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ABSTRACT 

     Fluvial deposits in the Javelina and Black Peaks Formations in Big Bend National 

Park provide a stratigraphic sequence spanning the Cretaceous-Tertiary (K-T) system 

boundary.  The stable carbon and oxygen isotopic compositions of carbonate and organic 

matter from these deposits provide information on environmental change associated with 

the K-T boundary.  Carbonate samples are analyzed in groups based on their 

morphology, crystal fabric, and facies association.  The groups comprise pedogenic or 

ground-water carbonates, lacustrine or surface-water carbonates, early diagenetic 

carbonates, and late diagenetic carbonates.  Although the isotopic compositions of all 

groups overlap to some degree, and indicate that isotopic exchange may have occurred, 

distinct isotopic compositions are recognized for each group.  The pedogenic and 

lacustrine carbonates precipitated under similar conditions, and have δ18O values that 

span a range of about 5‰, suggesting precipitation from surface waters at varied 

temperature, or from waters concentrated to varied degree by evaporation.  Stratigraphic 

excursions (± 2‰) in carbonate δ18O values could reflect dramatic but brief temperature 

change (“greenhouse” events) or periods of more or less intense evaporation.  The 

pedogenic carbonates are slightly enriched isotopically relative to lacustrine carbonates 

and charophyte oogonia; and some contain inclusions of barite crystals, suggesting that 

soil waters were subject to evaporation.  Stratigraphic variation in δ18O, and the more 

negative values of Paleocene pedogenic carbonates compared to Cretaceous, could also 

be due in part to the coastal effect on meteoric waters resulting from sea level change.  

Both pedogenic and lacustrine carbonates have δ13C values indicative of precipitation 

from solutions in equilibrium with CO2 derived from decomposition of terrestrial plant 
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material.  The diagenetic carbonates likely precipitated under early shallow burial 

conditions and later during deep burial methanogenesis or hydrothermal conditions. 

     Particulate sedimentary organic carbon from alluvial mudstones and intact organic 

carbon extracted from fossil woods have isotopic compositions compatible with C3 

vegetation.  Carbon from alluvial mudstone and fossil wood differs in composition 

slightly, due perhaps to original differences between arborescent and understory 

vegetation, or varied contributions from different plant parts of local or allochthonous 

origin.  Average δ13C values of conifer and angiosperm woods differ by 2‰, and 

Cretaceous woods as a group are isotopically heavier than Paleocene woods.  No abrupt 

excursion in organic δ13C concides with the K-T boundary, but variation throughout the 

entire section could reflect temporal variation in vegetation type, source of organic 

matter, or atmospheric pCO2.  Estimated atmospheric pCO2 levels for the Late 

Cretaceous (1520 ppmV) are five times that for the Paleocene (370 ppmV).  Although 

this corresponds with cooler wetter conditions interpreted for the Paleocene on the basis 

of paleosols, the isotopic changes do not coincide with any change in alluvial sediment 

mineralogy, and it has not been possible to correlate isotopic excursions among the 

studied sections. 
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CHAPTER I 

BACKGROUND INFORMATION 

Introduction 

Upper Cretaceous and lower Tertiary strata in Big Bend National Park of southwest 

Texas provide a terrestrial sedimentary succession through the Cretaceous-Tertiary 

(“K/T”) system boundary (Lehman, 1990).  The K/T boundary is probably the most 

closely scrutinized stratigraphic interval in the rock record worldwide, because of its 

association with the mass extinction event that ended the “age” of dinosaurs, and 

particularly because evidence is found there that appears to record the impact of a large 

asteroid with Earth at that time (Alvarez et al., 1980; Hildebrand et al., 1991; Koeberl and 

MacLeod, 2002).  Most of the stratigraphic sections that preserve the K/T boundary 

around the world are found in marine strata (Silver and Schultz, 1982; MacLeod and 

Keller, 1996).  There are only a few places where the K/T boundary event appears to be 

preserved in terrestrial strata, primarily in the Western Interior of North America and in 

the Intertrappean Beds of India (Arens and Jahren, 2000; Hartman et al., 2002; Chatterjee 

et al., 2006). 

In the Western Interior of North America, most of what is known about terrestrial 

ecosystem change associated with the K/T boundary is actually based on intensive study 

of very limited exposures in the Hell Creek and Ft Union formations (or correlative 

strata) in eastern Montana, North Dakota, and parts of adjacent Canada (Eberth et al., 

2001; Hartman et al., 2002).  As a result, it remains uncertain whether conclusions 

regarding faunal and floral turnover and K/T environmental change in this small part of 

the northern Great Plains may be applicable elsewhere in North America. 

 1
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Very little is known regarding what may have taken place in more southerly latitudes 

in North America.  For example, a very fossiliferous and well studied section spans the 

K/T boundary in the San Juan Basin of northwestern New Mexico, but there is striking 

evidence for a disconformity at the boundary there (Fassett and Rigby, 1987).  In 

contrast, an iridium abundance anomaly, along with other geochemical and palynological 

evidence (the so-called “fern spike”) indicates that the K/T boundary event is preserved 

in the Raton Basin of northeastern New Mexico but the section there is otherwise poorly 

fossiliferous (Fassett and Rigby, 1987).  In the Big Bend region of southwestern Texas 

(hereafter referred to simply as “Big Bend”) a fossiliferous section spans the K/T 

boundary.  No obvious evidence for a disconformity exists in the section, and no iridium 

abundance anomaly or any other indication of the K/T boundary impact horizon has been 

detected (Lehman, 1990; Lehman and Busbey, 2007).  This is particularly puzzling in 

view of the fact that Big Bend preserves the closest non-marine section to the likely 

asteroid impact site near Chicxulub on the Yucatan Peninsula of Mexico (Koeberl and 

McLeod, 2002). 

What is known of the terminal Cretaceous fauna and flora in Big Bend, as well as at 

other southern latitude sites, is that they are remarkably different from those found in the 

northern Great Plains.  The major dinosaurian herbivores differ (Lehman, 2001), as do 

the dominant dicotyledonous and coniferous trees (Wheeler and Lehman, 2000; 2005).  

Furthermore, the Big Bend section appears to sample an “inland” environment several 

hundred kilometers from the shoreline, with well-drained semi-arid or at least subhumid 

fluvial flood-plain and lacustrine habitats (Lehman, 1989).  In contrast, the northern 

Great Plains sites sample poorly-drained “coastal” habitats adjacent to the shoreline 

 2
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(Arens and Jahren, 2000; Hartman et al., 2002).  As a result, the Big Bend section 

provides an opportunity to examine environmental change associated with the K/T 

boundary in low latitude inland habitats. 

In the present study, the stable isotope geochemistry and petrography of sediments 

spanning the K/T boundary in Big Bend are examined.  These data are compared with 

those obtained previously for the same strata, and with similar observations available for 

sites elsewhere in North America and worldwide.  The goal of this study is to evaluate 

the utility of isotopic data for interpretation of terrestrial ecosystem change at the K/T 

boundary, and to examine previous and alternative interpretations.  Stable carbon and 

oxygen isotope data are used to make inferences about climatic and environmental 

conditions.  Petrographic data are used to document changes in detrital sediment 

mineralogy that may correspond with climatic or environmental changes. 

 

Nature of the K/T boundary in Big Bend 

The K/T boundary interval in Big Bend is found within the Tornillo Group, near the 

contact between the Javelina Formation and overlying Black Peaks Formation (Lehman, 

1990).  A brief review of the history of study of this interval, and of the debate regarding 

the K/T boundary in Big Bend was recently given by Lehman and Busbey (2007).  Most 

of the research on the K/T boundary in Big Bend has focused on a single exposure – 

referred to as the “Dawson Creek” site in this report.  To date, no conclusive evidence for 

an iridium abundance anomaly, nor any other geochemical or mineralogical indicators of 

the K/T boundary (e.g., “shocked” quartz or microspherules) have been identified in the 

section.  Only one radiometric age determination has been made for this interval, a U/Pb 

 3
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age of 69 +/- 0.9 Ma obtained from monazite in a tuff bed found in the middle of the 

Javelina Formation, about 90 m below the K/T boundary at the “Grapevine Hills” site 

(Lehman et al., 2006).  Paleomagnetic data collected from the K/T boundary interval 

remain unpublished and of dubious value due to heavy magnetic overprinting and 

intervals of uncertain polarity (Standhardt, 1989; see also Lehman, 1990).  Very limited 

palynological work has been undertaken (Baghai, 1996), and virtually no study of the 

non-marine molluscan fauna found in the section.  As a result, the position of the K/T 

boundary is established here entirely on the basis of vertebrate fossils.  Because of 

uncertainties as to whether the Cretaceous vertebrates truly represent a “terminal” 

Cretaceous fauna (Lehman et al., 2006), and whether the Paleocene vertebrates represent 

an “earliest” Paleocene fauna (Puercan “Pu1” interval; see Lehman and Busbey, 2007) 

the possibility remains that an unrecognized hiatus may be present at the K/T boundary, 

which could explain the apparent absence of the boundary impact horizon here.  If a 

hiatus is present, it is not associated with any obvious lithologic feature.  The presence of 

a carbon and oxygen isotopic excursion, similar to that observed in marine strata at the 

K/T boundary, suggests that no hiatus is present (Ferguson et al., 1991; Nordt et al., 

2003).  Further detailed fossil collection and stratigraphic work are necessary to resolve 

these questions.  In the present study, it is assumed that no significant hiatus exists at the 

boundary. 

 

Stable Isotope Data and the K/T Boundary 

The stable isotope record in marine strata associated with the K/T boundary is well 

documented (Silver and Schultz, 1982; McLean, 1985).  Multiple exposures of marine 

 4
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strata on the continents and at oceanic (DSDP) sites show compelling evidence of a 

global oceanographic event resulting in a stable carbon and oxygen isotopic excursion at 

the boundary (the “Strangelove Ocean” of Hsu and McKenzie, 1985).  These have been 

variously interpreted to reflect dramatic warming of the oceans, cessation of primary 

productivity in the surface waters of the oceans, homogenization of the carbon isotope 

gradient from surface to deep waters, influx of organic carbon from terrestrial runoff, 

burning of a large part of the terrestrial biomass, or mantle degassing associated with the 

Deccan Traps volcanism (e.g., Arens and Jahren, 2000; McLean, 1985). 

Isotopic studies of the K/T boundary in terrestrial strata are relatively few, and vary in 

their association with depositional features interpreted in terms of the asteroid impact.  

Several sites reveal excursions in stable carbon and oxygen isotopic values across the 

boundary similar in timing and magnitude (-1 to -3.0 o/oo) to those observed in marine 

strata (Ferguson et al., 1991; Arens and Jahren, 2000; Nordt et al., 2003).  Isotopic 

studies of the terrestrial locations in North America have generally been interpreted to 

reflect a shift in atmospheric carbon isotope composition, increase in atmospheric CO2 

pressure, and warming (of about 4oC) preceding and coinciding with the K/T boundary 

(Arens and Jahren, 2000; Dworkin et al., 2005). 

 

Study Localities 

The K/T boundary interval can be fairly well constrained stratigraphically on the 

basis of vertebrate fossil collections at four sites in Big Bend National Park (Lehman and 

Busbey, 2007).  Although the K/T boundary interval is widely exposed in the Big Bend 

area, these four are the only sites at the present time where sufficient paleontological data 
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are available to bracket the K/T boundary between in situ Cretaceous and Paleocene 

fossil localities.  These four sites are referred to in this report as 1) Dawson Creek, 2) 

Dogie Mountain, 3) Grapevine Hills, and 4) Pterodactyl Ridge (Figure 1.1).  

Dawson Creek – The Dawson Creek site is 1 km west of the Park highway on the 

south side of Dawson Creek (USGS Terlingua 7.5’ quadrangle) near the west entrance of 

the Park.  This is the same site studied by Standhardt (1989), Lehman (1990), Vines 

(2000), and Nordt et al. (2003).  This area also includes the type locality of the pterosaur 

Quetzalcoatlus northropi (Lawson, 1975) and the type locality of the dicotyledonous tree 

Javelinoxylon multiporosum (Wheeler et al., 1994).  It is the most intensively 

investigated K/T boundary section in the Park (see review by Lehman and Busbey, 

2007).  The K/T boundary here may be constrained to a stratigraphic interval of about 30 

m (Figures 1.2 and 1.3).  Samples taken from this area are generally identified with the 

prefix “DC” (also “PM”, “WF”, and “RM”) in this report (see tables 3.1 to 3.9; 4.1 and 

4.3; 5.1; and 6.1 and 6.2). 

Dogie Mountain – The Dogie Mountain site is about 0.5 km north of the Park 

highway on the south side of Rough Run Creek, about 6 km from the west entrance of the 

Park.  This area includes the “Dogie” site described by Standhardt (1989, 1995) and the 

Rough Run “amphitheater” sites described by Lehman and Busbey (2007).  The K/T 

boundary here may be constrained to a stratigraphic interval of about 80 m (Figures 1.4 

and 1.5).  Samples taken from this area are generally identified with the prefix “DM” in 

this report (see tables 3.1 to 3.7; 4.1 and 4.3; 5.1 and 5.2; and 6.1 and 6.2). 

Grapevine Hills – The Grapevine Hills site is about 9.25 km north of the Park 

highway and south of Tornillo Creek, on the northwest flank of Grapevine Hills.  This 
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area includes the section studied in detail by Straight (1996), the juvenile Alamosaurus 

site described by Coulson (1998) and Lehman and Coulson (2002), the tuff bed analyzed 

by Lehman et al. (2006), and the “Hoplochelys Ridge” site mentioned by Lehman and 

Busbey (2007).  The K/T boundary here may be constrained to a stratigraphic interval of 

about 2 m (Figures 1.6 and 1.7).  Samples taken from this area are generally identified 

with the prefix “GH” (also “C”, “E”, “Y”, “BL”, “NGH” and “LAG”) in this report (see 

tables 3.1 to 3.6, and 3.8 to 3.9; 4.1 and 4.3; 5.1 and 5.2; and 6.1 and 6.2). 

Pterodactyl Ridge – The Pterodactyl Ridge site is about 2 km west of the Park 

highway, along the northern margin of Tornillo Flat.  This area includes the extensive 

Quetzalcoatlus bone-beds studied by Langston (Kellner and Langston, 1996; Lehman and 

Langston, 1996; and review by Lehman and Busbey, 2007).  The K/T boundary here may 

be constrained to a stratigraphic interval of about 80 m (Figures 1.8 and 1.9).  Samples 

taken from this area are generally identified with the prefix “PR” (also “BP”, “HW”, 

“JV”, “TF”, “NTF” , “SDF”, and “TMM”) in this report (see tables 3.1 to 3.6, and 3.8; 

4.1 and 4.3; 5.1 and 5.2; and 6.2). 

Most of the samples described in the present study were collected from these four 

major sites.  A few additional samples were obtained from nearby exposures of the K/T 

boundary interval elsewhere in the Park (as noted in the text). 

 

Geologic Setting 

The Javelina and Black Peaks formations accumulated in the Tornillo Basin, an 

intermontane basin that formed during the Laramide Orogeny (Lehman, 1991; Maxwell 

et al., 1967).  The basin was originally bounded on the southwest by the Chihuahua 
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Tectonic Belt (a fold and thrust belt), and on the northeast by the Santiago-Sierra del 

Carmen faulted monocline.  Both uplifted regions on either side of the basin exposed 

Lower Cretaceous strata consisting predominantly of limestone.  Topographic relief 

along the basin margins was very low during Late Cretaceous and Paleocene time; both 

Javelina and Black Peaks formations contain very little coarse extrabasinal detritus 

(Lehman, 1991).  Sandstones of both formations contain abundant fine-grained volcanic 

rock fragments and plagioclase indicating that the bulk of their alluvium was derived 

through erosion of distant volcanic rocks – probably in the Sierra Madre Occidental of 

Mexico.  Both formations consist predominantly of fluvial deposits – alternating channel 

sandstone intervals and overbank flood-plain mudstone intervals.  Paleocurrent data 

indicate that, throughout deposition of the Javelina and Black Peaks section, stream flow 

was to the southeast (Lehman, 1986; Schiebout, 1974). 

The Tornillo Basin was later disrupted by magmatic activity in late Paleogene 

(Eocene-Oligocene) time, and segmented into fault-bounded exposures as a result of 

Neogene Basin-and-Range extensional faulting (Maxwell et al., 1967).  The present 

physiography of Big Bend is dominated by the Mesa de Anguila fault scarp along its 

western border, the remnant extrusive rocks and lava domes of the Chisos Mountains, 

and the Sierra del Carmen and Santiago Mountains along the eastern border (Maxwell et 

al., 1967).  The K/T boundary strata (Javelina and Black Peaks formations) are primarily 

exposed along the flanks of two major tributaries of the Rio Grande (Terlingua Creek and 

Tornillo Creek) where the Paleogene extrusive rocks and Neogene and Quaternary 

alluvial cover have been locally removed by erosion. 
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Previous Petrologic Studies 

Few petrologic studies of the sandstones, mudstones, and carbonate beds of the K/T 

boundary interval have been documented.  Lehman (1985; and 1991) briefly described 

the petrography of sandstone beds in the Javelina Formation.  Point counts of nine 

sandstone thin-sections were used to obtain average percentages of quartz (33%), 

feldspars (21%), and lithic grains (46%).  Lehman (1989) also studied the mineralogy of 

Javelina mudstone beds and carbonate nodules.  Javelina mudstones are represented by 

gray and purple paleosols.  Gray horizons contain Ca-Mg smectite, quartz, plagioclase, 

and traces of illite and kaolinite.  Calcium carbonate nodules occur in paleosols as post-

depositional features and occur in both gray or olive (more abundantly), and purple or red 

(to lesser extents).  Schiebout (1974) described point count analyses of 13 sandstone 

samples taken from the Black Peaks Formation.  These were identified as feldspathic 

litharenites and lithic arkoses containing volcanic rock fragments as their most abundant 

lithic grains.  Clays were identified as montmorillonite and iron-rich chlorite (Schiebout, 

1974). 

Coulson (1998) described a limestone breccia bed, with gastropod steinkerns, 

charophyte oogonia, and burrow casts associated with the K/T boundary at the Grapevine 

Hills site.  Coulson (1998) and Lehman and Coulson (2002) recognized these deposits as 

lacustrine in origin. Vines (2000) described the clay mineralogy and elemental 

geochemistry of mudstone beds above and below the K/T boundary.  She found that 

mudstones spanning the K/T boundary are composed of quartz, calcite, plagioclase, with 

the main constituent clay mineral being smectite.  Geochemically, differences occur in 

major element abundances of varied color-banded horizons and are compatible with 
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buried soil profile interpretations.  White and Schiebout (2003) described the mudstone 

beds of the upper Black Peaks Formation (well above the K/T boundary interval) as 

containing mostly smectite and lesser amounts of kaolinite. 

    

Previous Stable Isotopic Studies 

Ferguson et al. (1991) documented stable carbon and oxygen isotope analyses of 

carbonate nodules and organic carbon across the K-T boundary interval at the Dawson 

Creek and Dogie Mountain localities.  Carbonate nodules showed an approximate - 2 o/oo 

shift of carbon isotopic ratios across the K-T boundary.  In contrast, organic carbon 

isotope values across the K/T boundary were reported as + 2.4 o/oo.  Coulson (1998) also 

reported a similar trend in carbon and oxygen isotope values in carbonate nodules from 

the Grapevine Hills section.  Ferguson et al. (1991) suggested that these terrestrial 

isotopic excursions corresponded to the negative shift observed in the marine isotopic 

record of the K/T boundary, although not of the same magnitude (+ 1.0 o/oo).  Mean 

annual atmospheric temperatures > 15° C were established based on δ18O values.  These 

preliminary analyses were interpreted to indicate that climate shifted from warm and dry 

during Late Cretaceous time to cool and wet in Paleocene time.  Evidence for this shift in 

climate is found in organic carbon analyses of Cretaceous samples which are lighter in 

δ13C than Tertiary samples.  Ferguson et al. (1991) suggested that this opposite trend may 

be the result of a shift in vegetation type with differing isotopic compositions, perhaps 

from C3-dominated plants in the Cretaceous to a mixture of C3 and C4 plants in the 

Tertiary. 
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Nordt et al. (2003) also described stable carbon and oxygen isotope data from 

carbonate nodules collected across the K/T boundary at the Dawson Creek site.  They 

concluded that isotopic ratios indicate two “greenhouse” episodes with elevated 

atmospheric CO2 pressures and elevated temperatures preceded the K/T boundary.  They 

suggest that the isotopic excursions indicate strong coupling between terrestrial climate 

and ocean temperatures and were a result of degassing from the Deccan Traps volcanic 

eruptions.  Nordt et al. (2003) also attempted correlation of isotope stratigraphic profiles 

with marine data obtained from benthic foraminifera. A “close but imperfect” correlation 

was observed (Nordt et al., 2003) between the Dawson Creek and marine isotopic 

profiles.  They suggest that this imperfect correlation may reflect two disconformities that 

represent approximately 0.8 and 1.8 m.y. of section missing within the Javelina 

Formation at the Dawson Creek locality.  Nordt et al. (2003) conclude that if these 

supposed disconformities are taken into account, the isotopic profiles at the Dawson 

Creek locality and marine localities may be correlated. 

 

Materials utilized for stable isotope analysis 

Samples used in the present study were collected during field excursions over a three 

year period (2004 – 2007).  The data obtained from these samples are combined with, and 

compared to, data obtained from additional samples collected at the same sites by 

Lehman (preliminary investigations reported by Ferguson et al., 1991) and Coulson 

(1998), as well as several former Texas Tech graduate students (see notes in appendices 

A through C).  Those samples collected by previous workers are indicated with asterisks 

along with their field numbers.      
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The isotopic investigation in the present study focuses primarily on two groups of 

materials.  These are: 1) sedimentary and diagenetic carbonates (dominantly calcite) 

suitable for carbon and oxygen isotopic analysis, and 2) organic carbon from sedimentary 

and paleobotanical (wood) materials suitable for carbon isotopic analysis.  Various types 

of both carbonate and organic carbon samples were analyzed and include the following: 

1) pedogenic and/or groundwater carbonate nodules – These are nodular masses of 

microcrystalline calcite that occur within mudstone intervals.  On the basis of their form 

and mode of occurrence, they are assumed to reflect carbonate precipitation that took 

place penecontemporaneously with deposition of the mudstone, and interstitally within 

the mudstone from soil water or ground water (see below). 

2) lacustrine carbonates – These are microcrystalline and pelloidal calcite layers and 

nodules that, on the basis of their form and mode of occurrence, appear to represent 

lacustrine limestone precipitated penecontemporaneously from surface water (see below).  

These include limestone beds with pelloidal texture, charophyte oogonia, and/or mollusc 

steinkerns, as well as similar fillings of invertebrate burrows (see below).  A few samples 

were also collected from the medullary cavities in vertebrate bones found in these beds. 

3) early diagenetic carbonates – These are calcite nodules, layers, veins, and coatings 

with distinctive radial-fibrous crystal texture.  On the basis of their form and mode of 

occurrence, these are assumed to represent early diagenetic void-fillings that precipitated 

from formation water under shallow burial conditions. 

4) late diagenetic carbonates – These are calcite cements with blocky equant or 

mosaic sparry textures that occur as interstitial cement in sandstone and within the 

internal medullary cavities of bones.  Their form and mode of occurrence suggests that 
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these represent late diagenetic void-filling cements that precipitated from formation water 

under deep burial conditions. 

5) hydrothermal carbonates – These are vein-filling and fracture-lining very coarsely 

crystalline calcite spars.  Their form and occurrence suggests that they precipitated from 

late-stage circulation of hydrothermal solutions through fractures in the strata, and that 

they post-date all other carbonate materials in the section. 

6) sedimentary organic matter – This is typically small (sub-millimeter scale) 

particles of organic matter that occur interstitially as original detrital grains mixed within 

mudstone.  This material is generally not readily visible or identifiable, and occurs in low 

concentrations (less than 1 or 2 percent by weight; e.g., see Lehman, 1989).  The mode of 

occurrence suggests that this is finely disseminated alluvial (allochthonous) organic 

material that accumulated along with the mudstone during deposition, and/or from 

decomposition of flood-plain vegetation that grew on or in the mudstone 

penecontemporaneously with its deposition.  Some samples were obtained from 

lacustrine as well as alluvial mudstones. 

7) organic matter from silicified and carbonized wood – This comprises identifiable 

organic matter obtained from “petrified” wood that accumulated as logs and branches 

during deposition of the section.  Some samples were obtained from woods that 

experienced only compression and remain simply carbonized; others were obtained from 

silicified woods (those with microcrystalline quartz precipitated interstitially within the 

vascular tissue).  All of the wood samples have been identified at least broadly as 

pertaining to either conifer or dicotyledonous trees.  Many are also identified 
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taxonomically, and correspond with sample identification numbers given by Wheeler et 

al (1994) and Wheeler and Lehman (2000, 2005).  

Where possible, samples of most materials were obtained from the outcrop below the 

surface weathering zone to reduce the potential for isotopic exchange with modern 

atmosphere or waters, or contamination with modern carbon.  Where this was not 

possible (e.g., bone and wood samples collected from the surface) an attempt was made 

to collect material for isotopic analysis from the freshly broken interiors of such 

specimens.  All samples are identified by field numbers, explained and recorded in tables 

in Chapters III and IV. 

 

Methods of sample preparation 

Carbonates – Samples of carbonate materials (1 through 5, above) were crushed or 

drilled to produce a powder using a mortar and pestle or Dremel tool.  After powdering, 

samples were prepared by conventional isotopic analysis methods.  To remove organic 

material, powdered carbonate samples of approximately 1 to 20 mg were heated at 450° 

C in a high-purity He stream.  After heating, samples were weighed out and reacted with 

100% phosphoric acid at 25.3° C overnight to produce CO2 for carbon and oxygen 

isotope analyses (McCrea, 1950). 

Organic carbon – To extract organic carbon, samples (6 and 7, above) were crushed 

into a powder using a mortar and pestle or shatter box (silicified woods only).  Powdered 

samples were then reacted with 12.5 M HCL to remove any carbonates.  After removal of 

carbonates, samples were centrifuged and decanted to leave only the organic residue.  

Samples were then dried and weighed out with cupric oxide, and an aluminum foil piece 
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as a catalyst for combustion.  Combustion of samples occurred at 800° C in a muffle 

furnace for over 5 hours.  The combustion produces CO2 from the reaction between the 

cupric oxide and organic residue and is analyzed for carbon isotopic values. 

All samples, unless otherwise noted, were prepared and analyzed at the Texas Tech 

Geosciences Stable Isotope Laboratory.  Gas samples were purified on a carbonate line 

and prepared for analysis on a SIRA-12 Ratio Mass Spectrometer.  All isotopic values in 

this study are reported relative to the international V-PDB standards.  Many of the 

samples were analyzed in duplicate for both carbon and oxygen isotope compositions. 

Values of δ18O and δ13C for all samples are given in appendices A through C. 
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Figure 1.1.  Map showing the location of K/T boundary sites discussed in this report. 1) 
Dawson Creek, 2) Dogie Mountain, 3) Grapevine Hills, and 4) Pterosaur Ridge (modified 
from Lehman, 2007). 
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Figure 1.2.  Stratigraphic section of Dawson Creek locality.  Samples collected from this 
locality are shown with their prefix and stratigraphic position.  Samples taken from this 
area are generally identified with the prefix “DC” (also “PM”, “WF”, and “RM”; 
modified from Lehman and Busbey, 2007). 
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Figure 1.3.  Geologic map of Dawson Creek locality.  Map shows collecting transect and 
contact of Cretaceous Javelina (K jf) and Tertiary Black Peaks (T bp) Formations.  Taken 
from Lehman (2007) 
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Figure 1.4.  Stratigraphic section of Dogie Mountain locality.  Samples collected from 
this locality are shown with their prefix and stratigraphic position.  Samples taken from 
this area are generally identified with the prefix “DM” modified  from Lehman and 
Busbey (2007).  
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Figure 1.5. Geologic map of Dogie Mountain locality.  Map shows collecting transect and 
contact of Cretaceous Javelina (K jf) and Tertiary Black Peaks (T bp) Formations.  Taken 
from Lehman (2007). 
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Figure 1.6.  Stratigraphic section of Grapevine Hills locality.  Samples collected from this 
locality are shown with their prefix and stratigraphic position.  Samples taken from this 
area are generally identified with the prefix “GH” (also “C”, “E”, “Y”, “BL”, and 
“NGH”; modified from Lehman and Coulson, 2002). 
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Figure 1.7. Geologic map of Grapevine Hills locality.  Map shows collecting transect and 
contact of Cretaceous Javelina (K jf) and Tertiary Black Peaks (T bp) Formations.  Taken 
from Lehman (2007) 
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Figure 1.8. Stratigraphic section of Pterosaur Ridge locality.  Samples collected from this 
locality are shown with their prefix and stratigraphic position.  Samples taken from this 
area are generally identified with the prefix “PR” (also “BP”, “HW”, “JV”, “TF”, “NTF”, 
“SDF”, and “TMM”; modified from Lehman and Busbey, 2007). 
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Figure 1.9.  Geologic map of Pterosaur Ridge locality.  Map shows collecting transect 
and contact of Cretaceous Javelina (K jf) and Tertiary Black Peaks (T bp) Formations. 
Taken from Lehman (2007) 
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CHAPTER II 

STRATIGRAPHY and SEDIMENTOLOGY 

 

Introduction 

Lehman and Busbey (2007) recently reviewed the history of stratigraphic studies of 

the K/T boundary interval in Big Bend.  The “Tornillo Clay” of Udden (1907), widely 

exposed in the Big Bend region, was originally thought to be entirely Cretaceous in age.  

However, following the discovery of Paleocene and Eocene vertebrate fossils in these 

beds, the renamed Tornillo Group was subdivided into three units (Javelina, Black Peaks, 

and Hannold Hill formations) with boundaries approximating the K/T and 

Paleocene/Eocene boundaries (Maxwell et al., 1967).  The geologic map of Big Bend 

National Park produced by Maxwell et al. (1967) shows the distribution of these 

formations, and has been in widespread use for 40 years.  The following account of study 

of the K/T boundary interval is paraphrased from the review given by Lehman and 

Busbey (2007). 

During the original mapping of the Tornillo Group in Big Bend during the 1950s 

and early 1960s, an attempt was made to place the Javelina - Black Peaks formational 

contact at the K/T boundary (Maxwell et al., 1967; see review by Wilson & Runkel, 

1989).  Later workers, using the 1967 geologic map of the park for guidance, therefore 

believed that strata shown as Javelina Formation were entirely Cretaceous in age and 

those shown as Black Peaks Formation were assumed to be entirely Paleocene in age.  In 

the late 1960s, J. Wilson and J. Schiebout documented the lowermost Paleocene faunas 

recovered from the Black Peaks Formation, and found that they represent a Torrejonian 
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(middle Paleocene) assemblage (see Wilson, in Maxwell et al., 1967; Schiebout, 1974).  

It was therefore reported at that time that the earliest Paleocene (Puercan) interval is 

absent in Big Bend, and that the K/T boundary here is unconformable.  So, in the early 

1970s it was generally believed that strata of earliest Paleocene age were either not 

deposited in Big Bend, or eroded away prior to deposition of the Black Peaks Formation. 

It was subsequently discovered, however, that the K-T boundary does not coincide 

with the position of the Javelina - Black Peaks formational contact as it was shown on the 

1967 map.  In the early 1970s, D. Lawson discovered an obviously Paleocene 

mammalian assemblage at a site (TMM 41400; “Tom’s Top”) in strata mapped as the 

Javelina Formation at the Dawson Creek site (Lawson, 1972).  In the early 1980s, R. 

Rainey found another Paleocene site (TMM 42327; “Dogie”) in strata mapped as Javelina 

Formation on Rough Run Creek near Dogie Mountain.  At least in the western part of the 

park, the K/T boundary was therefore somewhere within the upper part of the Javelina 

Formation as these strata were delineated on the 1967 map.  In the mid 1980s, B. 

Standhardt conducted a screen-washing effort at these two sites and at others within the 

Javelina Formation to document the vertebrate faunas within the K/T boundary interval 

(Standhardt, 1986).  At the same time T. Lehman, studying the sedimentology of the 

section, found that the K/T boundary coincided approximately with a transition between 

the lower “sandstone-dominated” part of the Javelina Formation and the upper 

“mudstone-dominated” part of the formation as it was mapped at the time (Lehman, 

1985). 

The “Tom’s Top” and “Dogie” sites, however, did not yield definitively Puercan 

taxa.  The “Tops Top” locality is almost certainly Torrejonian in age; at least two of the 
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taxa reported there by Standhardt - the dermopteran Mixodectes is an index for the 

Torrejonian, and the primate Palaechthon makes its first appearance in Torrejonian strata 

elsewhere in North America.  In contrast, several of the taxa reported from the “Dogie” 

locality by Standhardt (1986, 1995) are known only from Puercan strata elsewhere in 

North America (e.g. the arctocyonid Baioconodon and triisodontid Eoconodon) or last 

appear elsewhere in Puercan strata (e.g. the multituberculates Cimolodon and Viridomys).  

But some “Dogie” taxa (e.g. the cimolestid Gelastops and carnivore Protictis) identified 

by Standhardt first appear elsewhere in the Torrejonian.  If the “Dogie” site is indeed 

Puercan in age, it is likely no older than “middle” Puercan (Pu2 interval zone) because 

the condylarths reported by Standhardt (e.g. Ellipsodon, Haploconus, and Periptychus 

(=Carsioptychus) all make their first appearance in the Pu2 interval zone elsewhere in 

North America (e.g., Lofgren et al., 2004). 

Both “Tom’s Top” and “Dogie” sites are, however, about 20 m (“Tom’s Top”) to 

almost 80 m (“Dogie”) above the highest occurrence of dinosaur bones in those areas, 

leaving open the possibility that earliest Paleocene (Pu1) sites might be present in the 

region, but have yet to be discovered (Figure 2.1).  Despite repeated prospecting of the 20 

to 80 meter stratigraphic interval between the highest in-situ dinosaur bones and lowest 

Paleocene mammal sites in the “Tom’s Top” and “Dogie” site areas, no significant 

additional sites have been identified there.  In the early 1990s, T. Lehman and W. 

Alvarez searched for the iridium abundance anomaly, “tsunami bed,” and other possible 

physical or geochemical evidence for the K/T boundary impact horizon; and although a 

hint of the iridium anomaly was detected, no definitive discoveries were made (Lehman, 

1990).  In the mid 1990s, Lehman began a mapping project to delineate the extent of 
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units within the Tornillo Group, since it was clear that the Javelina - Black Peaks contact 

was shown inconsistently on the 1967 geologic map of the park, and that the K-T 

boundary does not coincide with a lithologically distinct or mappable contact in any case.  

As part of this effort, many additional exposures of the K-T boundary interval were 

examined.  It became clear that extensive exposures shown on the 1967 map as Javelina 

Formation were actually correlative with Black Peaks and younger strata.  W. Straight 

(1996) helped resolve this stratigraphic dilemma by pointing out that only the lower 

“sandstone-dominated” interval is mapped as Javelina Formation below the type section 

of the Black Peaks Formation; the upper “mudstone-dominated” interval (including the 

K-T boundary zone) is actually included within the lower part of the Black Peaks there 

(Straight, 1996).  In recent mapping efforts (Lehman, 2002; 2004) the Javelina - Black 

Peaks contact is shown consistently at that position (as originally mapped in the Black 

Peaks Formation type section); this is the only lithologically and physiographically 

distinct contact practical for mapping purposes.  On the geologic maps and sections 

shown in this report, the K/T boundary is therefore within the lowermost Black Peaks 

Formation. 

In the late 1990s, while excavating an Alamosaurus skeleton (TMM 43621-1) near 

Grapevine Hills, a Paleocene mammal tooth was found 2 meters above the sauropod 

skeleton (see Lehman & Coulson, 2002; Coulson, 1998; Straight, 1996).  This exposure, 

referred to as the “Grapevine Hills” site in this report, provides the tightest stratigraphic 

constraints on the K/T boundary discovered anywhere in the Park thus far.  The 

lowermost Paleocene site (aka “Hoplochelys Ridge”, see Figure 1.6) has yet to produce 

any additional mammal teeth; although at this point the site has only been surface-picked.  
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A thorough screen-washing project at this site may ultimately resolve whether or not an 

earliest Paleocene fauna occurs in Big Bend.  A definitive Torrejonian fauna (TMM 

43380; with the condylarth Periptychus carinidens) occurs about 40 m above 

“Hoplochelys Ridge” (Straight, 1996; see Figure A.5).  Most recent studies of 

mammalian biostratigraphy (e.g., Lofgren et al., 2004) report that a definitive early 

Puercan (Pu1) vertebrate fauna has not been discovered in Big Bend.   

 

Stratigraphy 

The Javelina Formation is underlain by the Aguja Formation and overlain by the 

Black Peaks Formation (Figure 2.2).  The Aguja-Javelina contact is placed at the base of 

the lowermost sandstone bed containing clasts of chert gravel (Lehman, 1988).  This 

change in clast composition typically also coincides with a change in color of the 

associated mudstones from yellow or tan (Aguja) to purple and gray (Javelina).  The 

Javelina Formation consists of a series of thick mudstone intervals alternating with 

sandstone beds that hold up resistant ridges.  The Javelina-Black Peaks boundary is 

placed at the top of a sandstone bed, above which the mudstones have distinctive black 

bands (Lehman, 1988; Vines, 2000).  The appearance of these black bands in the alluvial 

mudstones typically coincides with the highest occurrence of dinosaur bones in the 

section, and with the K/T boundary interval. 

Fluvial sandstone beds are more abundant in the Javelina Formation and become thin 

and lenticular across the K/T boundary into the lower part of the Black Peaks Formation. 

As a result, the Javelina-Black Peaks contact occurs at a physiographic change from a 

prominent ridge-forming unit (top of the Javelina) to the slope-forming section in the 
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base of the Black Peaks.  The formation contact is placed at the top of this ridge-forming 

sandstone above which black bands are found in the mudstone beds.  The contact 

between the Black Peaks Formation and overlying Hannold Hill Formation is placed at 

the base of a distinctive coarse cobble conglomerate (the Exhibit Ridge Sandstone 

Member; Beatty, 1992; Lehman and Busbey, 2007). 

The Javelina Formation ranges in thickness from about 85 m up to about 200 m 

(Lehman, 1991).  The formation is relatively thinner at some western exposures and 

thicker to the east, likely due to syndepositional variation in subsidence rates.  There is 

also a subtle facies change within the Javelina Formation from west to east.  Strata 

exposed on the west side of the region are almost entirely fluvial facies consisting of pale 

gray or yellow friable sandstone beds with intervening gray and purple banded mudstone 

beds with paleosols.  To the east, the section includes more extensive lacustrine beds, 

drab olive green and dark brown interbedded siltstones, and fewer paleosols within the 

mudstones. 

Only the lower part of the Black Peaks Formation was investigated in the present 

study.  The entire thickness of the Black Peaks is only preserved on Tornillo Flat; 

elsewhere, Eocene or younger strata rest unconformably on the Black Peaks and only the 

lower part of the formation is present.  The maximum thickness of the Black Peaks 

Formation was given as 264 m by Maxwell et al. (1967); however, Schiebout (1974) 

determined a much lower thickness (170 m) for the same section.  Straight (1996) found a 

thickness of approximately 265 m at the Grapevine Hills site.  The part of the Black 

Peaks Formation present at the Dawson Creek and Dogie sites is approximately 75 and 

130 m thick, respectively. 
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Sedimentology  

Both the Javelina and Black Peaks formations consist mostly of fluvial facies, with 

overbank flood-plain mudstones comprising the bulk of the deposits (65% = Javelina - 

based on the average of 9 sections; and 88% = Black Peaks - based on the average of 3 

sections studied by Lehman, 1991).  Interbedded lenticular fluvial channel sandstone 

beds comprise about 35 % and 12% for the Javelina and Black Peaks, respectively of the 

sections studied by Lehman (1991).  Lacustrine facies are the least abundant.  The Black 

Peaks Formation contains fewer sandstone beds, and those in the lower part of the 

formation tend to be thinner and more lenticular than in the Javelina.  The Black Peaks 

sandstone beds also have fewer large extrabasinal chert clasts (Lehman, 1991). 

The sandstone intervals occur as lenticular units averaging approximately 6 m in 

thickness and rarely exceeding 10 m, interpreted as stream channel deposits.  Channel 

sandstones typically have a basal conglomerate lag of reworked carbonate nodules, 

fragments of wood and bone, and sparse chert pebbles.  Sandstone intervals are typically 

medium- to very fine-grained, and fine-upward.  Colors vary from pale yellowish white 

to light gray, and weather beige to brown.  Some sandstone beds contain significant clay 

matrix. Sedimentary structures consist of low-angle trough cross-bedding, parallel 

lamination, and ripple cross-lamination (Figure 2.3).  Thin sandstone beds, a meter or less 

in thickness, are interpreted as overbank crevasse splay deposits (Figure 2.4). 

The mudstone intervals are much thicker, massive (structureless) in general 

appearance, and exhibit striking color bands (Lehman, 1989; Coulson, 1998; Vines, 

2000).  These are interpreted as fluvial overbank deposits that accumulated in flood-plain 

environments.  The mudstone color bands in the Javelina Formation range from purple or 
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reddish-brown, to pale gray, dark gray, or olive green (Figure 2.5).  Those in the Black 

Peaks Formation tend to be more regular and striking in appearance, with more brilliant 

red and black bands.  The color bands are interpreted as alluvial paleosol horizons 

(Schiebout, 1974; Lehman, 1989, 1990; Vines, 2000; White and Schiebout, 2003; Nordt 

et al., 2003).  The mudstones exhibit coarse subangular blocky, coarse granular, or 

slickenside structures (developed along illuviated clay coatings) as predominate 

structures (Lehman, 1989; Vines, 2000).  Primary depositional stratification is present in 

places as discontinuous laminations of very fine sand and silt.  The mudstones are 

dominated by smectite, quartz, and plagioclase (Schiebout, 1974: Lehman, 1989; 1990; 

Vines, 2000; White and Schiebout, 2003).  

Carbonate nodules (Figure 2.6) occur throughout many of the mudstone layers.  The 

nodules are particularly abundant in red and purple mudstones (Figure 2.7), and absent in 

black mudstones (Schiebout, 1974; Vines, 2000).  The carbonate nodules occur as light 

gray, off-white, or pink microcrystalline calcite, sometimes with central radial cracks 

filled with coarser mosaic calcite spar.  Some nodules possess lenticular crystalline 

calcite (possible pseudomorphs of gypsum crystals) or barite crystals within their core 

surrounded by a microcrystalline calcite matrix (Figure 2.8 and 2.9).  Others exhibit 

radial fibrous crystal habits with organic inclusions (Figure 2.10).  Lehman (1989) 

recognized six types of carbonate nodules that he interpreted as pedogenic (petrocalcic) 

deposits.  The radial fibrous variety is, however, atypical of pedogenic calcite, and 

Lehman (1989) speculated that these may be lacustrine in origin. Dworkin et al. (2005) 

interpreted all of these nodules as pedogenic in origin.  Some large dense carbonate 

nodules with radial fibrous fabric, found in Black Peaks mudstones appear to contain 

 32



                   Texas Tech University, David Rodger Schmidt, May 2009       

witherite or siderite.  The nodules exhibit different external morphologies from small 

evenly dispersed spherical forms, to irregular aggregates, and sheet-like accumulations 

about 10-15 cm thick.  Some include rhizoconcretions and burrows (Lehman, 1989). 

These nodules lack associated invertebrate fauna typical of lacustrine carbonates. 

Lacustrine deposits are generally uncommon in the Javelina Formation.  No definitive 

examples have been found above the K/T boundary interval in the Black Peaks 

Formation; however, fillings of invertebrate burrows are observed.  The lacustrine 

deposits consist of rhythmically-bedded layers of alternating mudstone and siltstone, 

usually drab olive green and dark brown in color, with abundant vertical and horizontal 

burrows of soft-bodied invertebrates (Lehman, 1989).  The lacustrine deposits also have 

thin beds of nodular or brecciated carbonate.  The carbonates tend to have a pelloidal or 

“pustular” texture and contain molds or steinkerns of freshwater mollusks (small bivalves 

and several varieties of low- and high-spired gastropods), charophyte oogonia, and casts 

of invertebrate burrows.  These deposits are interpreted as shallow ephemeral ponds or 

lakes that developed on the flood-plain or in abandoned channels (Lehman and Coulson, 

2002). 

 

Depositional Environments 

The deposits of the Javelina and Black Peaks formations record a meandering fluvial 

depositional system (Schiebout, 1974; Lehman, 1985, 1989, 1991; Atchley et al., 2004).  

The abundance of overbank deposits indicates that this was a suspended load or mixed 

load system; however, stratification types within the stream channel deposits suggests 

that flow fluctuated dramatically, and may have been ephemeral at times (Straight, 1996).  
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The more lenticular channel deposits associated with the K/T boundary interval may 

record a time of reduced lateral channel migration. 

The floodplain deposits include paleosols interpreted as Alfisols by Lehman (1989; 

1990), and thought to be indicative of semi-arid or subhumid climate.  Atchley et al. 

(2004) also interpreted the better differentiated paleosols as Alfisols, with the lesser 

developed examples as Entisols, Inceptisols, or Vertisols.  The abundant petrified woods 

found in stream channel and overbank facies indicate that the flood-plains supported a 

tropical evergreen forest (Wheeler and Lehman, 2000).  The lacustrine deposits indicate 

that small bodies of water developed on the flood-plain or in abandoned stream channels 

periodically. 

Stable oxygen isotope analyses of the carbonate nodules from paleosols suggest an 

approximate mean annual temperature above 15º C (Ferguson et al., 1991); Dworkin et 

al. (2005) suggested an average temperature of about 18o C.  Lehman (1990) estimated an 

average annual precipitation of 93 to 96 cm/yr for the Late Cretaceous paleosols, and 183 

to 234 cm/year for the Paleocene paleosols, based on the average depth of the carbonate 

nodule accumulations from the presumed paleosol surface, and correlation between 

rainfall and depth of carbonate accumulation in modern soils.  Periods of drier conditions 

may be indicated by the presence of gypsum crystals and similar pseudomorphs within 

some of the carbonate nodules.  Some features of the paleosol profiles suggest 

development under alternating dry, warm periods with cool wet periods (Lehman, 1989).  

Growth rings indicative of strongly seasonal climate are, however, not observed in any of 

the dicotyledonous wood types found in these deposits, although growth rings are found 

in the conifer woods (Wheeler and Lehman, 2000, 2005).  The distinctive black paleosols 
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associated with the K/T boundary interval and higher in the Black Peaks Formation may 

record periods of reduced sedimentation rate and more extended episodes of soil 

development, and cooler wetter climate. 
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Figure 2.1. Stratigraphic columns of Dogie Mountain and Dawson Creek showing 
“Dogie” and “Tom’s Top” mammalian fossil sites (from Lehman and Busbey, 2007). 
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Figure 2.2.  Stratigraphic nomenclature of Upper Cretaceous and Early Tertiary strata in 
the Tornillo Basin and positions of the four stratigraphic sections investigated in this 
report (from Wheeler and Lehman, 2005). 
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A.       B.  

C.  

Figure 2.3.  Typical sedimentary structures in fluvial channel sandstone units of the 
Javelina Formation, including: A. climbing ripple cross-lamination (Javelina Formation, 
Pterodactyl Ridge), B. small scale cross-lamination (Javelina Formation, Grapevine 
Hills), and C. normally-graded conglomeratic channel lag deposits (below) and parallel-
laminated sandstone (above) (Javelina Formation, Pterodactyl Ridge). 
 
 
 

 

Figure 2.4.  A thin sandy overbank crevasse splay deposit (the light buff-yellow bed in 
the center of the photograph, just above hammer), with drab alluvial flood-plain 
mudstone above and below (Javelina Formation, Dogie site). 
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Figure 2.5.  Multicolored mudstones and interbedded sandstone in the Javelina Formation 
at the Dogie Mountain site. 
 
 
 
 

 

Figure 2.6. A typical botryoidal carbonate nodule weathering free from mudstone in the 
Black Peaks Formation at the Dawson Creek site. 
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Figure 2.7. Typical maroon mudstone interval with clusters of white carbonate nodules 
weathering free in the Javelina Formation at the Dawson Creek site. 
 

 

 

Figure 2.8. Photomicrograph showing interior of carbonate nodule with included gypsum 
crystals surrounded by microcrystalline calcite (cross-polarized light, width of field of 
view is 2 mm.  Sample LAG-1 from Javelina Formation, Grapevine Hills site. 
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Figure 2.9. Photomicrograph of interior of carbonate nodule showing areas of 
microcrystalline calcite (stained pink) and probable dolomite (unstained) associated with 
gypsum crystals (plane-polarized light, width of field of view is 2 mm.  Sample LAG-1 
from Javelina Formation, Grapevine Hills site. 

 

 
 

 

Figure 2.10. Large carbonate nodule with internal radial fibrous crystal habit in the 
Javelina Formation at the Dogie Mountain site. 
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CHAPTER III 

STABLE ISOTOPE GEOCHEMISTRY OF CARBONATES 

 

Carbonate Sample Groups  

Samples of carbonate materials collected from the K/T boundary interval in Big Bend 

are divided for analysis and interpretation into several groups based on their likely origin.  

The samples are assigned to each group based on their external morphology, internal 

crystal habit, and sedimentary facies association.   

Pedogenic and ground-water carbonates (group 1) – Carbonates of this group 

occur as nodules of predominantly microcrystalline calcite within flood-plain mudstone 

(Figure 3.1).  The microcrystalline calcite typically has an irregular clotted texture with 

included clay and silt grains.  Irregularly shaped, elongate nodules with this crystal 

texture are thought to represent rhizoconcretions.  Vertebrate bones found in flood-plain 

mudstones are commonly surrounded by masses of carbonate with this form.  Such bones 

commonly exhibit “explosive” expansion cracks indicating that the carbonate 

precipitation occurred under low confining pressure.  This form of carbonate is thought to 

represent an early (penecontemporaneous) precipitate of soil-water or shallow ground-

water. 

Lacustrine or surface-water carbonates (group 2) – Carbonates of this group occur 

as thin layers, nodules, or burrow-fillings (Figure 3.2 A) of microcrystalline calcite with 

pelloidal or pustular texture, associated with charophyte oogonia and/or steinkerns of 

fresh-water gastropods (Figure 3.2 B).  The thin limestones of this type exhibit 

penecontemporaneous “soft-sediment” brecciation.  Calcite assigned to this group is also 
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found as a thin external coating on vertebrate bones collected from lacustrine facies, and 

within the medullary cavities of bones.  The “pustular” texture exhibited in some 

examples of this microcrystalline calcite where it fills burrows and coats bones is 

suggestive of that produced by microbial activity.  Individual examples of gastropod 

steinkerns, and bulk samples of charophyte oogonia picked from disaggregated limestone 

were analyzed separately.  These forms of carbonate are thought to represent early 

(penecontemporaneous) precipitates of surface-water in shallow lakes or ponds. 

Carbonates of uncertain origin (group 1 or 2) – Some nodules, columnar masses, 

and possible burrow-fillings, primarily from Tertiary deposits, cannot be confidently 

assigned to either group 1 or group 2.  These likely represent either pedogenic, ground-

water, or lacustrine carbonates (i.e. not diagenetic precipitates).  Some morphologies are 

similar to burrow-fillings, but could also represent rhizoconcretions (Figure 3.3). 

Early diagenetic carbonates (group 3) – This form of carbonate occurs as thin 

layers, nodules, and fracture-fillings having radial-fibrous calcite crystal habit.  Calcite 

with this crystal habit is occasionally found as an external coating surrounding carbonates 

of group 1 and 2 (Figure 3.4).  It is also found as a post-compaction coating on vertebrate 

bones and filling post-compaction fractures in both fluvial and lacustrine facies.  It 

therefore must have precipitated following consolidation of the sediment.  It is thought to 

represent an “early” diagenetic precipitate because examples with this crystal habit are 

also found (along with more typical group 1 nodules) reworked within the basal lag 

deposits of stream channel facies, and so must have formed within the typical depth of 

erosional scour. 
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Late diagenetic carbonates (group 4) – These are coarsely crystalline sparry 

calcites that occur as cementing agent in sandstone (Figure 3.5 A), filling the medullary 

cavities of vertebrate bones, and filling vertical fractures that transect all sedimentary 

facies (Figure 3.5 B).  This form of calcite is thought to represent a “late” diagenetic 

precipitate because, where it occurs along with other calcite types, the cement 

“stratigraphy” indicates that it was the last to precipitate.  It fills post-compaction 

intergranular pore spaces in sandstones.  Sandstones with less than 10 % carbonate 

detrital grains (as determined by thin-section point counts) were chosen to analyze 

cement isotopic compositions, in order to avoid contamination by detrital carbonate as 

much as possible.  Very coarsely crystalline sparry calcite also fills fractures that transect 

younger (Eocene-Oligocene) strata and volcanic rocks, where it appears to be of 

hydrothermal origin.  It is likely that calcites of this group precipitated over an extended 

period following deposition and under differing conditions. 

 

Previous Data 

     Analyses for 55 carbonate samples, most of which (22) are of Cretaceous and (17) 

Tertiary pedogenic carbonates, are available in Ferguson et al. (1991) and Coulson 

(1998).  Analyses for 16 samples of lacustrine limestone, microcrystalline and radial 

fibrous calcite concretions, and calcite spar are available in an unpublished report by 

Upton (1995) and in Coulson (1998).  The collection sites, sources, and analysts for these 

data are shown in tables 3.1 to 3.8. 
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Cretaceous Carbonate Isotope Analyses  

Analyses for a total of 102 carbonate samples, including those determined previously 

(Appendix A), are available for Cretaceous strata.  These represent all four carbonate 

groups (Figure 3.6).  The isotopic data for each carbonate group are discussed separately 

below. 

Pedogenic and ground-water carbonates (group 1) – Presumed pedogenic and/or 

ground-water carbonate δ18O values range from -2.3 to -7.4 o/oo with an average value of -

4.6 o/oo and a standard deviation (s) of 1.0 o/oo (n = 34; Table 3.1); most of the values fall 

between -3 to -5 o/oo, with samples LAG2, LAG4, GH-4, DMc-4 and DMc-5 as outliers.  

Although samples LAG2, LAG4, and DMc-4 lie outside the range of -3 to -5o/oo, they 

plot close to a least-squares regression line (y = 0.5387x - 6.8165) indicating they are not 

true outliers.  Carbon isotope values range from -5.1 to -13.1 o/oo with an average of -9.3 

o/oo, and s = 1.3 o/oo (Table 3.1); but most of the values fall between -7 to -11 o/oo with 

again samples GH-4 and DMc-5 as outliers.  A least-squares regression yields y = 

0.5387x - 6.8165 (Figure 3.7) with a correlation coefficient (r) = 0.4.  Approximately 78 

% of Group 1 plot within one standard deviation of the mean. 

The δ18O average was recalculated excluding the outliers with significantly lighter 

values and provides a mean of -4.2 o/oo.  The outliers reflect samples that precipitated 

under different conditions, or isotopic values that were reset during diagenesis processes 

(see discussion below).  Carbon and oxygen values are weakly correlated.  With outliers 

removed from the data set, the slope of a least-squares regression (y = 0.1532x - 8.5115; 

Figure 3.8) is nearly zero. 
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Lacustrine or surface-water carbonates (group 2) – Overall, presumed lacustrine 

carbonates have a broader and more evenly distributed range of oxygen isotope values 

compared to group 1 (Figures 3.7 and 3.9).  Group 2 δ18O values range from -3.7 to -9.5 

o/oo with an average of -5.3 o/oo and s = 1.4 o/oo (Table 3.2); however, most fall above -7 

o/oo with samples HW-13 and HW-19 as outliers.  Both of these are microcrystalline 

calcite samples that filled void spaces from the interiors of vertebrate bones.  Both sparry 

and microcrystalline calcites occupy small void spaces within these bones, and it is 

possible that these two samples inadvertently included some diagenetic (group 3 or 4) 

carbonate. 

Carbon isotopic compositions of lacustrine carbonates exhibit a tight distribution, 

from -7.0 to -11.1 o/oo with an average of -9.7 o/oo, and s = 0.8 o/oo and with sample JV-16 

as a possible outlier (Table 3.2).  The oxygen and carbon isotope ratios for group 2 do not 

appear to be correlated.  While oxygen values vary broadly, corresponding carbon values 

vary little.  As a result, a least-squares regression (y = 0.0946x - 9.1937 with correlation 

coefficient = 0.23) exhibits very low slope (Figure 3.10).  

Because lacustrine carbonates are comprised of various materials (burrow fillings, 

limestone beds, steinkerns, charophyte oogonia, coatings on bones), each distinct 

carbonate constituent was plotted separately to observe any differences in isotopic 

composition (Figure 3.11).  In general, individual constituents overlap considerably in 

isotope values.  Brecciated limestone and microcrystalline calcite samples make up most 

(67 %) of the group 2 carbonates, and both show significant ranges in oxygen isotopic 

composition.  Brecciated limestone isotope values have the widest range compared to the 

other constituents. Microcrystalline calcites have slightly lower δ18O values compared to 
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the brecciated limestones, but this is largely due to the two outliers (HW-13 and -19; 

Figure 3.10).  Gastropod steinkerns comprise approximately 23 % of group 2, and only a 

few samples of burrow-fillings and charophyte oogonia were analyzed.  These samples 

overlap significantly with other group 2 data. 

Many of the lacustrine carbonate samples (group 2) appear morphologically similar to 

pedogenic/ground-water carbonates (group 1), and without the remains of freshwater 

organisms they are difficult to distinguish.  Their isotope ratios are, however, slightly 

different (Figure 3.9).  Although there is significant overlap between the groups, the 

lacustrine carbonates have lower oxygen isotopic ratios, and the mean is 0.8 o/oo lower 

(Figure 3.9).  The carbon isotopic ratios also overlap, but lacustrine carbonates are again 

slightly lower, with the mean 0.5 o/oo lower.  It is possible therefore that the outliers 

among the presumed pedogenic carbonates (GH-4 and DMc-4) represent lacustrine 

carbonates that were misidentified. 

Early diagenetic carbonates (group 3) – Of the four carbonate groups, the fewest 

samples are available for group 3 – the nodules, coatings, and veins exhibiting radial-

fibrous crystal fabric, and presumed to be of early diagenetic origin (Figure 3.12). The 

δ18O values for early diagenetic calcites exhibit a broad range from -4.2 to -10.5 o/oo with 

an average of -7.5 o/oo, and s = 1.7 o/oo (Table 3.3).  Because there are relatively few 

analyses, it is difficult to determine whether the extreme values represent unusual 

outliers.  The carbon isotopic ratios also range broadly from -1.8 to -16.3 o/oo with an 

average of -8.3 o/oo, and s = 3.4 o/oo (Table 3.3).  Again, the few analyses make it difficult 

to interpret their distribution; however, in this case, several of the carbon isotopic values 

(TMM-41, DM-15B2) appear to fall well outside the range of others.  Samples with 
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extremely low (-16.1 o/oo) and high (-1.8 o/oo) δ13C values do not coincide with those 

having extreme δ18O values, however. 

There does not appear to be any correlation between oxygen and carbon isotopic 

compositions (Figure 3.13).  Those group 3 carbonates that nucleated on pedogenic 

(group 1) carbonate nodules exhibit the distinctly higher carbon isotopic compositions (-1 

to -5 o/oo δ13C; Figure 3.13).  The group 3 bone coatings exhibit lower carbon values (-8 

to -16 o/oo δ13C; Figure 3.13).  Most of the remaining samples have isotopic compositions 

that generally overlap with those of pedogenic and lacustrine carbonates; however, the 

mean δ18O value is over 2o/oo lower, and the mean δ13C value is about 1 o/oo higher.  The 

wide range of values suggests that these radial-fibrous calcites, while morphologically 

similar, actually precipitated under varied conditions. 

Late diagenetic carbonates (group 4) – More variability occurs in both δ18O and 

δ13C values for late diagenetic carbonates than for any of the other groups (Figure 3.14).  

Oxygen isotope ratios range from -4.2 to -13.2 o/oo with an average of -9.3 o/oo, and s = 

2.4o/oo (Table 3.4).  Some of the late diagenetic δ18O values overlap with those of groups 

1, 2, and 3; however, these also extend to lower values, and the mean is from 2 to 5 o/oo 

lower than in the other groups.  The δ13C values for late diagenetic carbonates range from 

-0.7 to -10.9 o/oo with an average of -7.3 o/oo, and s = 2.9 o/oo (Table 3.4).  These also 

overlap particularly with δ13C values for early diagenetic carbonates (group 3), but tend 

to be higher, and the mean is from 1 to 2 o/oo higher than in the other groups. 

There is no apparent correlation between oxygen and carbon isotopic values for the 

late diagenetic carbonates (Figure 3.15).  The various carbonate constituents of group 4 

(vein calcite, coarse crystalline calcite in void spaces of bone, and sandstone cement) 
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were plotted separately to observe any isotopic differences (Figure 3.15).  Many of the 

vein calcites exhibit a tight cluster with the lowest δ18O values and little variation in δ13C, 

but with one outlier that falls in the range typical for groups 1 and 2.  Sandstone cements 

exhibit two clusters, one with very high δ13C values, and the other falling in the range 

typical for groups 1 and 2.  The four samples of sparry calcite taken from void spaces 

within bone have δ18O and δ13C values similar to those of groups 1 and 2 (Figure 3.6).  

The wide range in values, and separate data clusters for late diagenetic carbonates 

indicates that they likely precipitated at different times and/or from different waters. 

 

Tertiary Carbonate Isotope Analyses 

A total of 77 analyses are available for Tertiary carbonates, including previously 

collected data.  Three of the carbonate groups described above are found in Tertiary 

strata.  Only pedogenic or ground-water carbonates (group 1) occur abundantly; early 

(group 3) and late (group 4) diagenetic carbonates are represented by few samples. 

Lacustrine (group 2) carbonates have not been confidently identified in the Tertiary 

section.  Several samples collected from Tertiary strata exhibit morphologies similar to 

lacustrine carbonates, but their origin is difficult to discern because they lack diagnostic 

invertebrate or trace fossils.  Therefore, an “uncertain” designation (group 1 or 2) is 

applied to some Tertiary samples.  The data for all groups are plotted to show their varied 

isotopic compositions (Figure 3.16). 

Pedogenic and ground-water carbonates (group 1) – Oxygen isotopic values for 

Tertiary pedogenic carbonates range from -3.3 to -11.2 o/oo with an average of -5.5 o/oo 

and s = 1.6 o/oo (Table 3.5; Figure 3.17).  Most of these (47) form a group from -3 to -7 
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o/oo.  The remaining five samples (GH-8, -10, -11, -M4C1CX, and –M4C1D) are 

significantly lower outliers (-8 to -11 o/oo) and all are from the Grapevine Hills section.  

These may have experienced diagenetic alteration (see discussion below).  Possible 

explanations of outliers will be explored along with the interpretation of carbonate stable 

isotope values (Chapter V).  The mean δ18O value, excluding the four outliers is - 5.2 o/oo.  

Carbon isotopic values range from -7.2 to -14.0 o/oo with an average of -10.6 o/oo and s = 

1.3 o/oo (Table 3.5).  These have a normal distribution with no striking outliers.   

There appears to be a crude correlation between carbon and oxygen isotopic values 

(Figures 3.17 and 3.18).  A least-squares regression yields y = 0.7692x - 6.5142 with a 

correlation coefficient of 0.7.  Approximately 84 % of data points plot within one 

standard deviation of the mean.  The general form of this relationship is similar to that 

determined for Cretaceous group 1 carbonates; however, the bulk of Tertiary values are 

lower, and the mean is shifted 1 (δ18O) to 1.5 o/oo (δ13C) down relative to the Cretaceous 

values.  A “t” test comparing the mean δ18O values for Cretaceous and Tertiary 

pedogenic carbonates indicates that the two means differ significantly from one another 

with a 95% confidence interval. 

Carbonates of uncertain origin (group 1 or 2) – Samples in the “uncertain” group 

exhibit external morphologies compatible with either pedogenic or ground-water 

carbonates (group 1) or lacustrine burrow-filling carbonates (group 2).  These have a 

narrow range of oxygen δ18O values from -4.9 to -5.8 o/oo with an average of -5.4 o/oo and 

s = 0.9 (Table 3.6; Figure 3.19).  Carbon δ13C values range from -8.8 to -12.0 o/oo 

averaging -10.9 o/oo with s = 0.9 o/oo.  The distribution and mean values for oxygen and 

carbon isotopic ratios are comparable to those found for the Tertiary pedogenic or 
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ground-water carbonates (group 1), and therefore it is likely that the carbonates of 

“uncertain” origin belong in that group.  However, there are only a few samples (10), and 

their isotopic distribution and mean values are slightly lower than for the pedogenic 

carbonates, leaving open the possibility that they may represent lacustrine burrow-

fillings. 

Early diagenetic carbonates (group 3) –Tertiary radial-fibrous calcite δ18O values 

range from -4.2 to -7.1 o/oo averaging -5.3 o/oo with s = 0.7 o/oo.  Carbon δ13C values range 

from -8.1 to -10.8 o/oo averaging -9.8 with s = 0.7 o/oo (Table 3.7; Figure 3.20).  There are 

only a few analyses (11), and these have a more limited range of isotopic values 

compared to similar early diagenetic (group 3) Cretaceous carbonates.  Samples from a 

given stratigraphic section tend to exhibit similar values.  For example, radial fibrous 

carbonates from the Dawson Creek locality cluster together with a narrow range of δ18O 

values.  Both Cretaceous and Tertiary samples from the Dogie Mountain locality have a 

similar range in δ18O values, but the Cretaceous δ13C values are much more variable. 

Late diagenetic carbonates (group 4) – Very few samples (6) of late diagenetic 

carbonates are available for Tertiary strata.  All of these are of fracture-filling “vein” 

calcite type.  Oxygen δ18O values range from -6.7 to -11.5 o/oo, average -9.2 o/oo with s = 

1.9 o/oo .  Carbon δ13C isotopic values range from -4.1 to -9.9 o/oo with average -8.4o/oo and 

s = 1.9o/oo (Table 3.8; Figure 3.20).  The Tertiary late diagenetic (group 4) carbonates 

exhibit a wide range in δ18O, including some very low isotopic values comparable to 

those determined for similar Cretaceous carbonates.  One of these (DC-12c4) also 

exhibits the high δ13C value found in some of the Cretaceous fracture-filling sparry 

calcites. 
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Comparison with data given by Nordt et al. (2003) 

Stable isotopic data were reported by Nordt et al. (2003) from one of the same 

sections examined by Ferguson et al., (1991) and studied here – Dawson Creek.  Their 

samples were interpreted to be entirely of pedogenic carbonates, comparable to those 

recognized here as “group 1” carbonates.  It is useful to compare the values they obtained 

with those reported here.  Bivariate plots of Cretaceous and Tertiary pedogenic 

carbonates given in the present study compare well with those of Nordt et al. (2003) for 

Dawson Creek and display significant overlap (Figure 3.21 and 3.22).      

Oxygen δ18O values for 36 Cretaceous (27) and Tertiary (9) carbonates shown by 

Nordt et al. (2003) were tabulated by Dworkin et al. (2005).  Cretaceous carbonates 

exhibit a δ18O range from -3.7 to -5.6 o/oo with a mean value of -4.5 o/oo (n=29) and 

compare favorably with δ18O values obtained here for 8 pedogenic carbonates from the 

Dawson Creek section (-3.5 to -5.5, mean = -4.6 o/oo) (Figure 3.24).  The values given by 

Dworkin et al. (2005) also compare well with the entire data set for Cretaceous pedogenic 

carbonates in the present study (n =32, mean = -4.6 o/oo), although here there are several 

samples with lower values (-6 to -7 o/oo; see Figure 3.23). 

Carbon δ13C values for 27 Cretaceous pedogenic carbonates are shown graphically by 

Nordt et al. (2003; their figure 2) but not tabulated.  Estimates for these values may be 

obtained from their graph, and exhibit a δ13C range from -8.4 to -10.7 o/oo with a mean 

value of -9.6 o/oo (Figure 3.24).  These values compare favorably with those obtained here 

for 8 pedogenic carbonates from the Dawson Creek section (δ13C = -7.9 to -10.7, mean = 

-9.2 o/oo) and with the entire data set for Cretaceous pedogenic carbonates in the present 
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study (n =29, mean = -9.2 o/oo), although here there are several δ13C values outside the 

range found by Nordt et al. (2003). 

δ18O and δ13C values for 9 Tertiary pedogenic carbonate samples are also shown 

graphically by Nordt et al. (2003; their figure 2) but not tabulated.  Estimates for the 

Tertiary values may be obtained from their graph, and exhibit a δ18O range from -5.0 to -

5.7 o/oo (mean = -5.2 o/oo) and δ13C range from -10.0 to -11.7 o/oo (mean = -10.7 o/oo).  

These values compare favorably with those obtained here for 12 Tertiary pedogenic 

carbonate samples from the Dawson Creek section (δ18O = -4.3 to -5.6 o/oo, mean = 5.0 

o/oo and δ13C = -7.2 to 11.3 o/oo, mean = -10.4 o/oo) and with the entire data set for Tertiary 

pedogenic carbonates in the present study (n =43) which exhibit a broader range in δ18O 

values, but similar means (δ18O = -3.3 to -11.2 o/oo, mean = -5.6  o/oo) and likewise a 

broader range in δ13C values, but similar means (δ13C = -7.2 to -14.0 o/oo, mean = -10.7 

o/oo).  The isotopic values given by Nordt et al. (2003) are therefore quite similar to those 

reported here. 

 

Comparison with Modern Caliche 

     Three samples (GH-SP1, GH-SP2, and GH-SP3) of modern caliche were collected 

from the Grapevine Hills area and analyzed isotopically to compare with the Cretaceous 

and Paleocene samples.  The modern caliches occurs as microcrystalline calcite filling 

voids and coating clasts in the Pleistocene pediment gravels surrounding Grapevine Hills, 

and therefore must have precipitated more recently than Pleistocene time.  Because 

samples were taken from the vicinity of Grapevine Spring, it is possible that these 

carbonates precipitated from groundwater or as a result of spring discharge, rather than 
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through pedogenic processes.  These samples have δ18O values ranging from -3.0 o/oo 

(GH-SP3) to – 6.6 o/oo (both GH-SP1 and GH-SP2), and carbon values ranging from + 

3.3 to +1.1 o/oo (GH-SP3 and GH-SP2, respectively) to -5.0 o/oo (GH-SP1).  

     The modern caliche δ18O values are comparable to those in Cretaceous and Tertiary 

pedogenic carbonates.  GH-SP1 and GH-SP2 have low δ18O values and compare well 

with Tertiary pedogenic carbonates (Figure 3.25).  GH-SP3 has a much higher δ18O value 

that compares well to Cretaceous pedogenic carbonates (Figure 3.25).  

    The carbon isotope values for modern caliche are significantly higher than in 

Cretaceous and Tertiary pedogenic carbonates.  These values are compatible with those 

found in modern soils dominated by C4 plants rather than C3 plants.  Hence, the carbon 

isotopic value of modern Grapevine Hills caliche is likely controlled by soil respired 

CO2, which corresponds with the modern vegetation supported by the soil.  Another 

possibility is that the high δ13C values are associated with the dissolution of subsurface 

carbonate rocks induced by thermal waters.     

     Lopez (1984) studied the isotope geochemistry of groundwater in Big Bend, and 

found that groundwater flows radially from the Chisos Mountains into the surrounding 

basins and valleys.  All groundwater in Big Bend is derived from meteoric water and 

flows through a fairly young aquifer system (Lopez, 1984).  Lopez suggests that the δ18O 

of groundwater is not affected by evaporation and remains fairly uniform throughout the 

surficial aquifer system.  The δ18O of groundwater at the Grapevine Springs, where 

samples GH – SP1, 2, and 3 analyzed in this study were collected, is -7.8 o/oo (Lopez, 

1984).  This groundwater value is similar to δ18O values in GH-SP1 and –SP2. The δ13C 

groundwater value was not recorded from this location, but was recorded from other 
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localities throughout a portion of the park referred to as the “Panther Junction Area” and 

ranges from -11.1 to -15.3 o/oo (see Table 4 in Lopez, 1984).  The Grapevine Hills caliche 

values differ substantially from this.  Isotopic compositions from the thermal Rio Grande 

Village are δ18O = -7.5 o/oo and δ13C = -5.0 o/oo.  Lopez (1984) suggested that the higher 

δ13C value at Rio Grande Village springs is caused by the dissolution of carbonate in 

subsurface marine limestone.  Regardless of the processes responsible for the isotopic 

values of modern caliches in Big Bend, their carbon isotopic ratios differ significantly 

from Cretaceous and Tertiary primary pedogenic and lacustrine carbonates.  If the 

Cretaceous and Tertiary carbonates had re-equilibrated through exchange with modern 

waters in the near surface environment, one would expect their isotopic compositions to 

be more similar.  

One of the goals of the present study is to evaluate the use of carbonate isotopic 

values to obtain paleoenvironmental information.  In order to do that, it is necessary to 

have some assurance that the original isotopic values for the “primary” carbonates 

(groups 1 and 2) were not altered or completely reset during diagenesis.  The fact that 

diagenetic carbonates (groups 3 and 4) typically have isotopic values different from the 

primary carbonates provides at least some evidence that the original values have not been 

completely reset.  Similarly, the markedly higher carbon isotope values in modern 

caliches suggest that the primary (group 1 and 2) carbonates have not undergone 

exchange with modern surface waters.  Below, interpretations are offered for each of the 

diagenetic carbonate phases.  If the conditions responsible for the diagenetic carbonates 

are established, then the isotopic values for the primary carbonates may be delimited. 
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Interpretation of Late Diagenetic Carbonates (group 4) 

Late diagenetic (group 4 or “sparry”) carbonates consist primarily of coarsely 

crystalline calcite spar, and occur as interstitial cement, as void fill, and as fracture fill.  

Samples of late diagenetic calcite from both Cretaceous and Tertiary strata have similar 

average δ18O values (-9.3 o/oo = Cretaceous and -9.2 o/oo = Tertiary; see figures 3.26 and 

3.27).  The average δ13C values (-7.3o/oo and -8.4o/oo, respectively) show a more 

significant difference (Figures 3.28 and 3.29).  Cretaceous sparry calcites exhibit a 

broader range of isotopic values; however, samples were also taken from a broad range of 

veins, cavities within bones, and sandstone cements in Cretaceous strata.  Tertiary 

samples consist of vein-filling calcites only, and this likely explains their more limited 

range of δ18O and δ13C values.  Moreover, a greater number of samples were collected 

from Cretaceous strata (n = 20) than from Tertiary strata (n = 6). 

Vein Calcites – The Cretaceous and Tertiary fracture-filling or “vein” calcites cluster 

with significantly lower δ18O values and higher δ13C values than all other carbonate 

groups (δ18O = -10 to -13 o/oo and δ13C = -4 to -8 o/oo).  The vein calcites fill fractures that 

transect all of these strata and could have precipitated either during the middle Tertiary 

episode of volcanism that affected the Big Bend region, or during the late Tertiary 

episode of extensional tectonism associated with Basin & Range deformation (Lopez, 

1984).  Therefore, the isotopic values of vein calcites probably reflect younger water 

compositions and/or precipitation at higher temperature or greater depth than the 

presumed primary (“group 1 and 2”) Cretaceous and Paleocene carbonates.  

The low δ18O value of vein calcites likely reflects precipitation from waters under 

higher temperatures.  Other studies have demonstrated that crystallization under high 
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temperature results in lower δ18O values in carbonates (e.g., Sanyal et al., 2005; Lee and 

Hisada, 1999).  18O can become depleted in subsurface waters during deep burial 

diagenesis, dissolution, and recrystallization (Lynch and Land, 1999; and Quade and Roe, 

1999).  For example, Quade and Roe (1999) documented sparry calcites filling fractures 

or pore spaces of bone being 4 to 7 o/oo lower than other carbonate phases (pedogenic 

carbonates and sandstone carbonate nodules) in the Siwalik Group of Pakistan.  They 

suggest that the sparry calcites originated at greater depths and precipitated at higher 

temperatures, which resulted in lower δ18O values.  Sanyal et al. (2005) compared sparry 

calcite cements of sandstones with pedogenic carbonates of the Siwalik Group in Nepal 

and showed that the δ18O values are influenced by temperature and depth of burial.  In 

their study, sparry cements (analogous to late diagenetic “group 4” calcites in this study) 

exhibit much lower δ18O values and a broader range of values than pedogenic carbonates 

at depth, but higher values and a narrower range in δ18O at shallow depth.  As in the 

Siwalik Group, the Big Bend late diagenetic carbonates have significantly lower values 

than pedogenic calcites; however, because all four of the sections studied here were 

originally buried to comparable depth, distinct trends indicating deep burial diagenesis 

are not discernable in the isotopic profiles. 

In contrast, Lee and Hisada (1999) documented sparry calcite cements from the 

Shimonoseki Subgroup similar to the late diagenetic carbonates in this study, which are 

instead enriched in 18O relative to pedogenic carbonates (Figure 3.30).  The higher 

oxygen isotopic compositions are thought to reflect precipitation at lower temperatures 

and/or from waters different than the pedogenic carbonates (Lee and Hisada, 1999).  Lee 

and Hisada’s (1999) pedogenic carbonates had significantly lower δ18O values (average = 
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- 22.1 o/oo) than the sparry calcites (-15.0 o/oo), and these are considerably lower than 

those found in the present study (-9.3 o/oo). 

The relatively high δ13C values of Big Bend vein calcites could reflect several 

processes.  During burial diagenesis, organic matter can undergo stages of decarbonation 

or thermal decarboxylation that result in varied carbon isotopic compositions in 

subsurface waters (Sanyal et al., 2005; Coleman, 1993; Mack et al., 1990).  With 

increasing depth, the carbon isotopic composition of formation water tends to become 

enriched in 13C due to restricted CO2 and reactions with organic matter (Lynch and Land, 

1999).  Fermentation and methanogenesis produce higher δ13C values, while other 

microbial reduction reactions produced lower δ13C values.  The high δ13C values 

observed in Big Bend vein calcites could have resulted from precipitation at depth from 

subsurface waters during methanogenesis.  Alternatively, waters with high δ13C values 

could have resulted from dissolution or exchange with marine limestone present below 

the Upper Cretaceous section in Big Bend, as suggested by Lopez (1984) to explain the 

isotopic composition of modern hot spring water in Big Bend.  The high δ13C value 

reported in the present study for modern Big Bend caliches likely reflects precipitation 

from modern soil waters where the surface biomass is dominated by C4 plants.  Such 

waters could conceivably circulate through fractures at depth where the vein-filling 

calcites precipitated (deep circulation of surface water has been hypothesized for the Rio 

Grande hot springs in Big Bend; Lopez, 1984).  As a result, it is also possible that the 

high δ13C value for vein calcites reflects deep circulation of surface water influenced by 

soil-respired CO2. 
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The Big Bend region has experienced volcanism and hydrothermal activity since late 

Eocene time, and a high geothermal gradient persists in the region up to the present day 

(Lopez, 1984).  The vein calcites may therefore have precipitated relatively recently in 

fractures at shallow depth under the high geothermal gradient, and/or during middle 

Tertiary time when the entire Cretaceous and Paleocene section reached its maximum 

burial depth (c. 300 to 400 m).  Because the δ18O values of vein calcites are indicative of 

precipitation under high temperature, it seems most likely that the high δ13C values would 

also reflect deep burial conditions rather than a near-surface process.  

Cement and Void-filling Calcites – The late diagenetic sparry calcites that fill 

medullary cavities in Cretaceous bones and fill interparticle porosity in Cretaceous 

sandstones show highly varied isotopic compositions.  Some samples fall within the 

distribution for primary and early diagenetic carbonates (“groups 1, 2, and 3”), others fall 

within the range for the late diagenetic vein-filling calcites discussed above, and some 

fall in between (Figures 3.15 and 3.26).  This suggests that the void-filling calcites and 

cement calcites, although superficially similar (coarse spar), may have precipitated at 

multiple times and/or under varied conditions.  Alternatively, these calcites may have 

precipitated at the same time as the vein-filling calcite, but under conditions where the 

waters equilibrated with the earlier carbonates, or underwent exchange with the early 

carbonate phases. 

Three of the five Cretaceous sandstone cement samples (DC-2ss, DM9ss, DM-17ss) 

have high δ13C values ( > -3.0o/oo), even higher than those found in the vein-filling 

calcites, but falling close to that group.  Two of the six sparry calcite samples (WP-1, 

WP-1A) taken from cavities within bones also fall within this group.  Collectively, these 
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samples suggest that at least some of the interstitial precipitation of sparry calcite as 

cement and void-fill took place under conditions like those for the vein-filling calcite 

(i.e., likely under deep burial conditions and elevated temperature).  This group of late-

diagenetic sparry calcites with very low δ18O values and high δ13C values, also exhibit a 

crude co-variation between δ18O and δ13C (Figure 3.15).  Quade and Roe (1999) found 

similar co-variation in calcite filling void cavities of fossil bone, and interpreted it as a 

result of precipitation under high temperature during burial or by hydrothermal processes. 

The remaining samples of coarse sparry calcite cement and void-fill exhibit isotopic 

values that fall either within the range of primary (group 1 or 2) pedogenic or lacustrine 

carbonates, or within the range of early diagenetic carbonates (group 3).  These include 

even one example of vein calcite (PR-30).  The similarity in isotopic composition 

between such morphologically distinct carbonate phases could reflect either of several 

processes: 1) These sparry calcites may have precipitated from the same waters as the 

primary and early diagenetic phases, but crystallized slowly allowing for coarser spar to 

form.  If so, these calcites are only superficially similar to the late diagenetic calcite spar.  

2) Alternatively, these examples may have crystallized under the same late diagenetic 

conditions (deep burial and high temperature) responsible for the more typical vein-

filling spar, but in confined interstitial spaces (interparticle pores and cavities) where 

isotopic exchange occurred with the earlier carbonate phases.  Possible evidence for 

exchange may be found in the internal cement stratigraphy within some fossil bones.  For 

example HW-13 is a sample of pustular microcrystalline calcite presumed to represent 

surface-water or ground-water precipitate, that surrounds and partially fills voids in a 

sauropod bone.  HW-13a is a sample of coarse sparry calcite presumed to have 
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precipitated during late diagenesis taken from remaining large voids within the same 

bone. Both samples were extracted from a large cavity in the bone where the calcite spar 

was surrounded by microcrystalline calcite.  The two samples have similar isotopic 

compositions: HW-13 has a δ13C value of -10.1 o/oo and HW-13a -10.9 o/oo with δ18O 

values -8.0 and -9.3 o/oo, respectively.  

 

Interpretation of Early Diagenetic Carbonates (group 3) 

Group 3 carbonates are interpreted to be early diagenetic precipitates.  All exhibit 

radial-fibrous crystal fabrics.  Reworked nodules with these fabrics are found in the 

conglomeratic lag of stream channel sandstone beds, and so at least some of these 

carbonates must have precipitated contemporaneously with deposition.  Radial-fibrous 

crystal fabrics are reported to precipitate both biologically and non-biologically (Chafetz 

and Butler, 1980).  Some subspherical nodular group 3 samples (similar to those reported 

by Lehman, 1989) show an intricate anastomosing pattern of inclusions resembling 

organic filaments (Figure 3.31).  Nodules including organic filaments also exhibit 

concentric growth bands like those found in some stromatolites, suggesting a biological 

process was involved in their origin.  Radial-fibrous crystal textures are also common, 

however, in both modern and ancient pedogenic carbonates and are thought to precipitate 

where soil water is saturated with respect to calcite.  Saturation occurs when the pH is 

low and precipitation of calcite is impeded (Coleman, 1993). 

Collectively, the early diagenetic (group 3) carbonates exhibit such a wide range of 

isotopic compositions that it seems likely they precipitated through multiple processes or 

at different times.  Some exhibit isotopic values comparable to the primary carbonates 
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(groups 1 and 2), others have values intermediate between these and late diagenetic 

carbonates (group 4), and some have unique compositions. 

The Cretaceous early diagenetic carbonates were separated into five categories (bone 

coatings, nodule coatings, complete nodules, green nodules, and fracture fills) based on 

their external form and internal crystal morphology.  Thin-sections of these carbonates 

show that some exhibit a very fine radial-fibrous crystal fabric, often with concentric 

growth bands; others have a coarse radial crystal texture.   

Nodules with fine radial fabric – The examples referred to as “complete” nodules, 

and those with fine radial-fibrous crystals and concentric bands, have relatively high δ18O 

values (e.g., DC-21C = -4.3 o/oo) and δ13C comparable to those in carbonates of pedogenic 

or ground-water origin (groups 1 and 2).  Most of the Tertiary nodules also fall in this 

group with fine radial-fibrous crystal fabric, and relatively high δ18O value (e.g., DC-U3 

= -5.3 and DM-30C3 = -4.2).  Collectively, these carbonates have isotopic values in the 

range for the presumed primary carbonates, although with slightly lower δ18O.  These 

radial-fibrous calcites appear to have precipitated through biological processes, or from 

saturated surface water or ground-water solutions in equilibrium with the pedogenic and 

lacustrine carbonates. 

Coatings and fracture fill with coarse radial fabric – Group 3 calcites that occur as 

bone coatings and fracture fills have a coarser radial-fibrous habit with an anastomosing 

pattern (Figure 3.32).  These nodules have lower δ18O values (e.g., DM-14C, nodule 

coating = -7.0 o/oo; JV-18*, fracture fill = -9.0 o/oo) than those with the fine crystal fabric, 

but comparable δ13C values.  One Tertiary sample of the same texture also has a 

relatively low δ18O value (DM-42C3 = -7.1 o/oo).  The isotopic values for these coarse 
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radial-fibrous calcites fall between those typical for the pedogenic or ground-water 

carbonates, and those typical for the late diagenetic calcite spars.  A few samples of 

presumed lacustrine carbonates and late diagenetic carbonates have similar isotope 

values. 

Cretaceous bone coatings TMM-41* (-16.3 o/oo) and TMM-41a* (-11.2 o/oo) have the 

lowest δ13C values found among Group 3 carbonates.  These radial fibrous varieties may 

have precipitated as a result of microbial processes under reducing conditions that 

produce light carbon isotopic compositions (as low as ~ -25.0o/oo; Coleman, 1993; and 

Coleman and Raiswell, 1993).   

There are several reducing microbial processes (manganese reduction, nitrate 

reduction, ferric iron reduction, and sulphate reduction) that may be responsible for 

lowering the δ13C value in carbonates.  These types of reductions occur under anaerobic 

conditions usually where thick accumulations of organic matter are deposited.  In the case 

of ferric iron reduction, a product of this microbial process is ferrous iron (Fe2+).  Ferrous 

iron does occur as a higher percentage of total iron content in the gray Cretaceous 

mudstones of Big Bend (Lehman, 1989); and in some cases, small inclusions of pyrite 

(and/or hematite aggregates that appear to be psuedomorphic replacements of pyrite 

framboids) are found within the radial-fibrous calcite.   

Green nodules – The “green” nodules have a micro-fabric with elongated rhombs 

that fan out from a central point (Figure 3.33).  The external morphology of this variety is 

similar to other radial fibrous nodules, but these have a dark green-gray coloration.  The 

color and elongate coarse crystal habit may be of significance and indicate the formation 
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of these types of nodules under reducing conditions.  These nodules have the lowest δ18O 

values (-10.5 o/oo) of all group 3 carbonates. 

Coatings on earlier nodules – Group 3 carbonates that occur as coatings on earlier 

microcrystalline nodules (see Figure 3.4) exhibit a unique isotopic composition.  

Following formation of the original microcrystalline nodule, desiccation and shrinking of 

the surrounding mudstone may have opened circumferential fractures where the radial-

fibrous calcite precipitated.  These types of nodules are common in Cretaceous strata.  

Two nodules of this type (DM-14, with DM-14A pedogenic nucleus and DM-14B radial 

fibrous coating; and DM-15B, with DM-15B1 pedogenic nucleus and DM-15B2 radial 

fibrous coating) were analyzed for isotopic compositions.  The δ18O values of radial 

fibrous coatings were much lower (DM-14B = -7.0 and DM15B2 = -7.1 o/oo) than the 

presumed pedogenic calcite (DM-14A = -4.5 and DM-15B1 = -5.0 o/oo) they nucleated 

on.  The δ13C values for these radial-fibrous calcites are much heavier than any of the 

other varieties (-1.8 to -5.3 o/oo). 

The high δ13C values could reflect several possible processes.  If solutions filling 

cracks around the nodules were derived from meteoric water at shallow depth, mixing 

with atmospheric CO2 (modern value of approximately -8 o/oo; Sharp, 2007) may have 

contributed a higher δ13C value to carbonate precipitation.  Bajnoczi et al. (2006) reported 

that the isotopic composition of carbonate nodules forming in vertic “shrink-swell” soils 

can reflect δ13C values similar to atmospheric CO2.  However, Bajnoczi et al. (2006) 

indicate that this is usually accompanied by high δ18O values due to evaporation, which is 

not the case with radial fibrous calcites described here.  An alternative possibility is that 

the calcite precipitation occurred under phreatic conditions in which carbon compounds 
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(CO2 and CH4) enriched in 13C were generated by methanogenesis or fermentation of 

organic matter.  The high δ13C values of these carbonates are in the range of those found 

for some of the late diagenetic calcite spars where methanogenesis also may provide an 

explanation. 

Regardless, there is an apparent distinction between crystal fabric types and isotopic 

compositions.  The radial-fibrous nodules with fine fibrous texture exhibit isotopic ratios 

similar to those found in the primary pedogenic or ground-water carbonates, and 

probably precipitated early from similar solutions, perhaps under conditions where 

saturation with respect to calcite induced rapid nucleation and growth of fibrous crystals.  

In contrast, the radial-fibrous nodules, coatings, and fills having coarser calcite crystals 

tend to have much lower δ18O values, lower than those found in most of the presumed 

primary carbonates.  Some also have much higher δ13C values, comparable to those found 

in late diagenetic calcite spar where methanogenesis may be called upon to enrich the 

formation water in 13C.  A few examples have extremely low δ13C values, perhaps 

reflecting instead microbial reduction processes where 13C is depleted.  These latter 

varieties probably precipitated early during diagenesis under shallow burial conditions. 

 

Interpretation of Surface water or Lacustrine carbonates (group 2) 

The isotopic values for presumed lacustrine or surface-water carbonates appear to fall 

in two clusters.  One cluster with relatively high δ18O values has isotopic composition 

generally similar to the pedogenic “group 1” carbonates.  Carbonates within this category 

include all of the sampled materials (limestone breccia, burrows, nodules, and gastropod 

steinkerns) except charophyte oogonia.  This group of carbonates may have precipitated 
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from waters similar to those that resulted in the pedogenic “group 1” nodules.  The 

second category exhibits a broad array of significantly lower δ18O values, approaching 

those found in some of the diagenetic carbonate phases.  Carbonates with isotopic 

compositions in this category include all sampled materials except burrow-fills.  All 

presumed lacustrine or surface-water carbonates exhibit δ13C values (-7 to -11 o/oo) within 

the range observed for pedogenic “group 1” carbonates.  Although one outlier (JV-16*) 

has δ13C value 1.5 o/oo higher than other group 2 carbonates, it is within the range found 

for group 1.  The narrow range of δ13C values suggests that the source of carbon for both 

group 1 and group 2 carbonates was similar (likely CO2 respired through decomposition 

of terrestrial plant material). 

Charophyte oogonia - Particularly useful carbonate components of group 2 are the 

charophyte oogonia.  Charophytes are thought to provide reliable information regarding 

isotopic composition of surface waters.  Jones et al. (1996) measured the carbon and 

oxygen isotopic compositions of charophytes and lake waters, and found that 

precipitation of the calcite oogonia occurred quickly and with δ18Oc (oxygen isotopic 

composition of charophyte oogonia) in isotopic equilibrium with lake water (Jones et al., 

1996).  Charophyte oogonia analyzed in this study exhibit a δ18O value of -6.2 o/oo and 

may therefore correspond with the isotopic value of lake water.  If so, waters from which 

most of the group 2 and group 1 carbonates precipitated (e.g., δ18O values typically range 

from -3 to -7 o/oo) may have undergone evaporative concentration. 

The measured carbon isotopic composition of modern oogonia is 2.5 o/oo lower than 

the dissolved inorganic carbon (DIC) value of associated water (Jones et al., 1996). GH-7 

is a bulk charophyte sample with δ13C = -9.9 o/oo which would yield an adjusted DIC 
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value of -7.4 o/oo.  This value is heavier than in all presumed “primary” group 1 and 2 

carbonates, perhaps reflecting the importance of mixing atmospheric CO2 in dissolved 

inorganic carbon (HCO3
-) rather than CO2 respired through decomposition of terrestrial 

plant material. 

Nodules with barite inclusions – Some examples of microcrystalline calcite nodules, 

otherwise identical to the typical “group 1” variety presumed to be of pedogenic or 

ground-water origin, contain lenticular inclusions of barite.  The barite crystals appear to 

be pseudomorphic replacement of gypsum crystals (see Figures 2.9 and 2.10 ).  The 

isotopic compositions of three Cretaceous samples (LAG1, LAG2, and LAG4) were 

analyzed to determine whether the presence of the crystal inclusions indicated 

evaporative enrichment compared to the more usual nodules.  The δ13C values for the 

three nodules are typical for group 1 carbonates (-9.2 to -10 o/oo).  δ18O values are also 

typical for group 1 (LAG2 = -6.4, LAG4 = -6.3, and LAG1 = -4.8 o/oo), although on the 

low end of the distribution.  There is a crude correlation of more positive δ18O values 

with amount of included barite that a carbonate nodule contains.  Sample LAG2 has the 

least amount of barite and contains the lowest value.  LAG4 contained a bit more than 

LAG2 and has a slightly higher value.  LAG1 has the greatest amount of barite and 

exhibits the highest oxygen value.  This may indicate that evaporative enrichment is a 

process at least in part responsible for oxygen isotopic variation in group 1 nodules. 

 

Interpretation of Pedogenic or Ground-Water Carbonates (group 1) 

Most of the isotopic values for Cretaceous and Tertiary pedogenic or ground-water 

carbonates (group 1) plot in a fairly tight cluster with δ18O typically between -3 and -7 
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o/oo, and δ13C between -8 and -12 o/oo.  There appears to be weak co-variation between 

δ18O and δ13C.  There are quite a few “outliers” among both Cretaceous and Tertiary 

group 1 samples having isotopic values spread out among those found in the lacustrine 

and diagenetic carbonates, and these may be reasonably interpreted as a result of 

exchange or alteration as described above.  Excluding outliers, the remaining group 1 

data appear to reflect original isotopic values modified little by diagenesis.  Group 1 

carbonates may have precipitated from soil water or ground-water, with isotopic values 

reflecting local meteoric water. 

In most alluvial flood-plain systems the surface water, soil water, and groundwater 

co-exist.  It is the usual circumstance that these waters mix, with water from one source 

either contributing or receiving water from another.  Carbonates are known to precipitate 

from any of these water sources.  As a result, the isotopic chemistry of the carbonates 

may reflect meteoric values and mixing with the atmosphere, or isotopically encriched 

values resulting from evaporation or biological fractionation processes.  In order to utilize 

the primary carbonate isotopic values to interpret paleoenvironmental conditions, it is 

important to establish the setting under which they precipitated; however, in many cases 

it is difficult to distinguish pedogenic, ground-water, and lacustrine carbonates simply on 

the basis of their morphology or isotopic composition. 

Discrimination of pedogenic, ground-water, and lacustrine carbonates – Several 

previous studies (e.g., Wright and Alonso-Zarza, 1992; Dunagan and Driese, 1999; 

Tanner, 2000; Alonso-Zarza, 2003) have shown distinct isotopic differences between 

pedogenic, ground-water, and lacustrine carbonates.  Typically, lacustrine carbonates 

exhibit isotopically higher values while lower values are found in associated pedogenic 
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carbonates.  This is expected where surface waters are more prone to evaporation than 

soil water.  For example, Herczeg et al. (1992), documented a transect showing 

evaporative concentration of regional ground-water inflow to Lake Tyrell of Australia.  

They demonstrated that ground-water during its flow becomes enriched in 18O due to 

evaporation.  Goni (2006) also traced meteoric, surface, and ground-water isotopic values 

within a semi-arid region of the Chad Basin in Africa, and demonstrated how surface 

waters there also become concentrated in 18O due to evaporation relative to shallow 

ground-water. 

However, under different climatic conditions, seepage from lake water can recharge 

surrounding ground-water (rather than inflow of ground-water recharging lake water); 

and this may also result in isotopic contrast between lacustrine water and ground-water.  

For example, Schuster et al. (2003) documented flow within a lacustrine system in 

Minnesota and illustrated isotopic profiles where both inflow and outflow (seepage) from 

the littoral zone occurred.  Areas where lake to ground-water outflow occurred had 

significantly lower oxygen isotopic compositions than in areas where ground-water to 

lake inflow occurred (as much as 1 to 5 o/oo difference). 

Similarly, ground-water with high δ18O values compared to soil water may also occur 

in alluvial sediments.  For example, Quade and Roe (1999) found that carbonate nodules 

precipitated by ground-water as cement in sandstones were depleted in 18O compared to 

contemporaneous pedogenic carbonate nodules in the Siwalik Group of Pakistan.  They 

suggest that pedogenic carbonate nodules may have formed from soil waters concentrated 

by evaporation compared to ground-water.  Alternatively, Quade and Roe (1999) 

suggested that interaction between river water and ground-water may be responsible for 
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the low δ18O values of ground-water carbonates.  River waters originating upstream 

within the watershed may have retained lower oxygen isotope values, and as these waters 

flowed laterally through the basin flood-plain, the ground-water became enriched in 18O 

by evaporation. 

Some studies (e.g., Bajnóczi et al., 2006; Wright and Tucker, 1991; Quade and Roe, 

1991) have shown that carbonates precipitated in shallow ground-water may be in 

equilibrium with soil solutions.  As a result, isotopic compositions may be similar 

between those carbonates that precipitated pedogenically and those precipitated from 

ground-water (Cerling and Hay, 1986; and Mack et al., 2000).  Ground-water may have a 

more important influence on the isotopic composition of pedogenic carbonates than is 

often assumed (Srivastava, 2001; Budd et al., 2002; Achyuthan, 2003; and Bajnoczi et 

al., 2006).  Moreover, Pimentel et al. (1996) described diagenetic alteration of carbonates 

in shallow ground-water that mimic pedogenic products, and concluded that soil-water 

conditions cannot always be inferred on the basis of the external morphology or crystal 

fabric of carbonates. 

The Big Bend group 1 carbonates may represent either pedogenic or ground-water 

carbonates, or both.  The fact that the group 1 carbonates and lacustrine carbonates 

(group 2) are so similar isotopically indicates that surface water, ground-water, and soil 

water were also generally similar regardless.  However, several observations suggest that 

ground-water or soil water was subject to evaporative concentration relative to surface 

water.  1) Most group 1 carbonates have isotopic values that are slightly enriched relative 

to presumed lacustrine (group 2) carbonates.  For example, the average δ18O and δ13C 

values for Cretaceous group 1 carbonates are -4.6 and -9.3 o/oo, while lacustrine 
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carbonates are -5.3 and -9.7 o/oo, respectively.  2) Most of the group 1 carbonates are 

enriched in 18O relative to the charophyte oogonia sample (-6.2 o/oo).  3) The few group 1 

nodules with included barite (?gypsum pseudomorphs) are suggestive of evaporative 

concentration and have δ18O (-6.4 to -4.8 o/oo) at the low end of the spectrum for group 1.  

4) Co-variation in δ18O and δ13C similar to that observed in group 1 carbonates is also 

commonly observed in lacustrine carbonates where evaporative enrichment is involved. 

As a result, in seems likely that group 1 carbonates, regardless of whether they 

precipitated from soil water or ground-water, may have isotopic compositions variably 

influenced by evaporation relative to surface water.  If so, variation in the oxygen isotope 

values of group 1 carbonates may not provide an accurate record of variation in the 

isotopic composition of local meteoric water (Schmidt et al., 2007). 

 

Summary 

Both Cretaceous and Tertiary carbonates interpreted to be of primary pedogenic or 

ground-water origin (group 1) have a relatively narrow range of isotopic values, with 

δ18O typically varying between -3 and -7 o/oo, and δ13C varying between -8 and -12 o/oo.  

There is weak co-variation between δ18O and δ13C.  Carbonates interpreted to be of 

lacustrine origin (group 2) overlap with these, but tend to have slightly more negative 

δ18O, as do charophyte oogonia extracted from lacustrine strata.  These observations, 

along with the presence of barite, possibly psuedomorphic after gypsum, suggest that 

pedogenic or ground-water carbonates may have precipitated from slightly more 

isotopically enriched waters than lacustrine carbonates, and that soil waters may have 

been enriched by evaporation compared to meteoric water values.  The group 1 carbonate 
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isotope values reported here may be directly compared with similar data reported by 

Nordt et al. (2003) and Dworkin et al. (2005) from one of the same sampling sites 

(Dawson Creek).  The close correspondence between these data sets provides some 

confidence that the sample collection and laboratory analytical methods employed in the 

present study yield results compatible with previous studies. 

Early diagenetic carbonates (group 3) also overlap substantially with the primary 

carbonates, but exhibit even more negative δ18O values, and some δ13C values well 

outside the range for primary carbonates.  This suggests that early diagenetic carbonates 

precipitated from more isotopically depleted waters than the primary carbonates.  Late 

diagenetic carbonates (group 4) exhibit even more negative δ18O values than any of the 

other carbonates, and more positive δ13C values than the primary carbonates.  Late 

diagenetic carbonates evidently precipitated from waters that differed substantially from 

those under which the primary carbonates formed.  However, the fact that some samples 

of primary carbonates (regarded here as “outliers”) exhibit isotopic values similar to 

those found in obviously diagenetic phases suggests that the drift toward lower δ18O 

values and/or higher δ13C values could be a result of isotopic exchange between the 

original primary carbonates and later fluids that precipitated the diagenetic carbonates.  

This interpretation may be supported because some samples of the diagenetic carbonates 

have isotopic values comparable to the primary phases. 

However, modern caliche carbonate from the same region yields substantially higher 

δ13C values.  This is compatible with the present C4-dominated vegetation of the region, 

compared with the presumed C3 vegetation of Cretaceous and Paleocene time.  If the 

primary pedogenic or ground-water carbonates (group 1) had undergone exchange with 
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modern surface water or soil water, one might expect to see drift toward higher δ13C 

values.  Indeed, some samples (regarded here as “outliers”) appear to bear evidence for 

this.  Some samples of early (group 3) and late (group 4) diagenetic carbonates also 

appear to reflect exchange with or direct precipitation from modern (late Tertiary or 

Quaternary) soil or ground-water. 
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Figure 3.1. Typical pedogenic or ground-water carbonate nodule (group 1).  
 

 

 

A.      B.  

Figure 3.2. Typical lacustrine (group 2) carbonate materials: A. filling of invertebrate 
burrow, and B. gastropod (Vivaparus sp.) steinkern. 
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Figure 3.3. Examples of Tertiary carbonates of uncertain origin (either group 1 or 2), 
similar in appearance to either pedogenic rhizoconcretions or lacustrine burrow-fillings. 
 
 
 
 
 

 

Figure 3.4. Typical early diagenetic (group 3) carbonate showing radial-fibrous crystal 
fabric; in this case the radial-fibrous calcite is coating a microcrystalline calcite nodule. 
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A.  

B.  

Figure 3.5. Late diagenetic (group 4) carbonates with coarsely crystalline sparry calcite 
fabrics; A. photomicrograph (cross-polarized light) shows sparry calcite cement in 
sandstone (width of field of view is 2 mm); and B. shows vein calcite precipitated as a 
fracture-filling. 
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Carbon and Oxygen Isotopic Compositions for All 
Cretaceous Carbonate Groups 
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Figure 3.6. Carbon and oxygen isotopic values for Cretaceous carbonates of all four 
groups; pedogenic or groundwater (group 1), lacustrine (group 2), early diagenetic (group 
3) and late diagenetic (group 4). 
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Carbon and Oxygen Isotopic Compostions for 
Cretaceous Group 1 Carbonates

LAG2

LAG4
DM-c4*

GH4-1R*
GH4-2R*

DM-c5*

y = 0.5387x - 6.8165

-14

-12

-10

-8

-6

-4

-2

0
-8 -7 -6 -5 -4 -3 -2 -1 0

delta O 18

de
lta

 C
 1

3

 
 
Figure 3.7.  Carbon δ13C and oxygen δ18O isotopic values for Cretaceous pedogenic or 
ground-water carbonates (group 1), and best-fit least-squares regression.  
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Carbon and Oxygen Isotopic Compositions for 
Cretaceous Group 1 Carbonates Without Outliers
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Figure 3.8.  Carbon δ13C and oxygen δ18O isotopic values for Cretaceous pedogenic or 
ground-water carbonates (group 1), and best-fit least-squares regression without outliers. 
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Carbon and Oxygen Isotopic Compostions for 
Cretaceous Groups 1 and 2 Carbonates
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Figure 3.9. Carbon δ13C and oxygen δ18O isotopic values for Cretaceous pedogenic or 
ground-water carbonates (group 1) compared with lacustrine carbonates (group 2). 
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Carbon and Oxygen Isotopic Compositions for 
Cretaceous Group 2 Carbonates
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Figure 3.10.  Carbon δ13C and oxygen δ18O isotopic values for Cretaceous lacustrine 
carbonates (group 2) and best-fit least-squares regression. 
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Carbon and Oxygen Isotopic Compositions of Separate 
Components for Cretaceous Group 2 Carbonates
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Figure 3.11. Carbon δ13C and oxygen δ18O isotopic values for Cretaceous lacustrine 
carbonates (group 2); five varieties of lacustrine carbonate samples are shown separately.  
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Carbon and Oxygen Isotopic Compositions for 
Cretaceous Groups 1, 2, and 3 Carbonates
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Figure 3.12. Carbon δ13C and oxygen δ18O isotopic values for Cretaceous pedogenic or 
ground-water carbonates (group 1), lacustrine carbonates (group 2), and early diagenetic 
carbonates (group 3). 
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Carbon and Oxygen Isotopic Compositions of Separate 
Components for Cretaceous Group 3 carbonates
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Figure 3.13. Carbon δ13C and oxygen δ18O isotopic values for Cretaceous early 
diagenetic carbonates (group 3), five varieties of radial-fibrous calcite are shown 
separately. 
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Carbon and Oxygen Isotopic Compositions for 
Cretaceous Group 4 Carbonates
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Figure 3.14.  Carbon δ13C and oxygen δ18O isotopic values for late diagenetic calcite in 
Cretaceous strata (group 4). 
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Carbon and Oxygen Isotopic Compositions of Separate 
Components for Cretaceous Group 4 Carbonates
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Figure 3.15. Carbon δ13C and oxygen δ18O isotopic values for late diagenetic calcite in 
Cretaceous strata (group 4), with three varieties shown separately. 
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Oxygen and carbon isotopic compositions of all 
four Tertiary carbonate groups
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Figure 3.16. Carbon δ13C and oxygen δ18O isotopic values for Tertiary pedogenic or 
ground-water carbonates (group 1), early diagenetic (group 3) and late diagenetic (group 
4) carbonates, and those of uncertain origin (group 1 or 2). 
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Carbon and Oxygen Isotopic Compositons of 
Tertiary Group 1 carbonates
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Figure 3.17. Carbon δ13C and oxygen δ18O isotopic values for Tertiary pedogenic or 
ground-water carbonates (group 1), and best-fit least-squares regression. 
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Carbon and Oxygen Isotopic Compositions of 
Tertiary Group 1 Carbonates Without Outliers
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Figure 3.18. Carbon δ13C and oxygen δ18O isotopic values for Tertiary pedogenic or 
ground-water carbonates (group 1) without outliers, and best-fit least-squares regression. 
 
 

 89



                   Texas Tech University, David Rodger Schmidt, May 2009       

Carbon and Oxygen Isotopic Compositions for Tertiary 
Group 5 Carbonates
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Figure 3.19. Carbon δ13C and oxygen δ18O isotopic values for Tertiary carbonates of 
uncertain origin (pedogenic or ground-water carbonates – groups 1 or 2). 
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Carbon and Oxygen Isotopic Compositions for Tertiary 
Groups 3 and 4 Carbonates
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Figure 3.20. Carbon δ13C and oxygen δ18O isotopic values for Tertiary early diagenetic 
carbonates (group 3) and late diagenetic (group 4). 
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Comparison of Cretaceous pedogenic carbonates 
with Nordt et al. (2003) carbonates
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Figure 3.21. Comparison of Carbon δ13C and oxygen δ18O isotopic values for Cretaceous 
pedogenic carbonates (group 1) and Nordt et al. (2003) from Big Bend. 
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Comparison of Tertiary pedogenic carbonates with 
Nordt et al. (2003) carbonates
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Figure 3.22. Comparison of Carbon δ13C and oxygen δ18O isotopic values for Tertiary 
pedogenic carbonates (group 1) and Nordt et al. (2003) from Big Bend. 
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A. 

Cretaceous Pedogenic carbonates from Dawson Creek (Nordt et al., 2003)
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Cretaceous Pedogenic carbonates from Dawson Creek
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Figure 3.23. Histograms of: A) Nordt et al. (2003) oxygen isotopic data of pedogenic 
carbonates from the Dawson Creek locality, and B) oxygen isotopic data of pedogenic 
carbonates from same locality of current study. 
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A. 

Cretaceous Pedogenic carbonates from Dawson Creek (Nordt et al., 2003)
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Figure 3.24. Histograms of: A) Nordt el al. (2003) carbon isotopic data of pedogenic 
carbonates from Dawson Creek locality, and B) carbon isotopic data of pedogenic 
carbonates from same locality of current study. 
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Comparison of Cretaceous and Tertiary pedogenic 
carbonates and modern caliche
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Figure 3.25. Graph showing Cretaceous and Tertiary pedogenic carbonates and modern 
caliche or spring-derived carbonates. 
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A. 

Microcrystalline calcite (pedogenic or groundwater)
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B. 

Microcrystalline calcite (lacustrine or surface water)
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C. 

Radial-fibrous calcite
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Figure 3.26. Histograms of Cretaceous δ18O isotopic values and averages for: A. 
pedogenic or groundwater (group 1), B. lacustrine (group 2), C. early diagenetic (group 
3) and D. late diagenetic (group 4).  
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Figure 3.27. Histograms of Tertiary δ18O isotopic values and averages for: A. pedogenic 
or groundwater (group 1), B. radial fibrous and sparry calcites (groups 3 and 4, 
respectively), and C. unknown origin (group 5). 
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Figure 3.28. Histograms of Cretaceous δ13C isotopic values and averages for: A. 
pedogenic or groundwater (group 1), B. lacustrine (group 2), C. early diagenetic (group 
3) and D. late diagenetic (group 4). 
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Figure 3.29. Histograms of Tertiary δ13C isotopic values and averages for: A. pedogenic 
or groundwater (group 1), B. radial fibrous and sparry calcites (groups 3 and 4, 
respectively), and C. unknown origin (group 5). 
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Comparison of Stable Isotopic Compositions of 
Cretaceous Pedogenic Carbonates Between Group 1 

and Lee and Hisada (1999).
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Figure 3.30. Comparison of δ18O and δ13C isotopic values pedogenic or groundwater 
(Group 1) carbonate and pedogenic carbonates from Lee and Hisada (1999). 
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Figure 3.31. Photograph of plain polarized light Tertiary sample DC-U13, early 
diagenetic (group 3) carbonate exhibiting fine-grained anastomosing organic filaments 
and concentric growth bands.  Field of view is 2 mm.  
 

 

 

Figure 3.32. Photograph of plain polarized light Cretaceous sample DM-15C3, early 
diagenetic (group 3) carbonate exhibiting coarse-grained anastomosing radial fibers.  
Field of view is 2 mm. 
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Figure 3.33. Photograph of plain polarized light Cretaceous sample DM-107, early 
diagenetic (group 3) carbonate exhibiting coarse to fine-grained crystalline radial fibrous 
fabric and concentric growth bands.  Field of view is 2 mm. 
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Table 3.1. Cretaceous pedogenic or ground-water carbonate isotopic values (group 1). 
Codes for carbonate materials are: (PC) pedogenic carbonate.  Codes for sections are: 
(DC) Dawson Creek, (DM) Dogie Mountain, (GH) Grapevine Hills, and (PR) Pterodactyl 
Ridge.  Previously analyzed samples are denoted with an asterisk, with source, date, and 
analyst indicated.  All other samples were analyzed by author. 
 

Sample Material Section δ18O δ13C Source 
DC-c5* PC DC -4.8 -10.7 Ferguson and Lehman, 1991 
DC-c4* PC DC -3.5 -9 Ferguson and Lehman, 1991 
DC-c3* PC DC -4.3 -9.7 Ferguson and Lehman, 1991 
DC-c2* PC DC -4.7 -8.7 Ferguson and Lehman, 1991 
DC-c1* PC DC -4 -9.3 Ferguson and Lehman, 1991 
DM-c5* PC DM -4.1 -5.1 Strathearn and Lehman, 1991 
DM-c4* PC DM -7.4 -9.7 Strathearn and Lehman, 1991 
DM-c3* PC DM -4.8 -8.4 Strathearn and Lehman, 1991 
DM-c2* PC DM -2.3 -8.9 Strathearn and Lehman, 1991 
DM-c1* PC DM -4.8 -9.8 Strathearn and Lehman, 1991 

GH1-1R* PC GH -4.6 -9.6 Coulson, 1998 
GH1-2R* PC GH -4.6 -10.4 Coulson, 1998 
GH2-1R* PC GH -4.4 -9.7 Coulson, 1998 
GH2-2R* PC GH -3.6 -8.7 Coulson, 1998 
GH3-1R* PC GH -4.1 -8.9 Coulson, 1998 
GH3-2R* PC GH -4.1 -8.9 Coulson, 1998 
GH4-1R* PC GH -6.3 -13.1 Coulson, 1998 
GH4-2R* PC GH -6.1 -12.8 Coulson, 1998 
GH5-1R* PC GH -3.9 -8.7 Coulson, 1998 
GH5-2R* PC GH -3.8 -9.2 Coulson, 1998 
GH6-1R* PC GH -3.2 -8.4 Coulson, 1998 
GH6-2R* PC GH -3.6 -8.5 Coulson, 1998 

LAG1 PC GH -6.4 -10  
LAG2 PC GH -6.3 -9.2  
LAG4 PC GH -5 -9.5  

DC-21A PC DC -4.7 -9.2  
DC-21B PC DC -5.5 -7.9  
DC-25 PC DC -5 -9.5  
PR-4 PC PR -4.3 -9.3  
PR-10 PC PR -3.7 -9.4  

DM-15B1 PC DM -5 -8.2  
DM-14A PC DM -4.5 -8.8  

DM-1051705 PC DM -5.1 -8.6  
DM-2051705 PC DM -4.5 -10.3  
DM-3051705 PC DM -4.7 -9.3  
DM-4051705 PC DM -4.7 -9.9  
DM-6051705 PC DM -4.4 -9.7  
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Table 3.2. Cretaceous lacustrine carbonate isotopic values (group 2).  Codes for 
carbonate materials are: (BL) brecciated limestones, (MC) microcrystalline calcite, 
(MCB) microcrystalline coating on bones, (ST) steinkerns, (LS) limestone, (BU) burrow-
filling, and (CH) charophyte oogonia.  Codes for sections are: (DC) Dawson Creek, (DM) 
Dogie Mountain, (GH) Grapevine Hills, and (PR) Pterodactyl Ridge.  Previously 
analyzed samples are denoted with an asterisk, with source, date, and analyst indicated.  
All other samples were analyzed by author. 
 

Sample  Material Section δ18O δ13C Source 
BL-1R* BL GH -3.9 -9.4 Coulson, 1998 
BL-2R* BL GH -3.9 -9.4 Coulson, 1998 
Y-1R* MC GH -4.0 -9.5 Coulson, 1998 
Y-2R* MC GH -4.1 -9.6 Coulson, 1998 
JV-11* MCB PR -7.1 -10.4 Upton, 1995 
JV-15* MC PR -6.4 -10.1 Upton, 1995 
JV-16* MC PR -5.8 -7.0 Upton, 1995 
TMM-2* MCB PR -5.4 -9.6 Upton, 1995 
TMM-17a* MCB PR -5.8 -9.3 Upton, 1995 
DC-1 ST DC -3.7 -8.5  
DC-2 ST DC -3.8 -8.5  
DM-1 LS DM -4.5 -10.3  
GH-1 LS GH -4.1 -9.2  
GH-2 ST GH -5.2 -10.5  
GH-3 ST GH -6.1 -10.4  
GH-4 ST GH -3.9 -8.9  
GH-5 BU GH -4.4 -9.8  
GH-6 BU GH -4.3 -9.8  
GH-7 CH GH -6.2 -9.9  
GH-10 MC GH -6.7 -9.9  
GH-11 MC GH -5.6 -10.9  
GH-A1 LS GH -4.1 -9.8  
GH-A1B LS GH -4.3 -9.9  
TF-1 BL PR -4.5 -10.5  
TF-3 ST PR -6.9 -11.1  
TF-4 ST PR -5.0 -9.7  
TF-6 MC PR -6.0 -10.8  
TF-7 BL PR -6.7 -10.1  
HW-13 MC PR -8.0 -10.1  
HW-19 MC PR -9.5 -8.9  
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Table 3.3. Cretaceous early diagenetic (radial-fibrous) carbonate isotopic values (group 
3).  Codes for carbonate materials are: (CB) coatings on bone, (FB) filling of bone 
medullary cavities, (NO) nodules, and (CN) coatings on nodules.  Codes for sections are: 
(DC) Dawson Creek, (DM) Dogie Mountain, (GH) Grapevine Hills, and (PR) Pterodactyl 
Ridge.  Previously analyzed samples are denoted with an asterisk with source, date, and 
analyst indicated.  All other samples were analyzed by author. 

 
Sample  Material Section δ18O δ13C Source 
E2-1R* CB GH -8.5 -8.4 Coulson, 1998 
C-1R* CB GH -8.7 -9.4 Coulson, 1998 
C-2R* CB GH -8.7 -9.9 Coulson, 1998 
JV-18* FB PR -9.0 -9.1 Upton, 1995 
TMM-41a* CB PR -8.6 -11.1 Upton, 1995 
TMM-41* CB PR -7.6 -16.3 Upton, 1995 
DM-107 NO DM -10.5 -9.1  
DM-14B CN DM -7.0 -4.6  
DM-15A1 CN DM -7.1 -3.7  
DM-15B2 CN DM -7.1 -1.8  
DM-2 NO DM -4.2 -9.6  
DM-2A NO DM -6.0 -8.8  
DM-14C CN DM -7.1 -5.3  
DC-21C NO DC -4.3 -9.3  
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Table 3.4. Cretaceous late diagenetic (sparry calcite) carbonate isotopic values (group 4).  
Codes for carbonate materials are: (VC) fracture-filling vein calcite, (SC) sandstone 
cement, and (SCB) sparry calcite from medullary cavities in bone.  Codes for sections 
are: (DC) Dawson Creek, (DM) Dogie Mountain, (GH) Grapevine Hills, (PR) Pterodactyl 
Ridge, and * indicates samples were collected from areas too far removed from the 
measured sections to allow for confident correlation.  Previously analyzed samples are 
denoted with an asterisk, with source, date, and analyst indicated.  All other samples were 
analyzed by author. 
 
 

Sample  Material Section δ18O δ13C Source 
TMM 72-3* VC PR -8.7 -4.9 Upton, 1995 
DC-2SS SC DC -9.0 -2.7  
DC-7SS SC DC -5.7 -10.5  
DC-12 VC DC -10.1 -4.8  
DM-9SS SC DM -10.2 -3.0  
DM-17SS SC DM -7.5 -0.7  
GH-1SS SC GH -8.9 -10.0  
GH-9 SCB GH -7.5 -9.3  
GH-21 VC GH -10.2 -4.8  
GH-22 VC GH -13.2 -7.4  
GH-27 VC GH -13.2 -8.0  
PR-1 VC PR -10.8 -6.1  
PR-5 VC PR -11.4 -8.1  
PR-19 VC PR -7.6 -12.1  
PR-22 VC PR -10.9 -6.7  
PR-30 VC PR -4.2 -8.4  
TF-5 SCB PR -5.2 -10.7  
HW-13a SCB PR -9.4 -10.9  
WP-1 SCB * -10.9 -5.9  
WP-1A SCB * -11.3 -12.3  
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Table 3.5. Tertiary pedogenic or ground-water carbonate isotopic values (group 1).   
Codes for carbonate materials are: (PC) pedogenic carbonate.  Codes for sections are: 
(DC) Dawson Creek, (DM) Dogie Mountain, (GH) Grapevine Hills, and (PR) Pterodactyl 
Ridge.  Previously analyzed samples are denoted with an asterisk with source, date, and 
analyst indicated.  All other samples were analyzed by author. 
 

Sample Material  Section δ18O δ13C Source 
DC-c10* PC DC -4.8 -10.6 Ferguson and Lehman, 1991 
DC-c9* PC DC -4.8 -7.2 Ferguson and Lehman, 1991 
DC-c8* PC DC -5.1 -10.5 Ferguson and Lehman, 1991 
DC-c7* PC DC -4.5 -11.3 Ferguson and Lehman, 1991 
DC-c6* PC DC -4.3 -10.6 Ferguson and Lehman, 1991 
DM-c11* PC DM -3.6 -8.8 Ferguson and Lehman, 1992 
DM-c10* PC DM -3.6 -9.3 Ferguson and Lehman, 1993 
DM-c9* PC DM -4.1 -10.3 Ferguson and Lehman, 1994 
DM-c8* PC DM -4.6 -9.4 Ferguson and Lehman, 1995 
DM-c7* PC DM -4 -9.6 Ferguson and Lehman, 1996 
DM-c6* PC DM -4.8 -9.2 Ferguson and Lehman, 1997 
GH8-2R* PC GH -11.2 -14 Coulson, 1998 
GH9-1R* PC GH -6.1 -12.2 Coulson, 1998 
GH9-2R* PC GH -6 -12.1 Coulson, 1998 
GH10-1R* PC GH -6.7 -13 Coulson, 1998 
GH10-2R* PC GH -8.7 -12.6 Coulson, 1998 
GH11-1R* PC GH -8.7 -12.9 Coulson, 1998 
GH12-1R* PC GH -6.4 -10.5 Coulson, 1998 
GH12-2R* PC GH -5.9 -10.9 Coulson, 1998 
GH13-1R* PC GH -4.9 -10.6 Coulson, 1998 
GH13-2R* PC GH -6.6 -10.6 Coulson, 1998 
DC-M13C1 PC DC -5.2 -10.4  
DC-M11C1 PC DC -5.6 -10.4  
DC-U11C1A PC DC -4.8 -10.8  
DC-U11C1B PC DC -4.9 -11  
DC-U15C1 PC DC -5 -10.4  
DC-3T PC DC -5.3 -10.6  
DC-4T PC DC -5.5 -10.8  
DM-42C1 PC DM -4 -10.1  
DM-47C1A PC DM -3.8 -9.3  
DM-54C1 PC DM -5.2 -10.5  
DM-44C1 PC DM -3.6 -8.8  
DM-50C1 PC DM -3.3 -9.3  
DM-CHC1 PC DM -3.5 -9.1  
DM-47C1 PC DM -3.7 -9.1  
DM-6051705 PC DM -4.4 -9.7  
GH-M4C1B PC GH -6.1 -11.5  
GH-M4C1D PC GH -8.2 -9.2  
GH-M4C1 PC GH -5.6 -11.8  
GH-M4C1CX PC GH -10.1 -12.6  
GH-M4C1CA PC GH -6.1 -11  
GH-M5C1A PC GH -5.1 -10.4  
GH-M5C1 PC GH -4.3 -10.3  
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GH-M7C1 PC GH -3.8 -9.2  
GH-M4C1A PC GH -5.4 -11.6  
GH-M4C1C PC GH -6.1 -11.1  
GH-M4C1AA PC GH -5.9 -12.1  
GH-M5C1AA PC GH -5.2 -10.3  
PR-9C1 PC PR -6.4 -10.3  
PR-8C1 PC PR -6 -10.7  
PR-9C1A PC PR -5.8 -10.2  
PR-11C1 PC PR -5.7 -10.7  
PR-11C1A PC PR -5.9 -10.8  
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Table 3.6. Isotopic values for Tertiary carbonates of uncertain origin (either group 1 or 
2).  Codes for carbonate materials are: (EN) elongate nodules (possible burrows or 
rhizoconcretions), and (SN) spiral nodules (possible burrows).  Codes for sections are: 
(DC) Dawson Creek, (DM) Dogie Mountain, (GH) Grapevine Hills, and (PR) Pterodactyl 
Ridge.  All samples analyzed by author. 
 

Sample Material Section δ18O δ13C Source 
DC-L15C2 EN DC -4.9 -10.2  
DC-U13C2 EN DC -4.9 -10.9  
DC-L15C2A EN DC -5.4 -10.7  
DM-35C2 EN DM -4.9 -8.8  
GH-M4C2 EN GH -5.4 -10.6  
GH-S2C2 SN GH -5.8 -11.5  
GH-S2C2 SN GH -5.8 -12.0  
GH-S2C2A EN GH -5.6 -11.3  
PR-13C2 EN PR -5.6 -11.3  
PR-13C2A EN PR -5.5 -11.7  

 
 
 
Table 3.7. Tertiary early diagenetic (radial-fibrous calcite) carbonate isotopic values 
(group 3).  Codes for carbonate materials are: (CB) coatings on bone, and (NO) nodules.  
Codes for sections are: (DC) Dawson Creek, (DM) Dogie Mountain, (GH) Grapevine 
Hills, and (PR) Pterodactyl Ridge.  All samples analyzed by author. 
 

Sample Material Section δ18O δ13C   
DC-L13C3 NO DC -5.2 -10.1  

DC-U13C31 NO DC -5.2 -9.9  
DC-U13C3 NO DC -5.2 -9.5  

DC-U13C3A NO DC -5 -9.5  
DC-L13C3A NO DC -5.3 -10.1  

DC-U13C31A NO DC -5.3 -10.0  
DM-30C3A NO DM -4.9 -8.1  
DM-30C3 NO DM -4.2 -9.3  
DM-42C3 NO DM -7.1 -10.0  

DC-3 CB DC -5.3 -10.6  
DC-4 CB DC -5.5 -10.8  
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Table 3.8. Tertiary late diagenetic (sparry calcite) carbonate isotopic values (group 4).  
Codes for carbonate materials are: (VC) fracture-filling vein calcite.  Codes for sections 
are: (DC) Dawson Creek, (DM) Dogie Mountain, (GH) Grapevine Hills, and (PR) 
Pterodactyl Ridge.  All samples analyzed by author. 
 

Sample Material Section δ18O δ13C Source 
DC-12C4 VC DC -7.5 -4.1  
GH-M4C4 VC GH -11.5 -9.6  
GH-S3C4 VC GH -7.8 -9.0  
PR-13C4 VC PR -10.8 -9.2  
PR-12C4 VC PR -6.7 -9.9  
PR-12C4B VC PR -10.9 -8.6  

 

 

 

Table 3.9. Isotopic values for modern caliches.  Code for carbonate material is: (MC) 
modern caliche.  Code for section is: (GH) Grapevine Hills.  All samples analyzed by 
author. 
 
 

Sample Material Section δ18O δ13C Source 
GH-SP1 MC GH -6.6 -5.0  
GH-SP2 MC GH -6.6 1.2  
GH-SP3 MC GH -3.0 3.3  
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CHAPTER IV 

STABLE ISOTOPE GEOCHEMISTRY OF ORGANIC CARBON 

 

Organic Carbon Groups 

     Organic carbon samples were obtained from two sources; mudstones and fossil 

woods.  Samples were collected and analyzed from all four field localities, and from 

above and below the K/T boundary.  The two groups of samples are separated below for 

analysis and interpretation. 

Mudstones – The K/T boundary interval contains mudstone beds of both alluvial and 

lacustrine origin.  Most of the mudstone beds contain small amounts of organic carbon, 

typically less than 1 % (TOC by weight), but in a few cases up to about 2 % (Lehman, 

1989; Vines, 2000).  The organic carbon occurs within fine particles disseminated 

throughout the mudstone, and mostly too small to observe without magnification or to 

identify.  The small particles are thought to represent finely comminuted terrestrial plant 

tissues, comparable to those described by Arens and Jahren (2000). 

Most of the mudstone samples (n = 105 ) were collected from fluvial overbank flood-

plain facies.  These mudstones tend to lack visible stratification, and have blocky massive 

structure, probably reflecting the original ped geometry of the flood-plain soil profiles 

(Lehman, 1989; Vines, 2000).  Samples were selected primarily from supposed surficial 

(A) horizons of paleosols (containing presumably organic matter derived from vegetation 

that grew in-situ on the soil surface), and from supposed subsurface (C) horizons 

representing alluvial deposits relatively unmodified by pedogenesis (and perhaps 

containing allochthonous organic matter deposited with the alluvium).  Mudstones with 
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drab olive or gray color were selected because they were assumed to contain greater 

concentrations of organic carbon.  A few mudstone samples (n = 5) were collected from 

lacustrine facies as indicated by association with fossils of aquatic organisms.  These 

mudstones preserve more visible primary stratification and tend to exhibit greener color.  

The organic particles consist of visible fragments of palm vascular tissues in several of 

these samples. 

All four field locations were sampled for Cretaceous mudstones, and two localities 

(Dogie Mountain and Pterodactyl Ridge) were sampled throughout the entire K/T 

boundary interval.  Mudstone samples from the Dogie Mountain and Pterosaur Ridge 

localities, and Tertiary mudstones from all four localities, were sampled regardless of 

color to test for variation in organic carbon isotopic value with mudstone color. 

Woods – Samples of fossilized wood were collected from large partially intact logs 

and from smaller wood fragments (Figure 4.1).  Most of these occur in fluvial channel 

deposits, though a few were also collected from overbank and lacustrine facies.  The 

woods are preserved by partial silicification (Figure 4.2 A and B).  In many cases the 

original vascular tissue has simply been filled by microcrystalline quartz; in others, the 

cell walls have also been partly or completely silicified.  As a result, the amount of 

organic carbon varies from sample to sample. TOC by weight were calculated for 21 

fossil woods (Cretaceous n = 13 and Tertiary n = 8).  All but one sample was < 1% TOC 

(average = 0.5%); sample DM-52POC contained the highest at 29.9%. A few partially 

and completely carbonized woods were also collected.     

Most of the wood samples can be readily separated into conifer and angiosperm 

varieties.  Thin sections for some of the samples were used to identify the wood types by 
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comparison with those described by Wheeler and Lehman (2000, 2005); and several 

samples were taken from specimens previously identified.  Some wood samples were 

difficult to identify; these represent specimens that were either too thoroughly replaced 

by silicification, or completely carbonized, obscuring their cellular anatomy. 

Wood is found sporadically throughout the entire Cretaceous part of the K/T 

boundary interval.  The lower part of the Javelina Formation has several wood taxa that 

are absent higher in the section (e.g., podocarpacean conifers and the dicot Bassoxylon), 

while others (e.g., Javelinoxylon) occur throughout the entire formation (Wheeler and 

Lehman, 2000, 2005).  Wood is rare immediately above the K/T boundary, and with the 

exception of the Paraphyllanthoxylon “log jam sandstone” (described by Lehman, in 

Lehman and Busbey, 2007) wood is generally less common in the Black Peaks 

Formation. 

 

Previous Data 

Organic carbon analyses for 17 Cretaceous alluvial mudstone samples were presented 

by Ferguson et al. (1991) for the Dawson Creek site.  Strathearn and Lehman 

(unpublished, 1991) analyzed six mudstone samples collected just above the K/T 

boundary at the Dawson Creek and Grapevine Hills localities.  Analyses for four samples 

of lacustrine mudstone from the Pterodactyl Ridge locality are given in an unpublished 

report by Upton (1995).  Coulson (unpublished, 2002) presented a single analysis for a 

Cretaceous wood sample.  The sources and analysts for these data are indicated in Tables 

4.1 and 4.2. 
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Cretaceous Organic Carbon 

     Mudstones – Data are available for a total of 51 Cretaceous mudstone samples 

including those analyzed previously.  Values of δ13C range from - 22.4 to - 33.8 o/oo with 

an average of - 25.5 o/oo, and s = 2.9 o/oo (Table 4.1).  One sample yielded an anomalously 

high value (sample PR-3B = -16.8  o/oo, see below) and it is omitted from the calculations.   

Mudstone organic carbon values show slight differences between sample localities 

(Figure 4.3).  Dawson Creek (mean = - 27.9 o/oo, n = 15) and Grapevine Hills (mean = -

27.6 o/oo, n = 5) have relatively lower δ13C values, whereas the Dogie Mountain (mean = -

24.5 o/oo, n = 19) and Pterodactyl Ridge (mean = - 23.8 o/oo, n = 17) localities are 3 to 4 

permil higher.  Samples from the Dawson Creek section also exhibit the greatest 

variability (- 24.6 to - 33.8 o/oo) in δ13C values.  Many of the samples from the Dawson 

Creek area (PM and WF sample series), and the two samples from Grapevine Hills (GH-

cret10, GH-cret12) that have the lowest δ13C values, were collected from the lowermost 

part of the Javelina Formation, immediately above and below the contact with the 

underlying Aguja Formation.  Other samples from those sites were collected from higher 

in the section, and these overlap with δ13C values from the Dogie and Pterodactyl Ridge 

localities.  Samples from the Dogie Mountain section are only from the uppermost part of 

Cretaceous section, just below the K/T boundary; these exhibit the least variability (-23.1 

to -26.7 o/oo) and have δ13C values comparable to samples from Pterodactyl Ridge.   

Hence, there appears to be a crude stratigraphic trend in δ13C values within the 

Cretaceous section, ranging from about -28 o/oo at the base of the Javelina Formation to 

about -24 o/oo below the K/T boundary. 
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There is no apparent correlation between mudstone color and organic δ13C value. 

Mudstone samples collected throughout the entire Pterodactyl Ridge and Dogie Mountain 

sections with the same or similar colors have variable δ13C values.  One mudstone 

interval sampled at three different locations (PR-8A, B, and C) at the Pterodactyl Ridge 

locality yielded similar values (-25.6, -25.1, and -25.1 o/oo).  However, in the same area, a 

lower mudstone interval yielded markedly different values (PR-3A = -23.7 o/oo and PR-

3B = -16.8 o/oo).  Sample PR-3B was analyzed twice to confirm the higher value but both 

samples yielded δ13C values between -16.0 and -17.0 o/oo.  Sample PR-3B was not used in 

tabulations for comparisons with other data, but is listed in Table 4.1.  At the Dogie 

Mountain section, samples DM-6B and C came from the same mudstone interval exposed 

at separate locations and these yielded different δ13C values (-23.1 and -25.6 o/oo).  

Therefore, there appears to be some variation in δ13C values within the same mudstone 

interval.  Four samples of lacustrine mudstone (JV-17, -20, -23, and -24) yielded δ13C 

values (-22 to -23 o/oo) comparable to, but slightly higher than, those obtained from the 

alluvial mudstones. 

Woods – Analyses for 30 Cretaceous wood samples consist of 12 conifers, 13 

dicotyledonous angiosperms, and 5 unknowns (Table 4.2).  The unknown 5 petrified 

wood samples are taxonomically unidentifiable due to poor preservation, but were 

analyzed for their carbon isotopic composition.  The overall range in wood organic δ13C 

values (-20.0 to -27.0 o/oo, mean = -24.3 o/oo and s  = 1.5 o/oo) is narrower than those 

determined for mudstones (Figure 4.4); however, the mean δ13C values are comparable, 

particularly for the Dogie and Pterodactyl Ridge sections.  As a group, the wood δ13C 

values are higher than the mudstones; but, as noted above, most of the isotopically 
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depleted mudstone δ13C values are from samples low in the Cretaceous section.  Wood 

samples from similar stratigraphic levels are not as depleted. 

Identifiable conifer and angiosperm wood samples yield similar δ13C values ranging 

from -20.0 to -26.1 o/oo (Figure 4.5); however, conifer woods (mean = -23.5, range = -

20.0 to -24.9 o/oo) and angiosperm woods (mean = -25.1, range = -22.1 to -26.1 o/oo) have 

slightly different means.  The remaining unidentified wood samples range from -21.6 to -

26.4 o/oo and average -24.0 o/oo.  Most of the conifer wood samples come from low in the 

Cretaceous section, and so their relatively higher δ13C values cannot explain the 

corresponding lower mudstone values. 

Several angiosperm wood types are referable to specific taxa.  Javelinoxylon is the 

most common dicot wood in the Cretaceous section; it exhibits a range of δ13C values 

from -24.5 to -26.1 o/oo (n = 7).  This range includes a sample taken from the type 

specimen.  Two specimens of Sabinoxylon (-23.3 and -26.1 o/oo) and one sample of 

Bassoxylon (-25.4 o/oo) yield similar values.  Three unidentified dicot woods have δ13C 

values between -22.1 and -25.8 o/oo.  There is no apparent isotopic distinction between 

dicot wood types. 

 

Tertiary Organic Carbon 

Mudstones – Analyses are available for a total of 54 samples collected from Tertiary 

mudstones (Table 4.3).  Values of δ13C range from -20.7 to -27.2 o/oo (mean = -24.7 o/oo, 

and s = 1.5 o/oo).  Samples were collected from all four locations.  δ13C values of 

mudstones for each location, Grapevine Hills (mean = -24.6, range = -20.7 to -26.6 o/oo), 

Dawson Creek (mean = -24.3, range = -22.2 to -26.8 o/oo), Dogie Mountain (mean = -
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24.3, range = -22.8 to -25.8 o/oo), and Pterodactyl Ridge (mean = -25.7, range = -23.9 to 

27.5 o/oo) are all very similar (Figure 4.6).   

Tertiary mudstones show no correlation between δ13C values and mudstone color.  

Some samples collected from the same interval at different locations exhibit similar δ13C 

values while others vary substantially.  Samples DC-U11MOCA (- 22.3 o/oo) and DM-6C 

(- 25.9 o/oo) are from the same purple mudstone layer and exhibit significantly different 

δ13C values.  Mudstone colors and correlation with their organic carbon values will be 

discussed further below.  

Woods – Only 12 Tertiary wood samples were analyzed for organic carbon (Table 

4.4).  Most of these were collected from the Pterodactyl Ridge and Grapevine Hills 

sections.  Figure 4.7 shows organic δ13C values for these woods ranges from -20.5 to -

28.3 o/oo (mean = -26.2  o/oo, and s = 2.2 o/oo).  Three samples were collected from just 

above the K/T boundary interval (DM-52POC, NGH-4POC, and GH-POC51805); these 

yield a mean δ13C = -23.3 o/oo and include the two highest values in the group.  The 

majority of the Tertiary wood samples were collected from the Paraphyllanthoxylon “log 

jam sandstone” about 68 m above the K/T boundary.  These yield a lower mean δ13C = -

27.2 o/oo (n = 8).  No wood samples were found in the interval between these two levels.  

Eight of the 11 samples have been identified taxonomically.  Seven samples of dicot 

woods range from -20.5 to -28.3 o/oo, while a single conifer wood is -26.9 o/oo.  

Identifiable Paraphyllanthoxylon abbotti woods from the “log jam sandstone” are 

represented by six analyses (range = -26.7 to -28.3 o/oo).  One Paraphyllanthoxylon sp., 

collected just above the K/T boundary yields the heaviest observed value (-20.5 o/oo); 

however, this also represents the most intensely silicified of all the wood specimens.  An 
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unidentified dicot yields the lightest value (-28.3 o/oo).  A single araucariacean conifer is 

the only Tertiary conifer in the data set (-26.9 o/oo).  Four wood samples of unknown 

taxonomic relationships have δ13C values comparable to those found for the identified 

specimens.  Sample DM-52POC exhibits higher δ13C values than most of the other 

Tertiary woods; this is a carbonized rather than silicified specimen.  There appears to be 

no significant isotopic differences among the Tertiary wood types.  Even woods 

belonging to the same species vary in δ13C value almost 2 o/oo.  Perhaps more 

significantly, woods collected just above the K/T boundary are nearly 4 o/oo higher than 

those obtained from the upper portion of the section. 

 

Organic Carbon Isotopic Ratios and Photosynthetic Pathways 

Plants follow different photosynthetic pathways (referred to as C3, C4 , and CAM 

plants) that result in different carbon isotope ratios (Cerling, 1984).  Plants that follow C3 

(Calvin-Benson cycle) photosynthesis have δ13C values that range from -33 to -23 o/oo 

(mean = -27o/oo) and those utilizing the C4 (Hatch-Slack cycle) photosynthetic pathway 

range from -16 to -9 o/oo (mean = -13; Cerling, 1984).  CAM (Crassulacean Acid 

Metabolism) plants follow a third carbon-fixation pathway and yield δ13C values that 

cover the entire spectrum of variation observed among C3 and C4 plants.  Plants utilizing 

the C3 photosynthetic pathway were the dominant and perhaps only plants until about 

Miocene time when C4 and CAM plants evolved (Cerling, 1989). 

The ranges in isotopic values found for organic carbon extracted from Cretaceous 

mudstones (-22.4 to –33.8o/oo) and Paleocene mudstones (-20.7 to –27.2 o/oo) are almost 

entirely within those reported for modern C3 vegetation. Only a single sample (PR-3B, 
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see discussion above) yielded a value within the range reported for modern C4 vegetation.  

Similarly, δ13C values for Cretaceous (-20 to -27 o/oo) and Paleocene (-20.5 to –28.3 o/oo) 

woods are within or close to the range reported for C3 plants.  Although some samples of 

both mudstone and wood exhibit δ13C values slightly heavier than those found in C3 

plants, the average values are all within the range for C3 plants.  All of the identifiable 

Cretaceous and Paleocene fossil woods collected in Big Bend represent groups whose 

living representatives are C3 plants.  Consequently, the organic carbon isotopic values 

reported here are compatible with previous studies indicating that C3 plants were the 

dominant if not only vegetation during Cretaceous and Paleocene time.   

 

Comparisons with Other Studies  

Several studies have reported organic carbon isotopic values spanning the terrestrial 

K/T boundary in Montana, North Dakota, New Mexico, and Alberta, Canada 

(Schimmelmann and DeNiro, 1984; Arens and Jahren, 2000; Beerling et al., 2001; 

Gardner and Gilmour, 2002; and Therrien et al., 2007).  Most of these studies focus on 

high resolution of a short interval spanning the K/T boundary.  For example, Gardner and 

Glimour (2002) record isotopic values for organic carbon that span an interval of ~ 30 cm 

across the K/T boundary at the Brownie Butte section in Montana.  The sections 

described at Sugarite (1.25 m) and York Canyon (18 m) New Mexico focus also only on 

the immediate K/T boundary interval (Schimmelmann and DeNiro, 1984; Beerling et al., 

2001).  Therrien et al. (2007) investigated in detail 47 cm surrounding the K/T boundary 

at the Knudsen’s Farm section in Alberta, but also provide a 72 m profile across the 

entire section there.  Only the sections described at Pyramid Butte, North Dakota (32 m; 
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Arens and Jahren, 2000) and Knudsen’s Farm, Alberta, Canada (72 m; Therrien et al., 

2007) provide a broader scale of sampling comparable to that in the present study.  

The range and average isotopic values for Cretaceous sedimentary organic carbon 

reported from Pyramid Butte and Knudsen’s Farm are quite similar to those found in the 

Dogie Mountain and Pterodactyl Ridge sections of Big Bend (Figure 4.8).  The average 

δ13C values for Pyramid Butte, Knudsen’s Farm, Dogie Mountain, and Pterosaur Ridge 

are - 24.2, - 24.9, - 24.4, and - 24.5o/oo, respectively.  The Sugarite, York Canyon, and 

Brownie Butte sections have similar ranges but slightly lower average values (-25.6 o/oo = 

Sugarite; -26.1 o/oo = York Canyon; and -26.1 o/oo = Brownie Butte).  The Dawson Creek 

and Grapevine Hills sections in Big Bend show similar low average δ13C values, but 

exhibit a much broader range.  The difference between the lowest and highest δ13C values 

at the Dawson Creek locality is 9.22 o/oo, which is 4.8 o/oo higher than at the other 

locations (except Grapevine Hills); however, as discussed above, the broader range is 

largely attributable to the samples collected near the base of the Javelina Formation 

where δ13C values are significantly lower. 

Tertiary bulk sedimentary organic carbon values also have a remarkably similar range 

and average between Pyramid Butte, Knudsen’s Farm, Dogie Mountain, Dawson Creek, 

and Grapevine Hills (Figure 4.9).  Average δ13C values for these sections are: - 24.3 o/oo = 

Pyramid Butte; - 24.8 o/oo = Knudsen’s Farm; - 24.5 o/oo = Dogie Mountain; - 24.2 o/oo = 

Dawson Creek; and - 24.6 o/oo = Grapevine Hills.  The average δ13C value for the 

Pterodactyl Ridge section is a bit lower (- 25.5 o/oo); and closer to that found at Sugarite, 

York Canyon, and Brownie Butte (averages of - 26.4, - 26.3, and - 25.9 o/oo, 

respectively).  The Grapevine Hills section contains the broadest range of δ13C values 

 121



                   Texas Tech University, David Rodger Schmidt, May 2009       

(5.9 o/oo between the highest and lowest values) but this is largely attributable to a single 

unusually high value. 

The generally similar bulk organic carbon isotopic values between localities in 

Alberta, Montana, North Dakota, New Mexico, and Big Bend suggest that sample 

collection and laboratory analytical procedures followed in the present study are 

comparable with those utilized in other studies.  Moreover, the close correspondence in 

isotopic values indicates that alluvial sediments in the different regions were influenced 

by generally similar δ13C values of Late Cretaceous and Paleocene vegetation.  Such 

similarities are particularly interesting because floral communities between the northern 

and southern biomes were distinctly different (e.g., Wheeler and Lehman, 2000, 2005). 

 

Variation in Sedimentary Organic Carbon among Samples 

Many mudstone samples from the same stratigraphic interval were analyzed two or 

three times.  Three out of 42 Cretaceous mudstone intervals were analyzed more than 

twice.  Tertiary mudstones were analyzed in duplicate (or more) for 16 out of 35 

intervals.  This revealed that some mudstone intervals vary in isotopic composition by as 

much as 2.0 o/oo.  One Cretaceous mudstone interval exhibits sample isotopic variation of 

~ 7o/oo (PR-3A = - 23.7 and PR-3B = - 16.8 o/oo); however, PR-3 was the only mudstone 

sampled that displays such high δ13C variability.  Most do not exhibit variation greater 

that 2.0 o/oo within each interval, but many exhibit slight variation (< 1.0 o/oo).  Sampled 

mudstones (3 Cretaceous and 5 Tertiary) analyzed multiple times from the Pterodactyl 

Ridge locality show the least variability.  Five of the eight sampled intervals (1 

Cretaceous = PR-8; and 4 Tertiary = PR-3MOC, PR-8MOC, PR-11MOC, PR-15MOC) 
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exhibit < 1.0 o/oo variation among samples.  Two other samples, PR-9MOC and PR-

4MOC, from the Tertiary have slightly higher variability at 1.1 and 1.6 o/oo, respectively. 

The isotopic variability among mudstone samples could reflect several phenomena.  

The mudstones are alluvial flood-plain deposits that were subject to varied degrees of 

pedogenesis.  Some of the mudstone beds represent surficial paleosol horizons, others 

subsurface illuvial horizons of paleosols, and others are relatively unmodified alluvium 

(C horizons; Lehman, 1989).  The isotopic composition of particulate organic matter in a 

soil primarily reflects the accumulation of material derived from plants that grew on the 

soil.  The δ13C values of organic carbon will differ due to isotopic variation between plant 

taxa and variation among different tissues and parts of the same plants.  Modern plants 

inhabitating the same area will show different δ13C values depending on the taxa (Stuvier 

and Braziunas, 1987).  For example, modern conifers are generally enriched in 13C 

relative to angiosperms (Poole and Bergen, 2006).  Furthermore, isotopic variation 

among plant tissues (e.g., hemicellulose, lignin) is known to range as much as 9 o/oo.  

Schleser (1999) and Leavitt and Long (1987) point out that carbon isotopic values of 

different plant anatomical parts (leaves, twigs, and branches) can vary between 2 and 

4o/oo and 1 to 3 o/oo, respectively in one individual plant.  Variability among plants and 

among leaves, twigs, and branches derived from the same plants could explain δ13C 

variations in particulate organic carbon values collected from the same mudstone bed, or 

from stratigraphically successive mudstone beds.  Both Cretaceous and Tertiary 

mudstones exhibit variation in δ13C values laterally within a mudstone interval (~ 2 o/oo) 

comparable to that observed stratigraphically.  Bioturbation should redistribute organic 

matter during the development of a soil profile and mix materials having different 
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isotopic compositions.  A well-developed soil profile will have undergone extensive 

bioturbation; and in that time, organic matter reflecting differing isotopic compositions 

temporally, should have mixed.  However, low bioturbation, vertical or lateral 

segregation of plant taxa or plant parts, or differential preservation of some plant tissues 

may lead to the observed isotopic variation within and among mudstone intervals. 

 

Variation in Wood Organic Carbon among Samples 

There are marked differences in the preservational style exhibited among the petrified 

woods analyzed in this study.  Most of the woods exhibit variable silicification with 

microcrystalline quartz filling the vascular tissue but good preservation of the cell walls.  

However, some samples are so thoroughly silicified that the cellular structure is nearly 

obliterated, while in contrast other samples are carbonized with only mild silicification.  

This is somewhat evident in the color contrast among specimens; those with least 

silicification tend to be black or dark gray, while those most intensely silicified tend to be 

tan or white.  There may be a crude correlation between light colored fossil woods and 

their isotopic compositions.  Those that have lightest colors (white, light gray, tan) have 

the highest isotopic values.  For example, samples NGH-4POC (-20.5 o/oo), GH-16 (-21.6 

o/oo), DC-JVGS (-20.0 o/oo) are enriched in 13C and possess light coloration.  A few 

samples that were light in color did not produce sufficient CO2 during combustion and 

were assumed to have very little to no organic carbon preserved.  Those darker in color 

appear to have retained more organic carbon as indicated by TOC content.  Therefore, the 

isotopic compositions of woods with light coloration may reflect in part differential 

preservation of organic carbon during diagenesis, and should perhaps be discounted in 
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interpreting the wood isotopic data.  However, there is not a simple correlation between 

color of wood samples and isotopic compositions.  Isotopic variation occurs 

independently of color.  For example, conifer wood sample GS-2 has δ13C of - 23.4 o/oo 

and GS-3 = - 23.4 o/oo; both of these samples are gray in color; while similarly colored 

samples of the angiosperm Paraphyllanthoxylon have δ13C of - 26.7 o/oo, (SDF-10POC) 

and -28.3 o/oo (NTF-43POC). 

Silicification must have occurred quickly in most wood samples, because 

compression is minimal and cell wall preservation is excellent (e.g., sample DM-12; 

Figure 4.10 A and B).  If silicification occurred shortly after burial, the wood should 

retain its original isotopic composition.  Samples that exhibit the most intense 

silicification, where the wood structure has been completely destroyed do not, however, 

differ significantly in isotopic composition from others.  For example, Tertiary wood 

samples GH-POC51805 (- 26.3 o/oo), RH-1 (- 27.0 o/oo), and SDF-10POC (- 26.7 o/oo) are 

all thoroughly silicified but yield δ13C values close to the mean (-26.2 o/oo) for Tertiary 

woods.  Cretaceous wood sample CA-7 (-23.6 o/oo) also exhibits partial or complete loss 

of cell structure due to silicification but δ13C close to the Cretaceous mean (-24.3 o/oo).  In 

contrast, carbonized samples (NTF-31, -34, and DM-52POC) required less powder for 

combustion and retained a high amount of preserved carbon.  Sample DM-52POC is 

completely carbonized; NTF-31, and -34 are partially carbonized and have calcite (rather 

than silica) replacement; but these samples also display δ13C (-22.2 to -24.8 o/oo) close to 

the Cretaceous mean value.  Hence, intensity of silicification and/or relative amount of 

organic carbon retained during preservation does not appear to be entirely responsible for 

the isotopic variation observed among the fossil woods. 
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Modern plants within a given ecological community can exhibit variable isotopic 

ranges.  Differing taxa and even individual plants of the same species vary isotopically. 

Carbon isotopic values of seven wood samples from the Cretaceous tree Javelinoxylon 

vary between -24.5 to -26.1o/oo.  Hence, some of the observed isotopic variation may 

reflect different individuals of the same species.  It is possible that the δ13C variation 

among samples of Javelinoxylon are a result of variation in temperature, amount of water, 

humidity, dissolved salts, and pCO2 during Late Cretaceous time; some authors have 

attributed variation in δ13C of plant material to such factors (e.g., Stuiver and Braziunas, 

1987; Robertson et al., 1996; Bert et al., 1997; and Groeke, 1998). 

Variation among angiosperm and conifer woods – Poole and Bergen (2006) 

collected isotopic data for modern woods and demonstrated isotopic differences between 

conifer and angiosperm δ13C values.  Their data show that bulk conifer woods range from 

-19.4 to -27.3o/oo and average -23.7o/oo while angiosperm woods range from -23.4 to -

30.6o/oo and average -27.4o/oo.  Carbon isotopic values for Cretaceous fossil conifer and 

angiosperm woods from Big Bend overlap, but conifers have slightly higher values, as 

expected (Figure 4.11).  The average value for Cretaceous conifers (-23.5o/oo) is 

remarkably close to that found by Poole and Bergen (2006).  Only one Tertiary conifer 

wood sample was analyzed (BP-9POC = - 26.9o/oo) and it is isotopically lower than the 

average Cretaceous and modern conifer; however, it is an araucariacean rather than 

podocarpacean conifer as are all the Cretaceous wood samples.  Cretaceous angiosperm 

woods (mean = -25.2o/oo) are somewhat higher than the average of angiosperm woods 

reported by Poole and Bergen (2006), but the range and average (-26.7o/oo) for Tertiary 

angiosperms correspond well with values for modern angiosperm woods (Figure 4.11). 
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Stuiver and Braziunas (1987) originally documented the isotopic variation between 

angiosperm and conifer woods as ~ 3.0 o/oo a difference that is temperature dependant.  

Angiosperms and conifers collected from the same latitudes (experiencing the same 

temperatures) exhibit a ~ 3.0 o/oo difference.  Poole and Bergen’s (2006) data indicate a 

3.7o/oo difference.  The lesser difference (1.7 o/oo) found here between average Cretaceous 

angiosperm and conifer woods is puzzling.  This could reflect the fact that many of the 

angiosperm and conifer wood samples were collected from different stratigraphic levels 

and may not have coexisted in the same environments.  However, differential 

decomposition or differential preservation of the “hard” woods versus “soft” woods, 

might also have lessened their isotopic contrast. 

 

Comparison of Mudstone and Wood Organic Carbon 

In both Cretaceous and Tertiary sample sets, the bulk sedimentary organic carbon 

obtained from mudstones and the associated organic carbon obtained from wood samples 

differ in isotopic compositions.  In Cretaceous samples, the mean wood δ13C value is 

about 1o/oo greater than the mudstone mean, while in Tertiary samples wood δ13C values 

are 1.5 o/oo less than the mudstones.  It is possible that these differences are simply a 

result of inadequate sampling, low numbers of samples, and/or the few atypical samples 

that skew the mean values, as discussed above. 

The organic carbon content of fluvial mudstone is thought to reflect the vegetation 

that grew on the alluvial soils during accumulation of the flood-plain (i.e. autochthonous 

organic matter derived from plants that contributed to the local biomass).  According to 

Arens and Jahren (2000), the bulk isotopic composition of mudstones is assumed to be a 
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time-averaged approximation of the various floral species that formerly vegetated the 

sediment surface.  One might expect the isotopic value of associated woods to be 

comparable to the particulate organic matter in the mudstone where they are preserved.  

However, the δ13C value of mudstones may inaccurately represent the isotopic 

composition of the local flora if allochthonous organic matter has been transported from 

great distance or from a differing climatic zone, and deposited along with the flood-plain 

alluvium.  Allochthonous organic matter, especially if coming from great distance, may 

have a different δ13C composition.  Of course it is also possible that some or all of the 

wood specimens may represent fallen logs that were transported as flood debris from 

great distance; none of the samples were collected from in situ stumps preserved in 

growth position.  Alternatively, particulate organic matter preserved in the mudstones 

may predominately reflect understory herbaceous or non-woody vegetation and/or leafy 

material rather than wood from the larger canopy-forming trees.  The slight difference in 

carbon isotopic composition of associated mudstones and woods could therefore reflect 

the fact that these preserve different plant components or different plant species, and that 

either or both include organic matter not indigenous to plants growing in the immediate 

flood-plain environment. 

  

Taphonomic and Diagenetic Considerations 

 Organic matter provided to the soil by plants is oxidized by microbes (largely 

bacteria and fungi) during decomposition; this process is thought to only minimally affect 

the carbon isotope composition, as the soil CO2 composition is usually similar to organic 

matter.  However, various taphonomic and diagenetic processes may be responsible for 
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altering the isotopic composition of organic matter during decomposition and burial.  

Plant tissues of highest to lowest degradational resistance include: lignin, lipids, 

cellulose, proteins, and carbohydrates (Grocke, 2002).  Because different plant tissues 

vary in their isotopic ratios (up to 9.0 o/oo) the bulk isotopic composition may vary 

depending on what plant tissues are ultimately preserved.  Bulk wood analyses combine 

all plant tissues and provide a heterogeneous mixture of δ13C values from the various 

constituents; however, Groeke (1998) found for example that lignin and lipids in wood 

are less prone to microbial diagenesis than carbohydrates.  And, in most cases cellulose in 

wood is not preserved, and so bulk wood analyses may differ from those taken following 

decomposition (van Bergen, 1994 and Schlesser, 1999).  It is interesting that a Cretaceous 

wood sample with extensive termite borings (DC-TD) has the lowest δ13C value (-26.1 

o/oo) of seven Javelinoxylon samples.  Termites ingest cellulose and break it down, like 

many other organisms feeding on woody material, by microbes within the gut.  Cellulose 

is reported to be 2.5 – 3.9 o/oo higher in fossil woods younger than the Miocene (Bechtel 

et al., 2002).  Therefore, in a bulk analysis sample of fossil wood that had been infested 

by termites, the δ13C value may be expected to be lower.  DC-TD may provide an 

example of how isotopic composition may vary as plant constituents are selectively 

degraded. 

Chemical diagenetic processes may also be responsible for isotopic fractionation 

(Bergen and Poole, 2002).  Wedin et al. (1995) suggest that microbial activity can alter 

the δ13C value of woody plant material by the addition of organic carbon or by selective 

ingestion of organic compounds.  Bechtel et al. (2002) reported early diagenetic, aerobic 

degradation of organic matter followed by anaerobic bacterial decomposition under 
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reducing conditions.  For example, the hemicellulose constituent of polysaccharides 

degrades in wood under anaerobic conditions eventually depleting 13C (Hedges et al., 

1985).  Demethylation and dehydroxylation of lignin may also alter its isotopic 

composition (Schleser et al., 1999).  Bergen and Poole (2002) have shown that as a result 

of such processes δ13C values can change by as much as ~ 8.0o/oo.  Fossilized C3 wood is 

generally enriched in 13C, and reported to average ~ - 29.0 o/oo (Grocke, 2002).  This 

cannot be the result of simple preferential preservation of lignin, which is highly resistant 

to degradation but should result in lower δ13C values (van Bergen et al., 1994).  

Relatively high δ13C values found in Cretaceous woods in a molecular study conducted 

by Bergen and Poole (2002), were interpreted to be a result of chemical alteration 

(intense modification of lignin and removal of polysaccharides).  They reported 

Cretaceous conifer woods enriched in 13C with values as high as -21.0o/oo (Bergen and 

Poole, 2002).  During chemical alteration, lignin (a plant tissue depleted in 13C) becomes 

significantly enriched (Bergen and Poole, 2002).  Similar chemical alteration might 

explain the several woods with significantly heavier δ13C values found in the present 

study (Cretaceous angiosperm RC-1 = - 22.1 o/oo, and conifer DC-JVGS = - 20.0 o/oo; and 

Tertiary angiosperm NGH-4POC = - 20.5 o/oo).  C:N isotopic ratios may be used to assess 

the possibility of microbial fractionation of carbon isotopic values.  Coulson 

(unpublished, 2002) recovered organic matter from silicified wood samples taken from 

the Aguja Formation in Big Bend, and found elevated nitrogen levels compatible with 

microbial activity that could have altered the original δ13C values. 

Nevertheless, the isotopic compositions of Cretaceous and Tertiary angiosperm and 

conifer woods reported here are generally quite similar to those of modern woods, and 
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the particulate organic matter extracted from associated alluvial mudstones yields similar 

isotopic compositions that are also compatible with the range and average reported for 

modern C3 vegetation.  These observations provide some confidence that the organic 

carbon isotopic ratios reported here have not been dramatically altered by chemical 

taphonomy or diagenesis. 

 

Summary 

Carbon isotopic ratios determined for the particulate organic matter in alluvial 

mudstones and for the organic matter extracted from fossil woods are compatible with C3 

vegetation.  The range and average δ13C values reported here for sedimentary organic 

matter are similar to those found in other terrestrial sections spanning the Cretaceous-

Tertiary boundary in Alberta, Montana, North Dakota, and New Mexico.  The δ13C 

values obtained for organic matter in fossil woods are similar to those found in modern 

woods, and isotopic differences between conifer and angiosperm woods are also similar.  

However, variation in the preservational style of the woods may affect their isotopic 

composition.  The isotopic value of organic carbon from wood differs from the average 

isotopic value of associated sedimentary organic matter.  This may reflect original 

isotopic differences between plant taxa or between plant tissues, understory vegetation 

versus canopy-forming trees, or mixing of autocthonous with allochthonous organic 

matter in the flood-plain alluvium. 
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Figure 4.1. Photograph of silicified fossil log from the Dogie Mountain locality. 

 

 

A.     B.   

Figure 4.2. A. Photograph of cross-section of DM-12 showing growth rings and partial 
silicification, and B. Photograph of DM-12 showing microcrystalline quartz (indicated by 
arrow). 
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Figure 4.3. Comparison of organic carbon isotopic values for Cretaceous mudstones from 
four sampled localities. 
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Figure 4.4. Comparison of organic carbon isotopic values for Cretaceous mudstones and 
fossil woods. 
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Figure 4.5. Comparison of organic carbon isotopic values for Cretaceous conifer and 
angiosperm (dicot) woods. 
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Figure 4.6. Comparison of organic carbon isotopic values for Tertiary mudstones samples 
from four localities. 
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Figure 4.7. Comparison of organic carbon isotopic values for Tertiary mudstones and 
fossil woods. 
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Figure 4.8. Comparison of organic carbon isotopic values for Various North American 
Cretaceous mudstones and Big Bend. 
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Figure 4.9. Comparison of organic carbon isotopic values for Various North American 
Tertiary mudstones and Big Bend. 
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A.  

B.  

Figure 4.10. A. Thin section of silicified wood (sample DM-12) in plain polarized light 
showing internal structure, and B. Thin section of silicified wood (sample DM-12) in 
cross-polarized light. Field of view is 2 mm. 
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Figure 4.11. Comparison of Poole and Bergen’s (2006) modern conifer and angiosperm 
organic carbon isotopic values to Big Bend Cretaceous conifers and angiosperms, and 
Tertiary angiosperms. 
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Table 4.1. Organic carbon isotopic values for Cretaceous mudstones.  Codes for sections 
are: (DC) Dawson Creek, (DM) Dogie Mountain, (GH) Grapevine Hills, and (PR) 
Pterodactyl Ridge.  Previously analyzed samples are denoted with an asterisk, with 
source, date, and analyst indicated.  All other samples were analyzed by author. 
 

Sample Section δ13C Source 
DC-cret 2* DC -28.0 Strathearn and Lehman, 1991 
GH-cret 1* DC -25.3 Strathearn and Lehman, 1991 
PM-cret 4* DC -33.5 Strathearn and Lehman, 1991 
PM-cret 6* DC -24.6 Strathearn and Lehman, 1991 
PM-cret 7* DC -33.1 Strathearn and Lehman, 1991 
PM-cret 9* DC -26.5 Strathearn and Lehman, 1991 
PM-cret 15* DC -27.1 Strathearn and Lehman, 1991 
PM-cret 16* DC -28.5 Strathearn and Lehman, 1991 
RM-cret 5* DC -29.4 Strathearn and Lehman, 1991 
RM-cret 11* DC -27.8 Strathearn and Lehman, 1991 
WF-cret 3* DC -28.8 Strathearn and Lehman, 1991 
WF-cret 8* DC -33.8 Strathearn and Lehman, 1991 
WF-cret 13* DC -24.7 Strathearn and Lehman, 1991 
WF-cret 14* DC -25.8 Strathearn and Lehman, 1991 
DC-PAL 1* DC -22.3 Strathearn and Lehman, 1991 
GH-cret 10* GH -31.7 Strathearn and Lehman, 1991 
GH-cret 12* GH -30.6 Strathearn and Lehman, 1991 
JV-17* PR -23.3 Upton, 1995 
JV-20* PR -22.4 Upton, 1995 
JV-23* PR -23.5 Upton, 1995 
JV-28* PR -23.3 Upton, 1995 
DM-4 DM -24.6  
DM-5 DM -24.7  
DM-6 DM -24.0  
DM-6B DM -23.1  
DM-6C DM -25.6  
DM-7 DM -24.8  
DM-8 DM -23.4  
DM-9 DM -25.3  
DM-10 DM -24.1  
DM-13 DM -23.3  
DM-16 DM -23.5  
DM-17 DM -24.5  
DM-18 DM -25.3  
DM-19 DM -25.1  
DM-24MOCA DM -24.3  
DM-24MOCB DM -25.5  
DM-28MOCA2 DM -23.8  
DM-28MOCB DM -26.7  
DM-32MOCB DM -23.4  
GH-KMOCG1 GH -25.2  
GH_KMOCLG3 GH -24.8  
GH-KMOCPG2 GH -25.5  
PR-3A PR -23.7  

 142



                   Texas Tech University, David Rodger Schmidt, May 2009       

PR-3B PR -16.8  
PR-8A PR -25.6  
PR-8B PR -25.1  
PR-8C PR -25.2  
PR-9 PR -25.0  
PR-13 PR -24.1  
PR-16 PR -24.3  
PR-17 PR -25.1  
PR-18 PR -24.9  
PR-20 PR -24.4  
PR-23A PR -24.2  
PR-25A PR -24.2  
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Table 4.2. Organic carbon isotopic values for Cretaceous woods.  Codes for wood type 
are: (AD) dicotyledonous angiosperm, and (CO) conifer.  Codes for genus names are: 
(JV) Javelinoxylon, (ME) Metcalfeoxylon, (BA) Bassoxylon, and (UN) unknown.  
Previously analyzed samples are denoted with an asterisk, with source, date, and analyst 
indicated.  All other samples were analyzed by author. 
 

Sample Wood type Genus δ C 13 
GL-1A AD JV -24.5 
GL-1B AD JV -25.5 
DC-JV2 AD JV -24.8 
DC-JV1 AD JV -25.6 
DF-1T1 AD JV -24.9 
DC-TD AD JV -26.1 
DC-TD AD JV -26.1 
GS-11 AD ME -23.3 
GS-11 AD ME -26.1 
DF-1ST5 AD BA -25.4 
RC-1 AD UN -22.1 
DF-4 AD UN -25.7 
DF-1T9 AD UN -25.8 
NTF-34 UN UN -24.8 
NTF-31 UN UN -22.2 
NTF-38 UN UN -25.2 
CA-6 CO UN -24.9 
CA-7 CO UN -23.6 
CA-8 CO UN -23.0 
CA-10 CO UN -23.6 
DC-JVGS CO UN -20.0 
GS-1 CO UN -24.2 
GS-2 CO UN -24.5 
GS-3 CO UN -23.4 
LM-1 CO UN -23.1 
DM-12 CO UN -22.8 
DM-13 CO UN -24.6 
DM-20 CO UN -23.8 
GH-16 UN UN -21.6 
PR-23PW UN UN -26.4 
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Table 4.3. Organic carbon isotopic values for Tertiary mudstones.  Codes for sections are: 
(DC) Dawson Creek, (DM) Dogie Mountain, (GH) Grapevine Hills, and (PR) Pterodactyl 
Ridge.  Previously analyzed samples are denoted with an asterisk, with source, date, and 
analyst indicated.  All other samples were analyzed by author. 
 

Sample Section δ C 13 Source 
DC-PAL 6* DC -24.6 Strathearn and Lehman, 1991 
DC-PAL 5* DC -24.5 Strathearn and Lehman, 1991 
DC-PAL 4* DC -24.3 Strathearn and Lehman, 1991 
DC-PAL 3* DC -23 Strathearn and Lehman, 1991 
DC-PAL 2* DC -22.2 Strathearn and Lehman, 1991 
DC-U11MOCA DC -22.3  
DC-U11MOCA1 DC -24.1  
DC-U11MOCB DC -25.9  
DC-U11MOCB1 DC -23.9  
DC-L13MOCB DC -23.2  
DC-U13MOCA DC -24.4  
DC-U13MOCB1 DC -26.4  
DC-L15MOC DC -23.3  
DC-U15MOCA DC -26.3  
DC-U15MOCB DC -26.8  
DM-37MOCA DM -25  
DM-42MOC DM -23.8  
DM-42MOC DM -24.6  
DM-44MOC DM -25.8  
DM-45MOC DM -23.9  
DM-45MOCA DM -23.6  
DM-45MOCB DM -22.8  
DM-47MOC DM -23.2  
DM-48MOC DM -23  
DM-50MOCA DM -25.7  
DM-50MOCB DM -25.6  
GH-KMOCLG3 GH -24.8  
GH-KMOCG1 GH -25.2  
GH-KMOCPG2 GH -25.5  
GH-M3MOCA GH -24.2  
GH-M3MOCA1 GH -26.4  
GH-M3MOCA2 GH -24.1  
GH-M3MOCB GH -25.6  
GH-M3MOCB1 GH -26.6  
GH-M3MOCB2 GH -25.4  
GH-M4MOCA1 GH -23.5  
GH-M4MOCA2 GH -26.3  
GH-M4MOCB1 GH -23.2  
GH-M5MOCA GH -20.7  
GH-M6MOC GH -23.4  
PR-3MOCA PR -25  
PR-3MOCB PR -24.1  
PR-4MOCA PR -25.6  
PR-4MOCB PR -24  
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PR-8MOCA PR -27.2  
PR-8MOCB PR -26.8  
PR-9MOCA PR -25.6  
PR-9MOCB PR -26.7  
PR-11MOCA PR -26.8  
PR-11MOCB PR -26.8  
PR-13MOCA PR -23.9  
PR-15MOCA PR -24.6  
PR-15MOCB PR -24.7  
PR-32 PR -27.5  
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Table. 4.4. Organic carbon isotopic values for Tertiary woods.  Codes for wood type are: 
(AD) dicotyledonous angiosperm, (CO) conifer, and (UN) unknown.  Codes for genus 
names are: (PA) Paraphyllanthoxylon, and (UN) unknown. Previously analyzed samples 
are denoted with an asterisk, with source, date, and analyst indicated.  All other samples 
were analyzed by author. 
 

Sample Wood type Taxon δ13C  
NGH-4POC AD PA -20.5 
NTF-39POC AD PA -28.2 
NTF-43POC AD PA -28.3 
SDF-10POC AD PA -26.7 
SDF-5POC AD PA -28.1 

NTF-45POC AD UN -28.3 
BP-9POC CO UN -26.9 

GH-POC51805 UN UN -26.3 
GH-S4POCB UN UN -25.7 
GH-S4POCA UN UN -25.6 
DM-52POC UN UN -23.1 
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CHAPTER V 

SANDSTONE PETROGRAPY  

 

Cretaceous and Tertiary Sandstone Mineralogy 

     Sandstones of the Late Cretaceous and Paleocene accumulated in stream channel and 

overbank levee or splay environments.  Sandstone mineralogy can allow for 

interpretation of provenance, changes in tectonic/basin development, and intensity of 

weathering in the sediment source areas.  In the current study, sandstone petrography is 

documented in order to assess mineralogical variations across the K-T boundary and to 

assess possible climatic change interpreted on the basis of isotope geochemistry.  

Diagenetic features of the sandstones are also documented to provide insight into post-

depositional conditions across the boundary.  

 

Collection and thin section preparation of sandstones 

     Sandstone samples from Cretaceous and Tertiary strata were collected from the 

Javelina and Black Peaks Formations at all four of the sections on Dawson Creek, Dogie 

Mountain, Grapevine Hills, and Pterodactyl Ridge.  Sandstone beds of significant 

thickness were sampled for thin section preparation and point count analysis.  Thin 

section preparation method varied depending on the cohesiveness of the sample.  Many 

of the sandstones contain a significant amount of interstitial clay and are very friable. 

Several samples required epoxy impregnation prior to sectioning.  Thin sections were 

stained to allow for easy recognition of potassium feldspar.  A total of 600 points were 

counted for each slide.  This provided for counting of 300+ essential constituent grains 
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for most slides, and to allow percentages of constituents to be assessed within about 5% 

with a 95% confidence interval.  Percentages of essential constituents (quartz, feldspar, 

rock fragments) and non-essential constituents (accessory minerals, porosity, cement), 

and descriptions for all sandstones are given in appendices Y through Z. 

      

General Observations 

     The sampled sandstones vary in texture from fine to medium grained; most are poorly 

sorted, and grains are typically subangular to subrounded.  Detrital grains consist of 

quartz, feldspars, various lithic fragments, and minor amounts of accessory minerals.  

Most lithic grains are weathered volcanic rock fragments (Figure 5.1 A and B).  Other 

typical lithic grains consist of reworked clasts of limestone and fossil fragments derived 

from older Cretaceous marine strata (Figure 5.2 A and B).  A few thin sections contain 

abundant carbonate calcispheres (Figure 5.3 A and B).  These grains are usually round 

with radiating fractures from a central core.  Accessory minerals include tourmaline, 

zircon, garnet, micas, and opaque (mostly hematite) grains.  Grains are cemented by 

calcite spar (Figure 5.4) with minor amounts of clay and quartz overgrowths.  Few pore 

spaces remain, as calcite cement completely fills most of the original porosity.  However, 

a few samples have minor secondary porosity resulting from dissolution of detrital 

feldspar grains.   

     To assess compositional homogeneity within a unit, several sandstone samples were 

collected from two different locations within the same bed.  Sandstone samples DM-33, 

GH-BP-1, GH-BP2, PR-7, PR-12, and PR-14 were collected and pointed-counted in 

duplicate.  Cretaceous sample PR-7 exhibits less than 6% variation in essential grain 
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composition among samples; sample PR-12 has greater variability – a little more than 

10%.  Tertiary samples DM-33 and GH-BP1 vary in grain composition less than 4%, 

while sample GH-BP2 varies by more than 9%.  Such comparisons indicate that there 

may typically be about 5 to 10% variability in essential grain composition within a 

sandstone unit sampled at different locations laterally within the same bed. 

 

Mineralogy of Cretaceous Sandstones 

Essential constituents – Point counts were obtained for a total of 34 Cretaceous 

sandstone samples taken from Dawson Creek, Dogie Mountain, Grapevine Hills, and 

Pterodactyl Ridge.  Average percentages and graphic representation of essential grains 

for all point counted Cretaceous sandstones are given in Table 5.1 and Figure 5.5.  

Essential grains consist of quartz, feldspars, and rock fragments; the average composition 

is Q31F17R52.   

Quartz abundance ranges from 18 to 61%, and averages 31%.  Of the four localities 

where sandstones were collected, Dogie Mountain has the highest percentage of quartz at 

55%.  Feldspar abundance ranges from 9 to 29%, and averages 17%.  Feldspar 

percentages vary from one location to another with no one location exhibiting higher 

percentages than others.  The abundance of lithic grains ranges from 22 to 72%, and 

averages 53%.  Percentages of lithic grains from Dogie Mountain are considerably lower, 

averaging 28%.  This coincides with the higher abundance of quartz found there.  

Samples from other localities exhibit a similar relationship; where there are high 

percentages of quartz, there is a corresponding low percentage of rock fragments. 
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Quartz grains are dominately monocrystalline with mildly undulatory extinction.  

Polycrystalline grains with undulatory extinction are the second most common quartz 

variety followed by lesser amounts of monocrystalline grains with straight extinction. 

Most of the feldspar grains are plagioclase (typically > 90%).  Plagioclase ranges 

from 6 to 28%, and averages 16% overall among essential constituents.  Orthoclase 

ranges from 0 to 11%, and averages 1%.  Samples from the Dogie Mountain section 

exhibit the highest percentages of orthoclase averaging 7%.  Samples from all other 

sections combined average a little less than 1% orthoclase.  Plagioclase grains exhibit 

partial alteration, but vary depending on location.  The observed alteration types are 

either montmorillonitization (due to weathering or shallow burial diagenesis) or 

calcitization.  Partial or complete calcitization resulted in pseudomorphic replacement of 

feldspar grains in some cases.  Some sandstones appear to have been exposed to higher 

temperature diagenetic conditions compared to others. 

Volcanic rock fragments comprise a large percentage of detrital grains ranging from 

18 to 58%, and averaging 38%.  The detrital volcanic fragments display a wide range of 

alteration and many are significantly weathered.  Metamorphic rock fragments are rare, 

ranging from 0 to a little more than 1% of essential grains.  Sedimentary rock fragments 

range from 3 to 32%, and average 14%.  These detrital grains are divided into carbonate, 

chert, and sandstone/silt/shale fragments.  Carbonate grains are the most abundant of 

sedimentary rock fragments ranging from 0 to 40%, with an average of 10%.  Most 

carbonate grains consist of fragments of limestone and foraminifera tests likely derived 

from older Cretaceous limestones.  Chert and sandstone/silt/shale fragments are 

considerably fewer and average about 1.5 and 2.7%, respectively. 
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Non-essential constituents – Accessory minerals in Cretaceous sandstones are 

dominated by opaque (mostly hematite) grains.  Other accessory minerals include zircon, 

muscovite, biotite, glauconite, and tourmaline.  Of the non-opaque minerals, zircon and 

glauconite are most abundant. 

Most primary pore spaces in Cretaceous sandstones are completely filled by cement.  

Cements are mostly calcite, but clay, and small amounts of quartz overgrowth are also 

found.  Calcite cements range from drusy to mosaic equant spar (Figure 5.6) to 

poikilotopic spar (Figure 5.4).  Some sandstones contain only one cement type (usually 

equant spar) while others have combinations of equant mosaic and poikilotopic spar 

types.  

 

Mineralogy of Tertiary Sandstones 

Essential constituents - A total of 8 Paleocene sandstones were sampled for 

mineralogical composition.  These samples were collected from all four of the field 

localities but fewer sandstone layers are found in the Paleocene part of the section.  

Average percentages and graphic representation of essential grains for all point-counted 

Paleocene sandstones are given in Table 5.2 and Figure 5.7.  Essential grains consist of 

quartz, feldspars, and rock fragments; the average composition is Q37F26R37.  Quartz 

abundance ranges from 21to 39%, and averages 37%, somewhat higher than in the 

Cretaceous sandstones.  Feldspars are also higher than in Cretaceous sandstones, and 

range from 20 to 30%, with an average of 26%.  Rock fragment abundance is 

considerably lower in Paleocene sandstones than in Cretaceous and ranges from 26 to 

54%, with an average of 37%. 
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Quartz grains are predominantly monocrystalline (~86%, about 7% higher than 

Cretaceous) with undulatory extinction.  The second most abundant quartz grain is 

polycrystalline undulatory (~11%), followed by monocrystalline straight extinction 

(~3%).  The abundance of monocrystalline straight extinction grains is significantly 

lower than the Cretaceous.  These grains may be of volcanic origin and their low 

abundance may coincide with the lower percentages of volcanic rock fragments. 

Feldspars are more abundant in Tertiary sandstones than in the Cretaceous.  

Plagioclase, the most abundant of feldspars, ranges from 16 to 22%, averaging 20% (4% 

higher than in Cretaceous sandstones).  Orthoclase is also more abundant than in 

Cretaceous sandstones, ranging from 0 to 11%, and averaging 6%.  As in the Cretaceous 

samples, the highest percentages of feldspars were found in samples from the Dogie 

Mountain section.  High percentages are observed at other localities but none as high as 

at Dogie Mountain.  Some sandstones show significant feldspar alteration; particularly 

plagioclase.  For example, some plagioclase in GH-BP2B exhibits intense calcitization 

(Figure 5.8). 

Lithic grains are predominantly volcanic rock fragments, but these are not as 

abundant as in Cretaceous sandstones.  The abundance of Paleocene volcanic rock 

fragments ranges from 23 to 43%, and averages 32%.  There are very few metamorphic 

grains, on average less than 0.1%.  Sedimentary rock fragments range from 2 to 11%, and 

average 5%.  The abundance of sedimentary rock fragments is lower than in Cretaceous 

sandstones, on average 9% lower.  Carbonate grains are the most abundant sedimentary 

fragment ranging from 0 to 10%, and averaging 3%.  Chert and sandstone/siltstone/shale 

detrital grains, average approximately 1%. 
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Non-essential constituents – The majority of accessory minerals in Paleocene 

sandstones are opaque (typically hematite).  Non-opaque minerals consist of zircon, mica 

(biotite and muscovite), and glauconite.  Zircons (Figure 5.9) are the most abundant of 

non-opaque minerals. 

Similar to Cretaceous sandstones, calcite cement fills most of the primary 

intergranular pore space in Paleocene sandstones.  The cement is typically drusy or 

equant mosaic calcite spar.  Some calcite cements are ferroan, and have a very pale dull 

brown-red color in plane light. 

 

Interpretation of Sandstone Mineralogy 

The varied mineralogical compositions of Cretaceous and Paleocene sandstones could 

reflect change associated with the K/T boundary, or change in sediment source area, 

sedimentation rate, or climate over time.  The point count data summarized above may be 

used to evaluate several possible interpretations. 

Changes in sandstone composition across the K/T boundary – There are only 

minor changes in the relative abundance of sandstone constituents across the K/T 

boundary, no striking changes such as the introduction or loss of significant or unique 

detrital grains.  Feldspars are slightly more abundant overall in the Paleocene compared 

to the Cretaceous samples (about 10% increase on average), and both plagioclase and 

orthoclase increase.  The increase in feldspar appears to be largely at the expense of lithic 

grains, which decrease in abundance accordingly, rather than relative to quartz.  

However, as noted above, sandstone constituents vary in abundance among samples 

taken from the same stratigraphic level in some cases as much as 10%.  The changes in 

 154



                   Texas Tech University, David Rodger Schmidt, May 2009       

relative abundance of mineralogical constituents across the K/T boundary is not more 

than that observed among samples in either Cretaceous or Paleocene sample sets.  As a 

result, the subtle change observed across the K/T boundary suggests that very little 

change in sediment source area or climate took place at that time. 

    Sedimentation rate and mineralogical change – Lehman (1991) reported that the 

Late Cretaceous and Paleocene sediments of Big Bend were syn-orogenic deposits 

resulting from the Laramide Orogeny, and that sedimentation rates appear to have slowed 

during early Paleocene time.  Lower sedimentation rates and longer exposure times 

during the Paleocene should have resulted in better developed or more closely spaced 

paleosols.  In addition, a decrease in feldspar abundance and increase in feldspar 

alteration would be expected under conditions of slowed sedimentation.  Neither of these 

is observed; instead, feldspar abundance is slightly higher in early Paleocene sediments. 

Climate and mineralogical change – The occurrence of abundant feldspars in 

sandstones is typically thought to reflect either dry or cool climatic conditions that would 

inhibit chemical weathering, or proximity to a feldspar-rich source terrain (e.g., rapidly 

eroding volcanic edifice).  According to several lines of paleontological and 

sedimentological data, the climate during early Paleocene time is thought to have been 

somewhat cooler and wetter than during the Late Cretaceous (see review by Lehman, 

1991).  The anatomy of petrified woods indicates that relatively warm tropical conditions 

persisted throughout the K/T transition (Wheeler and Lehman, 2000).  Therefore, 

increase in the amount of precipitation would be the most pronounced effect of the 

supposed K/T climate change.  Under higher rainfall conditions, feldspar weathering and 
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alteration would be expected to increase.  This is not observed; instead feldspar 

abundance appears to increase in Paleocene sediments. 

Changes in feldspar abundance and alteration therefore provide little support for the 

proposed changes in sedimentation rate or climate associated with the K/T boundary.  

Instead variations in relative abundance of feldspar and intensity of alteration could 

reflect periods of alternating dry and wet conditions or changes in temperature during 

Cretaceous time, and supporting that possible interpretation of the isotopic data (see 

below).  Most of the observed feldspar alteration is illitization or montmorillonitization 

typical of near surface conditions, and much of this may reflect hydrothermal alteration in 

the original volcanic terrain from which the feldspars were derived (Maraschin et al., 

2004).  Varied conditions in the sediment source area could provide lesser or greater 

amounts of feldspars, or varied amounts of fresh relative to altered feldspars depending 

on depth of erosion in the volcanic source terrain.   

A few sandstones display feldspar alteration more characteristic of higher temperature 

conditions (telogenesis).  For example, sample GH-9SS contains plagioclase feldspars 

that are completely or partially altered to calcite.  But, the Grapevine Hills area is on the 

flank of a laccolith where the local geothermal gradient may have been elevated in 

proximity to the intrusion. 

Timing of calcite cementation - Cementation occurred under shallow burial 

conditions, as is indicated by minimal compaction, and the presence of “floating” or 

tangential contacts of grains in coarse crystalline calcite cement.  Such cementation is 

indicative of precipitation from groundwater at shallow depth (eodiagenesis; Maraschin 

et al., 2004).  Precipitation of calcite cement, though early, occurred after clay 
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authigenesis, and partial feldspar dissolution.  Maraschin et al. (2004) documented very 

similar diagenetic phases in Cretaceous fluvial sandstones from Northeastern Brazil.  

This style of cementation may be interpreted as a type of phreatic calcrete.  According to 

Maraschin et al. (2004), the interstitial precipitation of calcite cement from dilute 

groundwater was facilitated by evaporation along the pathway of groundwater flow under 

semiarid conditions.  They indicate that this style of cementation in fluvial sandstones 

may be typical where groundwater having high calcium to magnesium ratio flows within 

basins adjacent to uplifted areas.  The isotopic values for calcite cements in sandstones 

given in the present study (Chapters 3, 4) may therefore provide information on shallow 

groundwater conditions at or shortly after the time of depositon. 

     Interpretation of quartz and feldspar percentages - Stratigraphic profiles of quartz 

and feldspar percentages reveal significant variation among locations.  Percentages of 

quartz and feldspars from the same stratigraphic interval also vary within one section.  

Percentages of both quartz and feldspar decrease upwards at the Dawson Creek site. At 

approximately 94 m above the base of the Javelina Formation, there is a significant 

decrease in feldspar relative to quartz, which is followed by a significant decrease in 

quartz and an increase in feldspar at approximately 108 m.  As mentioned above, 

however, correlation from one location to the next is difficult.  Therefore, correlation 

between isotopic data (δ18O) and quartz and feldspar profiles are difficult to make.  At the 

Dawson Creek locality in the current study, isotopic and sandstone mineralogical 

excursions do not correlate with each other.   
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A.     B.  

Figure 5.1. Photomicrographs of volcanic rock fragment (large grain in center) in both A) 
plane polarized and, B) cross-polarized light (width of field of view is 2 mm). 
 
 
 
 
 
 
 

A.    B.  
 
Figure 5.2. Photomicrographs of reworked fossil fragments. Both A and B show 
foraminifera (in the center of photograph) derived from older Cretaceous marine strata 
(width of field of view is 2 mm). 
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A.    B.  

Figure 5.3. Photomicrographs of reworked calcispheres (in center of view) in both A) 
plane polarized and B) cross-polarized light (width of field of view is 2 mm). 
 
 
 
 
 

 

Figure 5.4. Photomicrograph of calcite cement showing poikilotopic spar (width of field 
of view is 2 mm). 
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Percentages of Essential Constituents of Cretaceous 
Sandstones 
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Figure 5.5. Histogram showing the average percentages of essential constituents in 
Cretaceous sandstones. 
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Figure 5.6. Photomicrograph of mosaic equant microcrystalline calcite cement (width of 
field of view is 0.5 mm). 
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Percentages of Essential Constituents of Tertiary Sandstones
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Figure 5.7. Histogram showing average percentages of essential constituents in Tertiary 

sandstones. 
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Figure 5.8. Photomicrograph of plagioclase (grain in center of photograph) exhibiting 
calcitization alteration in sample GH-BP2B (width of field of view is 0.5 mm). 
 

 

 

A.      B.  

Figure 5.9 Photomicrographs of accessory mineral zircon (in center of photograph) in 
both A) plane polarized and B) cross polarized light (width of field of view is 2 mm). 
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Table 5.1. Cretaceous sandstone samples and percentages of essential constituent grains.  
Codes for locations are: (DC) Dawson Creek, (DM) Dogie Mountain, (GH) Grapevine 
Hills, and (PR) Pterodactyl Ridge.  Codes for essential grains are: (Q) Quartz, (F) 
Feldspar, (RF) Rock fragment, (P) Plagioclase, (O) Orthoclase, (M) Microcline, (VF) 
Volcanic lithic, (MF) Metamorphic lithic, (SF) Sedimentary lithic, (CA) Carbonate, (CH) 
Chert, and (SS) Sandstone/silt/shale clasts.  All values are in percent. 
 
 

Sample Section Q F RF   P O M   VF MF SF   CA CH SS 
DC-2ss DC 43 29 28   24 5 0   24 0 4   0 3 1 
DC-3ss DC 41 16 43   16 0 0   33 2 9   3 5 2 
DC-4ss DC 18 21 61   16 6 0   52 0 9   7 2 1 
DC-5ss DC 34 15 51   15 0 0   34 0 17   9 5 2 
DC-6ss DC 21 12 68   12 0 0   58 0 10   7 2 2 
DC-7ss DC 25 12 66   6 3 0   54 0 12   9 1 2 
DM-3ss DM 57 13 30   7 6 0   21 0 9   5 4 0 
DM-9ss DM 61 17 22   7 11 0   18 0 4   0 4 0 
DM-17ss DM 47 21 32   17 5 0   29 0 3   1 1 1 
GH-1ss GH 38 29 34   28 0 0   27 0 6   5 1 1 
GH-2ss GH 18 10 72   10 0 0   26 0 46   40 3 3 
GH-3ss GH 20 22 59   22 0 0   44 0 15   12 1 2 
GH-4ss GH 31 18 52   17 1 0   29 1 22   15 1 6 
GH-5ss GH 28 17 55   16 1 0   35 0 20   18 1 1 
GH-6ss GH 23 17 60   16 1 0   36 1 23   14 1 8 
GH-7ss GH 32 12 56   12 0 0   25 1 31   19 1 11 
GH-8ss GH 28 14 59   14 0 0   44 0 14   9 2 4 
GH-9ss GH 21 18 62   17 1 0   30 0 32   21 0 10 
GH-10ss GH 27 21 52   20 1 0   33 1 18   13 2 4 
GH-11ss GH 28 15 57   14 1 0   32 0 24   17 1 7 
PR-1Ass PR 22 17 61   17 0 0   51 0 10   5 0 5 
PR-3Ass PR 32 12 56   12 0 0   40 0 16   14 0 2 
PR-5Ass PR 23 21 55   19 3 0   50 0 6   5 1 0 
PR-7Bss PR 18 15 67   15 0 0   55 0 13   9 2 2 
PR-7ss PR 23 16 62   15 0 0   53 0 8   8 0 0 
PR-9Bss PR 27 22 51   22 0 0   45 0 6   5 1 0 
PR-10ss PR 28 29 43   25 5 0   28 0 15   10 2 3 
PR-12Ass PR 36 20 43   20 0 0   37 0 7   5 0 2 
PR-12Bss PR 27 19 54   19 0 0   47 0 8   6 1 1 
PR-13Bss PR 28 21 51   19 2 0   41 0 10   8 0 2 
PR-14Ass PR 30 13 57   13 0 0   41 0 16   12 1 4 
PR-14Bss PR 22 12 67   11 0 0   42 0 24   17 1 6 
PR-17Bss PR 30 9 61   9 0 0   52 0 8   7 0 1 
PR-19Ass PR 42 14 44   14 1 0   40 0 4   2 2 0 
Average   30 17 53   16 2 0   38 0 14   10 2 3 
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Table 5.2. Tertiary sandstone samples and percentages of essential constituent grains.  
Codes for locations are: (DC) Dawson Creek, (DM) Dogie Mountain, (GH) Grapevine 
Hills, and (PR) Pterodactyl Ridge.  Codes for essential grains are: (Q) Quartz, (F) 
Feldspar, (RF) Rock fragment, (P) Plagioclase, (O) Orthoclase, (M) Microcline, (VF) 
Volcanic lithic, (MF) Metamorphic lithic, (SF) Sedimentary lithic, (CA) Carbonate, (CH) 
Chert, and (SS) Sandstone/silt/shale clasts.  All values are in percent. 
 

Sample Section Q F RF   P O M   VF MF SF   CA CH SS 
DM-33ss DM 28 29 44   21 7 0   36 0 8   8 0 1 
DM-33Bss DM 30 30 41   19 11 0   34 0 7   1 3 2 
DM-49Bss DM 21 26 54   16 10 0   43 0 11   10 0 2 
GH-BP1Ass GH 43 28 28   22 6 0   27 0 2   0 1 1 
GH-BP1Bss GH 47 28 26   20 7 0   23 0 3   1 1 1 
GH-BP2ss GH 49 20 32   20 0 0   28 0 3   1 2 0 
GH-BP2Bss GH 39 21 39   21 0 0   37 0 2   0 1 1 
PR-16ss PR 38 27 35   21 6 0   32 0 3   1 2 0 
Average   37 26 37   20 5.9 0   33 0 5   3 1 1 
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CHAPTER VI 

PALEOENVIRONMENTAL INTERPRETATION 

In the preceding chapters, the isotopic compositions of Cretaceous and Paleocene 

carbonates and organic matter from varied materials were described.  An attempt was 

made to identify and interpret likely diagenetic phases, and to isolate the likely original 

isotopic compositions of pedogenic or lacustrine carbonates and their associated organic 

matter.  Excluding the “outlier” values discussed in the preceding chapters, and 

interpreted as effects of isotopic exchange during diagenesis, most of the “group 1” and 

“group 2” carbonates and organic matter have a limited range of isotopic compositions 

that probably reflect their original values.  In the following section, possible 

paleoenvironmental interpretations are considered to explain the observed variation in 

primary isotopic compositions.  Sandstone mineralogy and other lithologic observations 

will also be assessed in light of the possible environmental interpretations.  

 

Interpretation of Oxygen Isotope Data 

The δ18O value of pedogenic and lacustrine carbonates is initially controlled by the 

isotopic composition of meteoric water that falls as precipitation on the soil or catchment 

area for a watershed.  The meteoric δ18O value varies with temperature, elevation and 

distance from the coast, latitude, and seasonality, and may subsequently be modified by 

evaporation, mixing, or exchange.  Several interpretations are considered below to 

explain the variation observed in δ18O values of Big Bend pedogenic and lacustrine 

carbonates. 
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Variation with depth of carbonate precipitation – Assuming that the “group 1” 

carbonates are pedogenic in origin, the depth at which the carbonate precipitated may 

have influenced its isotopic composition.  Quade et al. (1989) demonstrated that δ18O 

values of pedogenic carbonate decrease with increasing depth of carbonate precipitation, 

owing either to evaporative enrichment of near-surface soil water, or preferentially 

deeper penetration of isotopically lighter winter precipitation.  Varied isotopic values 

could reflect sampling of carbonate from varied depths in successive soil profiles.  

However, Quade et al. (1989) also showed that generally below a depth of 50 cm, 

pedogenic carbonate approaches a constant isotopic value.  Lehman (1990) found that the 

zone of carbonate precipitation in the Big Bend paleosols was typically at depths of 1 m 

or more, even without considering compaction.  However, locating the actual top of each 

buried paleosol profile is difficult or impossible because of poor preservation of organic 

material in the presumed surficial paleosol horizons and likelihood of erosion or loss of 

surficial horizons in many examples.  Although it is unlikely that varied depth of 

carbonate precipitation is responsible for the observed variation in δ18O values, this 

remains at least in part a possible interpretation. 

Variation in distance from coast – The oxygen isotopic composition of soil 

carbonates could have varied over time in response to the “coastal effect” (also referred 

to as the “continental effect”) resulting from change in distance from the coastline with 

rise and fall in sea level.  The isotopic composition of meteoric water becomes 

increasingly negative inland from the coast, and with increase in elevation, due to 

progressive depletion of 18O in precipitation (Richardson and McSween, 1989).  For 

example, precipitation inland from the coast of Ireland to the Ural Mountains (~3800 km) 
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shows an average decrease in δ18O value of 7.0o/oo or about 5.5 o/oo per 100 km (Gat, 

2001).  In North America today, δ18O values decrease at a rate of about 1 o/oo per 100 km 

inland from the Atlantic and Gulf coast to 7 o/oo per 100 km inland from the Pacific coast 

(Sheppard et al., 1969).  In terms of elevation, this is about 0.3 o/oo (Atlantic and Gulf) to 

1.5 o/oo (Pacific) per 100 m. 

During deposition of the Javelina Formation and up to the K-T boundary interval 

(from about 72 Ma up to 64 Ma; Lehman et al., 2007) there were at least two major sea 

level oscillations thought to be of eustatic origin and global extent.  The stratigraphic 

sequence chart of Haq et al. (1988) indicates one major drop in sea level at 71 Ma 

(estimated 50 m) and a second at 68 Ma (estimated at 100 m), both resulting in “type 1” 

sequence boundaries. 

Paleogeographic reconstructions of North America indicate that the Big Bend region 

was approximately 100 to 400 km from the Gulf Coast during latest Cretaceous and early 

Paleocene time (Lillegraven and Ostresh, 1990; Davidoff and Yancey, 1993; Lehman, 

2001) and that the low-gradient coastal plain physiography at that time was comparable 

to the modern Gulf Coast, where elevation drops 100 m over 20 to 60 km distance.  

Therefore, δ18O variation observed in rainfall on the modern Gulf Coast (about 1‰ per 

100 km distance, or 0.5‰ per 100 m elevation) is likely closest to that expected for the 

Big Bend K-T boundary interval.  The observed variation in δ18O of primary carbonates 

(groups 1 and 2) through the entire section is about 4‰ (from about -3 to -7‰), and 

across the K-T boundary interval about 1‰.  A 1‰ change in δ18O would require about 

100 km change in distance to the shoreline, or 200 m change in elevation.  The estimated 

magnitude of sea level change of 50 to 100 m given by Haq et al. (1988) would result in 
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only 10 to 60 km increase in distance to the shoreline, and less than 1‰ change in δ18O 

of rainfall.  Although it is possible therefore that some of the observed variation in 

carbonate δ18O values may be attributed to varied distance from the shoreline, it is 

unlikely that this effect could account for the full magnitude of variation over time. 

As the coastline broadly prograded seaward from Late Cretaceous to Paleocene time, 

δ18O values should have broadly shifted to more negative values as distance to the 

shoreline increased.  Indeed, superimposed on the higher amplitude (± 2‰) excursions in 

δ18O values observed, there is an overall shift to slightly more negative values in 

Paleocene (mean = -5.6‰) compared to Cretaceous (mean = -4.5‰) carbonates.  At least 

part of the change in δ18O values may therefore be a result of long-term drop in sea level. 

Latitudinal, monsoonal, and seasonal effects – The direction of movement of the 

air masses that produce precipitation is in some cases more important than distance from 

the coastline (Gat, 2001).  This “precipitation effect” is ordinarily associated with 

monsoonal weather patterns, and the oxygen isotopic composition of rainfall may vary 

significantly between wet and dry months (Dansgaard, 1964).  For example, an average 

5‰ contrast in δ18O was recorded for a tropical island station between monsoonal and 

arid seasons by Ronzanski et al. (1993).  The entire δ18O range for Cretaceous pedogenic 

carbonates is about 5‰.  Although it is possible that this process effected Cretaceous and 

Paleocene oxygen isotopic compositions, determining whether an ancient monsoonal 

weather pattern existed, or the likely direction of movement of air masses is largely a 

theoretical subject of global climate modeling (Sun and Hansen, 2003). 

Strong seasonality can result in similarly varied isotopic composition of rainfall 

because of drastic change in temperature.  However, Cretaceous and Paleocene petrified 
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woods exhibit no distinct growth rings, suggesting little seasonality in precipitation or 

temperature during their growth (Wheeler, 1991; Wheeler et al., 1994; Wheeler and 

Lehman, 2005).  Although it seems unlikely that either the “monsoonal” or “seasonality” 

effects were pronounced in the Big Bend region (at the annual or decadal time scale 

recorded by wood growth), it is reasonable to assume that there was long term change in 

precipitation pattern and temperature over the c. 8 Ma time span recorded by entire 

section.  The long-term variation in carbonate δ18O values could reflect long-term 

variation in temperature or precipitation pattern. 

The “latitudinal effect” can probably be ruled out as a mechanism responsible for 

variation in meteoric δ18O, because this effect is largely restricted to the region 20° N and 

S of the equator, and the Big Bend region was at a latitude of about 40°N throughout Late 

Cretaceous and Paleocene time (Lehman, 1997; Nordt et al., 2003). 

Similarly, the “orographic effect” probably played a minimal role in controlling 

carbonate δ18O.  The Big Bend region was tectonically active during Late Cretaceous and 

Paleocene time, but regions to the west and east were only slightly elevated.  It was not 

until Eocene time, during the later phases of the Laramide Orogeny, that tectonic uplift of 

surrounding mountain ranges might have induced a significant effect on precipitation 

(Lehman, 1991). 

Evaporation effect – Once meteoric water infiltrates to become soil water or ground 

water, or runs off to accumulate as surface water, it may subsequently be concentrated by 

evaporation, resulting in heavier oxygen isotopic values.  If the Big Bend group 1 

carbonates precipitated from soil or ground waters that had been variably concentrated by 

evaporation, the δ18O values would not reflect original meteoric water values.  The 
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observed 5‰ overall variation in Cretaceous and Paleocene carbonate δ18O values could 

have resulted from varied intensity of evaporation.  Several observations suggest that 

evaporation may have played a role in carbonate δ18O: 1) the presumed pedogenic 

carbonates have isotopic values that are slightly enriched in 18O relative to presumed 

lacustrine carbonates, 2) most of the pedogenic carbonates are enriched in 18O relative to 

the charophyte oogonia, 3) the few pedogenic nodules with included barite (?gypsum 

pseudomorphs) suggest precipitation from evaporatively concentrated waters and have 

δ18O at the lower end of the spectrum, and 4) there is weak co-variation between δ18O 

and δ13C values in pedogenic carbonates. 

Alternatively, some observations suggest that evaporation may have played a minimal 

role.  Bones of aquatic vertebrates include phosphate precipitated in equilibrium with 

surface water (Kolodny et al., 1996).  Bone phosphate δ18O correlates well with the 

isotopic composition of the water in which aquatic vertebrates live.  Kolodny et al. (1996) 

report single isotopic analyses of fish and turtle bones from the Javelina Formation with 

δ18O of 17.8 and 19.3‰.  Assuming a reasonable water temperature of 20°C, these values 

would equate with water δ18O of -2 to -3‰.  Only the highest Big Bend Cretaceous 

(mean = -4.5‰) and Paleocene (mean = -5.6‰) carbonate δ18O values are in this range; 

where instead most carbonate values are lower.  The typical Big Bend carbonate δ18O 

values (-4 to -5‰) would equate with a surface water temperature of about 10°C if the 

bone phosphates were precipitated from water having the same (i.e. δ18O = -4 to -5‰) 

isotopic composition.  An estimated water temperature of 10°C is probably too cool 

given the paleolatitude and tropical flora and fauna of Big Bend during Late Cretaceous 

and Paleocene time.  Of course, typical river water temperature and isotopic composition 
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may have differed from the local meteoric water, for example falling at higher elevation 

and/or enriched by evaporation during its downstream transit.  However, if the single 

analysis for Javelina turtle shell phosphate (17.8‰) given by Kolodny et al. (1996) is 

used in the equation given by Barrick et al. (1999) relating isotopic composition of turtle 

shell to river/lake water, an estimate of about -4‰ is obtained for Late Cretaceous 

surface water, compatible with that found here for the carbonates.  It would be useful to 

have additional isotopic data for bone phosphate to determine how it may have varied 

during deposition of the section, and how it compares with carbonates taken from the 

same stratigraphic levels. 

Estimated paleotemperature using carbonate δ18O – If complicating factors such 

as those described above are excluded, mean annual air temperature may be inferred from 

the δ18O values of pedogenic carbonate, because air temperature is a primary control on 

the isotopic composition of meteoric water.  For example, pedogenic carbonates that 

precipitate from soil solutions are assumed to reflect the isotopic composition of meteoric 

water, unless the water was subsequently concentrated by evaporation.  Cerling and 

Quade (1993) showed that correlation of precipitation δ18O values with mean annual 

temperature is good below 15°C but poor for temperatures exceeding 15°C, largely due 

to the “monsoon effect” described above.  

Based on δ18O values in presumed pedogenic carbonates from the Dawson Creek and 

Dogie sections, Ferguson et al. (1991) determined that mean annual temperature during 

Late Cretaceous and Paleocene time exceeded 15°C, because all values plot within the 

interval of uncertain correlation where T > 15°C shown by Cerling and Quade (1993).  

Mean annual temperature variations between 15 and 23°C for Late Cretaceous and 
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Paleocene time were estimated by Nordt et al. (2003) on the basis of δ18O in carbonates 

also collected from the Dawson Creek section.  Based on the same data set, Dworkin et 

al. (2005) obtained an overall mean temperature estimate of 18° C.  The Late Cretaceous 

and Paleocene floral and faunal assemblages of Big Bend indicate an evergreen tropical 

forest ecosystem (e.g., presence of large crocodilians and palms, absence of growth rings 

in woods; Wheeler and Lehman, 2000).  Modern evergreen tropical forests thrive where 

mean annual temperature is from 20 to 25° C, and therefore temperature estimates in that 

range based on carbonate δ18O values are reasonable. 

The entire range of δ18O values reported by Dworkin et al. (2005), from -3.7 to -5.7‰ 

(a range of 2.0‰) corresponds with mean annual temperature variation from 16° to 22° 

(approximate 6°C range) over time.  The more extensive set of δ18O values reported in 

the present study from the same section span a broader range (-2.3 to -7.4‰) and 

correspond with a much broader range in mean annual temperature estimates (from <10° 

to nearly 30°C).  Several ± 1 to 2‰ excursions in δ18O values observed through the Late 

Cretaceous and Paleocene section are interpreted to represent “greenhouse events” by 

Nordt et al. (2003) and Dworkin et al. (2005) – rapid shifts in climate from mean annual 

temperatures from about 16° up to about 22°.  Alternatively, the isotopic excursions 

could be explained by some combination of effects described above, particularly 

evaporative enrichment of soil water for which there is some evidence.  There is no 

paleontological evidence for the dramatic shifts in mean annual temperature suggested by 

Nordt et al. (2003).  If the polar regions during Late Cretaceous and Paleocene time were 

largely ice-free, oceanic water, and precipitation generally would have been isotopically 

lower than today.  However, if the 50 to 100 m sea level drops recognized by Haq et al. 
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(1988) were induced by ocean water volume change due to expansion of polar ice caps, 

this could explain the isotopic excursions.   

 

Interpretation of Carbon Isotope Data     

The fundamental control on the carbon isotopic composition of pedogenic carbonate 

is soil-respired CO2 derived through decomposition of plant material in the soil, which is 

in turn related to the photosynthetic pathway (C3 vs. C4) utilized by plants growing on the 

soil (Cerling, 1984; Cerling et al., 1988; Deutz et al., 2001; Deutz et al., 2002).  Soils are 

a significant reservoir of CO2 and the pCO2 in soils is typically higher than in the 

atmosphere.  Root respiration and oxidization of organic material by soil bacteria 

contribute the majority of CO2 to the soil environment (Cerling, 1984).  Atmospheric CO2 

and dissolved inorganic carbon sources may also influence δ13C in soil carbonates, as 

well as in ground-water and lacustrine carbonates.  The variation observed in δ13C of 

carbonates and organic matter in the Big Bend section may reflect variation in depth of 

carbonate precipitation, soil respiration rate, vegetation, atmospheric pCO2 or some 

combination of these over time. 

Compatibility of carbonate and organic δ13C – Cerling et al. (1989) found that 

δ13C of soil carbonate and organic matter from the same soil should differ by 14‰ (at 

25°) to16‰ (at 0°) as a result of isotopic fractionation during carbonate precipitation.  

The difference between average δ13C values of Big Bend Cretaceous organic matter (- 

25.7‰) and soil carbonate values (- 9.3‰) is 16.4‰, slightly outside the predicted range, 

but particularly so considering that the Big Bend carbonates likely precipitated at 

temperatures closer to 25°.  The difference between average δ13C values for Big Bend 
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Paleocene organic matter (- 24.7‰) and soil carbonate (- 10.6‰) is 14.1‰, compatible 

with that predicted for soils at 25°C.  The higher Δδ13C (difference in δ13C of carbonates 

and organic carbon materials) for Cretaceous soil carbonates and organic matter has been 

interpreted as a result of elevated atmospheric CO2 levels during Cretaceous time (e.g., 

Ekart et al., 1999; see below).  According to Cerling et al (1989), Δδ13C carbonate-

organic matter values in the range of 14 to 16‰ indicate that diagenesis has not markedly 

affected the isotopic ratios.  Hence, the δ13C values for Big Bend primary pedogenic 

carbonates and organic matter are likely suitable for environmental interpretation. 

The range and average δ13C values for Cretaceous pedogenic carbonates (“group 1”) 

and lacustrine carbonates (“group 2”) are essentially the same (-9.2‰ and -9.7‰, 

respectively); the same is true for Paleocene carbonates.  This suggests that both 

pedogenic and lacustrine carbonates precipitated under the influence of similar carbon 

sources.  The Δ δ13C carbonate-organic matter values cited above indicate that CO2 

derived through decomposition of terrestrial plant material was almost certainly the 

source of carbon for soil carbonates, and may therefore also have been the primary 

carbon source even for the lacustrine carbonates.  Organic carbon in lacustrine mudstones 

(δ13C = -22 to -23‰) is slightly enriched relative to average flood-plain mudstone (mean 

δ13C = -25.7‰), but both are within the realm for terrestrial C3 vegetation.  Dissolved 

inorganic carbon and atmospheric carbon dioxide apparently played a minimal role in 

carbonate precipitation, even in aquatic environments.  The surface waters or their 

catchment areas were likely rich in decomposing terrestrial plant material, and waters 

may have been stagnant or poorly mixed. 
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Changes in soil texture, respiration rate, or carbonate precipitation depth – The 

δ13C of soil carbonates varies with depth in the soil because near the soil surface 

atmospheric CO2 mixes with soil-respired CO2 (Cerling, 1984, 1991, 1999).  This effect 

is more pronounced in soils with coarse textures, which are more permeable to the 

atmosphere, and in soils with low organic matter content or at low temperature where soil 

respiration rates are low (Cerling et al., 1989; Deutz et al., 2001).  Varied isotopic values 

could therefore reflect sampling carbonate from different depths in successive soil 

profiles, or variation in soil texture over time.  Quade et al. (1989) and Cerling (1991, 

1999) showed, however, that generally below a depth of 50 cm, pedogenic carbonate 

approaches a constant isotopic value.   

Lehman (1990) found that the zone of carbonate precipitation in the Big Bend 

paleosols was typically at depths of 1 m or more from the soil surface, even without 

considering compaction.  And, the Big Bend paleosols from which carbonates were 

sampled all have very fine textures (silt and clay) and formed under warm temperatures 

(e.g., Lehman, 1989).  It seems unlikely therefore that low soil respiration rates, or 

sampling carbonates from different depths in successive profiles, could result in the 

observed variation in carbonate δ13C.  However, it remains possible that at least some of 

the variation may be owing to varied sample depth, particularly if some of the carbonates 

precipitated from ground-water (within the phreatic zone) rather than in soil above the 

water table (vadose zone). 

Changes in vegetation – The observed variation in carbonate and organic δ13C 

values could reflect change in vegetation over time; for example, variation in the relative 

abundance of C4 versus C3 plants (e.g., Cerling, 1984).  It is generally believed however 
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that only C3 plants existed during Cretaceous and Paleocene time; although some (e.g., 

Bocherens et al., 1994) have suggested that plants utilizing C4 and CAM photosynthetic 

pathways may have been present as far back as Early Cretaceous time.  

The range in δ13C values found for organic carbon extracted from Big Bend 

Cretaceous mudstones (-22.4 to –33.8‰) and Paleocene mudstones (-20.7 to –27.2 ‰) 

are almost entirely within that reported for modern C3 vegetation.  Similarly, δ13C values 

for Big Bend Cretaceous (-20 to -27 ‰) and Paleocene (-20.5 to –28.3 ‰) fossils woods 

are within or close to the range reported for C3 plants.  The average values are all within 

the range for C3 plants.  All of the identifiable Cretaceous and Paleocene fossil woods 

collected in Big Bend represent groups whose living representatives are C3 plants.  

Hence, it seems certain that only C3 plants were present in Big Bend at that time, and that 

variation in organic and carbonate δ13C values do not reflect change in proportion of C4 

versus C3 vegetation. 

Wang and Follmer (1998) described a seasonality effect in the relationship between 

soil organic matter and soil carbonate.  They proposed that seasonal changes in the 

proportion of soil pCO2 contributed by C3 and C4 plants results in variable Δδ13C 

(difference between organic matter and soil carbonate).  During the rainy season, a larger 

proportion of soil pCO2 is derived from C3 plants; and during the dry season soil pCO2 is 

derived from C4 plants.  According to Wang and Follmer (1998), this explains observed 

high (> 17‰, greater proportion of C3) and low (< 14‰, greater proportion of C4) Δδ13C 

values.  Although C4 plants may not have been present in the Cretaceous and Paleocene 

flora, seasonality affects could be responsible for changing proportions of soil pCO2 from 
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contributing C3 plants and resulted in some δ13C variation in organic carbon and 

carbonates. 

The Cretaceous average wood δ13C value is about 1‰ higher than organic carbon in 

the mudstones, and Tertiary wood δ13C values are 1.5‰ lower than corresponding 

mudstones.  This may reflect varied isotopic compositions of herbaceous versus woody 

vegetation, and/or varied isotopic composition of local versus regional vegetation 

(introduced as allochthonous organic matter with the alluvium).  Multiple samples of 

organic matter from the same stratigraphic level typically differ in δ13C by 1 to 2‰.  In 

addition, conifer woods (e.g., Cretaceous mean = -23.5‰) and angiosperm woods (mean 

= -25.2‰) differ in δ13C by nearly 2‰.  Hence, as much as 2‰ variation in δ13C values 

could be due to fluctuation from angiosperm- to conifer-dominated forest over time.  

Although all of the Cretaceous and Paleocene vegetation may have utilized the C3 

photosynthetic pathway, much of the change in carbonate and organic δ13C values over 

time could be a result of changing vegetation types (i.e. conifer versus angiosperm or 

herbaceous versus woody) or varied sources of organic matter (i.e. different plant tissues 

of local versus allochthonous origin). 

High-resolution isotopic profiles of North American terrestrial K/T boundary 

localities generally reveal an abrupt excursion from high organic carbon isotopic values 

in the Cretaceous to lower values in the earliest Paleocene, followed by a return to higher 

values in later Paleocene time (e.g., Schimmelmann and DeNiro, 1984; Arens and Jahren, 

2000; Beerling et al., 2001; Gardner and Glimour, 2002; and Therrien et al., 2007).  This 

is generally correlated with a similar -1 to -3‰ excursion observed in marine strata 
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assumed to correspond with abated primary productivity in ocean surface water at the 

K/T boundary (Zachos and Arthur, 1986; D’Hondt et al., 1998).   

The broader stratigraphic profiles presented in this study do not reveal an abrupt 

excursion (Figures 6.1 and 6.2).  However, the sampling interval in this study may have 

been insufficient to detect a short-term excursion.  On average, Paleocene organic carbon 

is only slightly higher (mean = -24.7‰) than Cretaceous organic carbon (mean = -

25.7‰; see Figure 4.5).  Cretaceous mudstones have a greater δ13C range (-22.4 to -

33.8‰) than Paleocene mudstones (-20.7 to -27.2‰).  However, the Cretaceous 

mudstones with significantly lower δ13C values are from the lower part of the section; 

those from the upper part of the section yield values essentially identical to the Paleocene 

samples.  In contrast, organic carbon from Paleocene woods is lower isotopically than 

Cretaceous woods and has a greater δ13C range (Figure 6.3).  The two highest isotopic 

valued Tertiary woods are, however, from just above the K/T boundary (-20.5 and -

23.1‰); the remaining Tertiary woods are considerably lighter (mean = -27.2‰) than 

Cretaceous woods (mean = -24.3‰).  There does not appear to be a consistent shift in 

organic carbon δ13C associated with the K/T boundary interval. 

Changes in atmospheric CO2 – Cerling (1991, 1999) theorized that variation in 

atmospheric CO2 (pCO2) over time would lead to change in atmospheric δ13C, and in turn 

change in soil carbonate and organic matter δ13C.  Carbon isotopic data extracted from 

pedogenic carbonates may therefore be used to calculate paleoatmospheric pCO2.  

Variation in atmospheric pCO2 over time is believed to have a strong affect on global 

climate (e.g., Royer et al., 2004).  As a result, Cerling’s (1991, 1999) “diffusion-reaction 

model” has since been widely used to interpret paleoclimate.  Ekart et al. (1999) used  
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paleosol carbonate δ13C values to produce a record of paleoatmospheric carbon dioxide 

for most of the Phanerozoic.  Ekart et al. (1999) show significantly high atmospheric CO2 

concentrations throughout much of Cretaceous time with a sharp decline near the K/T 

boundary and continued low values into the early Tertiary.  Other long-term atmospheric 

pCO2 profiles exhibit a similar decline but with lower overall CO2 concentrations 

(Berner, 1994; Tajika, 1999, and Wallmann, 2001).  Lee and Hisada (1999) and Sandler 

(2006) estimated high paleoatmospheric CO2 concentrations for specific Cretaceous 

Stages (e.g., Albian and Turonian). 

Ekart et al. (1999) reported δ13C values for pedogenic carbonates collected from the 

Javelina and Black Peaks formations in Big Bend, with average values for Cretaceous (-

9.7‰, n = 36) and Paleocene (-10.9‰, n = 31) remarkably close to those found in the 

present study (-9.3 ‰ and -10.6‰, respectively).  They used estimated (not measured) 

δ13C values of -23.9‰ for Cretaceous and -23.8‰ for Paleocene organic matter, which 

differ by 1 to 2‰ from those measured in the present study (-25.7‰ and -24.7‰, 

respectively).  The values used by Ekart et al. (1999) result in estimated atmospheric 

pCO2 of 430 ppmV for Cretaceous and -90 ppmV for Paleocene time (the negative value 

considered a mathematical artifact of the equation used).  The average values determined 

in the present study yield pCO2 estimates of 1520 ppmV for Cretaceous and 370 ppmV 

for Paleocene atmosphere using the same equations and assumptions given by Ekart et al. 

(1999).  There is a general correspondence between organic δ13C values estimated by 

Ekart et al. (1999) and those actually measured in this study.  This suggests that problems 

mentioned by Ekart et al. (1999) such as contamination, or loss and modification of the 

original soil organic matter during burial are not severe in this case.  Hence, at least the 
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broad change in carbonate and organic δ13C values from Cretaceous to Paleocene time 

may reflect a global reduction in atmospheric CO2 levels.  The transition from a warm, 

dry climate during Late Cretaceous time to a cool, wet climate in Paleocene time could 

explain the observed shift in δ13C values, and is a compatible climatic interpretation of 

paleosols (e.g., Lehman, 1990).  As atmospheric pCO2 drops with cooling, the 

atmosphere becomes enriched in 12C and plants utilizing CO2 provide soils with carbon 

having lower δ13C values (Ferguson et al., 1991; Nordt et al., 2003). 

Nordt et al. (2003) used the same methods and assumptions given by Cerling (1999) 

and Ekart et al. (1999) to estimate paleoatmospheric carbon dioxide levels for the section 

spanning the Cretaceous-Paleocene boundary on Dawson Creek.  Their estimates for 

Cretaceous atmospheric pCO2 values range from about 200 up to 1600 ppmV, and those 

for Paleocene range from about 300 to 600 ppmV.  However, like Ekart et al. (1999) they 

employed estimated δ13C values for soil organic carbon (rather than measured values as 

given in the present study).  Nordt et al. (2003) interpreted several stratigraphic 

excursions in Cretaceous estimated pCO2 values as reflecting two “greenhouse events” 

(relatively rapid increases in atmospheric pCO2 from <400 ppmV up to >1200 ppmV).  

Nordt et al. (2003) assume that two unconformities are present within the section, and 

therefore one of these events is believed to have occurred in middle Maastrichtian time 

(their “MME”, c. 70-69 Ma) and the other in late Maastrichtian time (their “LME”, c. 66-

65 Ma). 

The same equations given by Cerling (1999) and Ekart et al. (1999) are used here for 

paired sets of Big Bend Cretaceous and Paleocene carbonate and organic carbon δ13C 

values obtained in the present study.  A value of 4000 ppmV for CO2 contributed by soil 
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respiration (=S(Z) in Cerling, 1999 and Ekart et al., 1999) typical for semi-arid to 

subhumid environments is used here, rather than 5000 to 7000 ppmV employed by Nordt 

et al. (2003).  A Cretaceous δ13Cs value (for soil respired CO2) and isotopic enrichment of 

9.28‰ were calculated using the equation given by Romanek et al. (1992) and a 

temperature of 22.5°C (typical for dry tropical forest).  In contrast, an isotopic enrichment 

of 9.58‰ was used for determining the temperature-dependent Paleocene δ13Cs values, 

using a 20°C average temperature (assuming a slightly cooler climate as suggested by 

paleosol features and flora; Lehman, 1990).  Carbonate and organic carbon samples from 

the same stratigraphic intervals were used.  The isotopic composition of soil-respired CO2 

is assumed to be equal to the bulk organic carbon value measured from paleosols, and the 

Δ δ13C values for paired carbonate and organic carbon were used to calculate atmospheric 

isotopic compositions. 

Calculated pCO2 values in this study vary widely (Table 6.1).  Nine sample sets were 

used to calculate Cretaceous pCO2 values ranging from -431 to 2761 ppmV (Table 6.1).  

If the negative value is disregarded (as discussed by Ekart et al., 1999), the average 

Cretaceous pCO2 value is 1148 ppmV.  Similarly, Paleocene pCO2 values were estimated 

for 35 paired carbonate and organic carbon samples and range from -1113 to 1267 ppmV 

(Table 6.2).  If the 16 negative values are disregarded (likely representing pCO2 values 

<500 ppmV, as per Ekart et al., 1999) the resulting average Paleocene value is 601 ppmV 

(n=19).  The Cretaceous and Paleocene pCO2 values determined here with measured 

(rather than estimated) organic δ13C values, and with slightly different assumptions, are 

generally quite similar to those given by Nordt et al. (2003). 
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Periods of significantly higher Cretaceous atmospheric pCO2 values, about double 

compared to Paleocene and modern atmospheric values (~ 360 ppmV), are thought to 

correspond with times of “greenhouse” conditions.  Both Nordt et al. (2003) and the 

present study indicate apparently rapid and drastic fluctuations in atmospheric pCO2 

during Late Cretaceous time preceding the K/T transition.  However, whether there were 

two such fluctuations (the “MME” and “LME” of Nordt et al., 2003) and whether these 

“greenhouse events” can be correlated even regionally are uncertain.  If the events were 

of global significance, it should be possible to correlate them at least across the Big Bend 

region.  It is difficult, however, to correlate stratigraphic sections across the K/T 

boundary in Big Bend due to the lack of obvious marker beds, and absence of other time 

constraints established by biostratigraphy or radiometric dates. The only radiometric age 

determination for the entire section was obtained at Grapevine Hills where a tuff bed 

yielded an age of 69.0 ± 0.9 Ma (Lehman et al., 2006).  This bed has not been located in 

any of the other sections that span the K/T boundary.  There is no sedimentological or 

fossil (biostratigraphic) evidence for the two unconformities within the Cretaceous 

section that Nordt et al. (2003) hypothesized – one spanning about 1 Ma and the other 

nearly 2 Ma.  The two unconformities were hypothesized in order to obtain a correlation 

with the marine isotopic record spanning the K/T boundary.  Two erosional or 

depositional hiatuses of such long duration should be marked by a physical or 

paleontological break in the sequence, but neither is observed.   

If δ13C values for pedogenic carbonates in Nordt et al. (2003) and the present study 

are compared, the Dawson Creek locality does exhibit a marked shift to more negative 

values (~ 1.8‰) just below the K/T boundary.  This is similar to that found by Nordt et 
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al. (2003) which shows a decrease in δ13C values (from approximately 8.5 to 11.3‰; a 

difference of 2.8‰) just below the K/T boundary.  However, no excursion occurs in the 

lower portion of the Dawson Creek section in the current study.  Additionally, δ13C 

excursions can not be correlated from one section to the next.  This could be a result of 

insufficient sampling.  The Grapevine Hills section does exhibit an excursion to more 

negative values in the upper portion of the Javelina, but it is approximately 19 m below 

the K/T boundary.   

There is no apparent correlation of sandstone mineralogy with “MME” or “LME” of 

Nordt et al. (2003).  Instead, the “MME” and “LME” straddle observed quartz and 

feldspar excursions at Dawson Creek.  In fact, it is difficult to make any correlation 

between isotopic and sandstone mineralogical data at any of the locations of the current 

study.  If major “greenhouse” events are preserved in the isotopic data then they might be 

expected to correspond with changes in sandstone mineralogy.  The Dogie Mountain and 

Pterodactyl Ridge localities contain either too few isotopic or sandstone mineralogical 

data to make any comparisons.  The Grapevine Hills locality shows an increase in 

feldspar midway through the section, and another slight increase in the upper portion of 

the Javelina.  However, these mineralogical changes do not correspond with excursions in 

the isotopic data.  Consequently, proposed “greenhouse” events do not appear to 

correspond with mineralogical data or correlate across the region. 
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Srtatigraphic profile of oxygen isotopes of 
carbonate groups  for Dogie Mountain locality
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Figure 6.1. Stratigraphic profiles of δ13O from pedogenic carbonates from Dawson Creek 
and Dogie Mountain localities. 
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Stratigraphic distribution of carbon isotopes of 
carbonate groups for Dogie Mountain locality
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Figure 6.2. Stratigraphic profiles of δ13C from pedogenic carbonates from Dawson Creek 
and Dogie Mountain localities. 
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Comparison of Organic Carbon 
Values of Cretaceous and Tertiary 
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Figure 6.3.  Comparison of organic carbon isotopic values for Cretaceous and Tertiary 
fossil woods. 
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Table 6.1. Estimated Cretaceous values of pCO2 (in ppmv) and variables used to 
calculate Ekart et al. (1999) modified equation for atmospheric CO2.  Variables used are 
as follows: δ13Coc = δ13C of organic carbon ; δ13Ca = δ13C of atmosphere; δ13CΦ = δ13C 
of soil respired CO2; δ13Ccc = δ13C of carbonate nodules ; δ13Cs (at 9.28) = δ13C of soil 
CO2 ; pCO2 ppmv (at 4000) = soil CO2 at 4000 ppmv; and Δδ13Ccc-oc = δ13C difference 
between carbonate nodules and organic carbon.. 
 
 

Organic 
carbon    Carbonate  δ13Cs 

pCO2 
ppmv  

Sample 
δ13C 
oc  δ13Ca δ13CΦ sample δ13Ccc at 9.28 4000 

Δδ13Ccc-
oc 

GH-KMOCG1 -25.2 -5.9 -25.2 GH6-2R* -8.5 -17.6 1126 16.8 
DM-13 -23.3 -4.2 -23.3 DM-14A -8.8 -17.9 322 14.5 
DM-4 -24.6 -5.4 -24.6 DM-c5* -5.1 -14.2 2762 19.5 
DM-19 -25.1 -5.8 -25.1 DM-c3* -8.4 -17.5 1118 16.7 
DM-18 -25.3 -6 -25.3 DM-c2* -8.9 -18 1008 16.4 
DM-17 -24.5 -5.3 -24.5 DM-c1* -9.8 -18.9 375 14.7 
GH-KMOCG1 -25.2 -5.9 -25.2 GH6-1R* -8.4 -17.5 1170 16.7 
DC-PAL 1 -22.3 -3.3 -22.3 DC-c5* -10.7 -19.8 -432 13.4 
DM-28MOCB -26.7 -7.3 -26.7 DM-c7 -9.6 -18.7 1305 17.1 
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Table 6.2. Estimated Tertiary values of pCO2 (in ppmv) and variables used to calculate 
Ekart et al. (1999) modified equation for atmospheric CO2.  Variables used are as 
follows: δ13Coc = δ13C of organic carbon ; δ13Ca = δ13C of atmosphere; δ13CΦ = δ13C of 
soil respired CO2; δ13Ccc = δ13C of carbonate nodules ; δ13Cs (at 9.28) = δ13C of soil CO2 
; pCO2 ppmv (at 4000) = soil CO2 at 4000 ppmv; and Δδ13Ccc-oc = δ13C difference 
between carbonate nodules and organic carbon. 
 
 

Organic carbon    Carbonate   δ13Cs 
pCO2 
ppmv  

Sample 
δ13C 
oc  δ13Ca δ13CΦ sample δ13Ccc 

at 
9.28 4000 

Δδ13Ccc-
oc 

DC-U15MOCA -26.2 -6.9 -26.2 DC-U15C1 -10.3 -19.8 679 15.9 
DC-U15MOCB -26.7 -7.4 -26.7 DC-c10* -10.6 -20 791 16.2 
DC-PAL 5 -24.4 -5.3 -24.4 DC-c9* -7.2 -16.6 1267 17.3 
DC-PAL 4 -24.2 -5.1 -24.2 DC-c8* -10.5 -19.9 18 13.8 
DC-U11MOCA -22.3 -3.3 -22.3 DC-c7* -11.3 -20.7 -632 11 
DC-U11MOCB -25.9 -6.6 -25.9 DC-c7* -11.3 -20.7 263 14.6 
DC-U11MOCA1 -24.1 -4.9 -24.1 DC-U11C1A -10.8 -20.2 -110 13.3 
DC-U11MOCB1 -23.9 -4.8 -23.9 DC-U11C1B -11 -20.4 -199 12.9 
DC-PAL 2 -22.2 -3.2 -22.2 DC-c6* -10.6 -20 -495 11.6 
DM-42MOC -24.6 -5.4 -24.6 DM-42C1 -10.1 -19.4 269 14.5 
DM-44MOC -25.8 -6.5 -25.8 DM-44C1 -8.8 -18.2 1128 17 
DM-47MOC -23.2 -4.1 -23.2 DM-47C1A -9.3 -18.7 50 13.9 
DM-47MOC -23.2 -4.1 -23.2 DM-47C1 -9.1 -18.5 106 14.1 
DM-47MOC -23.2 -4.1 -23.2 DM-c10 -9.3 -18.7 50 13.9 
DM-50MOCA -25.7 -6.4 -25.7 DM-c11 -8.8 -18.2 1094 16.9 
DM-50MOCB -25.6 -6.3 -25.6 DM-50C1 -9.3 -18.7 845 16.3 
GH-M5MOCA -20.7 -1.9 -20.7 GH-M4C1C -11.1 -20.5 -880 9.6 
GH-M5MOCA -20.7 -1.9 -20.7 GH-M4C1CX -12.6 -22 -1113 8.1 
GH-M5MOCA -20.7 -1.9 -20.7 GH-M4C1CA -11 -20.4 -863 9.7 
GH-M4MOCA2 -26.3 -6.9 -26.3 GH-M4C1B -11.5 -20.9 304 14.8 
GH-M4MOCB1 -23.2 -4.1 -23.2 GH9-1R* -12.2 -21.6 -614 11 
GH-M4MOCB2 -23.2 -4.1 -23.2 GH9-2R* -12.1 -21.5 -595 11.1 
GH-M4MOCB3 -23.2 -4.1 -23.2 GH10-1R* -13 -22.4 -762 10.2 
GH-M4MOCB4 -23.2 -4.1 -23.2 GH10-2R* -12.6 -22 -690 10.6 
GH-M4MOCB5 -23.2 -4.1 -23.2 GH11-1R* -12.9 -22.3 -745 10.3 
GH-M4MOCB6 -23.2 -4.1 -23.2 GH12-1R* -10.5 -19.9 -250 12.7 
GH-M4MOCB7 -23.2 -4.1 -23.2 GH12-2R* -10.9 -20.3 -343 12.3 
GH-M4MOCB8 -23.2 -4.1 -23.2 GH13-1R* -10.6 -20 -274 12.6 
GH-M4MOCB9 -23.2 -4.1 -23.2 GH13-2R* -10.6 -20 -274 12.6 
PR-8MOCA -27.2 -7.7 -27.2 PR-8C1 -10.7 -20.1 900 16.5 
PR-8MOCB -26.8 -7.4 -26.8 PR-8C2 -10.67 -20.1 754 16.1 
PR-9MOCA -25.6 -6.3 -25.6 PR-9C1 -10.3 -19.7 473 15.3 
PR-9MOCB -26.7 -7.3 -26.7 PR-9C1A -10.2 -19.6 915 16.5 
PR-11MOCA -26.8 -7.4 -26.8 PR-11C1 -10.7 -20.1 754 16.1 
PR-11MOCB -26.8 -7.4 -26.8 PR-11C1A -10.8 -20.1 760 16 
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CHAPTER VII 
 

CONCLUSIONS 
 

The Javelina and Black Peaks formations in Big Bend National Park consist 

predominantly of fluvial sediments deposited during Late Cretaceous and Paleocene time.  

These sediments contain abundant interstitial carbonate deposits of varied form, and 

petrified woods and particulate organic matter that provide varied sources of organic 

carbon.  In the present study, the stable carbon and oxygen isotopic compositions of 

varied carbonate phases and organic carbon were used, along with sedimentary 

petrography, to evaluate possible paleoenvironmental and paleoclimatic interpretations of 

the K/T boundary interval in these deposits.  Four major outcrops, at Dawson Creek, 

Dogie Mountain, Grapevine Hills, and Pterodactyl Ridge were investigated in the present 

study. 

The carbonate accumulations in these deposits can be divided into groups based on 

their occurrence, morphological features, and sedimentary facies association.  These 

groups are interpreted to be 1) pedogenic or ground-water carbonates, 2) surface-water or 

lacustrine carbonates, 3) early diagenetic carbonates, and 4) late diagenetic carbonates.  

Some examples cannot be confidently assigned to any of these categories.  Although the 

isotopic compositions of all four carbonate varieties overlap to some degree, the 

“secondary” diagenetic carbonate phases generally differ sufficiently from the presumed 

“primary” pedogenic and lacustrine carbonates that it seems likely that the latter reflect at 

least to some degree the original isotopic compositions of meteoric water, soil water, or 

surface waters from which they precipitated.   
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The early diagenetic carbonates exhibit a radial-fibrous crystal pattern and a wide 

range of isotopic compositions that suggest precipitation under different conditions or at 

different times.  Calcite cementation in sandstone and within cavities in vertebrate bones 

probably occurred shortly following burial under ground water conditions.  Later vein-

filling diagenetic carbonates have a coarse sparry crystal habit and isotopic compositions 

that likely reflect precipitation under high temperature, deep burial conditions, perhaps 

during methanogenesis – or from hydrothermal activity in more recent times.  Both early 

and late diagenetic carbonates show some evidence for isotopic exchange with the earlier 

carbonate phases. 

The presumed pedogenic carbonates consist of nodular masses of microcrystalline 

calcite that occur along horizons in fluvial overbank deposits, and are thought to have 

precipitated from either soil water or ground water.  The isotopic compositions of these 

carbonates compare well with those reported in several previously published studies of 

the Dawson Creek locality.  The pedogenic carbonate nodules span a broad range of δ18O 

values (about 5‰).  Stratigraphic excursions in pedogenic δ18O values may most likely 

be interpreted as either due to crystallization under widely varied mean annual 

temperatures (from <10° to nearly 30° C), or due to varied evaporative concentration of 

ground waters over time. 

The presumed surface water or lacustrine carbonates have a clotted microcrystalline 

texture and occur in layered or brecciated horizons with gastropod steinkerns and 

charophyte oogonia.  These have δ13C values comparable to the pedogenic carbonates, 

suggesting that the source of carbon for both groups was similar, namely CO2 respired 

through decomposition of terrestrial plant material.  The δ18O values, however, range 
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from those comparable to the pedogenic carbonates to some with significantly lower δ18O 

values, approaching those found in the diagenetic carbonate phases. 

Several lines of evidence suggest that evaporative concentration of ground water may 

be the most likely process responsible for the observed high amplitude (± 2‰) and short 

duration (< 1 Ma) stratigraphic excursions in the pedogenic and lacustrine δ18O values.  

The pedogenic carbonates are enriched in 18O relative to lacustrine carbonates and 

relative to charophyte oogonia; some pedogenic nodules contain barite crystals (possible 

gypsum psuedomorphs) suggesting precipitation from evaporatively concentrated waters; 

and there is weak co-variation between δ18O and δ13C among pedogenic carbonates.  

Furthermore, the stratigraphic excursions do not appear to be correlative among the four 

sites studied in Big Bend, as would be expected if these were a result of mean annual 

temperature change.  Similarly, the Cretaceous horizons where isotopic excursions are 

found do not coincide with any change in the fossil vertebrate fauna or fossil wood 

varieties.  Nor are there correlative changes in the sediment mineralogy that would be 

expected if marked change in mean annual temperature led to greater or lesser intensity 

of weathering.  On the other hand, a few published values for δ18O in bone phosphate 

from fossil Late Cretaceous aquatic vertebrates correspond with the highest values 

observed here in the pedogenic carbonates and suggest that evaporation may instead have 

had a minimal effect on carbonate isotopic compositions. 

The “coastal” effect may have been responsible for some small part of the 

stratigraphic variation in the oxygen isotopic compositions because two major eustatic 

sea level oscillations during Late Cretaceous time and likely displaced the shoreline 

several tens to a hundred kilometers from the Big Bend region.  The slightly more 
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negative δ18O values in Paleocene pedogenic carbonates compared to the Cretaceous 

could be the result of a long-term drop in sea level that took place across the K/T 

boundary. 

Particulate organic matter extracted from Cretaceous and Paleocene overbank 

mudstones provide δ13C values that are almost entirely within the range for C3 vegetation.  

Similarly, organic matter extracted from Cretaceous and Paleocene fossil woods are 

largely within the range for C3 plants.  The mudstone and wood δ13C values differ from 

each other on average by about 1‰.  This could reflect varied isotopic compositions of 

herbaceous versus woody vegetation, and/or varied compositions of local versus regional 

vegetation represented as allochthonous organic matter in the alluvium.  In addition, 

conifer and angiosperm woods differ in δ13C on average by nearly 2‰.  Although organic 

carbon isotopic values of Cretaceous fossil woods are, on average, higher than the 

Paleocene, Cretaceous mudstones (especially in the lower portion of the section) are 

depleted in 13C relative to Paleocene.  There is not an abrupt excursion in δ13C values 

across the K/T boundary, as is observed at localities elsewhere in North America; 

however, more detailed sampling may have been required to detect it.  The observed 

short duration stratigraphic excursions in organic carbon δ13C could reflect local temporal 

variation in vegetation type or varied sources of organic matter, or global variation in 

atmospheric pCO2. 

The Δ δ13C of carbonate-organic matter is generally consistent with carbonate 

precipitation from solutions with CO2 derived through decomposition of terrestrial C3 

plant material.  For carbon in Paleocene carbonates and organic matter, the Δ δ13C is also 

compatible with precipitation at about 25°C, a reasonable temperature given the tropical 
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flora and fauna of Big Bend at that time.  However, for carbon in Cretaceous carbonates 

and organic matter, the Δ δ13C is close to that predicted for precipitation at 0°C – a 

temperature incompatible with the fossil woods and fauna preserved in these deposits.  

Higher atmospheric pCO2 during Cretaceous time could account for this discrepancy. 

If the “diffusion-reaction” model of Cerling (1991, 1999) is used in conjunction with 

the Δ δ13C values to estimate paleoatmospheric pCO2 levels, the average for the 

Cretaceous (1520 ppmV) is nearly five times that for the Paleocene (370 ppmV).  A drop 

in atmospheric CO2 from Cretaceous to Paleocene time could be responsible for the 

observed shift in Δ δ13C values, and is consistent with a change from a warm dry 

Cretaceous climate to relatively cooler and wetter Paleocene climate based on 

interpretation of paleosols.  However, there is no corresponding change in sediment 

mineralogy or fossil wood anatomy that would be expected to result from pronounced 

climate change.  Furthermore, stratigraphic excursions in Δ δ13C values prior to the K/T 

boundary, if interpreted similarly would require dramatic short-term fluctuations in 

atmospheric pCO2 (the Middle Maastrichtian and Late Maastrichtian “greenhouse 

events” of Nordt et al., 2003), but these are also unassociated with any significant 

observed change in fauna, flora, or sediment mineralogy.  It was not possible in the 

present study to demonstrate if the excursions are correlative among the four sites 

investigated in the Big Bend region, as would be expected if they were a result of global 

atmospheric pCO2 changes. 
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