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Abstract 

 

Chemolithofacies of the Upper Cretaceous Buda Formation and Austin 

Chalk Group, South-Central Texas: A Product of Integration of 

Lithologic and Chemical Data 

 

Christopher K. Hendrix, M.S. Geo. Sci. 

The University of Texas at Austin, 2016 

 

Supervisor: Robert G. Loucks 

Co-Supervisor: Harold D. Rowe 

 

 

The Upper Cretaceous Cenomanian Buda Formation and Coniacian-Campanian 

Austin Chalk Group of Texas and northern Mexico are calcareous mudrock (chalk) 

successions deposited on the drowned lower Cretaceous Comanche platform. 

Investigations covering depositional systems, lithofacies, and diagenesis have been 

completed over the years, but no up-to-date chemostratigraphic studies have been 

conducted on either the Buda or Austin Chalk units. This investigation has supplemented 

sedimentological analysis with high-resolution X-ray-fluorescence (XRF) geochemical 

data. Two methods were employed to define chemofacies from an XRF dataset to test 

whether geochemical data can enhance description of the lithofacies and add insight to 

the lithostratigraphic analysis. 
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Buda and Austin units are composed of four lithofacies in the subsurface of south-

central Texas: (1) calcisphere globigerinid wackestone, (2) calcisphere globigerinid mud-

dominated packstone, (3) calcareous mudstone, and (4) argillaceous calcareous 

mudstone. Observations of elemental curves plotted versus depth identified the 

alternation of calcite-rich chemofacies with dolomite-, clay-, and pyrite-rich chemofacies. 

Multiple iterations of hierarchical cluster analysis applied to the XRF dataset revealed 

seven chemofacies: (1) Ca-enriched, (2) Mg-enriched, (3) Al-enriched, (4) S-enriched, 

(5) P-enriched, (6) Zn-enriched, and (7) Ni-enriched. Neither chemofacies method is 

capable of defining lithofacies, but each can be used to substantiate mineralogical 

variability at the sub-lithofacies scale. The XRF-curve-based chemofacies identified 

large-scale oscillations in mineralogical composition while the HCA chemofacies 

identified mineralogical variability at the resolution of XRF sampling. 

Chemolithofacies are defined as lithofacies that are additionally characterized by 

chemofacies data. Delineation of the chemolithofacies is achieved by applying 

geochemical (and in this case mineralogical) descriptors to the lithofacies units based on 

the geochemical data. Ca-enriched calcisphere globigerinid wackestones and packstones 

are the dominant chemolithofacies of the Buda Formation and Austin Chalk Group. 

Calcisphere globigerinid wackestones, calcisphere globigerinid mud-dominated 

packstones, calcareous mudstones, and argillaceous calcareous mudstones enriched in 

dolomite, clays, and pyrite make up the other chemolithofacies. Variability in the 

chemolithofacies is attributed to rock units of more mixed mineralogy as a result of 

intermittent, sustained periods of increased extrabasinal sediment delivery to the shelf. 
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INTRODUCTION 

The Upper Cretaceous Cenomanian age Buda Formation and Coniacian-

Campanian age Austin Chalk Group are chalk successions deposited throughout Texas 

and northern Mexico in a passive margin setting on the drowned lower Cretaceous south 

Texas shelf (Figures 1, 2 and 3; Ewing, 1982; Hovorka and Nance, 1994; Bennet, 2015). 

Chalks are classified as calcareous mudrocks (silt to clay-sized, less than 62 microns). 

The composition of mudrocks is controlled by a combination of organic, detrital, 

biogenic, and chemogenic (or diagenetic) processes and/or products (Boggs Jr., 2009). 

Plankton, terrestrial plant material, quartz and clay-minerals, calcareous and siliceous 

bioclasts, volcanic ash, pyrite, and phosphates are all common constituents of mudrock 

successions. The relative proportions of these sediments in mudrocks, and the 

stratigraphic succession of the proportions of the sediments help define the environment 

of deposition. The Buda Formation and Austin Chalk Group of south Texas are 

calcareous mudrocks formed by a combination of pelagic settling of planktonic tests and 

calcareous macrofossil fragments deposited in deeper water by suspension and gravity 

flows. Reworking of the sediments by bottom currents and bioturbation is common. 

Terrestrial siliciclastics, authigenic minerals, and marine-derived organic matter may be 

abundant. The organic matter required dysoxic to anoxic bottom conditions to be 

preserved. Buda and Austin Chalk units were chosen for this geochemical study because 

their lithofacies, diagenesis, and depositional environment have been previously 

investigated and well defined.  

Lithofacies variability in fine-grained rocks, and in strata such as the Buda and 

Austin sections, is inherently difficult to characterize by visual inspection because of 

their homogeneous appearance. Geochemical data point to the underlying compositional 
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variability these successions possess. The integration of sedimentological descriptive 

methods with bulk geochemical analyses provides a robust technique from which to 

recognize and define vertical and lateral patterns, and interpret depositional 

environments. The lithofacies successions in the studied cores delineate local and 

regional patterns in faunal assemblages, sediment supply, and depositional processes. The 

chemofacies successions record finer-scale fluctuations in mineralogy that cannot be seen 

in lithofacies descriptions alone. The chemofacies also provide insight into conditions in 

the paleowater column and in the bottom sediments at time of deposition. 

The primary goal of this study is to evaluate the capability of geochemical data to 

enhance lithofacies descriptions in chalks. To test this goal Buda Formation and Austin 

Chalk Group cores from across south Texas were selected. X-ray diffraction (XRD), X-

ray fluorescence (XRF), and RockEval data were collected and integrated with core and 

thin-section descriptions. Specific research objectives of this investigation are to 1) define 

the lithofacies based on observations from core and thin sections, 2) compare elemental 

XRF curves to the lithofacies and identify subdivisions (XRF-curve-based chemofacies), 

3) subject the XRF data to hierarchical cluster analysis and compare the results to the 

XRF-curve-based chemofacies and lithofacies (HCA chemofacies), and 4) integrate the 

geochemical data with the lithofacies to evaluate the advantages and limitations of 

integration. The testing of integrating lithofacies and chemofacies can provide insight for 

future studies aimed at enhancing the description of fine-grained carbonate lithofacies. 
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Figure 1: Paleogeographic interpretation of southwestern North America during the 

(A) Late Albian/Early Cenomanian (99-90.5 Ma, Neogastroplites haasi) 

before the onset of deposition of the Buda Formation and (B) Early 

Coniacian (89.0 Ma, Inoceramus erectus) during deposition of the Austin 

Chalk Group. The paleogeographic maps show the study area situated in the 

ancestral Gulf of Mexico and at the southern extent of the Cretaceous 

Western Interior Seaway by Early Coniacian time. Modified from Blakey 

(2014). 
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Figure 2: continued next page. 
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Figure 2: Map of south-central Texas showing the geography, location of Cretaceous 

and Cenozoic structural features, Cretaceous shelf margins, present-day 

outcrop and subsurface trends for Upper Cretaceous strata, and well 

locations for cores used in this study. Information for wells is listed in Table 

1. Modified from Phelps et al. (2014) and Denne et al. (2015). 
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Figure 3: Stratigraphic column of the lowermost Upper Cretaceous section in south-

central Texas. Modified from Hentz and Ruppel (2010) and Phelps et al. 

(2014). 
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DATA AND METHODS 

Data for this investigation were acquired from four cores stored at the Bureau of 

Economic Geology (BEG) core repository in Austin, Texas (Table 1). The cored well 

locations are spread across approximately 200 miles (320 km) from Dimmit County, 

Texas, in the southwest to Lee County, Texas, in the northeast (Figures 2 and 4). These 

cores were chosen for the study because they contain fair coverage of the Buda 

Formation and/or the Austin Chalk Group from different structural provinces of the south 

Texas shelf (Figure 2). 

The U.S. Enercorp Ltd. No. 1H Willerson core was recovered from Dimmit 

County, Texas in 2013 and contains the uppermost 2.1 m (7 ft) of the Del Rio Formation, 

46.3 m (152 ft) of the Buda Formation, and 1.5 m (5 ft) of the lower Eagle Ford Group 

(Table 2). Tesoro Petroleum Corporation drilled the No. 1 Valcher well in Wilson County 

in 1976 and recovered 22.3 m (73 ft) of the Buda Formation and 44.2 m (145 ft) of the 

lower Austin Chalk Group (Table 2). The Eagle Ford Group was not recovered (approx. 

22.3 m/73 ft in thickness according to the wireline log; Figure 4). The Tesoro No. 1 

Hendershot, C.J. core from Gonzales County was drilled in 1976, is continuous, and 

contains 17.7 m (58 ft) of Buda, 11.6 m (38 ft) of Eagle Ford, and nearly 61 m (200 ft) of 

lower Austin Chalk (Table 2, Figure 4). The Lee County well, Prairie No. 1 Marburger, 

was drilled in 1976 and cored discontinuous sections containing 33.8 m (111 ft) of Buda, 

1.8 m (6 ft) of Eagle Ford, and 36.6 m (120 ft) of lower Austin Chalk (Table 2, Figure 4). 

The burial depths of the cored sections range from 1380 – 2225 m (4536 – 7298 ft; Table 

2). 
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Table 1: List of cores used in this study. The numbers 1 to 4 correspond to the 

numbered well locations in Figure 2. 
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Table 2: Summary of the cored intervals and data collected. All depths are reported 

in feet (ft). 
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Figure 4: continued next page. 
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Figure 4: Wireline-log cross-section showing the intervals of core used in this study, 

their stratigraphic position, and the approximate distances between wells. 

Footage and dataset information for the cores are listed in Table 2. 
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CORE DESCRIPTION TECHNIQUES 

The cores were described at a 10 ft = 1 in scale, in unison with petrographic 

analysis of thin sections (Appendix). The goal of the descriptions was to delineate 

sedimentary structures, allochems, and mineralogy. Lithofacies were assigned based on 

faunal assemblages, sedimentary features, and mineralogy, and the lithofacies 

nomenclature scheme follows the allochem-to-matrix ratio texture classification of 

Dunham (1962). Digital photographs of selected pieces of the core were acquired and 

presented in photoplates discussed later (Figures 5-8). 

Thin sections were collected from every 1.5 m (5 ft) of core, on average (167 

total; Table 2), to capture representative lithofacies. Standard (1 in by 2 ¾ in) thin-section 

stubs were cut from the cores and sent to National Petrographic Service, Inc., in Houston, 

Texas, where they were impregnated with blue-dyed epoxy to emphasize macropores and 

blue-fluorescent-dyed epoxy to emphasize micropores. The thin sections were ground to 

an approximate thickness of 30 μm and polished. A petrographic microscope was used to 

analyze the thin sections in plain, cross-polarized, and ultraviolet light. For each thin 

section, characteristics such as depositional texture and fabric, mineral composition, 

allochems, porosity types, and faunal abundances were recorded on core logging sheets in 

accordance with each sample location (Appendix). The remaining core was described 

with a hand lens and binocular microscope utilizing information obtained from the thin-

section descriptions. 
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X-RAY DIFFRACTION 

Three hundred eighty-six bulk geochemical sample locations were selected for X-

ray diffraction (XRD) analysis (Table 2). Samples were extracted at a 1-ft interval, on 

average, from the No. 1H Willerson and No. 1 Marburger cores. A 0.25-in rotating drill 

bit was gently pressed into the back side of the core at each sample location. The material 

from the surface of the core was discarded and the remaining powder from the drill hole 

was sieved through a 150 µm mesh screen and collected in 1.5 ml microcentrifuge tubes 

with snap caps. Each powder sample was analyzed using an InXitu BTX 308 Portable 

XRD Analyzer. 

The XRD spectra were interpreted using XPowder mineral identification software 

(Martin, 2008). Each sample spectrum was modeled with mineral spectra from the PDF-2 

library. Mineral spectra were selected and matched by visual comparison. The XRD 

values for total clay, calcite, and quartz were normalized and plotted on ternary diagrams 

to illustrate the mineralogy of the Buda Formation and Austin Chalk Group lithofacies, as 

well as the mineralogy of the undifferentiated Eagle Ford Group and Del Rio Formation 

(Figure 9). 
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ENERGY-DISPERSIVE X-RAY FLUORESCENCE (XRF) 

Bulk geochemical data were collected from the cores utilizing a Bruker Tracer 

IV-SD handheld energy-dispersive X-ray fluorescence (XRF) analyzer (Rowe et al., 

2012). The analyzer was connected to and controlled by laptop computers during 

acquisition. The spectrometers are capable of analyzing the major (Na, Mg, Al, Si, P, S, 

K, Ca, Ti, Mn, and Fe) and trace (V, Cr, Ba, Co, Ni, Cu, Zn, Ga, As, Rb, Sr, Y, Zr, Nb, 

Mo, Pb, Th, and U) elemental composition of a sample by performing two separate 

analyses (Table 3). For each XRF datum the analyses were conducted at the same 

location on the core face. 

The cores were scanned at a 2-in interval, where possible, to reflect a relatively 

high spatial resolution. Sample locations were recorded by placing small, numbered 

stickers along the edge of the core. Because a flat sampling surface is required to ensure 

accurate readings, a rock saw was used to create flat surfaces where the cores were 

slabbed inadequately or not at all. It was important that dust and residue was removed 

from the face of the cores by scrubbing with a cloth and warm water. Sample locations 

were added, where necessary, to incorporate visible heterogeneities in the cores (i.e., 

argillaceous seams) that were not captured by the prescribed 2-in interval. 

A DeWitt Systems RMS-300 Helium-purge (He-purge) system was utilized 

during acquisition of major elemental data to improve the detectability of low-energy 

elements (e.g., Mg and Al) in light of Ca dilution. Core pieces were placed underneath 

the extended arm of the He-purge apparatus that positions the spectrometer acquisition 

(nose) end faced downward. Before each acquisition was initiated, the spectrometer was 

lowered and helium began to flow through the nose of the instrument. The spectrometer 

was lowered until the 3 mm by 4 mm elliptical x-ray beam window rested directly on the 

core sample location. Helium continuously flowed through the instrument at 0.1 liters per 



 15 

minute for the entire 60 second duration of each acquisition. Use of the He-purge 

provided a detection improvement for the low-energy x-rays. A summary of the 

instrument settings and elements sampled is included in Table 3. 

The He-purge system was not used for high-energy trace element data acquisition. 

Instead, core pieces were positioned above the elliptical beam window of a stationary, 

upward-facing spectrometer and scanned for 90 seconds using a filter to eliminate the 

undesired low-energy x-rays from detection. The collected XRF spectra were calibrated 

in accordance with the method set forth by Rowe et al., 2012. The analyses and 

subsequent calibration yielded 14 major element values (in weight percent) and 15 trace 

element values (ppm) for each sample location. 

The resulting XRF dataset consists of 4,956 sample locations spread across one 

Del Rio section, four Buda sections, three Eagle Ford Group sections, and three Austin 

Chalk Group sections within the four cores (Table 2). Each XRF sample location was 

assigned a lithofacies designation from the core and thin section analysis to facilitate a 

direct comparison with the geochemical analyses. Elemental proxies from the XRF data 

were used to understand mineralogical and trace metal associations within the rock units 

(Table 4). 
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Table 3: XRF-unit instrument settings for major and trace-element data acquisition. 

Major element concentrations are reported in wt% and trace element 

concentrations are reported in ppm. Modified from Redmond (2016). 
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HIERARCHICAL CLUSTER ANALYSIS (HCA) 

Calibrated major and trace element XRF data were subjected to agglomerative 

hierarchical cluster analysis (HCA) in order to form groups of samples that are similar to 

one another. A rigorous definition of cluster analysis can be found in Tan et al., 2005. 

The cores were each analyzed separately. Spreadsheets containing XRF data from core 

were imported into TIBCO Spotfire® analytics software with depth and lithofacies 

information. The data were clustered by rows using Ward’s (1963) method and a half 

square Euclidean distance measure. Average value was used for ordering weight, empty 

values were replaced with zero, and the dataset was normalized by the population mean 

for each element. 

Negative elemental abundance values, which occur in the XRF data as an effect of 

Ca dilution, were identified within the XRF dataset. Elements that read negative for 

greater than 10% of total sample locations were omitted from the hierarchical cluster 

analysis (Table 5). The elements Ba, U, and Mo exhibit greater than 10% negative 

abundance values in all cores and were omitted from the analyses. The elements Cr, Zr, 

Y, and K exhibited greater than 10% negative abundance values in one or more of the 

cores. 

Omissions were also made for samples that A) belonged to formations outside the 

scope of this study (e.g., Del Rio Formation, Eagle Ford Group), B) belonged to 

lithofacies that were visually distinguished from the homogeneous limestone (e.g., the 

argillaceous calcareous mudstone), or C) represented rare statistical outliers. To identify 

statistical outliers, a linear regression analysis was conducted for each core and samples 

were visually omitted from the dataset. Rarely was more than one outlier (e.g., extremely 

high Zn) removed from any particular core’s dataset. 
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After the XRF data were subjected to the clustering algorithm, the results were 

exported to a spreadsheet and a partitioning index was generated for each core (Phillips, 

1991). The partitioning index was assembled separately for each core by taking the mean 

elemental abundance values of each cluster (Tables 6-12) and dividing by the mean 

elemental abundance values of the entire core dataset (Table 5). 

The resulting clusters, labeled HCA chemofacies for the purposes of this study, 

were assigned names based on their dominant elemental enrichments (Tables 6-12). 

Cross-core comparisons were undertaken to ensure the consistency of the analysis. Some 

of the originally broken-out clusters were manually combined, where necessary, to fit 

into the overall chemofacies scheme. A total of seven chemofacies were identified in the 

cored units of the Buda Formation and Austin Chalk Group (Tables 6-12). 
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ROCK-EVAL PYROLYSIS 

The Buda Formation and Austin Chalk Group in the No. 1 Marburger core were 

strategically sampled in order to characterize the organic matter content and potential for 

hydrocarbon generation. Sample locations were selected based on 1) visual observation 

of the lithofacies in the core (e.g., laminated argillaceous calcareous mudstone), and 2) 

XRF sample locations where proxies for organic matter (e.g., Ni, Cu, Zn, and P) 

displayed the highest values. Fourteen samples (3 Buda, 11 Austin Chalk) were cut from 

the No. 1 Marburger core and analyzed by GeoMark Research, Ltd. in Houston, Texas. 

The Rock-Eval Pyrolysis® method was used to analyze the powdered samples for TOC, 

kerogen type, and thermal maturity (Ro). 
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GEOLOGIC SETTING 

The area of investigation extends from Dimmit County and the Maverick Basin in 

the southwest to Lee County and the southern East Texas Basin in the northeast (Figures 

1, 2, and 4). The core locations span approximately 320 km (200 mi). The distance 

between core locations ranges from 70-130 km (45-80 mi). 
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THE DROWNED UPPER CRETACEOUS SOUTH TEXAS SHELF IN THE ANCESTRAL GULF 

OF MEXICO 

The Upper Cretaceous south-central Texas area was a drowned shelf that was 

located at the southern extent of the Cretaceous Western Interior Seaway, as part of the 

ancestral Gulf of Mexico (GOM) (Figure 1; Phelps et al., 2014, 2015). An extended 

period of sea-level highstand coincided with the warmest atmospheric conditions from 

early Cenomanian to Campanian time (Huber et al., 2002). 

The East Texas and Maverick basins (Figure 2) are intrashelf basins (ISBs) that 

formed by increased subsidence and sedimentation relative to the surrounding platform 

(Rose, 1972; Ewing, 1991; Sitgreaves, 2015). They are part of a regional network of ISBs 

that formed along the ancestral gulf coast from south-central Texas to Alabama (Ewing, 

1991). The East Texas Basin, also referred to as the Tyler or North Texas Basin, has a 

north-south axis and is situated between Dallas-Fort Worth and the Sabine Uplift near the 

border of Texas and Louisiana (Ewing, 2009). The San Marcos Arch (Figure 2), 

sometimes referred to as the San Marcos Platform (Winter, 1961; Dravis, 1980), is a 

subsurface extension of the central Texas Llano Uplift that separates the Maverick and 

East Texas ISBs (Adkins, 1933; Loucks, 1977; Ewing, 1991; Hentz et al., 2014). The 

Maverick ISB lies to the southwest of the San Marcos Arch and straddles the Texas 

border with Mexico (Figure 2; Winter, 1961; Rose, 1972). It formed behind the rim of the 

Stuart City reef during the late Early Cretaceous (Rose, 1972) between the Devil’s River 

Uplift to the north (Figure 2; Nicholas, 1983; Ewing, 1985) and Coahuila Platform to the 

south (Loucks, 1977; Lehmann et al., 1999). An elongate anticline called the Pearsall 

Arch plunges into the Maverick Basin from the northeast (Figure 2; Rose, 1972; Loucks, 

1977). Additional regional structural depressions are situated along strike to the east of 
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the Maverick ISB in the form of the Atascosa and Karnes troughs (Figure 2; Weeks, 

1945; Tucker, 1968). 

STRATAL ARCHITECTURE 

The Upper Cretaceous (Early to Middle Cenomanian) Buda Formation, known 

colloquially as the Buda limestone, is the youngest member of the Washita Group within 

the Comanchean Division of Cretaceous strata in Texas (Figure 3). It is underlain by the 

Early Cenomanian Del Rio Formation and overlain unconformably by the Cenomanian-

Turonian Eagle Ford Group, which is correlative to the Woodbine Group in the East 

Texas ISB, and the Boquillas Formation in trans-Pecos Texas (Figures 3 and 4). The 

Buda Formation has a relatively uniform thickness of 30.5 m (100 ft) across broad areas 

in south and central Texas (Vanderpool, 1930) and is a consistent subsurface marker on 

wireline logs. The Buda Formation crops out with other Cretaceous strata along a 20-100 

km-wide (12-60 mi) belt that spans from northeast Texas southward along the Balcones 

Fault Zone and westward to Trans-Pecos Texas and northern Mexico (Figure 2; Cook, 

1979). Thickness variation within the Buda Formation in the subsurface of south and 

central Texas is related to the structural provinces of the south Texas shelf (Figures 2 and 

4). The Buda Formation is thinnest (15 m, 50 ft) over the San Marcos Arch (Franciscus, 

1961). Thicker sections of the Buda Formation accumulated in the ISBs along the flanks 

of the San Marcos Arch, including up to 50 m (165 ft) in the Maverick ISB to the 

southwest where it overlies the Salmon Peak and Del Rio formations (Franciscus, 1961; 

Young, 1972; Hentz and Ruppel, 2010). West of the Pecos River, the Buda and Del Rio 

formations overlie the Lower Washita Sue Peaks and Santa Elena Formations 

(Tiedemann, 2010), and underlie the Boquillas Formation (Lock and Peschier, 2006; 

Donovan and Staerker, 2010).  
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The Upper Cretaceous (Coniacian-Santonian) Austin Chalk Group is a succession 

of chalks, marls, and in some places volcaniclastics deposited across Texas and northern 

Mexico during the Upper Cretaceous major sea-level transgression (Ewing, 1982; 

Hovorka and Nance, 1994; Bennet, 2015). It is underlain by the Cenomanian-Turonian 

Eagle Ford Group and overlain by the Campanian Taylor Group (Figure 3; Bennett, 

2015). The Eagle Ford and Austin Chalk Groups comprise the youngest formations 

within the Gulfian Division of Texas Cretaceous strata (Figure 3). Austin Chalk Group 

strata are consistently thicker than the Buda Formation and concomitant with Texas 

Upper Cretaceous subsurface and outcrop trends (Figure 2; Stapp, 1977; Dawson, 1986). 

Although the Austin Chalk Group averages 91 to 152 m (300 to 500 ft) in thickness 

across much of south and central Texas, the strata are thinnest (approximately 60 m, 200 

ft) near the San Marcos Arch and thickest (approximately 335 m, 1100 ft) in the 

Maverick ISB (Haymond, 1991). West of Del Rio the Austin Chalk Group overlies the 

Eagle Ford-equivalent Boquillas Formation and underlies the Anacacho Formation 

(Baker, 1995). 
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LITHOFACIES 

The following lithofacies were defined from core and thin-section descriptions 

and supported with geochemical proxies of the mineralogical composition. Four primary 

lithofacies were identified as common to both the Buda Formation and Austin Chalk 

Group. The rock units consist of calcisphere globigerinid wackestones (Figure 5), 

calcisphere globigerinid mud-dominated packstones (Figure 6), calcareous mudstones 

(Figures 7A, 7C, 7E, 7G), and argillaceous calcareous mudstones (Figure 8). Other 

sedimentary features of note are presented in Figures 7B, 7D, 7F, and 7H. 
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CALCISPHERE GLOBIGERINID WACKESTONE LITHOFACIES 

The calcisphere globigerinid wackestone lithofacies is the dominant lithofacies in 

both the Buda Formation and the Austin Chalk Group. Its appearance ranges from 

massive (Figure 5A, 5C) to heavily bioturbated (Figure 5B, 5D) and off white to medium 

gray, as seen in core. The massive wackestone sections commonly grade into wispy 

argillaceous seams (Figure 5B), which upon weathering are responsible for the 

characteristic nodular appearance of exposed chalks. Stylolites are common to abundant 

(Figures 5G, 8C) and in some places the massive wackestone appears stippled. Horizontal 

burrows are found throughout the lithofacies and the most common burrow type is 

Planolites (Figure 5A, 5B). Chondrites (Figure 5B) and Thalassanoides (Figure 5D) 

burrows are also present. Ichnogenera are commonly superimposed on a background of 

non-diagnostic, irregularly mottled limestone (Figure 5A).  

The microfabric consists of 10-30% fine silt-sized calcareous microfossils and 

microfossil fragments in a matrix of clay-sized calcareous particles no larger than 4 µm 

in diameter (Figure 5E-H). The micrite matrix is composed of a mixture of rare whole 

coccospheres, coccolith plates, and fragmented coccolith elements that have been 

cemented with calcite to form a lithified coccolith-hash matrix. In addition to abundant 

planktonic foraminifera (Figure 5F) and calcispheres (Figure 5H), common allochems 

include whole or partial tests of benthic foraminifera, echinoderm plates and spines, 

ostracods, gastropods, and bivalves. Inoceramus bivalve shells and fragments are 

common in some intervals (Figure 5G). 

The mineralogy of the calcisphere globigerinid wackestones is dominated by 

calcite (greater than 70% normalized XRD, Figure 9). Most samples range from 15-40% 

total clay mineral with a few over 50% total clay-minerals (Figure 9). Up to 30% quartz 
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is present, with most samples having less than 10% quartz (Figure 9). The XRF data 

support these analyses. 

Differences between the calcisphere globigerinid wackestone lithofacies of the 

Buda Formation and Austin Chalk Group are subtle. Stylolites (Figures 5G and 8C) are 

more common in the Buda Formation. In general, calcispheres are more abundant in the 

Buda Formation and globigerinids are more abundant in the Austin Chalk Group. These 

observations apply to the calcisphere globigerinid mud-dominated packstone and 

calcareous mudstone lithofacies as well. 
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Figure 5: continued next page. 
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Figure 5: Core and thin-section photographs of the calcisphere globigerinid 

wackestone lithofacies. (A) Bioturbated Ca-enriched calcisphere 

globigerinid wackestone: Austin Chalk Group, No. 1 Hendershot, C.J., 

4676.5 ft. (1425.4 m). (B) Bioturbated Ca- and Al-enriched calcisphere 

globigerinid wackestone with multiple generations of burrow traces 

(Planolites, Chondrites) and wispy argillaceous seams. Dispersed shell 

fragments and a pyrite nodule are also visible: Austin Chalk Group, No. 1 

Hendershot, C.J., 4704 ft. (1433.8 m). (C) Massive Ca-enriched calcisphere 

globigerinid wackestone with a mud clast surrounded by compacted 

argillaceous seams: Buda Formation, No. 1H Willerson, 7096.4 ft. (2163 

m). (D) Bioturbated Al-enriched calcisphere globigerinid wackestone 

(collapsed burrows) with calcite-filled fractures: Buda Formation, No. 1H 

Willerson, 7067 ft. (2154 m). (E) Bioturbated Ca-enriched calcisphere 

globigerinid wackestone with calcispheres and assorted skeletal fragments. 

Yellow lines show an interpreted burrow trace: Austin Chalk Group, No. 1 

Hendershot, C.J., 4597 ft. (1401.2 m). (F) Well-preserved calcite-filled 

planktonic foraminifera (globigerinids) in a dark peloidal matrix: Austin 

Chalk Group, No. 1 Marburger, 6876 ft. (2095.8 m). (G) Calcispheres, 

globigerinids, skeletal fragments, Inoceramus plates, and a stylolite. The red 

arrow points to an Inoceramus shell plate. Black spots to the left of the red 

arrow are pyrite: Buda Formation, No. 1 Valcher, 6947 ft. (2117.4 m). (H) 

Calcispheres and planktonic foraminifer in coccolith-hash matrix: Buda 

Formation, No. 1H Willerson, 7074.45 ft. (2156.29 m). 
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CALCISPHERE GLOBIGERINID MUD-DOMINATED PACKSTONE LITHOFACIES 

The calcisphere globigerinid mud-dominated packstone lithofacies (Figure 6) is 

similar to the calcisphere-globigerinid wackestone lithofacies in that they are both 

composed of the tests of calcareous microfossils in a coccolith-hash matrix. The light- to 

medium-gray mud-dominated packstone lithofacies is differentiated from the 

wackestones in two ways: a greater abundance (> 30%) of skeletal allochems (Figure 6E-

H), and/or the presence of sand-size and larger allochems (Figure 6A, 6B). Most of the 

allochems are biogenetic (Inoceramus, oysters) fragments or mud clasts (Figures 6B, 6C, 

6D). Other allochems originate from early diagenetic processes that produced glauconitic 

and phosphatic grains (Figures 6A, 7B). Overall, the calcisphere globigerinid mud-

dominated packstones are coarser-grained than the calcisphere globigerinid wackestones. 

Trace fossils are common in the packstone lithofacies, but generally less prevalent than in 

the wackestone lithofacies. Most burrows are Planolites (Figure 7B) with some 

Thalassanoides also present. Aside from the coarser grains and higher allochem to matrix 

ratio, the microfabric (Figure 7E-H) and mineralogy (Figure 9) of the calcisphere 

globigerinid mud-dominated packstone lithofacies mirror the wackestone lithofacies. It is 

this similarity that necessitates the use of geochemical data to further define differences 

in the lithofacies. 

The calcisphere globigerinid mud-dominated packstone facies is found in the 

Buda Formation cores of the Maverick and East Texas Basins, but is rare to nonexistent 

in cores from the shallower water drowned shelf area near the San Marcos Arch (No. 1 

Valcher and No. 1 Hendershot cores, respectively). In contrast, the lithofacies is present 

in the Austin Chalk Group cores of the shallower water drowned shelf and near the San 

Marcos Arch, but absent in cores from the intrashelf basins. 
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Figure 6: continued next page. 
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Figure 6: Core and thin-section photographs of the calcisphere globigerinid mud-

dominated packstone lithofacies. (A) Very coarse grained Al- and P-

enriched calcisphere globigerinid mud-dominated packstone with skeletal 

fragments, pyrite nodules, glauconite grains, and mud clasts: Austin Chalk 

Group, No. 1 Valcher, 6677.5 ft. (2035.3 m). (B) Bioturbated Mg- and Al-

enriched calcisphere globigerinid mud-dominated packstone with 

Inoceramus fragments and glauconite grains: Austin Chalk Group, No. 1 

Hendershot, C.J., 4715 ft. (1437.1 m). (C) Very fine grained Ca-enriched 

calcisphere globigerinid mud-dominatd packstone with mud clasts and 

calcite-filled fractures: Buda Formation, No. 1H Willerson, 7175.6 ft. 

(2187.1 m). (D) Fine-grained Ca- and Al-enriched calcisphere globigerinid 

mud-dominated packstone with wispy argillaceous seams, shell fragment 

and small pyrite nodules: Buda Formation, No. 1 Marburger, 7270 ft. 

(2185.4 m). (E) Calcispheres, globigerinids, ostracods, benthic foraminifera, 

skeletal fragments, pyrite, and glauconite grains: Austin Chalk Group, No. 1 

Valcher, 6706 ft. (2044 m). (F) Skeletal fragments with glauconite and 

pyrite replacement: Austin Chalk Group, No. 1 Hendershot, C.J., 4712 ft. 

(1436.2 m). (G) Well-preserved calcite-filled benthic foraminifer 

surrounded by calcispheres and skeletal fragments. Some calcispheres have 

been replaced with pyrite: Buda Formation, No. 1 Marburger, 7293 ft. 

(2192.4 m). (H) Calcispheres and echinoid fragments with some 

rhombohedral dolomite crystals. Multiple Saccocomid (floating crinoids) 

fragments are present: Buda Formation, No. 1H Willerson, 7185.15 ft. (2190 

m). 
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CALCAREOUS MUDSTONE LITHOFACIES 

The calcareous mudstone lithofacies (Figure 7A, 7C, 7E, 7G) is the least common 

lithofacies within the Buda and Austin units. This lithofacies is distinguished from the 

calcisphere globigerinid wackestone and calcisphere globigerinid mud-dominated 

packstone lithofacies by containing less than 10% macrofossil fragments, microfossils, 

and microfossil fragments in a coccolith hash matrix (Figure 7E, 7G). It is off white to 

light gray in color and contains rare Planolites burrows and wispy argillaceous seams 

(Figure 7A). The mineralogy is consistent with the calcisphere globigerinid wackestone 

and calcisphere globigerinid packstone lithofacies. 

This lithofacies is uncommon relative to the previously discussed lithofacies. It 

occurs in the base of the Buda Formation in the No. 1 Willerson and No. 1 Marburger 

cores (Appendix). The lithofacies is also found within the Buda Formation near the 

contact with the Eagle Ford Group, as well as in isolated intervals of the Austin Chalk 

Group in the No. 1 Hendershot core (Appendix). 
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Figure 7: continued next page. 
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Figure 7: Core and thin-section photographs of the calcareous mudstone lithofacies 

and notable sedimentological features. (A) Ca-enriched calcareous 

mudstone with wispy argillaceous seams and pyritized shell fragments: 

Austin Chalk Group, No. 1 Hendershot, C.J., 4633 ft. (1412.1 m). (B) 

Burrowed Ca-enriched calcisphere globigerinid wackestone with P-enriched 

calcisphere globigerinid mud-dominated packstone fill: Austin Chalk 

Group, No. 1 Valcher, 6668.5 ft. (2032.5 m). (C) Ca-enriched calcareous 

mudstone with stippled appearance and pyritized shell fragments: Buda 

Formation, No. 1 Hendershot, C.J., 4774 ft. (1455.1 m). (D) Debris flow 

containing mud clasts, oyster shells, and pyrite nodules in Mg-enriched 

argillaceous mudstone overlying Ca-enriched calcisphere globigerinid 

wackestone and a firmground surface: Buda Formation, No. 1 Marburger, 

7254 ft. (2180.5 m). (E) Benthic foraminifera, radiolarian fragments, and 

calcispheres in Ca-enriched calcareous mudstone: Austin Chalk Group, No. 

1 Hendershot, C.J., 4687 ft. (1428.6 m). (F) Contact between P-enriched 

calcisphere globigerinid mud-dominated packstone (top right) and Ca-

enriched calcisphere globigerinid wackestone (bottom left) in B. (G) 

Gastropod, calcispheres, and skeletal fragments in Ca-enriched calcareous 

mudstone: Buda Formation, No. 1 Hendershot, C.J., 4779 ft. (1456.6 m). 

(H) A mud clast (darker color) in a layer of Ca-eriched calcisphere 

globigerinid mud-dominated packstone near D: Buda Formation, No. 1 

Marburger, 7252 ft. (2210.4 m). 
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ARGILLACEOUS CALCAREOUS MUDSTONE LITHOFACIES 

The argillaceous calcareous mudstone facies (Figure 8) is the most dissimilar to 

the other defined lithofacies because it contains higher clay content rendering it dark gray 

to black in color. This lithofacies is distinguished from the wispy argillaceous seams that 

occur in the other lithofacies because it has thicker (2 to 20 cm, thick enough to scan with 

the XRF analyzer) accumulations of clay-minerals (Figure 8A-D). The sedimentary 

character of the argillaceous calcareous mudstone intervals ranges from massive (Figure 

8C) to bioturbated (Figure 8A, 8D), and in some cases laminated as in the Austin Chalk 

of the No. 1 Marburger core (Figure 8B). Clasts of wackestone (Figure 8C) or calcareous 

mudstone (Figure 8B), Planolites burrows (Figure 8A, 8D), dolomite rhombs (Figure 8G, 

8H), pyritized grains (Figure 8E, 8F), and pyrite nodules (Figure 8A, 8C) are all common 

within the argillaceous mudstone lithofacies (see section on Associated Diagenetic 

Features below). 

The normalized XRD mineralogy of the argillaceous calcareous mudstone 

lithofacies in the Buda Formation of the No. 1H Willerson reflects the visually apparent 

increase in clay-mineral content (25-70%; Figure 9A) relative to the other carbonate-rich 

lithofacies. Quartz is also increased relative to the other lithofacies (up to 15%; Figure 

9A). Despite this shift in mineralogical composition, it should be noted that calcite is still 

the dominant component in this lithofacies, especially in the Austin Chalk Group of the 

No. 1 Marburger core (Figure 9C). 

The lithofacies is absent from the Buda Formation and Austin Chalk Group in the 

No. 1 Valcher core as well as the Buda Formation in the No. 1 Marburger core 

(Appendix). In the Austin Chalk Group of the No. 1 Marburger, preserved organic matter 

(0.25-7.42 wt% TOC; Figures 17) is present in some units of this lithofacies. 
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Figure 8: continued next page. 
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Figure 8: Core and thin-section photographs of the argillaceous calcareous mudstone 

lithofacies. (A) Bioturbated argillaceous calcareous mudstone layer 

overlying massive to bioturbated P-enriched calcisphere globigerinid 

wackestone. The irregular shaped red nodules are pyrite: Austin Chalk 

Group, No. 1 Hendershot, C.J., 4725 ft. (1440 m). (B) Laminated 

argillaceous calcareous mudstone with Inoceramus fragments and 

compacted clasts: Austin Chalk Group, No. 1 Marburger, 6963 ft (2122.3 

m). (C) Massive argillaceous calcareous mudstone with clasts and pyrite 

nodules between massive to bioturbated Ca-enriched calcisphere 

globigerinid wackestone layers: Buda Formation, No. 1H Willerson, 7088.4 

ft. (2160.5 m). (D) Bioturbated argillaceous calcareous mudstone and Ca-

enriched calcisphere globigerinid wackestone: Buda Formation, No. 1 

Marburger, 7265 ft. (2214.4 m). (E) Planktonic foraminifera, calcispheres, 

and a compacted clast from the laminated argillaceous calcareous mudstone 

in B. (F) Same as E under reflected light showing siliciclastic (darker) and 

carbonate (lighter) layers. (G) Contact between argillaceous calcareous 

mudstone and wackestone as outlined by the yellow line. Rhombohedral 

dolomite crystals (lighter blue in G) are concentrated in the argillaceous 

calcareous mudstone lithofacies. The red arrow points to a well-preserved 

calcisphere: Buda Formation, No. 1H Willerson, 7095.55 ft. (2162.7 m). (H) 

Same as G under ultraviolet light. 
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ASSOCIATED DIAGENETIC FEATURES 

Firmgrounds are observed in both the wackestone and packstone lithofacies 

(Figure 12D). They are burrowed and generally overlain by a thin layer of skeletal debris, 

resedimented mud, and mud clasts. The No. 1 Hendershot and No. 1 Marburger Buda 

units, and the No. 1 Valcher Austin Chalk Group unit, display multiple firmground 

surfaces in close stratigraphic proximity to one another (Appendix). The No. 1 Valcher 

Austin Chalk Group also contains broken up hardgrounds with phosphatic ooids 

overlying the fault zone interval. 

Dolomite is present in all lithofacies and in thin section appears concentrated 

within intervals of more abundant argillaceous material (Figure 8G, 8H). It occurs as 

authigenic, very fine sized (<0.05 mm diameter) rhombs recrystallized in the mixed 

carbonate-mud and clay matrix and within calcareous microfossil tests. 

Pyrite nodules are visible in hand sample (Figure 8A, 8B) and range from 

colloform to dendritic in appearance. Pyrite framboids replaced shells and interiors of 

calcareous microfossils (Figure 6G), particularly planktonic and benthic foraminifera, 

and in rare cases Inoceramus fragments. Microscopic pyritized grains are dispersed in the 

mud matrix (Figure 6G). 

Glauconite is present in portions of the Austin Chalk Group. Green, subrounded, 

fine- to medium-sand-sized grains are visible in hand sample (Figures 6A, 6B, 7B) and 

thin-section (Figures 6E, 6F, 7F). These grains are distributed throughout the calcisphere 

globigerinid wackestone and mud-dominated packstone lithofacies and also occur in 

burrow fill (Figure 7B). 

A fault zone (6690 – 6695 ft) containing calcite veins and gouge is found in the 

Austin Chalk Group section of the No. 1 Valcher core (Appendix). It displaced an 
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interval of dolomite-rich, skeletal grain packstone (6681 – 6690 ft) onto calcisphere 

globigerinid wackestones. 
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Figure 9: continued next page. 



 41 

 

Figure 9: continued next page. 
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Figure 9: Normalized XRD plotted on ternary diagrams for the (A) Buda Formation of 

the Willerson core, (B) Buda Formation of the Marburger core, and (C) 

Austin Chalk Group of the Marburger core. XRD samples are colored by 

lithofacies for the Buda Formation and Austin Chalk Group, and by 

formation for the Del Rio and Eagle Ford formations. 
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CHEMOFACIES 

As stated earlier, the main goal of this investigation is to test whether geochemical 

data can help identify more detailed lithofacies units in homogeneous appearing chalks. 

Two geochemical methods were tested for defining chemofacies that can be matched and 

integrated with lithofacies (chemolithofacies), both of which are derived from XRF data. 

The first method involves making observations of the calibrated elemental data that are 

plotted against depth and subdividing the stratigraphic section based on patterns 

displayed by the XRF curves (Figures 11-17). This type of analysis has been used to 

characterize fine-grained sedimentary rocks by partitioning formations or zones into 

meaningful subdivisions based on mineralogic and/or paleoceanographic proxies (Sano et 

al., 2013; Hudson, 2014; El Attar and Pranter, 2016). The second method requires 

subjecting the calibrated elemental data to hierarchical cluster analysis (HCA). Cluster 

analysis is a common exploratory data mining technique used in a variety of fields. 

Nestor Phillips (EOG Resources, 2013) first implemented the application of HCA to XRF 

data. This investigation presents the application of HCA on XRF data from fine-grained 

carbonate rocks (chalks). 
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ELEMENTAL PROXIES FROM XRF DATA AND THEIR RELATIONSHIPS 

The XRF dataset is a record of change in the bulk elemental composition of the 

Buda Formation and the Austin Chalk Group (Figures 11-17). Elementally, the units are 

primarily composed of Ca (28.1 weight percent on average), Si (5.8%), S (1.13%), Fe 

(1.06%), Al (0.97%), and Mg (0.61%). These are the most abundant elements in the Buda 

Formation and Austin Chalk Group and they proxy the mineralogy of the rock units 

(Table 4). The element Ca is a proxy for calcite, Si is a proxy mainly for quartz and lesser 

so for feldspars and clays, S and Fe are proxies for pyrite (although Fe may also be 

incorporated in ferroan dolomite and/or clay-minerals), Al is a proxy for clay-minerals, 

and Mg is a proxy for dolomite (Table 4). Strontium (657 ppm average), Vanadium (70 

ppm), Zinc (35 ppm), and Nickel (21 ppm) are the most abundant trace elements. In 

chemostratigraphy, trace elements can be indicators of paleoceanographic conditions, 

such as oxygen levels (Mo, U, V) or micronutrient availability (Ni, Cu, Zn) in the water 

column, and/or sediments at time of deposition (Tribovillard et al. 2006). 

The most important major elements pertaining to the Buda Formation and Austin 

Chalk Group are Ca, Mg, and Al (Figures 11-19), which correspond to the primary 

mineralogic components calcite, dolomite, and clay-minerals, respectively (Table 4). Ca- 

and Al-rich minerals display an inverse relationship with one another (Figure 10A) as a 

result of dilution of clay-mineral content by calcite. Dolomite occurs in calcite-rich and 

calcite-depleted samples, but this relationship is not well defined (Figure 10B) because 

both calcite and dolomite contain the elements Ca and Mg (Table 4). High Ni values also 

occur in both calcite-rich and calcite-depleted samples (Figure 10C), but the highest 

amounts of Ni are found in samples with less than 20% Ca (<45% calcite) because of Ca 

dilution of Ni. The effect of calcite dilution on XRF sampling in high-Ca rock units is 

clearly demonstrated by plotting Mo against Ca in Figure 10D. The dilution of Mo by 
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calcite mineralogy is so great that many of the Mo values are recorded as negative (below 

detection limit), and as such Mo is not a reliable trace element from which to interpret 

conditions of the environment of deposition. 

Although the element Si also proxies a prevalent mineralogic component (quartz), 

it is also closely associated with Al (clay-minerals; Table 4, Figure 10E). The relationship 

between Al and Ti, an element unaffected by biogenic and diagenetic overprinting 

(Figure 10F), indicates that clay-minerals are of terrestrial origin (Rothwell and 

Croudace, 2015). The relationships between Ni (Figure 10G), Zn (Figure 10H), and Ti 

are not well as well defined. This suggests that Ni and Zn occur in both biogenic calcite-

rich and terrestrially-sourced, clay-rich samples. The elemental proxies S and Fe are less 

straightforward because of their inclusion in multiple minerals, the authigenic formation 

of pyrite, and its propensity to exhibit a complex and varied chemical composition (Table 

4). Although pyrite is associated with organic matter and may proxy paleoproductivity in 

some paleoenvironments (Tribovillard et al., 2006), P mainly resides in apatite in the 

Buda Formation and Austin Chalk Group (Table 4). 
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Table 4: Elemental proxies relevant to this study and their implications. Associated 

complications and theoretical stoichiometric conversions from XRF wt% to 

mineral percentage are listed for specified elements. Organic matter is 

abbreviated OM. 
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Figure 10: continued next page. 
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Figure 10: Geochemical cross-plots for major and trace elements relevant to this study. 

The XRF data points from the Buda Formation and Austin Chalk Group are 

colored by lithofacies and shaped by core. A summary of XRF proxies and 

their relationships is listed in Table 4. (A) Calcium (Ca) versus aluminum 

(Al), demonstrating the inverse relationship between carbonate and clay 

minerals. The dashed line represents the “clay dilution line” (cdl), with the 

group to the right of the line indicating high-Al samples not diluted by 

carbonate. (B) Ca versus magnesium (Mg), showing the range of dolomite-

bearing samples. The linear relationship between Ca and Mg exhibited by 

the argillaceous calcareous mudstone samples indicates the association of 

dolomite with this lithofacies, but dolomite also occurs in some calcite-rich 

samples. (C) Nickel (Ni) versus Ca, showing that most samples with high 

concentrations of Ni are argillaceous calcareous mudstones. (D) 

Molybdenum (Mo) versus Ca, demonstrating the effect of calcite on the 

sampling of paleoredox indicators. The dashed line represents zero Mo 

abundance and a large portion of the dataset falls below this value. (E) 

Silicon (Si) versus Al, illustrating the strong linear relationship between 

quartz and clay minerals. This also suggests that little to none of the Si is 

biogenic in origin. (F) Titanium (Ti) versus Al, demonstrating that the clay 

minerals in most of the samples are of terrestrial origin. (G) Ni versus Ti, 

showing a weak relationship between Ni and the proxy for a terrestrial 

source. The calcite-rich lithofacies appear to be grouped in similar 

distributions. (H) Zinc (Zn) versus Ti, demonstrating a weak relationship 

between Zn and the elemental proxy for a terrestrial source. 
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CHEMOFACIES DELINEATION FROM XRF VERSUS DEPTH 

When plotted against depth, the general pattern of the elemental curves is high Ca 

(calcite) percentage with intermittent spikes in the amount of Mg (dolomite) and/or Al 

(clay-minerals). The individual or groups of samples with increased dolomite and/or clay-

minerals correspond to individual or groups of samples with decreased amounts of calcite 

and increased amount of Mg. This inverse relationship between Ca and other elements is 

illustrated in Figure 10A-D. In addition to lesser amounts of calcite, samples displaying 

an increase in proxies of minerals other than calcite (primarily Mg and Al) also contain 

the greatest concentrations of trace elements. Therefore, the frequency and intensity of 

increases in elements that proxy minerals other than calcite are the basis for evaluating 

the elemental curves versus depth. The chemofacies that result from observing the XRF 

curves versus depth are delineated by subdividing the formations. The chemofacies 

identified from the XRF curves are calcite-rich, dolomite-rich, phosphate-rich, pyrite-

rich, and clay-mineral-rich, as noted by integrating the mineralogy provide by XRD and 

XRF chemical data. To simplify terminology, the latter four chemofacies are grouped 

together under the relative term “calcite-depleted”. Similarly, the lithofacies are 

summarized as calcite-rich (calcisphere globigerinid wackestone and packstone, and 

calcareous mudstone) and calcite-poor (argillaceous calcareous mudstone). 
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XRF-Curve-Based Chemofacies of the Buda Formation 

In general, chemical and thus mineralogical complexity increases from west to 

east across the south Texas shelf within the Buda Formation core set (Figure 18). This is 

identified by an increase in the elemental proxies of minerals associated with terrigenous 

sources and diagenetic processes (calcite-depleted chemofacies), as well as their 

distribution within the calcite-dominated sections. The XRF chemofacies (subdivisions) 

of the Buda Formation, which were defined based on observations of the elemental 

curves plotted against depth, are presented by well in Figures 11-14. Dashed lines mark 

the subdivisions across the elemental curves. The gray lines mark the top of relatively 

calcite-depleted chemofacies, and the black lines define the top of calcite-rich 

chemofacies. In this section, each core is discussed separately because the distance 

between the well locations makes it tenuous to correlate the detailed geochemical 

relationships between the cores. This is also done in the next section on the Austin Chalk 

Group. 
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No. 1H Willerson Buda Formation 

The most pronounced variability in the No. 1H Willerson XRF curves is related to 

%Mg (dolomite) and the Buda Formation can be subdivided based on this variability 

(Figure 11). The formation was divided into 17 zones to summarize the variability, with 

calcite-rich and dolomite-rich chemofacies alternating. Iron, which occurs in pyrite as 

well as in ferroan dolomite, increases (up to 4%) at sample locations with higher %Mg 

(dolomite and clay-mineral proxy). Individual samples with high clay-mineral content 

(%Al) are more common within the dolomite-rich XRF-curve chemofacies. Zn (ppm) 

increases above the baseline in samples with increased %Al or %Mg, and rarely in the 

calcite-rich XRF-curve chemofacies. In addition to its role as a micronutrient 

(Tribovillard et al, 2006), Zn may be tied to mineralization along fluid-flow pathways 

within the formation (e.g., Bradley and Leach, 2003) and especially near the 

unconformable contact with the Eagle Ford Group (e.g., Oliver, 1986; Fayek and Kyser, 

1997; Richard et al., 2016). Trace amounts of Zn may also exist in residual hydrocarbons 

(e.g., Khuhawar et al., 2012). 
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Figure 11: continued next page. 
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Figure 11: Lithofacies, XRF data, XRF-curve chemofacies, and HCA chemofacies for 

the No. 1H Willerson Buda Formation core. See Appendix for lithofacies 

key. 
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No. 1 Valcher Buda Formation 

The Buda Formation in the No. 1 Valcher core is characterized by different 

elemental criteria for XRF-curve chemofacies subdivisions than in the No. 1H Willerson 

Buda core. In the No. 1 Valcher core the Buda Formation is chemically uniform 

throughout much of the interval (Figure 12) with the exception of an approximately 13 ft- 

(4 m) thick zone in the upper half of the formation (6893 – 6906 ft) that is enriched in 

clays (%Al), dolomite (%Mg), and phosphate (%P). Aside from this perturbation of the 

calcite-dominated mineralogy, the most apparent variability throughout the entire Buda 

Formation is observed by the changes in phosphate content. These changes are probably 

attributed to the amount of apatite measured by the XRF analyzer. Much like the 

alternation of calcite-rich and dolomite-rich XRF-curve chemofacies delineated in the 

No. 1H Willerson Buda Formation, alternating zones of calcite-rich and phosphate-rich 

XRF-curve chemofacies occur in the No. 1 Valcher Buda Formation. The formation was 

divided into ten zones to summarize the variability. 
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Figure 12: continued next page. 
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Figure 12: Lithofacies, XRF data, XRF-curve chemofacies, and HCA chemofacies for 

the No. 1 Valcher Buda Formation core. See Appendix for lithofacies key. 
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No. 1 Hendershot, C.J. Buda Formation 

The XRF-curve chemofacies subdivisions within the Buda Formation of the No. 1 

Hendershot, C.J. core (Figure 13) were defined by the same criteria (fluctuations in 

dolomite content) as the No. 1H Willerson section. Furthermore, a particular dolomite-

rich interval (4783 – 4798 ft) in the upper half of the No. 1 Hendershot, C.J. Buda 

Formation was subdivided into two distinct XRF-curve chemofacies based on an increase 

in %S, which corresponds to an increase in the mineral pyrite. The unit was divided into 

ten zones to summarize the variability. It is interesting to note that maximum %Mg in the 

No. 1 Hendershot, C.J. (3%) is far less than maximum %Mg in the No. 1H Willerson 

(8%). However, the apparent association of dolomite with terrestrially-sourced mineral 

proxies is consistent across the entire Buda Formation. 
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Figure 13: continued next page. 
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Figure 13: Lithofacies, XRF data, XRF-curve chemofacies, and HCA chemofacies for 

the No. 1 Hendershot, C.J. Buda Formation and Eagle Ford Group core. See 

Appendix for lithofacies key. 
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No. 1 Marburger Buda Formation 

The XRF-curve chemofacies in the Buda Formation of the No. 1 Marburger core 

(Figure 14) were defined based on the variability of multiple elements that proxy 

minerals other than calcite, but the alternation of calcite-rich and calcite-depleted 

chemofacies is still apparent. This variability is best observed in the clay-mineral (%Al), 

dolomite (%Mg), and pyrite (%S) content, and large-scale changes in these proxies are 

more pronounced in the No. 1 Marburger than any other section of the Buda Formation in 

this study. The formation was divided into eight zones to summarize the variability. At 

the base of the No. 1 Marburger core is an upward transition from higher to lower clay-

mineral and pyrite content (%Al and %S, respectively). Significant amounts of pyrite 

may be present in the lower 8.5 m (28 ft) (7270 – 7298 ft) as evidenced by high S levels 

(up to 17%). This may indicate a suboxic environment in the paleobottom waters and 

sediments during and after deposition (Tribovillard et al., 2006). The upper half of the 

No. 1 Marburger Buda Formation is subdivided based on the signatures of the dolomite 

(%Mg, %Fe) and clay (%Al) proxies. 
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Figure 14: continued next page. 
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Figure 14: Lithofacies, XRF data, XRF-curve chemofacies, and HCA chemofacies for 

the No. 1 Marburger Buda Formation core. See Appendix for lithofacies 

key. 
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XRF-Curve-Based Chemofacies of the Austin Chalk Group 

The chemical and mineralogical variability within the Austin Chalk Group is 

largely characterized by intervals that are enriched in the elemental proxies that indicate 

the presence of minerals other than calcite. The intervals of calcite-depleted chemofacies 

are therefore enriched in different combinations of dolomite, clay, pyrite and/or 

phosphate minerals. These dolomite-, clay-, pyrite-, and phosphate-rich chemofacies also 

contain larger amounts of trace elements (e.g., Zn, Ni) than the calcite-rich chemofacies. 

The XRF chemofacies (subdivisions) of the Austin Chalk Group are presented by well in 

Figures 15-17. Dashed lines mark the subdivisions across the elemental curves. Gray and 

black lines mark the top of calcite-rich and calcite-depleted chemofacies, respectively. 
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No. 1 Valcher Austin Chalk Group 

The Austin Chalk Group section in the No. 1 Valcher core (Figure 15) was 

subdivided into a total of 17 calcite-rich and calcite-depleted chemofacies. Within the 

calcite-depleted chemofacies, enrichment in dolomite, clay, and pyrite are common. 

Sporadic spikes in %Al occur within the calcite-rich chemofacies, but the base 

concentration of %Al is generally higher in the calcite-depleted chemofacies. Enrichment 

in phosphate is confined to the uppermost Austin Chalk Group in the No. 1 Valcher core. 

A noticeable departure from the calcite mineralogy that dominates the entire section 

occurs within a 3 ft- (1 m) thick fault zone in the upper half of the unit (6690-6695 ft) 

composed of calcite veins and gouge, which contains the highest Al (up to 8%) and Ni 

(up to 125 ppm) values, and lowest Ca values (0-15%). 
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Figure 15: continued next page. 
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Figure 15: Lithofacies, XRF data, XRF-curve chemofacies, and HCA chemofacies for 

the No. 1 Valcher Austin Chalk Group core. See Appendix for lithofacies 

key. 
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No. 1 Hendershot, C.J. Austin Chalk Group 

 The XRF-curve chemofacies within the Austin Chalk Gorup of the No. 1 

Hendershot, C.J. core (Figure 16) were defined using the same approach applied to the 

No. 1 Valcher Austin Chalk Group core. This resulted in 11 chemofacies subdivisions. 

Variability between calcite-rich and calcite-depleted chemofacies is less apparent in the 

No. 1 Hendershot, C.J. Austin Chalk Group core than in the No. 1 Valcher Austin Chalk 

Group core. This is because of the dominance exhibited by calcite. With few exceptions, 

the calcite-depleted chemofacies were identified by subtle changes in baseline values of 

%Mg, %Al, %S, and/or %P. The chemofacies that were clearly identified as calcite-

depleted occur at the base (4725 – 4736 ft) and the top (4536 – 4559 ft) of the section and 

are enriched in elemental proxies for dolomite, clay, pyrite, and phosphate. 
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Figure 16: continued next page. 
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Figure 16: Lithofacies, XRF data, XRF-curve chemofacies, and HCA chemofacies for 

the No. 1 Hendershot, C.J. Austin Chalk Group core. See Appendix for 

lithofacies key. 
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No. 1 Marburger Austin Chalk Group 

Relatively large-scale variations in the amount of calcite are more pronounced 

within the No. 1 Marburger Austin Chalk Group core than in any other unit presented in 

this study. This is apparent in the character of the %Ca versus depth curve (Figure 17). 

However, this observation did not necessarily result in more chemofacies subdivisions 

than were defined within the other Austin Chalk Group sections. The same general 

approach that was applied to defining the chemofacies in the No. 1 Valcher and the No. 1 

Hendershot, C.J. Austin Chalk Group sections was also used for the No. 1 Marburger 

Austin Chalk Group core. This resulted in 13 chemofacies subdivisions. The chemofacies 

alternate between calcite-rich and calcite-depleted and, similar to the other Austin Chalk 

Group sections, the calcite-depleted chemofacies are enriched in a combination of the 

elemental proxies for dolomite, clay-minerals, and/or pyrite. A key difference presented 

in the No. 1 Marburger Austin Chalk Group is that the calcite-rich chemofacies also 

reveals enrichment in %S, the elemental proxy for pyrite. This implies that pyrite formed 

not only in zones enriched in dolomite and clays, but also within calcite-rich intervals. 

In both the Buda Formation and the Austin Chalk Group, the chemofacies 

variability is generally characterized by alternation between calcite-rich and calcite-

depleted intervals. However, the formation of the chemofacies was probably controlled 

by the local environments of deposition because few apparent correlations can be made 

across the distances between the well locations (Figures 18 and 19). 
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Figure 17: continued next page. 
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Figure 17: Lithofacies, XRF data, XRF-curve chemofacies, and HCA chemofacies for 

the No. 1 Marburger Austin Chalk Group core. See Appendix for lithofacies 

key. 
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CHEMOFACIES FROM HIERARCHICAL CLUSTER ANALYSIS 

The results of hierarchical cluster analysis applied to the high-resolution XRF 

dataset are presented as the second method for defining chemofacies. The result of HCA 

is integrated with lithofacies to evaluate the worth of hierarchical cluster analysis. HCA 

was performed initially on the dataset as a whole, then on each core, encompassing the 

two formations of investigation. The results from the complete dataset serve to highlight 

the chemical differences between the cores themselves, and therefore the results from 

clustering each core across both formations are presented here. This approach was 

utilized because of the similarity in mineralogical composition of the Buda Formation 

and Austin Chalk Group. 

The analysis defined seven HCA chemofacies that are common to both the Buda 

Formation and the Austin Chalk Group, as well as to each core. For this reason, each 

HCA chemofacies is described below in terms of its relative elemental abundances, but 

not in regard to its distribution and variability within the rock units. The chemofacies 

defined in the analysis are (1) Ca-enriched, (2) Mg-enriched, (3) Al-enriched, (4) S-

enriched, (5) P-enriched, (6) Zn-enriched, and (7) Ni-enriched. The elemental abundance 

averages for each core are displayed in Table 5. 
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Table 5: The abundance for each element sampled, averaged by core. This is the 

basis for the partitioning indices comparisons in Tables 6-12. Element 

abbreviations with a colored background are the primary elements used to 

define the HCA chemofacies. Italicized element abbreviations indicate their 

omission from the hierarchical cluster analysis in each core. The n = # 

shows the number of individual XRF samples for that core or chemofacies. 
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Ca-enriched HCA Chemofacies 

The Ca-enriched HCA chemofacies contains the least amount of elemental 

enrichment relative to the core averages of any HCA chemofacies (Table 6) because it is 

dominated by calcite. Conversely, the elements Mg, Al, S, and P are depleted, which 

further supports that this chemofacies consists of monomineralic intervals. Ca values for 

this chemofacies range from 1-11% above the respective core averages (Table 5). 

Elements associated with terrigenous sources are particularly depleted in this 

chemofacies, which is demonstrated by Al values ranging from 37-84% of the respective 

core average values. 
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Table 6: Partitioning index results for the Ca-enriched HCA chemofacies in each 

core. The values next to each element represent enrichment (green) or 

depletion (red) relative to the core average value in Table 5. Elemental index 

values (at or near 1.0) colored white represent elements with abundance at 

or near the core average. 
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Mg-enriched HCA Chemofacies 

The Mg-enriched chemofacies (Table 7) is enriched in Mg, Fe, and Al, and 

represents samples with dolomite as the second most dominant mineral behind calcite. In 

contrast to the other chemical facies, Ca values are considerably lower than the core 

averages (Table 5) in all but the No. 1 Valcher core. This suggests the Valcher No. 1 

Buda section contains more mixed carbonate mineralogy (dolomite and calcite) than the 

Buda Formation in other cores. Trace elements associated with terrigenous sources (e.g. 

Ti, Table 4) are enriched in this chemofacies because of the association between dolomite 

and clay mineralogy (dolomite preferentially precipitates in argillaceous-rich zones). 
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Table 7: Partitioning index results for the Mg-enriched HCA chemofacies in each 

core. The values next to each element represent enrichment (green) or 

depletion (red) relative to the core average value in Table 5. Elemental index 

values (at or near 1.0) colored white represent elements with abundance at 

or near the core average. 
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Al-enriched HCA Chemofacies 

The Al-enriched chemofacies (Table 8), which represents samples wherein clay-

minerals are the most abundant minerals (aside from calcite), is distinguished from the 

Mg-enriched chemofacies by lower amounts of Mg and higher amounts of Al relative to 

the core averages (Table 5). Aluminum is enriched at least 26% (at least 0.78% Al) above 

the average value for each core and is present in quantities over twice the average value 

(over 2% Al) in the No. 1 Marburger core. Terrestrially-sourced trace elements Ti, Zr, 

Th, and Rb (Rothwell and Croudace, 2015) are enriched in this chemofacies. Average Ca 

is depleted in this chemofacies and ranges from 86-97% of the overall core averages. 
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Table 8: Partitioning index results for the Al-enriched HCA chemofacies in each 

core. The values next to each element represent enrichment (green) or 

depletion (red) relative to the core average value in Table 5. Elemental index 

values (at or near 1.0) colored white represent elements with abundance at 

or near the core average. 
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S-enriched HCA Chemofacies 

The S-enriched chemofacies may reflect samples where pyrite is the dominant 

mineral other than calcite (Table 9). Sulfur is present in an abundance of at least two and 

a half times the core averages (Table 5) and is the most enriched element in this 

chemofacies. Phosphorous is also enriched but at substantially lower amounts than in the 

P-enriched chemofacies (Table 10). The trace element Mo, which bonds with sulfur-rich 

organic molecules and iron sulfide (Tribovillard et al., 2006), is found near or above the 

core average values in this chemofacies, but XRF measurements of Mo abundance are 

unreliable because of dilution by Ca (Figure 10D). 
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Table 9: Partitioning index results for the S-enriched HCA chemofacies in each core. 

The values next to each element represent enrichment (green) or depletion 

(red) relative to the core average value in Table 5. Elemental index values 

(at or near 1.0) colored white represent elements with abundance at or near 

the core average. 
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P-enriched HCA Chemofacies 

The P-enriched chemofacies (Table 10) is the least common HCA chemofacies 

variant and occurs in both formations of the No. 1 Valcher cores and the Austin Chalk 

Group cores of the No. 1 Hendershot, C.J. It probably represents samples where apatite is 

the dominant mineral other than calcite. Phosphorus is the most enriched element at 4.8 

times the core average in the No. 1 Hendershot, C.J. core and 8.8 times the core average 

in the No. 1 Valcher core (Tables 5 and 10) in this chemofacies. The elements Ti, Zr, K, 

and Cr are also enriched, which reflects an association with terrigenous sediment sources. 
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Table 10: Partitioning index results for the P-enriched HCA chemofacies in each core. 

The values next to each element represent enrichment (green) or depletion 

(red) relative to the core average value in Table 5. Elemental index values 

(at or near 1.0) colored white represent elements with abundance at or near 

the core average. 
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Zn-enriched HCA Chemofacies 

The Zn-enriched chemofacies (Table 11) consists of samples enriched at least 4 

times the core averages (Table 5) in the trace element Zn. As stated previously, Zn 

enrichment is potentially associated with micronutrients (Tribovillard et al., 2006), 

mineralization along fluid-flow pathways (Bradley and Leach, 2003), as well as the 

presence of residual hydrocarbons in core samples (Khuhawar et al., 2012). The most 

notable major element enrichments within the Zn-enriched chemofacies are P, Fe, and 

Mg at levels near or above the core averages (Table 5). These elements may reflect 

postdepositional remineralization and selective dolomitization that probably occurred 

along fluid-flow pathways through the straata. Other trace elements that are enriched in 

this chemofacies are Ni and Cu which are associated with the delivery of organic matter 

as micronutrients (Tribovillard et al., 2006). 
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Table 11: Partitioning index results for the Zn-enriched HCA chemofacies in each 

core. The values next to each element represent enrichment (green) or 

depletion (red) relative to the core average value in Table 5. Elemental index 

values (at or near 1.0) colored white represent elements with abundance at 

or near the core average. 
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Ni-enriched HCA Chemofacies 

The Ni-enriched chemofacies (Table 12) shares similarities with the Zn-enriched 

chemofacies in that Zn is also commonly enriched above the core averages (Table 5). It is 

distinguished from the Zn-enriched chemofacies by containing no more than 2.3 times 

less than 24 ppm Zn) the core averages in Zn. Copper is also enriched in this chemofacies 

which is expected because of the association of Ni, Cu, and Zn, as previously discussed. 

Calcium is present in concentrations at or above the core averages, and major elements 

that proxy other minerals are depleted. These observations imply that intervals of slight 

Ni-enrichment are not necessarily confined to calcite-depleted XRF-curve chemofacies or 

calcite-poor lithofacies. 
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Table 12: Partitioning index results for the Ni-enriched HCA chemofacies in each 

core. The values next to each element represent enrichment (green) or 

depletion (red) relative to the core average value in Table 5. Elemental index 

values (at or near 1.0) colored white represent elements with abundance at 

or near the core average. 
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DISCUSSION 

The purpose of this investigation was to define the lithofacies of the Buda 

Formation and Austin Chalk Group, and to evaluate two geochemical methods for their 

ability to enhance the characterization of the lithofacies. The chemofacies identified from 

the XRF curves plotted against depth and the chemofacies derived from the hierarchical 

cluster analysis are not standalone methods for delineating facies. However, the 

characterization of lithofacies is more efficient and descriptive when integrating the 

chemical data to produce what we here define as chemolithofacies. 

Chemolithofacies are defined as lithofacies that are in part based on and 

characterized by chemofacies (geochemical) data. Delineation of the chemolithofacies is 

achieved by applying geochemical (and mineralogical in this case) descriptors to the 

lithofacies units based on geochemical data. In this study, the products of both 

chemofacies methods are utilized in conjunction with the lithofacies to produce 

chemolithofacies. The chemolithofacies are displayed by carrying the XRF-curve 

chemofacies subdivisions (black and gray dashed lines) across the lithofacies and HCA 

chemofacies columns (Figures 18 and 19). The boundaries between individual XRF-

curve chemofacies units do not always align with boundaries between lithofacies units, 

and commonly fall within lithofacies units. Therefore within each broad chemolithofacies 

subdivision, sections of one or more lithofacies units, and multiple HCA chemofacies, 

may be present. 

The chemolithofacies and related capabilities and problems associated with 

integrating the two chemical methods are discussed below. The chemolithofacies cross-

sections illustrate the lateral and stratigraphic variability within the formations. The 
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chemolithofacies are used to interpret the depositional environments that existed within 

the Buda and Austin Chalk units. 

ADVANTAGES AND LIMITATIONS OF THE CHEMOFACIES METHODS 

The primary advantage of assigning chemofacies from XRF curves plotted against 

depth is the ability to identify changes in mineralogy at a finer scale (sub-lithofacies 

scale). This is especially true because of the fine-grained composition of chalks, which 

necessitates petrographic, SEM, and XRD analyses to accurately describe sub-lithofacies-

scale mineralogical variations. Observations from the elemental curves are useful for 

screening lengthy intervals of core before sampling for more advanced analyses. 

Considering the costs and time associated with thin-section preparation and study, as well 

as the inherent limitations on sampling density, XRF-curve chemofacies delineation is an 

efficient method for identifying the mineralogical variability that needs to be sampled. It 

is suggested that XRF-curve chemofacies analysis be undertaken prior to other analyses, 

allowing the investigator to employ a more informed and efficient sampling protocol. 

Chemofacies and chemostratigraphic analyses of fine-grained carbonates based on 

the elemental curves are not without limitations. Observations from the elemental 

abundances plotted against depth can be used for characterization of organic-rich shale 

formations (e.g. Eagle Ford, Haynesville, Wolfcamp) because chemical variations in 

these successions are distinct and good indicators of paleoceanographic conditions (Sano 

et al., 2013, Nance and Rowe, 2015; Fairbanks et al., 2016). The mineralogy of chalks is 

dominated by calcite, and therefore the abundance of Ca in these successions dilutes 

and/or mutes the variation in other elements (Figure 10A-D). This makes it challenging 

for the investigator to identify meaningful patterns and subdivisions from the elemental 

signatures. Because calcite dominates the mineralogy of chalk lithofacies, the distinction 
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between different calcite-rich lithofacies is based on the allochem-to-matrix ratio, which 

is indiscernible from geochemical data. For this reason, geochemical data alone is 

incapable of distinguishing one calcite-rich lithofacies from another. 

Hierarchical cluster analysis, the second chemostratigraphic method tested, 

eliminates some of the problems with defining chemofacies from elemental curve 

variations. An algorithm mathematically compares the multivariable XRF data and 

groups samples based on degree of similarity to one another using all elements selected 

for the analysis. This removes the burden of meaningful pattern identification and 

correlations across many elemental curves. Furthermore, HCA identifies patterns in the 

elemental data that may remain beyond detection by the investigator using standard 

descriptive techniques. Similar to the XRF-curve-based chemofacies, HCA chemofacies 

are incapable of discerning between the individual calcite-rich lithofacies units. The 

chemofacies resulting from the HCA are useful in distinguishing rock units with subtle 

differences in mineralogy and/or trace metal enrichment. The variability identified by the 

HCA chemofacies occurs at the scale of XRF sampling resolution. 

The use of HCA to define chemofacies also presents problems. A key limitation 

of HCA is its propensity to obscure geologic variability. For this reason, the application 

of HCA to geologic data must be approached as an iterative process. The interaction of 

the clustering algorithm with the data should be understood well enough so that the 

variability reflected in the clusters is substantiated by knowledge of the strata under 

investigation. Therefore it is suggested that HCA chemofacies analysis be commenced 

after XRF-curve chemofacies and lithofacies analyses are completed. For example, the 

initial HCA enacted in this study input the XRF data without regard for inherent 

differences in the dataset (e.g. different cores, formations) or samples with negative 

elemental abundance values. Similar to Mg and Al (without the use of a He-purge 
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system), redox-sensitive trace metals Mo and U commonly exhibit negative values in 

samples from calcite-rich lithofacies. The initial HCA analysis on the entire XRF dataset 

resulted in clusters that reflected very little if any geologic variability. When plotted 

stratigraphically, it became evident that the clusters represented differences in the 

chemical data between the cores themselves, and/or the presence or absence of negative 

abundance values. After elements with greater than ten percent negative values were 

removed, the process was repeated individually for each core. The variability 

demonstrated by the resulting clusters was more analogous with the mineralogical 

variability observed in the strata. 
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DISTRIBUTION AND INTEGRATION OF LITHOFACIES AND CHEMOFACIES IN THE BUDA 

FORMATION 

The lithofacies and chemofacies of the Buda Formation are presented in 

stratigraphic succession by core and formation in Figures 11-14 and Figure 18. The 

calcisphere globigerinid wackestone lithofacies (CGW) is the dominant lithofacies of 

both the Buda Formation and the Austin Chalk Group in all cores. The calcisphere 

globigerinid mud-dominated packstone lithofacies (MDP) also makes up significant 

intervals of the Buda Formation cores in the No. 1H Willerson and No. 1 Marburger 

sections (Figures 11 and 14, respectively), as well as the No. 1 Valcher and No. 1 

Hendershot, C.J. cores from the Austin Chalk Group (Figures 15 and 16, respectively). 

The calcareous mudstone lithofacies (CM) is present in the Buda Formation and Austin 

Chalk Group of the No. 1 Hendershot, C.J. cores (Figures 13 and 16, respectively) and at 

the base of the Buda Formation of the No. 1 Marbuger core (Figure 14). The argillaceous 

calcareous mudstone lithofacies (ACM) occurs in thin layers within the Buda Formation 

of the No. 1H Willerson and No. 1 Hendershot, C.J. cores as well as the Austin Chalk 

Group of the No. 1 Hendershot, C.J. and No. 1 Marburger cores. 

The stratigraphic succession of the lithofacies in the Buda Formation of the No. 

1H Willerson (Figure 11) is characterized by the alternation of CGW and MDP on a large 

scale (0.3 m - >3 m; 1 ft - >10 ft) and the intercalation of ACM within the CGW and 

MDP lithofacies on a fine scale (2 to 20 cm; 0.8 to 8 in). The %Al curve and the Al-

enriched chemofacies best reflect these fine-scale lithofacies variations, but neither 

chemofacies scheme exhibits a correlation to the large-scale alternation of CGW and 

MDP lithofacies. Both chemofacies schemes highlight intervals where dolomite formed 

(%Mg versus depth, Mg-enriched chemofacies), which are unaccounted for in the 

lithofacies characterization with the exception of individual thin-section sample locations. 
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The HCA chemofacies also identified intervals within the CGW, MDP, and ACM 

lithofacies enriched in Ni and/or Zn, but these were not as apparent in observations of the 

respective XRF curves plotted against depth. 

The No. 1 Valcher Buda Formation core (Figure 12) is dominated by the CGW 

lithofacies and this is supported by the distribution of Ca-enriched HCA chemofacies. 

The XRF-curve chemofacies reflect changes in the amount of phosphate (up to 0.2% P), 

which are not observed in thin-section or substantiated by the HCA chemofacies. The 

latter is because of considerably higher phosphate content (up to 2.5% P) exhibited in the 

No. 1 Valcher Austin Chalk Group core, which was included in the No. 1 Valcher core 

HCA, rendering the lower phosphate content in the Buda Formation insignificant by the 

HCA algorithm. 

The No. 1 Hendershot, C.J. Buda Formation (Figure 13) lithofacies occur in 

relatively thick (0.6-3 m; 2-10 ft) intervals of CGW separated by sporadic thin (<0.3 m; 

<1 ft) layers of ACM, and in two intervals of CM (4774 – 4780 ft, 4786.5 – 4788 ft) 

beneath the contact with the Eagle Ford Group. Both chemofacies schemes define 

intervals with greater amounts of dolomite, clay, and pyrite, as opposed to intervals 

dominated by calcite, but the XRF-curve chemofacies capture a coarser scale of 

variability than the HCA chemofacies. The greatest chemical variability occurs in the 

upper half of the section (4780 – 4798 ft) where the lithofacies units are enriched in 

dolomite, pyrite, and clay-minerals. These units were deposited with increased amounts 

of terrigenous sediment that settled out from the water column, or was transported in by 

gravity flows, and then became mixed with the pelagic carbonate by bioturbation. 

Subsequent diagenetic formation of dolomite and pyrite was concentrated in this zone. 

The No. 1 Marburger Buda Formation core (Figure 14) is characterized 

lithologically by a thin (0.6 m; 2 ft) interval (7296 – 7297.5 ft) of CM at the base, an 
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overlying thick (10 m; 30 ft) interval of MDP (7267.5 – 7296 ft), and mostly CGW for 

the upper two-thirds of the section (7188 – 7267.5 ft) with five MDP intervals of varied 

thickness scattered throughout the CGW lithofacies. The chemofacies illustrate changes 

in the amount of dolomite, pyrite, and clay-minerals, which are concentrated in the 

lowermost MDP interval (7267.5 – 7296 ft) and the CGW intervals at the top of the 

section (7188 – 7218.5 ft). The high and decreasing levels of clay-minerals and pyrite 

exhibited by the chemofacies in the MDP at the base of the section is indicative of the 

transition from terrestrially-sourced sedimentation in the Del Rio Formation to pelagic 

carbonate-dominated deposition in the Buda Formation. The increase and subsequent 

decrease of %Al in the CGW lithofacies of the upper part of the section signifies an 

increase and subsequent decrease in the amount of terrigenous sediment delivered to the 

southern East Texas Basin ahead of deposition of the Eagle Ford Group. The uppermost 

3.7 m (12 ft; depths 7188 – 7200 ft) of CGW in the section is characterized by high %Mg 

and %Fe but relatively low %S, indicating that ferroan dolomite probably formed in this 

interval. The HCA also identified sporadic intervals of Zn-enriched chemofacies 

throughout the section and intervals of Ni-enriched chemofacies throughout the lower 

half of the unit. These chemofacies were not observed in the XRF-curve analysis, and 

they mostly occur within single XRF sample locations or few adjacent XRF sample 

locations. The Zn-enriched and Ni-enriched chemofacies suggest sporadic and short-lived 

delivery of miconutrients to the shelf, presumably with terrigenous sediment. Either the 

Zn and Ni were not consumed by benthic organisms, or their enrichment may represent 

layers where calcite content is low enough to permit more effective sampling (less 

dilution) by XRF analysis. 
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Figure 18: continued next page. 
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Figure 18: Lithofacies, XRF curve-chemofacies, and HCA chemofacies 

(chemolithofacies) cross-section for the four cored intervals of the Buda 

Formation. 
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DISTRIBUTION AND INTEGRATION OF LITHOFACIES AND CHEMOFACIES IN THE AUSTIN 

CHALK GROUP 

The lithofacies and chemofacies of the Buda Formation are presented in 

stratigraphic succession by core and formation in Figures 15-17 and Figure 19. The 

Austin Chalk Group in the No. 1 Valcher core (Figure 15) is composed of the CGW 

lithofacies with multiple units of MDP lithofacies. The XRF-curve chemofacies 

correspond to intervals with increased amounts of dolomite (%Mg) and pyrite (%S), 

while the HCA chemofacies identify enrichment in Al, S, P, and Ni. The chemofacies 

highlight mineralogical variability not outlined by the lithofacies. The chemofacies 

illustrate that the CGW in the lower half of the section alternates between calcite- and 

dolomite-rich, as well as Al-, S-, and Ni-enriched zones. The CGW and MDP lithofacies 

in the upper part of the section are characterized by the same chemofacies pattern as in 

the lower part, but the chemical composition of the lithofacies changes above fault zone. 

The MDP overlying the fault contains fine-scale alternation between Ca-enriched and 

Mg-enriched chemofacies, followed by a P- and Al-enriched MDP and finally a CGW 

unit with highly variable chemofacies. The chemostratigraphic analyses of the No. 1 

Valcher Austin Chalk Group core reveal that the calcite-rich lithofacies received variable 

input of terrigenous sediment that also brought micronutrients and possibly organic 

matter onto the shelf, and these sediments mixed with the pelagic carbonate as they 

settled out of the water column and were bioturbated. The fault zone may have 

contributed to an increase in dolomite and phosphate mineralogy in the overlying MDP 

units by providing a fluid-flow pathway rich in Mg, Al, and trace metals. 

The lithofacies of the No. 1 Hendershot, C.J. Austin Chalk Group core (Figure 

16) are characterized by the alternation of MDP, CM, and ACM between CGW units. 

This is the most variability observed in the lithofacies succession of any Austin Chalk 
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Group section in this study. In contrast, with the exception of the CGW unit overlying the 

Eagle Ford Group, variability in the XRF curves is less apparent than in the other Austin 

Chalk Group sections. The XRF-curve chemofacies recognize intervals enriched in 

dolomite and pyrite while the HCA chemofacies delineate the alternation of Ca-, Al-, and 

S-enriched zones. The lowermost MDP (4725 – 4736 ft) exhibits some Mg-enriched and 

P-enriched samples. The CGW unit at the base of the section contains more dolomite, 

pyrite, and phosphate than the overlying MDP, but S-enriched chemofacies are dominant 

within this package. The two lithofacies units at the base of the section appear to have 

experienced more complex diagenesis because of their proximity to the Eagle Ford 

Group, which exhibits greater mineralogical complexity than the Austin Chalk Group. 

Similar to the fault zone in the No. 1 Valcher Austin Chalk Group, the contact with the 

Eagle Ford Group could have provided a conduit for fluid flow, in addition to a richer 

elemental reservoir, which may have contributed to the diagenetic processes in the 

lowermost Austin Chalk Group. 

The HCA chemofacies highlight changes in the baseline amount of clay-mineral 

input that were not observed in the XRF-curve-based chemofacies. The difference in 

abundance of clay-minerals was too subtle to detect by visual observation of the rock 

units or the %Al curve plotted against depth. The subtle changes in clay content suggest 

certain intervals of calcite-rich lithofacies identified by the HCA experienced mixing of 

terrigenous sediment that was wholly or in part caused by bioturbation. The XRF-curve-

based chemofacies, as well as thin-section analysis (Figure 8G, 8H) suggest dolomite and 

pyrite are associated with increased clay-mineral input and deposition. The lack of Zn- 

and Ni-enriched chemofacies illustrates that the increased clay-mineral input was not 

accompanied by as much organic matter or micronutrients as in the Austin Chalk Group 
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sections of other cores, or that a greater percentage of the available nutrients were 

consumed by benthic organisms near the San Marcos Arch. 

The succession of lithofacies in the No. 1 Marburger Austin Chalk Group core 

(Figure 17) alternates between relatively thick (0.3 m - >3 m; 1 ft - >10 ft) CGW units 

and thin (2 to 30 cm; 0.8 to 12 in) layers of finely laminated ACM (Figure 8B). The 

XRF-curve chemofacies alternate between calcite-rich and dolomite-, clay- and pyrite-

rich zones. Enrichment in Zn and Ni is apparent in the XRF-curve-based chemofacies and 

associated with the dolomite-, clay-, and pyrite-rich zones. This observation is congruent 

with the HCA chemofacies, which are dominated by Zn- and Ni-enrichment. S-enriched 

chemofacies are also present but less common than Zn-enriched and Ni-enriched 

intervals. The distribution of the intervals with increased dolomite, clays, and pyrite 

suggests that terrigenous sediments were mixed with the pelagic carbonate during 

deposition, presumably by bioturbation, and diagenetic processes were more active in 

these zones of mixed mineralogy. The amount of Zn and Ni is greater in the No. 1 

Marburger Austin Chalk Group core than in the other sections because greater amounts 

of organic matter and micronutrients accompanied the terrestrially-sourced sediment. The 

fine laminations and lack of burrow traces within the ACM lithofacies suggest that 

bottom waters and sediments were suboxic to anoxic at times during deposition of the 

Austin Chalk Group, but carbonate and siliciclastic deposition continued. The 

unfavorable conditions for biotic activity preserved higher concentrations of trace metals 

during deposition of the laminated ACM intervals, which explains the increase in Zn and 

Ni concentrations within the section. 
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Figure 19: continued next page. 
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Figure 19: Lithofacies, XRF curve-chemofacies, and HCA chemofacies 

(chemolithofacies) cross-section for the four cored intervals of the Austin 

Chalk Group. 
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INTEGRATION OF LITHOFACIES AND CHEMOFACIES AND RESULTANT 

CHEMOLITHOFACIES IMPLICATIONS 

The chemofacies were integrated with lithofacies and the resulting 

chemolithofacies are defined by applying chemofacies descriptors to the framework 

established by the lithofacies units. Because each chemofacies analysis has advantages 

and limitations, observations from both chemical methods were considered during this 

process. The main difference between the two chemical methods is that the XRF-based-

curve chemofacies delineate larger-scale changes in mineralogy, while the HCA 

chemofacies identify more detailed chemical variability at the 2-inch resolution of XRF 

sampling. 

The dominant chemolithofacies in the Buda Formation is calcite-rich calcisphere 

globigerinid wackestone (CGW). The most common variation from this chemolithofacies 

occurs in packages of dolomite- and clay-rich CGW, as well as dolomite- and clay-rich 

calcisphere globigerinid mud-dominated packstone (MDP). Other variations in 

chemolithofacies are pyrite-, Zn-, and Ni-rich CGW and MDP units. In general, the 

chemolithofacies alternate between calcite-rich and dolomite- and/or clay-rich regardless 

of the lithofacies succession. Dashed black and gray horizontal lines that represent the 

XRF-curve chemofacies best illustrate the variability of terrigenous input to the shelf. 

The black lines represent the tops of individual calcite-rich CGW, MDP, and CM 

chemolithofacies and the gray lines represent the tops of individual dolomite- and clay-

rich CGW and MDP chemolithofacies. The alternating chemolithofacies imply that 

during overall deposition of the dominant Buda Formation lithofacies, the amount of 

extrabasinal sediments delivered to the shelf was variable through time. Furthermore, 

delineation of the CGW and MDP lithofacies was not affected by the input of terrigenous 

sediment because the extrabasinal constituents were mixed with the pelagic carbonate 
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sediments during deposition. These larger-scale changes identified by the XRF-curve-

based chemofacies are not captured in the HCA chemofacies. This is because the Austin 

Chalk Group is more chemically complex than the Buda Formation. XRF data from both 

formations were subjected to HCA by core, rendering the fine-scale variability within the 

Buda Formation less apparent in the resultant chemofacies. 

The dominant chemolithofacies of the Austin Chalk Group are calcite-, clay-, 

pyrite-, and Ni-rich calcisphere globigerinid wackestones. Dolomite-, phosphate-, and 

Zn-rich CGW and MDP units are also present but less common. The chemolithofacies 

successions in the three Austin Chalk Group cored sections exhibit the same large-scale 

alternation in mineralogical composition as that of the Buda Formation cored sections. 

This suggests the controls on extrabasinal sediment delivery to the shelf were similar 

during deposition of both formations. 

Despite the lack of apparent chemolithofacies correlations across the study area, 

the XRF-curve chemofacies may be more correlative in the Buda Formation (Figure 18) 

than in the Austin Chalk Group (Figure 19). A zone of dolomite and clay-mineral 

enrichment occurs in the Upper Buda Formation in all four of the cored sections analyzed 

in this study (Figure 18). The chemofacies variability displayed by the Austin Chalk 

Group is greater than that of the Buda Formation, and correlations between the Austin 

Chalk Group sections are unclear. 
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INTERPRETATION OF DEPOSITIONAL ENVIRONMENT BASED ON CHEMOLITHOFACIES 

The chemolithofacies derived in this investigation suggest, with exception of the 

East Texas Basin, a well-oxygenated environment below storm-weather wave base for 

the Buda Formation and Austin Chalk Group of south and central Texas. The lithological 

evidence is the presence of diverse fauna, pervasive bioturbation, and lack of wave-

induced sedimentary features. Geochemical evidence is low concentrations of redox-

sensitive trace metals. Carbonate deposition dominated the south Texas shelf during Buda 

and Austin time in the form of pelagic settling of coccolithophores, algal cysts 

(calcispheres), and planktonic foraminifera (mostly globigerinids). Benthic organisms 

also thrived during deposition of the Buda Formation and Austin Chalk Group, leaving 

traces of their feeding and dwelling habitats in the form of Planolites, Thalassanoides, 

Chondrites, and Zoophycos burrows. Periodically, skeletal fragments of macrofauna were 

transported to the deeper shelf by gravity-flow processes. These flows produced thin (2-

12 in.) beds of oysters, Inoceramus, and other bivalves in both the Buda Formation and 

Austin Chalk Group. 

Although persistent, pelagic carbonate deposition was not continuous throughout 

deposition of the Buda Formation and Austin Chalk Group. Numerous firmground 

surfaces record periods of hiatus of unknown duration that allowed for early cohesion of 

the carbonate sediments near or at the sediment-water interface. These surfaces were 

burrowed by benthic organisms and subsequently overlain by gravity-flow deposits that 

may have been related to storm-return flows. These flows carried sediment that filled the 

burrows (Figure 7D). In addition to skeletal debris, gravity flows also transported ripped-

up clasts of partially lithified carbonate mud from updip areas (e.g., Figure 6C). The 

activity of benthic organisms was suspended at times during Austin Chalk deposition in 

the southern East Texas Basin as evidenced by fine-laminated argillaceous calcareous 
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mudstone intervals with no indication of bioturbation. Larger concentrations of redox-

sensitive trace metals suggest that oxygen levels were too low for benthic organisms to 

subsist during deposition of these laminated units. At times oxygen levels were low 

enough to allow for the preservation of organic matter (up to 7.42 wt% TOC; Figure 17). 

Multiple scales of extrabasinal sediment influx produced variability in the 

mineralogical composition and the concentration of trace elements in the Buda Formation 

and Austin Chalk Group. The distribution of the dolomite-, clay-, pyrite-, Zn-, and Ni-

rich CGW and MDP chemolithofacies indicate that between periods of deposition 

dominated by calcite-rich CGW and MDP, extrabasinal sediments were delivered to the 

shelf during sustained periods and mixed with the pelagic carbonate sediments by 

bioturbation as they settled out of the water column. Some subtle shifts in calcite-poor 

sediment input are not recognizable in the descriptive lithofacies, however, there are a 

number of visible thin beds of argillaceous calcareous mudstone in core that indicate 

extrabasinal sediment was also deposited during sporadic and relatively instantaneous 

episodes (e.g., storm-return currents). 
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CONCLUSION 

The Buda Formation and Austin Chalk Group of south and central Texas are 

composed of four lithofacies: 1) calcisphere globigerinid wackestone, 2) calcisphere 

globigerinid mud-dominated packstone, 3) calcareous mudstone, and 4) argillaceous 

calcareous mudstone. Observations from the XRF curves defined two groups of 

chemofacies: 1) calcite-rich and 2) calcite-depleted, the latter consisting of combinations 

of dolomite-, clay-, pyrite-, and or phosphate-rich chemofacies. The identification of 

chemofacies subdivisions was challenging using this chemofacies method, but the 

analysis was useful for identifying larger-scale changes in mineralogical composition. 

Cluster analysis defined seven chemofacies: (1) Ca-enriched, (2) Mg-enriched, (3) Al-

enriched, (4) S-enriched chalk, (5) P-enriched, (6) Zn-enriched, and (7) Ni-enriched. The 

cluster analysis aids in identifying meaningful subdivisions, but initial results from the 

HCA obscured geologic variability. Multiple iterations of the HCA provide an 

understanding of the how algorithm effected subdivision of the XRF data, and improve 

the ability of the analysis to provide meaningful information about mineralogical 

composition. The variability identified by HCA occurs at the resolution of XRF 

sampling. 

Neither the XRF-curve chemofacies nor the HCA chemofacies are capable of 

defining lithofacies. However, both chemical-based methods identify mineralogical 

variability at the sub-lithofacies scale. The chemofacies were integrated with the 

lithofacies to form chemolithofacies, which are lithofacies units partly based on and 

integrated with geochemical data. The Buda Formation and Austin Chalk Group are 

dominated by Ca-enriched calcisphere globigerinid wackestones and packstones. These 

units alternate with dolomite-, clay-, pyrite-, phosphate-, and at a finer scale Zn-, and Ni-
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enriched calcisphere globigerinid wackestones, packstones, calcareous mudstones, and 

argillaceous calcareous mudstones. The XRF-curve-based chemofacies identified 

relatively large-scale alternation of units dominated by calcite mineralogy with units 

containing increased amounts of dolomite, clay-minerals, and pyrite. This variability is 

related to intermittent, sustained periods of increased extrabasinal sediment input onto the 

shelf. The terrestrially-sourced sediments were mixed into the pelagic carbonate sediment 

as they settled out of the water column and were bioturbated by benthic organisms. The 

mixing produced subtle variability in mineralogical composition that is difficult to 

delineate using only descriptive observations, however, the HCA chemofacies 

particularly aided in the identification of fine-scale mineralogical variability. 

The Buda Formation and Austin Chalk Group were deposited in well-oxygenated, 

deeper water below storm-weather wave base, with the exception of the Austin Chalk of 

the East Texas Basin. The amount of pelagic carbonate production was reduced at times 

during deposition of both formations. Only the Austin Chalk Group of the East Texas 

Basin recorded periods of low-oxygen levels that allowed organic matter to be preserved. 

This investigation found that the XRF-curve and HCA chemical techniques added 

information to delineating and understanding lithofacies in relatively homogenous 

appearing chalks. The integration of the lithofacies and chemofacies, termed here 

chemolithofacies, provided detailed analysis of mineralogy at the scale of inches. Also 

some paleo-oceanographic information was gleaned from the chemical data. 

The XRF-curve chemofacies can be used to establish a more efficient sampling 

protocol for thin-sections and further geochemical techniques. Both the XRF-curve 

chemofacies and descriptive lithofacies analyses should be undertaken prior to HCA 

chemofacies analysis. The chemolithofacies defined for both the Buda and Austin Chalks 

sections in each core provided a method to separate the stratigraphic section into more 
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detailed units to test for cyclicity. However, these finer units appear to be controlled by 

the local environment of deposition and could not be correlated between the widely 

spaced studied wells with any level of confidence. Future studies are needed on more 

closely spaced cored wells to test whether the more detailed chemolithofacies analysis 

has value in producing a local chemostratigraphic architecture. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 110 

Appendix – Core Descriptions 
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Figure A1: Legend illustrating the symbols for lithology, mineralogy, textural 

components, paleofauna, sedimentological features, and other features in the 

core descriptions shown in Figures A2-5. Lithofacies and associated features 

in Figures 11-19 also reference this legend. Dataset information for the 

cores are listed in Table 2. 
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Figure A2: continued next page. 
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Figure A2: Description of the No. 1H Willerson core. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 114 
 

Figure A3: continued next page. 
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Figure A3: continued next page. 
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Figure A3: Description of the No. 1 Valcher core (above). 

 

 

 

Figure A4: continued next page. 
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Figure A4: continued next page. 
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Figure A4: continued next page. 
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Figure A4: Description of the No. 1 Hendershot, C.J. core. 
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Figure A5: continued next page. 
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Figure A5: continued next page. 
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Figure A5: Description of the No. 1 Marburger core. 
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