electron Microscopy Lab under high vacuum and accelerating voltage 

of 15 kV. Images were collected in secondary and backscattered electron modes. Energy 

Dispersive Spectroscopy spot analyses were performed on various components of the 

breccia within the thin-section including the reddish-brown clast, matrix, and draping 

layers.  

Bulk and Clay Fraction Mineralogy from XRD 

 The bulk mineralogical composition of each of the four ‘draping’ layers is nearly 

identical and consists primarily of varying amounts of calcite and quartz (Table 3.1). 

Diffraction patterns of the clay fraction (<2μm) show, in addition to quartz, pronounced 
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peaks for kaolinite, which is also ubiquitous in each layer (Figure 3.1). In addition to 

quartz, calcite, and kaolinite, one draping-layer sample (BOQ-C3) also contains either 

illite or fine-grained mica and another sample (BOQ-C1) also contains an illite-smectite 

component.  

 The bulk mineralogical composition for two typical breccia clasts (BOQ-CST-2 

and BOQ-CST-3; a foraminiferal grainstone clast and peloidal-foraminiferan packstone 

clast) consists entirely of calcite and quartz (Table 4.1). No other minerals were detected 

in these samples. In contrast, analysis of the reddish-brown breccia clast (BOQ-CST-1) 

yielded a more diverse mineral assemblage consisting of calcite, quartz, kaolinite, albite, 

and chlorite (Figure 3.2).  

Mineralogy using SEM with Energy Dispersive Spectroscopy  

 SEM images and EDS measurements were collected for various components of 

the breccia to investigate the morphology of individual phases within mineralogically 

heterogeneous areas. In addition to comprising the primary clay mineral in the draping 

layers, kaolinite is also found locally within inter-particle pore spaces and filling intra-

particle pore spaces within foraminiferan tests together with iron-oxides (Figure 3.3). 

Sulfate minerals, both celestine and barite, are present as pore-filling phases (Figure 3.4 

and 3.5), as well as framboidal pyrite (Figure 3.8). Zircons are also observed, and exhibit 

both rounded and euhedral morphologies (Figure 3.6 and 3.7). 

Discussion 

The bulk powder and clay fraction of the ‘draping’ layers within the breccia yield 

a basic mineralogical composition (calcite + quartz + kaolinite +/- illite/smectite) that is 

found elsewhere throughout the Boquillas Formation, and therefore the occurrence of 
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these minerals here is not unusual. Nevertheless, the XRD data make it possible to 

identify those cryptocrystalline components in the draping layers that were visible but not 

identifiable in the petrographic thin-sections (Figure 3.9 and 3.10).  The morphology and 

distribution of the calcite and quartz grains in the draping layers suggests that they are 

primarily detrital in origin; for example, the quartz grains appear to be of varied sizes and 

subhedral to anhedral in form, as would be expected if the grains were transported as 

detrital sedimentary grains.  Some of the calcite grains are clearly foraminiferan tests, and 

therefore also of primary depositional origin, although it is possible that some of the 

microcrystalline grains are instead authigenic crystals precipitated within the draping 

layers post-depositionally. 

The abundance of kaolinite, however, as the primary clay mineral in the draping 

layers makes these layers distinct from typical shale or limestone beds in the Boquillas 

where illite-smectite clays predominate (Sanders, 1988). The kaolinite is clearly of 

authigenic origin in those areas where it fills inter-particle and intra-particle pore spaces, 

and so it seems likely that the kaolinite in the draping layers is also authigenic.  Sanders 

(1988) described several kaolinite-rich beds in the Boquillas Formation that he 

interpreted as altered volcanic ash beds. Alternatively, Schulte (2006) described a 

kaolinite-rich clay bed in marine strata at the K-P boundary that was interpreted to be a 

result of alteration of distal ejecta from a meteor impact.  

Kaolinite has been widely documented as a primary constituent of altered 

volcanic ash beds in non-marine coal-bearing strata (‘tonsteins’ e.g., Bohor and 

Triplehorn, 1993), but is also found in ash beds altered in marine environments (e.g., 

Kiipli et al., 2007). If the kaolinite formed by replacement of either an ash or impact glass 
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precursor, then one would expect to find relict glass shard texture or relict spherule 

texture (e.g., Bohor and Triplehorn, 1993), neither of which is observed in the SEM 

images of the draping layers.  Altered ash beds are usually also accompanied by minerals 

indicative of derivation from felsic volcanic rocks (ß –quartz paramorphs, sanidine, 

biotite, rutile, idiomorphic zircon, etc.); a few of these are indeed found in the draping 

layer. 

The bulk mineralogy (calcite + minor quartz) of the two foraminiferal grainstone 

and peloidal-foraminiferan packstone breccia clasts indicate a composition expected for 

typical limestones (Pettijohn, 1957). In contrast, the mineral assemblage of the reddish-

brown breccia clast contains additional minerals not present in other constituents of the 

breccia – these include albite and chlorite.  

Both albite and chlorite-group minerals may form during diagenesis and are 

found, often associated with kaolinite, in deeply buried marine sedimentary rocks such as 

in the Gulf of Mexico (Land et al., 1987).  Similarly, barite and celestine found in trace 

amounts in the breccia bed, are also among the diagenetic minerals reported from marine 

carbonate rocks (Baker et al., 1988; Pe-Piper et al., 2015).  Pyrite and/or iron-oxides are 

also common diagenetic minerals in marine sediments (e.g., Berner, 1984).  As a result, 

most of these minor constituents of the Boquillas breccia bed are likely of authigenic 

origin. 

Many of the minor constituents of the reddish-brown breccia clast are among 

those found in diagenetically altered marine carbonate rocks, and in particular those 

found in submarine carbonate ‘hardgrounds’ where lithification took place at or near the 

sediment-water interface, or at shallow burial depth shortly after deposition (e.g., Christ 
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et al., 2015).  Biogenic opal-CT (or chert) and phosphorites are often associated with 

carbonate hardgrounds, as are pyrite or iron-oxides (e.g., Mutti and Bernoulli, 2003).  It is 

possible therefore that the reddish-brown breccia clasts are reworked fragments of a 

submarine carbonate hardground, and this could explain their unusual coloration and 

composition compared to other clasts in the breccia. 
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Table 3.1    
Mineral phases determined with X-Ray Diffraction. 

  Sample Bulk Mineralogy Clay Fraction (<2μm)   

Draping Layers    

 BOQ-C1 Calcite, Quartz Quartz, Kaolinite  

 BOQ-C2 Calcite, Quartz, Rutile Quartz, Kaolinite  

 BOQ-C3 Calcite, Quartz Quartz, Kaolinite, Illite (Mica) 

 BOQ-C4 Calcite, Quartz Quartz, Kaolinite  

Clasts     

 

BOQ-CST-1 Calcite, Quartz, Kaolinite, Albite, 
Chlorite   

 BOQ-CST-2 Calcite, Quartz    

 BOQ-CST-3 Calcite, Quartz    
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Figure 3.1 XRD patterns of clay fraction from samples of each draping layers showing similar 

compositions of kaolinite and quartz. Sample Boq-C3 also contains mica and sample BOQ-C1 

also contains an illite-smectite component.  

Illite-smectite 
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Figure 3.2 Selected XRD patterns from the reddish-brown clast (BOQ-CST-1) of mineral phases 

chlorite and albite. 
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Figure 3.3 SEM images and EDS spectra showing morphology of kaolinite (top),  filling of 

intraparticle pore space in foraminiferan test with iron-oxides (middle), and the kaolinitization of 

albite (bottom).  
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Figure 3.4 SEM image and EDS spectra of pyrite. 

 

Figure 3.5 SEM images and EDS spectra of mineral phases Celestine (top) and barite (bottom).  
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Figure 3.6 SEM images showing textures between a mixture of mineral phases including 

phosphatic grains (P), iron-oxides (Fe-Ox), zircon (Zr), and kaolinite (Kao). 

 

Figure 3.7 SEM images showing textures between a mixure of mineral phases including zircon 

(Zr), quartz (Qtz), iron-oxides (Fe-Ox), and rutile (Rt). 
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Figure 3.8 SEM image showing morphology of framboidal pyrite. 

Figure 3.9  Photomicrograph of draping layer in cross-polarized light (width of field of view is 2 

mm) showing predominant composition of cryptocrystalline low-birefringent material identified

as kaolinite with XRD, dark clots of iron-oxides, and scattered grains of quartz and calcite;

coarser grained material above and below the draping layer is breccia matrix consisting

primarily of calcite-filled planktic foraminiferan tests.
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Figure 3.10 Photomicrograph of draping layer in cross-polarized light (width of field of view is 

0.5 mm) showing predominant composition of cryptocrystalline low-birefringent material 

identified as kaolinite with XRD, dark clots of iron-oxides, and scattered grains of quartz and 

microcrystalline calcite.  
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CHAPTER IV 

STABLE ISOTOPE GEOCHEMISTRY 

For the present study, 16 samples of the breccia bed were analyzed for bulk 

carbonate contents and inorganic δ13C and δ18O values.  The goals of this part of the 

study were to determine whether any components of the breccia bed exhibit isotopic 

values that differ from those above or below the breccia bed, and how these values 

compare with those found previously for limestones in the Ernst Member.  At least two 

samples were analyzed from limestone layers immediately above and below the breccia 

bed, and from each component of the breccia (matrix, clasts, and draping layers) to assess 

their isotopic variability.  

The initial CaCO3 samples were obtained by scraping with a hypodermic needle 

into each individual component of the breccia to obtain 5-10 mg.  Each sample was taken 

from a cut slab of the breccia bed after washing it several times with de-ionized water. 

Samples were ground with mortar and pestle. Carbon and oxygen isotope compositions 

of carbonate minerals in the samples were determined, using GasBench II connected to 

ThermoFinnigan Delta V isotope ratio mass spectrometer. After finely grinding the 

samples, about 100 – 200 µg of the samples were transferred to 10mL glass vials and 

sealed with butyl rubber septa. The vials were flushed with high-purity He and then about 

0.1mL of 100% ortho-phosphoric acid was injected into the vials. The samples were 

allowed to react at 30°C with the acid to produce CO2 gases overnight. The headspace 

CO2 was analyzed for δ13C and δ18O values, normalized to the V-PBD scale against 

NBS-19 and a secondary in-house standard TTU-2, which are prepared and analyzed in 

the analytical session with the samples. Overall analytical errors are ±0.1‰ (1σ). All the 
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carbonate minerals in the samples are assumed calcite without additional corrections for 

the acid-fractionation factor.  Uncertainty for the carbonate contents is approximately ±5-

10%.  The bulk carbonate content, and stable carbon and oxygen isotope values for each 

of the samples are given in Table 4.1. 

Bulk Calcium Carbonate Content 

The bulk calcium carbonate contents of limestone layers below the breccia bed 

and above the breccia bed are comparable, ranging from about 81 to 92% CaCO3, with 

two anomalously low values (ET-22-B and BOQ-AB-1; 20 to 35% CaCO3) that are 

instead similar to the draping layers (29 to 39% CaCO3).  Excluding the two low values, 

the average carbonate content of the limestone layers is 86.9% CaCO3.  The limestone 

clasts within the breccia bed have bulk carbonate values of 82 to 89% (average = 85.4% 

CaCO3) similar to those in limestone above and below.  With the exception of the two 

low values mentioned above, the draping layers have substantially lower carbonate 

content (average = 33.9 % CaCO3) than the limestones, indicating that these layers are 

composed predominantly of non-carbonate constituents.  The calcite spar cement and 

matrix of the breccia have values both higher and lower than the limestone (79 to 103% 

CaCO3). 

Carbon and Oxygen Isotopes of Breccia Components 

The stable carbon isotope values for limestone layers above and below the breccia 

bed, clasts within the breccia bed, breccia matrix, and draping layers are, with a few 

exceptions, all generally similar, with δ13C ranging from -0.35 to 0.65‰ (average = -

0.41‰).  The exceptions are one limestone sample from below the breccia bed (ET-21; -
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2.58‰), one sample from above the breccia bed (ET-24; -2.54‰) and one sample of a 

draping layer (BOQ-CLY-2; -3.49‰) all of which have substantially more negative 

carbon isotope values, closer to that found in the calcite spar cement (δ13C = -4.4‰).  

There does not appear to be any relationship between carbonate content and carbon 

isotopic ratios (Figure 4.3). 

The oxygen isotope values for limestone layers above and below the breccia bed, 

clasts within the breccia bed, breccia matrix, and draping layers are, with one exception, 

all generally similar, with δ18O ranging from -4.16 to -7.8‰ (average = -6.04‰).  The 

one exception is a limestone sample from above the breccia bed (ET-24; -2.62‰ - note: 

this sample also had an exceptional δ13C value). The calcite spar cement has a markedly 

lower δ18O value (-12.98‰).  There does not appear to be any relationship between 

carbonate content and oxygen isotopic ratios (Figure 4.2). 

Although there are too few analyses to convincingly demonstrate a relationship, 

δ13C and δ18O values appear to co-vary.  There is a vague linear trend extending from 

δ13C = 0.65‰ /δ18O = -4.16‰ to δ13C = -0.41‰/1δ18O = -7.53‰, with the exceptional 

samples noted above that have markedly more negative δ13C values (Figure 4.1).  The 

single sample of calcite spar cement has δ13C and δ18O values that both fall well off this 

linear trend.   

Comparison with Previous Work 

 Sanders (1988) determined whole-rock carbonate δ13C and δ18O values for 

limestones and calcareous shales of the Ernst Member from powdered samples weighing 
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10-15 mg’s, and his data are plotted here for comparison (Figure 4.1). He found that 

carbonate δ13C values for the Ernst Member range from +2.27 to -3.78‰ (average = 

0.81‰).  With the exception of the calcite spar cement, δ13C values determined in the 

present study fall entirely within this range, and the average δ13C value (-0.41‰) is also 

similar. 

In contrast, Sanders (1988) reported carbonate δ18O values for the Ernst Member 

ranging from +1.0 to -4.51‰ (average = -2.74‰; see Figure 4.1).  Most of the δ18O 

values found in the present study (14 of 16, or about ninety percent) are outside of this 

range, and the average is substantially more negative (-6.04‰).  The δ18O values for all 

components of the breccia bed appear to be shifted negatively compared to samples 

reported by Sanders (1988).  His data do not include values for calcite spar cements and 

were obtained entirely for the original primary pelagic carbonates, specifically avoiding 

those altered by diagenesis.  Instead, Sanders (1988) objectives were to provide new 

isotopic geochemical data for the Ernst Member to be used for correlation, as well as to 

locate the Cenomanian-Turonian boundary. Pratt (1982) reported stable isotope values 

for whole-rock carbonate in the correlative Greenhorn Formation in Pueblo Colorado to 

be between -3.48 to -8.92‰ for δ18O.  Schmidt (2009), however, reported isotopic values 

for diagenetic calcite spar in carbonate nodules from the Upper Cretaceous Tornillo 

Group, overlying the Boquillas Formation in Big Bend (Schmidt’s “group 3” and “group 

4” carbonates).  He found δ13C values generally ranging from -1 to -16‰, and δ18O 

values from -4 to -13‰, respectively.  These values are also shifted negatively compared 

to those that Schmidt (2009) interpreted as primary carbonates.  
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Discussion 

Stable isotope ratios of carbon and oxygen in carbonates may be used to interpret 

original ‘primary’ environmental conditions and ‘secondary’ post-depositional alteration 

(Pratt, 1985).  Sanders (1988) concluded that most of the isotopic data for the Ernst 

Member generally fall within the expected range for normal marine Cretaceous 

limestone.  Because the δ13C values for limestone layers above and below the breccia 

bed, and for all components of the breccia bed excluding the spar are generally similar, 

and plot within the range reported by Sanders (1988), these would also appear to be 

compatible with normal marine conditions, and suggest that the breccia clasts are of local 

origin from the Boquillas Formation itself rather than exotic origin.  

In contrast, the apparent negative shift in δ18O values for all components of the 

breccia bed, as well as for limestone layers above and below the breccia, compared to 

values reported by Sanders (1988) could reflect either a marked change in original 

depositional conditions or later diagenetic alteration. An ‘inverted-J’ trend on a plot of 

δ13C versus δ18O values has previously been interpreted as indicative of fluid-rock 

interaction with meteoric water (Bishop et al., 2014). 

Primary factors affecting isotopic composition for carbonate minerals precipitated 

from seawater under high water-rock ratios include the fluid δ18O composition and the 

temperature. Petersen (2016) determined temperatures and of the Western Interior 

Seaway to be between 5-21° C with δ18O (SMOW) values estimated to be between -2 to -

8‰ for shallow marine and values between -8 up to -20‰ for freshwater river flows into 

the Seaway. According to the fundamentals of oxygen isotope paleothermometry, which 
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are based on δ18Oc (PDB), δ18Ow (SMOW), and using the oxygen isotope values estimated by 

Petersen (2016), an estimated temperature range calculation is between 7.7 and 24.9° C 

for breccia components excluding the spar (T ~35.2°C).  

The negative shift in δ18O values could record a change in original depositional 

conditions.  Because negative δ18O values are found in limestone layers above and below 

the breccia bed, and in all components of the breccia, the shift in oxygen isotopic 

composition probably does not record a brief event unique to deposition of the breccia 

itself.  For example, Sanders (1988) interpreted three major isotope excursions in the 

Ernst Member, including one near the Cenomanian-Turonian (C-T) boundary about 30 m 

above the base, as indicating changes in original marine water isotopic composition.  

Pratt (1985, Figure 1) also interpreted light δ13C and δ18O isotopic excursions in the 

correlative Greenhorn Limestone in Pueblo, Colorado within the same C-T boundary 

interval as a result of widespread, brief increase in the amount of freshwater into the 

Western Interior Seaway of significant magnitude to effect stable isotope composition. 

Data from this study, with the exception of the spar, fall within the ranges measured by 

Pratt (1985).  

If the negative δ18O values within and immediately above and below the breccia 

bed and the breccia deposit, excluding the spar cement, indicate precipitation from  a 

shallow seawater in the Western Interior Seaway with values of -2 to -8 as suggested by 

Petersen et al. (2017),  not later diagenetic alteration, this could suggest either a brief 

influx of meteoric water (e.g., due to climate change) or perhaps a catastrophic 

perturbation of the seaway (e.g., as a result of meteor impact).   
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Meteoric diagenesis, which occurs under increasing water/rock ratios in the 

subsurface, has a greater effect initially on oxygen isotope composition than on carbon 

isotopes due to the major oxygen component of water compared to carbon. As diagenesis 

proceeds and the water/rock ratio increases, oxygen isotopes reach a limiting value 

determined by temperature and isotopic signature of the fluid present.  Precipitated 

cements will have an increasingly negative oxygen isotope composition due to δ18O of 

meteoric having lower values than seawater. These diagenetic reactions through time 

result in the ‘inverted-J’ trend. A similar ‘inverted-J’ trend may be apparent in Figure 1, 

with end members between the Sanders (1988) average and the value reported here for 

calcite spar cement.  The negative δ18O values are also compatible with the diagenetic 

calcite spar reported by Schmidt (2009).  Because the breccia bed is coarser grained and 

had higher porosity that the pelagic limestone and shale beds above and below, it is 

possible that the breccia provided a more permeable conduit for meteoric water after 

deposition.  All components of the breccia bed include porosity filled with diagenetic 

calcite spar (see Chapter II on petrography), and so the varied degree of negative shift in 

δ18O values may reflect inclusion of varied amounts of calcite spar in each sample. If the 

negative δ18O values are indeed a result of isotopic exchange with meteoric water during 

diagenesis, it is uncertain whether this alteration took place shortly after deposition, or 

long after deposition. 
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Table 4.1

Isotopic and carbonate composition of individual breccia components relative to PDB.

Sample %CaCO3 δ13C (‰) 1σ δ18O (‰) 1σ

Clasts

BOQ-CST-1-1 89.17 0.18 0.04 -5.45 0.12

BOQ-CST-1-2 84.98 -0.06 0.13 -5.92 0.02

BOQ-CST-3-2 81.95 0.55 0.01 -4.96 0.31

Matrix

BOQ-MAT-1 78.61 0.44 0.07 -5.58 0.03

BOQ-MAT-2 97.85 0.31 0.22 -6.82 0.61

Draping Layers

BOQ-CLY-1 28.57 -0.35 0.10 -6.57 0.10

BOQ-CLY-2 39.32 -3.49 0.15 -6.15 0.60

Spar Cement

BOQ-SPC-1 102.87 -4.40 0.04 -12.98 0.24

Below Breccia

BOQ-BE-1 88.21 0.40 0.16 -5.33 0.34

BOQ-BE-2 92.42 0.65 0.06 -4.16 0.10

ET-22-T 87.16 0.37 0.10 -7.80 0.13

ET-22-B 34.68 0.08 0.32 -7.71 0.27

ET-21 82.78 -2.58 0.03 -7.39 0.03

ET-20 81.72 0.24 0.22 -6.57 0.62

Above Breccia

BOQ-AB-1 20.28 -0.41 0.06 -7.53 0.36

ET-24 86.09 -2.54 0.20 -2.62 0.33
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Figure 4.1.  δ13C and δ18O data of individual breccia components including data from Sanders 

(1988) and Pratt (1982). A somewhat linear trend is observed between -1 and 1 for carbon-13 

isotope values. All oxygen-18 values have an apparent shift from Sanders’ (1988) average value 

of -2.74. 

 
Figure 4.2. δ18O data of all components of breccia, as well as data from above and below the 

breccia bed (Sanders,1988), plotted against percent calcium carbonate.  

 
Figure 4.3. δ13C data for all components of the breccia, as well as data from above and below the 

breccia bed (Sanders,1988), plotted against percent calcium carbonate.  
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CHAPTER V 

SEDIMENTARY PROCESS AND MODEL 

The general features of the Boquillas breccia bed, as well as the composition of its 

clasts, matrix, and draping layers provide constraints on the likely process responsible for 

its deposition.  In this chapter, as assessment is given of the flow conditions required for 

transport of the coarse-grained constituents (the clasts and matrix of the bed), and the 

estimated settling rates required for components of the fine-grained draping layers.  A 

model is presented that accounts for the observed features. 

Features of the Breccia Clasts 

The clasts in the breccia are of varied sizes ranging from less than 1 up to 10 cm 

in maximum diameter, poorly sorted within the bed, and supported by the sandy matrix of 

the bed.  There does not appear to be either normal- or reverse- particle size grading, but 

some of the larger clasts are at the top of the deposit, and project above its upper surface 

(see Chapter 1).  The clasts exhibit preferred orientation with their short dimension (the 

axis perpendicular to their internal lamination) or their maximum projection surface 

facing stratigraphically ‘up’ or nearly so, and some of the larger clasts show crude 

imbrication.  This is the usual case in ‘flat pebble’ breccias where the clasts have a platy 

or discoidal shape controlled by the layering in the parent material (Sepkoski, 1982).  The 

clasts show varied degrees of rounding, and varied degrees of deformation due to 

compaction, indicating that they were semi-consolidated or only partially lithified at the 

time of transport.  The clasts have the same composition as undisturbed beds in the 

Boquillas Formation above and below the breccia bed (see Chapter 2). 
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These observations indicate that the clasts in the breccia bed were derived from 

pene-contemporaneous erosion of older Boquillas sediments, not from some more distant 

or exotic source area.  Due to their semi-consolidated condition, the clasts could not have 

survived abrasion during prolonged transport, and so must have been derived from an 

area nearby.  The current-stable orientation of the clasts suggests that they were 

transported in traction as bedload prior to deposition. 

Features of the Breccia Matrix 

The matrix between the clasts is unstructured, no stratification or particle size 

gradation is present.  The matrix consists of fine to medium-grained sand composed 

primarily of phosphatic skeletal grains (fish bones, teeth, and scales) and calcitic 

inoceramid bivalve shell fragments (see Chapter 2).  Many of the inoceramid shell 

fragments are larger than the phosphatic grains (very coarse sand to granule gravel size).  

Matrix grains show a wide range of rounding, from very angular to subrounded.  The 

matrix contains little or no silt or clay sized material.  No phosphate-cemented grains or 

non-skeletal phosphate, glauconite pellets, or other grains typically associated with 

marine ‘condensed’ sections are observed.  

The constituents of the breccia matrix are found in undisturbed Boquillas beds 

both above and below the breccia bed; however, in most cases the phosphatic and 

inoceramid skeletal grains amount to only a few percent of what is mostly finer grained 

foraminiferal and micritic sediment (e.g., Sanders, 1988).  The matrix grains could have 

been derived therefore from the underlying Boquillas sediments by winnowing out the 

fine-grained material, and concentrating the coarser and denser phosphatic skeletal grain 

fraction.  Given the size and density of the matrix grains, and the absence of any mud 
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matrix between them, the grains must have been transported in traction along the bed 

surface, however, the absence of size-gradation or stratification in the deposit suggests 

that flow was not turbulent. 

Transport and Depositional Process  

Collectively, features of the breccia clasts and matrix are compatible with those 

observed in deposits of subaqueous debris flows (e.g., Middleton and Hampton, 1976; 

reviewed by Haughton et al., 2009).  These features include the matrix-supported texture, 

poor sorting, absence of stratification or particle size gradation, and presence of large 

clasts projecting above the upper surface of the deposit.  However, the sandy mud-free 

matrix of the deposit indicates that transport of the breccia was not due to cohesive 

strength of the matrix, and so this likely represents a cohesionless debris flow (e.g., see 

discussion by Dasgupta, 2003; Soreghan et al., 2009).  These flows are said to be 

‘hyperconcentrated’ or ‘high density’ flows because the ratio of grains to water in the 

fluid during transport is high.  Generally a steep slope is necessary to initiate movement 

in this type of flow, but it is possible that they may result instead from ‘flow 

transformation’ of a cohesive debris flow due to mixing of ambient water and grain 

segregation during transport.  The crude orientation of clasts in the Boquillas breccia bed 

(with maximum project surface ‘up’ and weak imbrication) suggests some traction 

transport or viscous shear of the material, perhaps during waning phase of flow. 

It is unlikely that the Boquillas breccia bed could have resulted from liquefied or 

fluidized flow (i.e. with grains supported by upward movement of displaced fluid), 

because the deposit lacks fluid-escape structures and soft-sediment deformation (e.g., see 

Middleton and Hampton, 1976).  The absence of features associated with turbidity 
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current transport (e.g., graded bedding, ripple cross-lamination) in the base or top of the 

bed suggests that the Boquillas breccia may not represent a ‘hybrid event bed’ of the sort 

described by Haughton et al. (2009).  The absence of wave ripple cross-lamination and 

hummocky cross-stratification within, above, or below the breccia bed indicates that the 

deposit accumulated below reach of both fair-weather and storm wave base (e.g., Dott 

and Bourgeois, 1982). 

Deposition of Draping Layers 

Interpretation of the Boquillas breccia bed as the result of a single cohesionless 

debris flow event is complicated by the presence of the draping layers within the bed.  

The fine particle size of these layers (generally less than 10 microns) requires deposition 

by settling from suspension in relatively calm water.  Because there are at least three or 

four draping layers within the bed, as well as one at its top, deposition of the breccia was 

interrupted three or four times, and then followed by quiescent conditions that allowed 

suspended sediment to settle. 

The draping layers vary substantially in thickness laterally, and are discontinuous, 

apparently due to erosional truncation in places – this is particularly evident in block 2 

(see Figure 1.4).  Draping layers within the breccia bed are relatively thin (only a few 

millimeters), but the layer capping the breccia bed is much thicker (over 10 mm in 

places).  Internally the layers have millimeter-scale graded laminations with larger 

foraminiferan tests and quartz silt grains at the base, and finer clay and microcrystalline 

calcite at the top (see Figure 2.10).  The bulk mineralogical composition (calcite, 

kaolinite, and quartz) is similar to the pelagic limestone and shale in underlying and 

overlying Boquillas beds (see Chapter 4).  The draping layers could have been derived 
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therefore by winnowing out the coarse-grained fraction of unconsolidated Boquillas 

sediment, and concentrating the fine silt and clay fraction.   

However, the draping layers have substantially more kaolinite than is typical for 

Boquillas shale beds.  The clay minerals in Boquillas shales are predominantly 

illite/smectite (see Sanders, 1988); kaolinite is less common, and typically occurs as an 

authigenic clay along with pyrite filling intraparticle pore spaces within the chambers of 

foraminifer shells (e.g., see Chapter 4).  Sanders (1988) reported, however, several 

kaolinite-rich beds in the Boquillas that he interpreted as altered volcanic ash beds, and it 

is possible that the draping layers could have that origin.  The presence of euhedral zircon 

crystals in the draping layers (see Chapter 4) may support that interpretation. 

Regardless of the origin of the fine material in the draping layers, their deposition 

would require quiescent interruptions of at least several hours during deposition of the 

breccia bed.  For example, Stoke’s Law may be employed to estimate the time required 

for settling of the fine particles in the draping layers – where settling velocity (Vt), is 

dependent on gravitational acceleration (g), density of the particles (ρp) and ambient fluid 

(ρm), particle diameter (d), and viscosity of the fluid (μ):  

Vt=[gd2(ρp-ρm)]/18μ    

In this case, the density of the particle was assumed to be comparable to quartz, 

2.65 g/cm3, and the average density of seawater, 1.025 g/cm3, is used for the medium. 

Viscosity of seawater is dependent on both temperature and salinity (Isdale et al., 1972), 

which for the Cretaceous Western Interior Seaway are thought to have ranged from 5 to 

21°C and 20 to 32 g/kg, respectively (Petersen et al., 2016). These values yield a 

viscosity of 1.059 g/m-s (Isdale et al., 1972).  Settling velocities calculated for a range of 
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relevant particle sizes are listed in Table 5.1, with grain sizes of interest for this study.  

These estimates show that, if the water depth at the time of deposition is taken to be 

between 100 and 200 m (see Chapter 1) then particles of 4 to 5 micron diameter would 

have required 50 to 80 days to settle to the bottom (if they were suspended near the sea 

surface); clay-size particles of 1 to 2 micron diameter would have required 1 to 3 years to 

settle (if the particles did not settle as aggregates due to flocculation or pelletization by 

plankton).  Of course, if the particles were initially put into suspension only several 

meters above the seafloor, they would have settled in a much shorter time span. 

Flow Model for the Boquillas Breccia Bed 

Deposition of the fine-grained pelagic sediment that comprises the bulk of the 

Boquillas Formation must have occurred primarily due to settling from suspension well 

below the reach of fair weather or storm waves.  Only within the lowermost 5 m of the 

formation (the ‘clastic carbonate unit’ of Sanders, 1988) is there evidence of wave ripple 

cross-lamination and hummocky cross-stratification indicative of deposition within wave 

base.  The breccia bed is within Sanders’ (1988) ‘lower limestone unit’ – about 20 m 

higher in the section. 

Deposition of the breccia bed may have been initiated when a mass of semi-

consolidated Boquillas sediment was detached from the bottom and translated laterally as 

a slump or slide (Figure 5.1).  Mixing with ambient seawater at the leading edge of the 

slide diluted and partly disintegrated the bedded sediment during motion, and 

transformed the material into a debris flow.  Continued downslope movement and mixing 

with seawater diluted the material further, and allowed for continued flow transformation.  

The coarse-grained fraction of the material segregated into bedload and formed a 
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cohesionless debris flow while the fine-grained fraction was put into suspension above 

the bed.  The resulting breccia, comprised of intact Boquillas sediment clasts that had 

failed to completely disintegrate, along with the segregated coarse-grained fraction, was 

emplaced in at least four pulses – each separated by a period of hours or days that 

allowed for the fine-grained fraction to settle to the bed.  Deposition of debris flows as a 

series of discrete ‘pulses’ or surges is commonly observed in experimental debris flows 

(e.g., ‘kinematic surge waves’ of Major, 1997) and these develop spontaneously along the 

length of the flow while in motion (i.e. do not require successive triggering mechanisms 

to generate). 

Possible Triggering Mechanisms 

The sedimentary process responsible for deposition of the Boquillas breccia bed 

must have been a singular or unique occurrence with respect to the depositional history of 

the Boquillas Formation, because this is the only bed of its kind in a section of about 200 

m of strata accumulated over about 25 million years.  Therefore, deposition of the breccia 

bed must have been triggered by a rare event.  There are various possible ‘triggering’ 

mechanisms that could have led to initial detachment of the bottom sediment, and 

ultimately to deposition of the Boquillas debris flow.  Similar beds have been described 

from deposits around the world, and attributed to a wide variety of causes. 

If the triggering mechanism was a severe storm that generated surface waves of 

such high amplitude and wavelength that they disturbed the bottom sediment, evidence 

for oscillatory flow at the bed should be found in either or both wave ripple cross-

lamination or hummocky cross-stratification in the resulting deposit - a ‘tempestite’ (e.g., 

Dott and Bourgeois, 1982) (Figure 5.2).  Neither of these is observed in the Boquillas 
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breccia bed.  Similar evidence would be expected if seismic sea waves or tsunami were 

the triggering mechanism, and the result was a ‘tsunamiite’ (e.g., Peters and Jaffe, 2010).   

On the other hand, if the seafloor was below the reach of storm waves or tsunami, 

cyclic loading of the bed due to passage of the surface waves could have initiated 

movement of the bottom sediments without generating ripples or hummocks (e.g., Kraft 

et al., 1976).  Cyclic loading due to storm or tsunami waves would also be expected to 

generate soft-sediment deformation, fluidization, or liquefaction of the bed (Molina et al., 

1998) – none of which are observed in the Boquillas breccia, or in the deposits 

immediately underlying it.  The same would be true if an earthquake were the triggering 

mechanism, and the passage of seismic waves through the bottom sediment initiated their 

movement.  A bed generated by seismic shock – a ‘seismite’ commonly exhibits soft-

sediment deformation, and/or structures indicative of fluidization or liquefaction of the 

bed (e.g., Moretti and van Loon, 2014, but see also Shanmugam, 2017). 

If deposition of the Boquillas breccia bed was triggered by a meteor impact, and 

the deposit is an ‘impactite’ it should contain shock-melted or shock-metamorphosed 

material (suevite, minerals with planar deformation, high-pressure polymorphs) (Reimold 

et al., 2011) (Figure 5.2).  The Boquillas breccia does not appear to contain these 

materials or exotic clasts that could have originated as ejecta from rocks outside the 

Boquillas itself.  However, the analytical methods used in the present study may not have 

been sufficient to discover these materials if they are present in small amounts.  For 

example, true impactite breccias are generally restricted to the area within and 

immediately surrounding the impact crater itself.  More distant breccias would be 

expected to contain instead proportionally more simple ejecta of the target rocks and less 
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shock-melted or metamorphosed material.  Breccia deposits attributed to the Chixulub 

impact at the Cretaceous/Paleogene boundary, but formed at great distance from the 

crater itself, contain very little impact ejecta or shock-metamorphosed material (e.g., 

Shulte et al., 2006).  As a result, and impact origin for the Boquillas breccia bed cannot 

be excluded without more detailed analysis. 

The Sierra Madera astrobleme is about 200 km north of the Boquillas exposures. 

It is a conical structure 13 km across with a central uplift 5 km wide surrounded by a 

structural depression and a concentric structurally high rim composed of Lower 

Cretaceous limestone (Wilshire et al., 1971).  Deformed Permian limestone beds 

comprise the central uplift, and these exhibit extensive shatter cones, planar 

deformational features in quartz grains, and intense twinning of carbonate minerals 

(Wilshire and Howard, 1968). Based on these features, Sierra Madera was interpreted as 

the remnant of an impact crater (Wilshire et al., 1971). Grieve (1982) listed the age of the 

Sierra Madera impact as approximately 100 Ma, although he noted limited accuracy in 

this age determination. If this age estimate is correct, it would broadly coincide with early 

deposition of the Ernst Member of the Boquillas, and could represent the triggering 

mechanism for the breccia bed.  Given the great size and close proximity of the Sierra 

Madera astrobleme to the depositional site of the Boquillas, an impact of such magnitude 

might be expected to produce significant effects.  In addition to generating ejecta from 

the impact itself, an earthquake and tsunami would be expected, and so the resulting 

deposit might exhibit features indicative of some or all three ‘triggering’ mechanisms.  
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Table 5.1

Various settling velocities based on grain-size.

Grain size Time to Settle 100 m Meters per Day

in hours in days

clay 1 micron 33249.605 1385.400 0.0722

2 microns 8312.401 346.350 0.2887

3 microns 3694.401 153.933 0.6496

fine silt 4 microns 2078.100 86.588 1.1549

5 microns 1329.984 55.416 1.8045

med silt 10 microns 332.496 13.854 7.2181

vf sand 100 microns 3.325 0.139 721.8131



Texas Tech University, Amanda R. Rivera, May 2019 

 

59 

 

 

Figure 5.1 Depositional model for the Boquillas breccia bed. Deposition was likely initiated 

when a mass of semi-consolidated Boquillas sediment was detached from the bottom and 

translated laterally as a slump or slide. Mixing with ambient seawater at the leading edge of the 

slide diluted and partly disintegrated the bedded sediment during motion, and transformed the 

material into a debris flow. Continued downslope movement and mixing with seawater diluted the 

material further, and allowed for continued flow transformation.  The coarse-grained fraction of 

the material segregated into bedload and formed a cohesionless debris flow while the fine-

grained fraction was put into suspension above the bed. The resulting breccia was emplaced in at 

least four pulses. – each separated by a period of hours or days that allowed for the fine-grained 

fraction to settle to the bed.   

 



Texas Tech University, Amanda R. Rivera, May 2019 

 

60 

 

 

Figure 5.2 Evidence for triggering mechanism of debris flows including ‘tempestite’, 

‘tsunamiite’, ‘seismite’, and ‘impactite’. If triggering mechanism was a storm (‘tempestite’) or a 

tsunami (‘tsunamiite’), expected evidence includes wave ripple cross-lamination, hummocky 

cross-lamination, and parallel laminations; ‘tsunamiites’ and ‘seismites’ would also exhibit soft-

sediment deformation or liquefaction including convolute lamination, fluid escape structures, and 

load structures. If deposition of the Boquillas breccia bed was triggered by a meteor impact, and 

the deposit is an ‘impactite’ it should contain shock-melted or shock-metamorphosed material 

such as high pressure minerals, quenched glass, sag structures, and exotic clasts.  
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CHAPTER VI 

SUMMARY AND CONCLUSIONS 

The Boquillas breccia bed exposed at Ernst Tinaja in Big Bend National Park is a 

unique bed within the Boquillas Formation, and must record a unique event that occurred 

during the c. 25 million year depositional history of the formation. A similar breccia bed 

is exposed in the lower part of the Boquillas Formation near Langtry, about 170 km east 

of Big Bend; it remains uncertain whether this bed is precisely correlative with the one at 

Ernst Tinaja, although it seems likely that it could record the same event.  The breccia 

bed is only about 10 cm thick, and consists of semi-consolidated Boquillas limestone rip-

up clasts supported in a matrix of sandy skeletal phosphate grains and inoceramid shell 

fragments.  Several thin draping layers of calcareous shale interrupt the breccia bed, and 

divide it into at least three or four depositional units. 

The features of the breccia bed suggest that it represents the deposit of a 

cohesionless debris flow, initiated by disturbance and downslope movement of a mass of 

semi-consolidated Boquillas sediment.  Mixing of the material with ambient seawater 

allowed for disintegration of the originally bedded sediment into flat pebbles, segregation 

of the coarse fraction of skeletal phosphate and shell fragments into bedload, and 

suspension of the fine fraction into the water column above the flow.  The debris must 

have accumulated in several surges, separated by quiescent periods of several hours or 

days that allowed for the fine draping layers to accumulate.  This, or a similar process of 

‘flow transformation’ leading to deposition of a ‘hybrid event bed’ has been called upon 

to explain features in similar deposits elsewhere around the world (e.g., Haughton et al., 

2009). 
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The mechanisms that may trigger deposition of these sort of beds has also been a 

subject of widespread interest.  Surface waves generated by severe storms or tsunami 

may have sufficient wavelength to set the bottom sediment in motion even in very deep 

water, however, this should leave evidence in the form of oscillatory ripple cross-

lamination or hummocky cross-stratification indicative of traction transport at the 

sediment surface.  Similarly, storm surge or ebb flow or tsunami-generated run-up or ebb 

flow would be expected to produce structures indicative of unidirectional flow at the bed 

surface.  Cyclic loading of the bottom sediment during passage of large surface waves or 

shaking due to transmission of seismic waves would be expected to result in soft 

sediment deformation, liquefaction, or fluidization.  None of these features generally 

thought to be especially diagnostic of tempestites, tsunamiites, or seismites are observed 

in the Boquillas breccia bed, although the bed exhibits some features compatible with all 

three of these.  Similarly, breccias generated by meteor impacts (impactites) should 

contain fragments ejected from the target rocks, quenched melt material, and shock-

metamorphosed or high-pressure mineral grains.  However, debris flows initiated at great 

distance from the impact site typically contain very little of this material, and it may be 

present only in minute amounts in the atmospheric fall-out that follows such an impact 

event. 

Petrographic study of the breccia clasts and matrix revealed no particularly 

unusual features, or minerals not found elsewhere in Boquillas limestones.  The 

precipitation of interstitial pyrite and kaolinite within the shells of foraminifera and 

within the breccia matrix, as well as its subsequent oxidation to hematite must have 

occurred shortly after deposition because many of the reworked clasts in the breccia show 
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evidence for oxidation while others do not.  This could be due to initial deposition of the 

sediment under reducing conditions and later exposure to oxidizing conditions prior to 

disruption to form the breccia.  Precipitation of sparry calcite cement later took place 

within and between the particles throughout the breccia.  The markedly negative oxygen 

isotope values for the breccia may indicate that the calcite spar cement was precipitated 

when fresh water was flushed through the rock during later uplift. 

Suggested Further Analyses 

The fine-grained draping layers that separate the Boquillas breccia deposit into 

several depositional units, and that blanket over the upper surface of the deposit, may 

hold a key to discovering the mechanism that generated this debris flow.  These layers 

contain more kaolinite than is typically found in Boquillas shale beds.  Scattered euhedral 

zircon grains were also found in the draping layers in this study.  Sanders (1988) 

described several other kaolinite-rich beds in the Boquillas Formation that he interpreted 

as altered volcanic ash beds.  However, some clay beds that are thought to be a result of 

alteration of atmospheric dust that falls out following meteor impacts also contain 

abundant kaolinite (e.g., Schulte et al., 2006).  Detailed analyses of the trace element 

composition of the draping layers (for example, using Instrumental Neutron Activation 

Analysis) could determine if their composition is compatible with debris derived from a 

meteoric impact or alteration of volcanic ash. 

Additional stable isotope analyses of calcite spar cement within the breccia as 

well as from lower and higher stratigraphic levels in the Boquillas Formation would be 

useful to determine whether the markedly negative oxygen isotope signature found in the 

present study resulted from an unusual reaction that took place at the time of deposition 
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and unique to the breccia bed, or a more widespread later process that occurred well after 

deposition.   

Continued search and examination of many more of the individual clasts in the 

breccia may reveal whether some of the clasts are ‘exotic’ to the Boquillas, and could 

establish that some represent ejecta of target rocks from the Sierra Madera crater.  

Contiued study of individual components of the breccia, particularly the iron-rich 

packstone clasts, would also be useful to further identify the iron-bearing mineral phases, 

as well as the wide peaks observed around 7 and 8 2θ of the draping layers.  This could 

help determine whether any of the clasts or draping layers contain unusual constituents 

not found elsewhere in the Boquillas and unique to the breccia. 
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