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ABSTRACT 

The San Saba Member of the Wilber!"'s Formation (Llano Uplift) and the Cow 

Head Group (Newfoundland) contain calcite cements displaying petrographic evidence 

of an early marine origin. These cements provide information on Late Cambrian and 

Early Ordovician seawater chemistry and are used to evaluate the current hypothesis of 

secular variations in the dominant carbonate minerals precipitating from seawater. 

Early marine syntaxial cements from both units and radiaxial cements from the 

Cow Head Group exhibit a mottled to irregular cathodoluminescence. Also, their Sr and 

Mg levels are similar to those in co-occurring later cements. Cow Head syntaxial and 

radiaxial cements contain primary one-phase fluid inclusions with salinities similar to 

those in later interparticle cements (9 to 19 wt. % NaCl equiv.). These combined 

characteristics suggest that these cements underwent partial recrystallization in later 

fluids and do not preserve primary geochemical signatures. 

Equant cement composed of low-magnesium calcite in the Cow Head Group 

also exhibit evidence of an early marine origin. The uniform nonluminescence of this 

cement suggests that it has not recrystallized and may preserve primary marine 

signatures. Strontium and magnesium concentrations in these cements increase with 

decreasing age and cumulatively define a positive linear covariant trend (Sr from 255 

ppm to 1175 ppm and Mg from 1044 ppm to 24 77 ppm) similar to the positive 

covariant trend observed in modern and Devonian marine cements, but having a much 

steeper slope. These relationships suggest that the equant cement precipitated as low-

Mg calcite from marine pore fluids, but the difference in slope implies that some 

component of Late Cambrian seawater, such as Sr/Ca and Mg/Ca or pCO2, was 

different from the modern. 

Bladed cements composed of low-magnesium calcite and exhibiting evidence of 
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an early marine origin occur in both formations. These cements contain nonluminescent 

to very dull luminescent regions with common sector and concentric-growth zoning. 

This well-preserved zonation suggests that these regions have not undergone 

recrystallization. Furthermore, bladed cements from the San Saba contain primary one-

phase fluid inclusions with seawater salinities (mode at 3.5 wt. % seawater equiv.), 

which further indicates that these cements preserve primary marine signatures. The 

very dull to nonluminescent regions of bladed cements in both units display a consistent 

negative covariant relationship between strontium and magnesium (Sr from 481 ppm to 

2968 ppm and Mg from 147 ppm to 3982 ppm), which differs from the positive 

covariant Sr-Mg trend associated with normal marine precipitates. These cements also 

are associated with evidence of early preferential dissolution of some (presumably 

aragonitic) clasts. These relationships suggest that the bladed cements precipitated 

below the sediment-water interface, from modified marine pore fluids that evolved 

toward higher Sr/Ca and lower Mg/Ca as aragonite dissolved. This evidence of 

aragonite dissolution in seawater indicates that elevated pC02 levels are partly 

responsible for the observed differences in mineralogy and geochemistry of Late 

Cambrian marine cements. 

Cements displaying a negative Sr-Mg trend in hardgrounds of the San Saba 

Member, are associated with such storm-deposition features as infiltration textures, 

reworked clasts, convex-up fossils, and basal grainstone. This association suggests 

that storm processes may have facilitated hardground cementation during the Cambrian 

and Ordovician by concentration of aragonitic bioclasts. A storm role is also inferred for 

the distinctive planar morphology of these hardgrounds. 
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CHAPTER I 

INTRODUCTION 

Identifying and constraining global changes in the chemistry of the 

ocean/atmosphere system has been an area of much recent research interest. Most 

studies have focused on documenting such changes within the Cenozoic Era. However, 

evidence of changes extending into the more distant past also have been inferred from 

petrographic evidence of secular differences in the dominant carbonate mineral 

precipitating from seawater (Sandberg, 1983). These secular differences have been 

inferred to relate to global changes in such parameters as pC02 or Mg/Ca. Evidence 

supporting such a relationship, and even the existence of these secular differences, is 

still limited and a matter of much debate. 

The Late Cambrian and Early Ordovician has been interpreted as a time interval 

when seawater chemistry was different from the modern, and calcite, rather than 

aragonite, was the dominant marine carbonate precipitate. This study evaluates this 

hypothesis through a petrographic and geochemical analysis of carbonate cements from 

two stratigraphic sequences which were deposited during this time interval. These two 

units are the shallow water San Saba Member of the Wilberns Formation (central Texas) 

and the deep water Cow Head Group (Newfoundland). Geochemical characteristics of 

early marine cements from these two study areas are further used in an attempt to 

constrain which chemical parameters may be responsible for observed mineralogic and 

geochemical differences relative to the modern. The San Saba and Cow Head were 

selected for this study because conodont color alteration index data from both sections 

are very low (max. 1.5). This indicates that the two sequences have never been deeply 

buried or subjected to elevated temperatures, which are relationships that would favor 

the preservation of the original geochemical signature of marine cements. 

The text of the dissertation is subdivided into four chapters that have been 
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written in formats amenable to publication. 

Chapter two describes the petrography and geochemistry of early marine 

cements from planar hardgrounds within the San Saba Member of the Wilberns 

Formation. This section also documents evidence that these cements preserve fluid 

inclusions which appear to be samples of early Paleozoic seawater. 

Chapter three is a petrographic and geochemical characterization of carbonate 

cements from the Cow Head Group. The chapter also discusses the implications that 

the geochemistry of unrecrystallized early marine cements have for pore water and 

seawater chemical conditions within the Cow Head depositional environment. 

Chapter four is a synthesis of data on early marine cements from the two study 

areas and describes the implications of this data for early Paleozoic seawater chemistry. 

Chapter five is a petrographic analysis of planar hardgrounds within the San 

Saba Member of the Wilberns Formation. Petrographic relationships are used in 

conjunction with the geochemistry of contained cements to infer the mode of origin of 

these distinctive planar hardgrounds. 
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CHAPTER II 

PETROGRAPHV AND GEOCHEMISTRY OF MARINE CEMENTS FROM THE SAN SABA 

MEMBER OF THE WILBERNS FORMATION 

Abstract 

The existence of temporal changes in the chemical composition of the oceans, which 

could provide constraints on the potential variability of the OG'ean-atmosphere system, 

remains an open question. Assessments of the chemistry of ancient oceans have relied 

largely on analysis of marine precipitates, generally carbonate and evaporite minerals 

(Holland, 1984). These studies suggest that, whereas marine salinity has remained 

relatively stable over Phanerozoic time (Holland, 1984), Mg, Ca, and sulphate 

concentrations of ancient oceans and CO2 partial pressures of ancient atmospheres may 

have changed (Wilkinson and Algeo, 1989; Claypool et al., 1980; Berner, 1990). The 

ratios of isotopes of carbon, oxygen, sulphur, and strontium also appear to have varied 

(Claypool et al., 1980; Lohmann and Walker, 1989; Burke et al., 1982). Here we 

present analyses of primary, one-phase fluid inclusions in Cambrian and Ordovician 

marine cements, which appear to represent aliquots of early Palaeozoic oceans. The 

cements have trace element, stable isotope, and strontium isotope contents that are 

consistent with their having been precipitated in a Cambrian-Ordovician marine 

. environment, and the fluids have marine salinities. As these (apparently primary) 

cements are low-magnesium calcite, unlike the predominantly high-magnesium calcite 

and aragonite of today's carbonate precipitates, the chemistry of the Cambrian ocean-

atmosphere system seems to have been different from that of today. 

Introduction 

Recent studies have suggested that the dominant carbonate mineral 

precipitating from sea water may have varied through time (Sandberg, 1983; Mackenzie 
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and Pigott, 1981; Wilkinson, Owen, and Carroll, 1985; Palmer, Hudson, and Wilson, 

1988). Aragonite and high- magnesium calcite (HMC) are the dominant precipitates 

from modern shallow marine waters (Bathurst, 1975). Petrographic evidence suggests, 

however, that calcites of moderate to low magnesium content (LMC) may have been 

the dominant precipitate during some geologic intervals (Mackenzie and Pigott, 1981; 

Wilkinson, 1982). The metastability of both aragonite and HMC, and their susceptibility 

to recrystallization to LMC, makes this hypothesis difficult to evaluate through 

petrographic methods. If such temporal variations exist, this would suggest that 

changes have occurred in one of the chemical parameters that control the type of 

carbonate mineral precipitating from seawater, such as CO 2 partial pressure (pCO2) or 

the Mg/Ca ratio (or both) (Sandberg, 1983). The analysis of preserved inclusions of 

ancient seawater may allow such variations to be measured directly. 

Characteristics of San Saba Cements 

Here we look at three shallow marine truncation surfaces which bracket the 

Cambrian-Ordovician boundary, Wilberns Formation, Texas, USA (see Appendix A for 

locations). At these surfaces, calcite cements, ooids and fossil fragments are truncated 

and overlain by shallow marine sediment, indicating that the cements are 

syn-depositional shallow marine precipitates and that these surfaces formed hard 

substrates on the seafloor (hardgrounds). The cements below these truncation surfaces 

are bladed (ratio of length to width is 1.5:1 to 6:1 ), isopachous fringes of 

low-magnesium calcite (0.5-2.0 mol % MgCO3). These cement crystals contain 

abundant one-phase liquid inclusions and less-common two-phase inclusions (Figure 

2.1 ). The existence of three-dimensional arrays of one-phase and two-phase inclusions 

that are confined by former growth surfaces of individual cement crystals indicates that 

these inclusions are primary (Roedder, 1984). One- and two-phase secondary 
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Figure 2.1. Photomicrograph of 3-dimensional arrays of one-phase inclusions confined 

by former growth surfaces within individual cement crystals (hardground 2) . The cross-

hatched areas in the sketch below show the location of two such areas. Arrows are 

also provided for reference. Scale bar is 50 µm. 
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inclusions are also present along rare healed fractures. Scanning electron microscope 

analysis did not reveal any microdolomite inclusions within the bladed cements. 

Analysis of fluid inclusions within these Cambrian-Ordovician cements has 

focused on the one-phase primary inclusions. In general, primary inclusions which 

remain one-phase have survived thermal re-equilibration during burial heating and 

therefore retain their original fluid content, whereas associated; two-phase inclusions 

have undergone re-equilibration (Goldstein, 1990). Inclusion freezing point depressions 

(Tm icel are shown in Figure 2.2. Most of the values for one-phase inclusions lie 

between -1.7 and -2.5°C (with a median of -2.1 °C); the mode is at -1.9°C. This 

corresponds to a salinity range of 31 to 4 7 parts per thousand (%o) seawater equivalent 

with the mode at 35 %o (the salinity of normal modern sea water) (Lyman and Fleming, 

1 940). A few one-phase inclusions occur immediately to either side of the -1 . 7 to 

-2.5°C range. These inclusions, however, contain fluids with salinities similar to those 

of all-liquid secondary inclusions present along fractures, and indicate either areas of 

minor recrystallization or refilling of primary inclusion cavities with secondary fluids. 

Rare one-phase inclusions with much lower Tm ice values of -8.0 to -14.0°C (12 to 18% 

NaCl equivalent) occur within the same salinity range as two-phase inclusions and 

almost certainly represent necking down of originally two-phase inclusions. This 

interpretation is supported by the presence of rare two-phase inclusions with 

significantly higher homogenization temperatures than the dominant mode (a few are in 

excess of 200°C). 

The median freezing point depression for the primary one-phase inclusions 

corresponds to a salinity of 39 %o, which is slightly above the normal marine mode in 

the data and is consistent with precipitation of some of these cements within a slightly 

restricted environment. Salinities in the modern Persian Gulf also lie in this range 

(Purser and Seibold, 1973). The observation that the primary fluid inclusions contain 
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marine salinities, and have not been refilled with other fluids, is strong evidence that 

these cements are marine precipitates that have not undergone significant 

recrystallization. 

Stable isotope, trace element, and cathodoluminescence analyses of these 

cements allow us to test this further. The stable isotopic data (Figure 2.3) yield 6180 

values that closely correspond to marine calcite values previously reported for the 

Cambrian and Ordovician periods (Carpenter et al., 1991 ). The 613C values are slightly 

more positive than data from an equivalent interval from Australia (Ripperdan et al., 

1992), but all values are within the range of variation seen in modern shallow marine 

calcites (Gonzalez and Lohmann, 1985). 

Trace element analyses of the cements were made with an electron microprobe. 

Strontium concentrations ranged from 207 to 2,201 p.p.m. (three analyses below the 

minimum detection limit (MDL) of 195 p.p.m.; mean above MDL was 597 p.p.m.). 

Manganese concentrations were below the MDL of 273 p.p.m. in hardgrounds 2 and 3 

and ranged from below MDL to 1,840 p.p.m. in hardground 1 (see Figure 2.3 for 

hardground positions). Iron content ranged from below detection (MDL=216) to 872 

p.p.m. Strontium concentrations are comparable to what would be expected for a 

marine precipitate. The broad range in strontium values is comparable to the range 

observed in modern marine high-magnesium calcites (Major and Wilber, 1991 ), but 

contrasts markedly with the small spread in magnesium values. This does not conform 

to models correlating strontium and magnesium uptake during marine calcite 

precipitation (Carpenter and Lohmann, 1992). To explain the Cambrian-Ordovician 

cement data by invoking recrystallization, however, requires a diagenetic process 

relatively clos.ed with respect to strontium and the stable isotopes of oxygen and 

carbon. Such a process would require the sequestering of magnesium, probably in the 

form of microdolomite inclusions (Lohmann and Meyers, 1977). The absence of 
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microdolomite inclusions in these cements argues against this mechanism. Moreover, 

preservation of fluid inclusions with marine salinities precludes open system 

recrystallization in non-marine fluids. An alternative model involving open-system 

recrystallization in deep (cold) marine waters (Major and Wilber, 1991; Schlager and 

James, 1978) is also largely excluded by the shallow marine setting and extended range 

of salinities (31 to 4 7 %o) exhibited by these one-phase inclusions. 

Iron concentrations are higher than would be expected of a precipitate from fully 

oxygenated sea water, but this does not necessarily imply recrystallization. High iron 

contents may, instead, indicate cement precipitation in suboxic microenvironments 

with localized iron sources within the sediment (Major and Wilber, 1991; Weiss and 

Wilkinson, 1988). This view is supported by the lack of a negative correlation between 

strontium and iron values, which could be predicted if recrystallization were prevalent 

(Brand and Veizer, 1980). 

Manganese concentrations increase progressively towards pore centers in 

hardground 1 • This trend is associated with a change in the cathodoluminescence 

emission of bladed cements from nonluminescent (with some very dull luminescence) to 

brightly luminescent. Inclusions with seawater salinities exist in both nonluminescent 

and brightly luminescent crystals, indicating that the manganese trend toward pore 

centres may also be a result of sea water precipitation in oxic to suboxic 

microenvironments (probably as a result of progressive pore restriction combined with 

continuing decay of organic carbon). This hypothesis is supported by stable isotope 

data which show 6180 values similar to other hardground cements but o13C values -0.4 

%o more negative. Bladed cements within hardgrounds 2 and 3 range from 

nonluminescent to dully luminescent. 

We measured 87Sr/86Sr in bladed cements from hardgrounds 1 and 3, 

normalizing them to a value of 0.71014 for NBS 987. Normalized values were 
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0. 708958 for hardground 3 and 0. 708970 for hardground 1 ( + /- 0.00003 at the 95% 

confidence level). These are very close to those previously estimated for the Late 

Cambrian to Early Ordovician interval (Burke et al., 1982). Again, this is evidence that 

the cements have not recrystallized appreciably (within an open system) and that they, 

and their contained fluid inclusions, preserve primary marine signatures from the early 

Palaeozoic. 

Conclusions 

Petrographic relationships indicating early (syndepositional) erosional truncation 

of these cements, with the preservation of inclusion-rich areas that are confined by 

former growth surfaces, provide strong evidence that they were initially precipitated 

during the Cambrian-Ordovician. Our analyses yield no definitive evidence of significant 

recrystallization and in fact provide evidence against it. No single geochemical 

signature can be considered 'definitive' , but in combination they provide strong 

evidence that the cements and their fluid inclusions are relatively pristine. We conclude 

that the cements formed as low-magnesium calcite marine precipitates at (and below) 

the sediment-water interface and have not undergone significant recrystallization. 

Our results support the hypothesis that the dominant mineral precipitating from 

sea water has changed through time (Sandberg, 1983; Mackenzie and Pigott, 1981; 

Wilkinson, Owen, and Carroll, 1985; Palmer, Hudson, and Wilson, 1988), which implies 

that some chemical parameter in the atmosphere-sea water system (significant with 

respect to calcite precipitation) has changed between Cambrian and modern time. The 

partial pressure of CO2 may be one such parameter, with modeling studies suggesting 

that it.was much higher during the Cambrian and Ordovician than at any other time in 

the Phanerozoic (Berner, 1990). Changes in the Mg/Ca ratio of sea water have been 

proposed as an alternative mechanism (Carpenter et al., 1991; Wilkinson, 1979). 
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Samples of ancient seawater preserved as fluid inclusions could serve as time capsules 

of information that may provide a direct means of answering these and other questions. 
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CHAPTER Ill 

PETROGRAPHY AND GEOCHEMISTRY OF CALCITE CEMENTS FROM THE COW HEAD 

GROUP 

Abstract 

The recent hypothesis that the Phanerozoic has been characterized by 

alternating "greenhouse - icehouse" intervals correlated to past• changes in atmospheric 

pCO2. is largely unproven due to limited supporting data. Marine carbonate cements 

offer potential as a source of valuable information on seawater chemistry of the 

geologic past that can be used to evaluate this hypothesis. 

The Cow Head Group of Newfoundland is a deep marine stratigraphic sequence 

that was deposited from the Middle Cambrian to Middle Ordovician. It contains a 

variety of cements within both slope grainstones and shelf-derived clasts which have 

been previously interpreted to be marine in origin. 

The most abundant cement is interparticle equant calcite within slope grainstone 

which exhibits well-defined cathodoluminescent zonation. This cement displays no 

convincing petrographic evidence of an early marine origin. Primary one-phase fluid 

inclusions have Tm10• ranging from -6.0°C to -15.0°C, indicating cement precipitation 

occurred from low temperature brines more concentrated than seawater. 

Other cements in the Cow Head sequence do exhibit clear petrographic 

evidence of early formation. Syntaxial, bladed, and nonluminescent equant calcite 

cements display truncation where occurring as transported sand-sized clasts. Geopetal 

micrite overlies rare interparticle bladed and radiaxial cements within the slope 

grainstones and radiaxial fibrous cements within shelf-derived clasts. 

· Syntaxial and radiaxial cements have mottled to irregular cathodoluminescence. 

"Petrographically primary" fluid inclusions exhibit Tm10• values similar to those from the 

cathodoluminescent-zoned equant cements. Sr, Mg, Mn, and Fe values are also similar 
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to but more variable than the zoned equant cements. These data suggest that the early 

syntaxial and radiaxial cements have undergone partial recrystallization in the same fluid 

which precipitated the zoned equant cement. 

Early bladed and equant cements typically are nonluminescent to very dull with 

bladed cements also exhibiting irregular regions of moderate luminescence. The 

uniformity of the nonluminescent signature associated with the•equant cements 

suggests that these cements have. not recrystallized. Well-defined sector and 

concentric growth zones in some of the very dull to nonluminescent regions of the 

bladed cements suggest that these regions are also unaltered. The very dull to 

nonluminescent domains of the two cement types exhibit either positive or negative 

covariant trends in strontium and magnesium content. 

The covariant trend for early equant cements is positive and displays a shift 

toward increased strontium and magnesium contents with decreasing age (Sr range = 

261 to 1175 ppm; Mg range = 1044 to 2477 ppm). This positive trend is similar to 

that observed from modern marine cements, but with a steeper slope. The trend is 

interpreted to result from calcite precipitation which occurred in open communication 

with Cambrian seawater. The difference in slope between the Cambrian data and the 

modern, however, implies secular change in the chemical composition of seawater with 

regard to some parameters such as Mg/Ca and Sr/Ca and/or pCO2• 

In contrast to the equant cements, the covariant trend in strontium and 

magnesium displayed by bladed cements is negative, with strontium levels ranging from 

481 to 2232 ppm and magnesium ranging from 412 to 3491 ppm. These cements are 

associated with petrographic evidence of early, preferential dissolution of some 

(presumably ar~gonitic) grains. This negative covariant trend is interpreted to result 

from calcite precipitation from marine pore fluids evolving toward higher Sr/Ca and 

lower Mg/Ca as a result of the sea floor dissolution of aragonite. This evidence for sea 

17 



floor aragonite dissolution implicates pCO2 as at least partly responsible for the 

observed mineralogic and geochemical differences exhibited by Late Cambrian and Early 

Ordovician marine cements. 

Introduction 

Much recent interest has focused on developing methods for detecting and 

measuring past variations in the chemistry of the earth's ocean-atmosphere system. 

The need for making these measurements is based, in part, on indirect, petrographic 

evidence that the dominant minerals precipitating .from seawater have changed over 

geologic time, suggesting that coeval seawater chemistry has also changed (Sandberg, 

1983). This evidence for temporal changes in ocean or atmospheric chemistry and a 

lack of knowledge of which chemical parameters have changed limits the usefulness of 

strict uniformitarian principles in reconstructing past environmental conditions. 

Marine carbonate cements are precipitates from seawater and, when relatively 

unaltered by recrystallization, should contain isotopic and trace element signatures that 

reflect the chemistry of the marine fluids from which they precipitated (Given and 

Lohmann, 1985). Such cements have been recognized as an important tool in 

detecting and evaluating the existence of changes in the chemistry of ancient seawater 

(Carpenter and Lohmann, 1992). 

The Cow Head Group of Newfoundland is a sequence of deep marine Cambrian 

and Ordovician limestones and siliciclastic units that contain a variety of carbonate 

cements that have been interpreted to have formed from marine fluids (Coniglio, 1989). 

In this study, these cements are examined using a variety of petrographic and 

geochemical techniques in an attempt to identify marine cements which retain primary 

signatures which can then be used to evaluate the hypothesis that Cambrian and 

Ordovician seawater chemistry was significantly different from that of the modern. 
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Location and Geologic Setting 

The study area is located along the western coast of Newfoundland in what has 

been defined as the Humber zone of the Appalachian fold belt (Williams, 1978; Figure 

3.1 ). The Humber zone has been interpreted as· the deformed remains of a Cambra-

Ordovician continental margin (Williams, 1979). Lower Cambrian to Middle Ordovician 

autochthonous units within the western Humber zone are overiain by the Humber Arm 

Supergroup, interpreted as an allochthonous sequence of limestones and minor 

siliciclastic units that crop out as a series of imbricate thrust slices (Stevens, 1970). 

The Humber Arm is divided into two subunits, the Curling Group and the Cow Head 

Group. The Cow Head Group, the focus of this study, consists of a 300 to 500 m 

sequence of conglomeratic limestones, carbonate grainstones and mudstones, and 

shales. It is interpreted as a deep-water unit deposited at the base of the continental 

slope, where sedimentation alternated between carbonate debris flows from an adjacent 

carbonate platform and hemipelagic deposition (James and Stevens, 1986). The Cow 

Head exhibits a lithologic gradient from conglomerate-rich units in the northwest to 

shale and mudstone-rich lithologies to the southeast which is interpreted to reflect a 

proximal to distal decrease in the contribution of debris flows to the sequence (James 

and Stevens, 1986). 

The Cow Head Group was selected for this petrographic and geochemical study 

because it preserves samples from a remarkably broad cross-section of deep and 

shallow-marine environments of the Cambrian and Ordovician, which could serve as a 

basis for comparison to other coeval marine lithologies. Furthermore, previous studies 

have documented maximum conodont color alteration index (CAI) values from the Cow 

Head Group of about 1.5 (James and Stevens, 1986), representing maximum burial 

temperatures of about 90°C. These data suggest that the Cow Head Group has never 

been deeply buried or subjected to elevated temperatures, and would more likely 
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Figure 3.1: Location of study area. Black areas denote the surface distribution of 

Cow Head Group strata. Shaded areas consist primarily of Lower Head strata 

(modified from James and Stevens, 1986). Samples were collected at labeled 

localities. 
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preserve primary signatures than units which have undergone significant burial. 

Methodology 

Samples of transported clasts and bedded units were collected from throughout 

the Cow Head stratigraphic sequence. Sampling occurred primarily at two localities; on 

the Cow Head peninsula (proximal) and at Broom Point South (ttistal). The exact 

stratigraphic locations of samples were recorded relative to published stratigraphic 

sections (James and Stevens, 1986) (Appendix B). 

Doubly-polished thin sections were prepared from approximately seventy sawed 

and polished hand samples using cold-mounting techniques to avoid alteration of fluid 

inclusions. Carbonate cement types were characterized in thin section by petrographic 

examination under both transmitted light and cathodoluminescence. 

Cathodoluminescence petrography was performed using a Technosyn model 8200 Mk II 

cold-cathode luminoscope mounted on a Leitz SM-LUX-POL microscope. Operating 

conditions for luminescence were 15-20 kV beam energy and 0.2-0.4 mA gun current. 

The different cement types were examined petrographically for fluid inclusions 

prior to being subjected to cathodoluminescence. One-phase inclusions exhibiting a 

"petrographically primary" distribution were evaluated for metastability by placing 

samples in a refrigerator for several days and then examining them for evidence of a 

vapor bubble. Inclusions which remained one-phase (virtually all) were subjected to 

further study by heating samples with one-phase inclusions over night to stretch them 

and nucleate bubbles followed by freezing and then gradual heating of the samples to 

determine freezing-point depression of the inclusions. Heating and freezing runs were 

conducted using a Fluid, Inc. adapted U.S.G.S.-design gas-flow heating/freezing 

system. 

Cements were analyzed for strontium, magnesium, manganese, iron, and 
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calcium content using a Cameca model SX50 electron microprobe equipped with five 

wavelength-dispersive spectrometers at the University of Oklahoma, Norman, OK. The 

microprobe was operated at an accelerating voltage of 15 kV and a beam current of 10 

nA. The spot size was 10 µm and counting times were 60 seconds for calcium and 

180 seconds for each of the other elements. 3u minimum detection limits (MDL's) 

were calculated from counting statistics derived from analysis of carbonate reference 

standards. Calculated MDL's were 280 ppm for calcium, 50 ppm for magnesium, 173 

ppm for iron, 236 ppm for manganese, and 211 ppm for strontium. 

Samples of cement were obtained for isotopic analyses by using a microdrill. 

Direct sampling with the microdrill was performed on cements sufficiently large to 

permit it. Where direct sampling was precluded by the small size of the cements, thin 

sections of the samples were prepared using superglue as the mounting medium and all 

constituents other than the desired cement were removed with the microdrill. The 

remaining cement was then removed from the thin section by soaking in acetone. After 

rinsing in distilled water, the samples were then sent for stable isotope analysis at the 

Benedum Stable Isotope Laboratory at Brown University. Samples were reacted in 

phosphoric acid at 90° C for 1 5 minutes. The liberated CO2 was then transferred to a 

VG Micromass model SIRA-24 mass spectrometer. Precision (1 u) of the analyses, as 

determined by measurement of isotopic ratios for the carbonate reference standard (BP-

4), was 0.17 for oxygen and 0.32 for carbon. 

Cement samples intended for strontium isotopic analysis were dissolved in 3.5 

N HN03 and the sample was then passed through a column packed with Sr SPEC resin 

(whole rock samples and some cements were first dissolved in 0.3 N acetic acid and 

filtered prior to being taken up in the HN03). The column eluent was then analyzed for 

strontium at the University of Kansas Isotope Geochemistry Laboratory. Isotopic 

analyses were performed on a VG Sector multi-collector thermal ionization mass 
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spectrometer. Strontium samples were loaded on single tantalum filaments with 0.25 

M phosphoric acid. Analyses were performed using dynamic-multicollector mode with 

88Sr = 4.0 V. Strontium isotopic compositions are normalized to a value of 0.71014 

for the carbonate standard NBS 987, which is the value used by Burke et al. (1982), 

and are corrected for mass fractionation. Standard error (2a) for the instrument varied 

from 30 to 64 ppm over the operating period. 

Petrography 

The Cow Head Group contains a diverse assemblage of cement types that 

occur within both the interparticle pore space of the slope grainstones (hereafter 

referred to as in situ) and as or within transported clasts. This study examines cements 

which fall within two main groups: 1) cements exhibiting evidence of precipitation 

penecontemporaneous with deposition of the enclosing sediment or, in the case of 

transported cements, predating deposition and 2) interparticle cements which postdate 

these early cements but the exact timing of which can not be constrained. These 

cements can be further subdivided into several major categories based on morphology 

and cathodoluminescence petrography. 

Early Cements 

Syntaxial Cements 

Calcite overgrowths of echinoderm fragments locally are common both as in situ 

overgrowth of grains and as transported sand-sized clasts (Figure 3.2). The irregularly-

shaped fluid inclusions within these syntaxial cements are both very abundant and 

relatively large, with inclusions 15 pm in diameter being common (range = 1 to 23 pm). 

One-phase inclusions are the dominant inclusion type within these syntaxial cements. 

Two-phase inclusions exhibiting fairly consistent vapor-to-liquid (vii) ratios are also 
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Figure 3.2: Transmitted-light photomicrograph of syntaxial overgrowth (a) which has 

been reworked along with enclosed echinoderm fragment (b). Note abundant inclusions 

within the syntaxial cement relative to the surrounding equant cements. Scale bar is 

0.25 mm. 

Figure 3.3: Same view as in figure 3.2 under cathodoluminescence. Note the mottled 

character of the cathodoluminescent signature of the syntaxial cements. 

Figure 3.4: Transmitted-light photomicrograph of inclusion-rich regions (cloudy areas) 

within in situ radiaxial cements. Note that inclusion-rich regions occur predominately at 

the margin of the crystal. Scale bar is 0.25 mm. 

Figure 3.5: Same view as in figure 3.4 under cathodoluminescence. Note moderate 

luminescent signature of inclusion-rich regions cross-cuts concentric and sector zones 

within the core of the crystal. 
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present, but much less abundant, demonstrating that the majority of one-phase 

inclusions could not have originated by necking-down of two-phase inclusions. 

Inclusion distributions within individual overgrowths are also confined within crystal 

boun~aries, which is a "petrographically primary" relationship. These syntaxial 

overgrowths exhibit an irregular mottled or "blotchy" luminescence that typically ranges 

from dull to bright (Figure 3.3) and does not preserve any type df regular zonation or 

progression. 

Radiaxial Cements 

Cements exhibiting curved twin planes, distally convergent optic axes and 

sweeping extinction characteristic of radiaxial cements occur both in situ within slope 

grainstones and rudstones and as pore, void, and truncated fracture fills within 

transported clasts. Petrographic and geochemical characteristics of the radiaxial 

cements vary somewhat with mode of occurrence and, rarely, with geologic age. 

Therefore, these cements are discussed separately. 

In situ radiaxial cements occurring within the slope beds are restricted to 

isolated intervals within the Upper Cambrian part of the sequence (Coniglio, 1985). The 

majority of these cements are bladed in morphology (length:width from 1.5:1 to 6:1 ). 

Some crystals, however, exceed a 6:1 length to width ratio and would technically be 

classified as fibrous (Folk, 1964). Crystals exhibiting a more equant morphology also 

exist; Fluid inclusions are abundant within these radiaxial cements but individual 

crystals may contain both inclusion-rich and inclusion-poor regions (Figure 3.4). 

Furthermore, regions with high inclusion densities typically display moderate 

luminescence (Figure 3.5). These inclusion-rich, moderately luminescent regions most 

commonly occur as continuous bands around individual crystals which typically cross-

cut earlier concentric zone boundaries (see Figure 3.5). This relationship suggests that 
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some of the inclusion-rich regions may be a product of recrystallization. Conversely, 

inclusion-poor crystal cores exhibit more variable cathodoluminescence levels, ranging 

from nonluminescent to dull, which rarely define areas of both concentric and sector 

zoning (Figure 3.5). Most fluid inclusions within these cements are one-phase. Two-

phase inclusions with fairly consistent v/1 ratios are also present but less abundant. 

Inclusions average 2 to 4 pm in size but may be as large as 15 µm. A petrographically 

· primary relationship to growth is indicated for some fluid-inclusion assemblages by their 

confinement to individual concentric growth zones (Figure 3.6). 

Two substrates served as sites of nucleation for these cements: intraclasts and 

interstitial sediments which exhibit geopetal orientations consistent with stratigraphic 

up. Rarely, small (20-150 pm) dolomite crystals, pyrite (7) grains and micritic sediment 

occur along the distal terminations of these radiaxial cements (Figure 3.7). These 

features have been previously interpreted as partially-dolomitized geopetal sediments 

and evidence for precipitation of these cements penecontemporaneous with deposition 

of the enclosing sediment (Coniglio, 1985). 

Transported clasts containing fracture fills of alternating generations of radiaxial 

cement and internal sediment are also common within the Cow Head sequence. Both 

fractures and cement in-fill are truncated at the clast boundary and do not continue into 

the surrounding matrix. Furthermore, geopetal sediments within fracture fills of 

individual clasts are oriented at an angle to the stratigraphic orientation of the enclosing 

beds, indicating bQth internal sediments and cement predate transport. These fracture-

fill cements have crystal morphologies that vary from bladed to fibrous, with individual 

crystals as much as 3.5 mm in length. In contrast to the in situ radiaxial cements, the 

fracture-fill cements contain abundant small (2-50 pm) irregular to rhombohedral solid 

inclusions that are highly birefringent under crossed polars (Figure 3.8). Inclusions of 

similar size, which exhibit significantly higher EDAX magnesium peaks than the 
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Figure 3.6: Transmitted-light photomicrograph of in situ radiaxial cements showing a 

fluid-inclusion assemblage defining a growth zone within the cement, which is a 

petrographically primary relationship. Scale bar is 0.25 mm. 

Figure 3. 7: Transmitted-light photomicrograph showing dolomite crystals occurring 

along the terminations of in situ radiaxial cements. This has been interpreted to 

represent dolomitized geopetal sediment (Coniglio, 1985). Scale bar is 0.5 mm. 

Figure 3.8: Transmitted-light photomicrograph taken under crossed polars of 

microdolomite inclusions in fracture-fill radiaxial cements. Scale bar is 0.1 mm. 

Figure 3.9: Transmitted-light photomicrograph of radiaxial cements within an algal 

boundstone lithoclast. Note that the densest regions of fluid inclusions are confined to 

individual cement crystals, a petrographically primary relationship. Scale bar is 0.25 

mm. 
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surrounding calcite, are also evident within slightly etched samples under SEM. These 

solid inclusions are interpreted to be microdolomite inclusions. Fluid inclusions are also 

abundant within these fracture~fill cements, but fluid-inclusion assemblages do not 

exhibit any recognizable primary relationships. These cements have a very fine-scale 

mottled (dull to moderate) luminescence when viewed under cathodoluminescence. 

In the Upper Cambrian part of the Cow Head Group, radiaxial calcite also was 

observed in clasts of Epiphyton and Girvanella boundstone derived from shallow-water 

environments. Irregular framework voids (up to 8 mm in diameter) within the 

boundstone are partially to completely filled with a radiaxial fibrous cement. This 

cement is composed of elongate (1-2 mm) crystals nucleated on the pore walls and 

extending toward the pore center. The boundaries of individual crystals are commonly 

indistinct, as are those of the subcrystals. Consequently the presence of distally 

convergent optic axes can only rarely be observed. Small one-phase fluid inclusions are 

abundant within these cements and exhibit a nearly uniform distribution. Two-phase 

fluid inclusions exhibiting fairly consistent v/I ratios are also present but are less 

abundant. Fluid inclusions are typically 1 to 2 pm in size but rarely are as large as 15 

pm. Rarely, individual crystals can be recognized on the basis of a higher density of 

inclusions (i.e. a "petrographically primary" distribution) (Figure 3.9). These cements 

also contain small (2-5 pm) solid, highly birefringent inclusions, interpreted here as 

microdolomite. The cathodoluminescence associated with these cements can best be 

characterized as "blotchy" (i.e. an irregular distribution of small areas exhibiting 

luminescence levels that range from dull to moderate). These radiaxial fibrous cements 

are overlain by one or, rarely, two generations of internal geopetal sediment (Figure 

3.10). Where two generations of internal sediment are present, they exhibit different 

geopetal orientations, which indicates that the associated cements predate transport 

and are early shallow-water precipitates. Equant zoned calcites commonly occur as the 
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Figure 3.10: Transmitted-light photomicrograph of two generations of internal sediment 

overlying radiaxial cements within the framework porosity of an algal-boundstone 

lithoclast. Different geopetal oreientations of the two sediment generations indicate 

cement precipitation predates transport. Scale bar is 2 mm. 

Figure 3.11: Transmitted-light photomicrograph illustrating the distribution of fluid 

inclusions within a middle Cambrian algal-boundstone lithoclast. This distribution 

suggests an isopachous or botryoidal precursor cement. Scale bar is 0.5 mm. 

Figures 3.12a and b: Paired transmitted-light and cathodoluminescence 

photomicrographs of the nonluminescent equant cements within a reworked peloidal 

clast. Note uniformly nonluminescent character of cements and the truncation of some 

nonluminescent cements at the clast boundary. Scale bar is 0.25 mm. 
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final cementation stage in these voids. 

Algal boundstone clasts sampled from the Middle Cambrian part of the sequence 

are similar to those described above and contain fluid inclusion-rich cements that exhibit 

bladed to equant crystal morphologies, but do not display the prominent characteristics 

of radiaxial cements. Inclusion-rich regions of these cements, however, occur as 

isopachous to botryoidal arrays (Figure 3.11) with constituent in::lusions commonly 

forming radiating linear patterns suggestive of a fibrous precursor cement. These 

cements exhibit a mottled luminescence similar to the radiaxial fibrous cements. 

Bladed and Equant Cements 

Cements ranging in morphology from bladed to equant occur as abraded sand-

sized sedimentary grains within slope deposits, as interstitial cements within larger 

transported clasts and, rarely, as in situ precipitates in the interparticle pores of the 

slope grainstones. 

Cements occurring in transported sand-sized clasts are common constituents of 

the slope grainstones. These clasts may consist entirely of truncated bladed or equant 

cement or more commonly the clast will contain some grains in addition to cement. 

Ooids, peloids, and fossil fragments have all been noted as grains within these 

transported clasts. Equant cements typically lack inclusions. Conversely, bladed 

cements commonly contain small ( < 2 pm) one- and two-phase fluid inclusions, but the 

inclusions predominantly occur along intercrystalline boundaries and fractures or do not 

exhibit relationships that can be unambiguously interpreted as primary. Equant cements 

are nonluminescent with rare examples exhibiting thin, sharply defined bright zones 

(Figures.3.12a and b). Bladed crystals commonly have nonluminescent domains, 

however these domains are typically surrounded by irregular patches of moderate 

luminescence, suggesting some degree of recrystallization (Figures 3.13a and b). 
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Figures 3.13a and b: Paired transmitted-light and cathodoluminescence 

photomicrographs of the nonluminescent bladed cements occurring as a clast. Note 

nonluminescent domains are surrounded by irregular regjons of moderate luminescence. 

Scale bar is 0.25 mm. 

Figures 3.14a and b: Paired transmitted-light and cathodoluminescence 

photomicrographs of the nonluminescent bladed cements within the interparticle pore 

space of the slope grainstones. Note moderate luminescent regions at crystal 

terminations and equant morphology of final pore-filling cements. Scale bar is 0.25 

mm. 
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In situ bladed cements are rare within interstitial pore space of the slope 

deposits; however, one bed at the Cambrian-Ordovician boundary contains bladed 

cements as the dominant cement type. Within this interval, bladed cements are 

nucleated on the grains and in some cases fill the entire pore. In other cases the bladed 

cements are confined to the grain margin and the pore center is filled with equant 

cements (Figures 3.14a and b). These in situ bladed cements ara, in places, overlain by 

peloidal and micritic sediment which occur as thin fine-grained drapes over individual 

grain flows. Geopetal orientation of this internal sediment is consistent with 

stratigraphic up. In rare instances, entire grains have been removed by dissolution, 

leaving a cement rim and a mold (Figure 3.15). The mold has been filled with cement 

that is petrographically similar to that which forms the outer rim, suggesting that 

dissolution was penecontemporaneous with precipitation of the early cement. Shallow-

water grains are the dominant constituent associated with these in situ bladed cements 

with Nuia (alga) (Figure 3.15) and ooid grains being particularly common. These bladed 

and equant cements contain one-phase and two-phase fluid inclusions, but the 

inclusions are typically associated with intercrystalline planes and fractures or do not 

show relationships that can be unambiguously interpreted as primary. Bladed cements 

are primarily nonluminescent to dull and commonly exhibit well-defined concentric and 

sector zones. In their distal terminations, bladed cements may exhibit moderate 

luminescence or be overgrown with a thin moderately luminescent zone. Equant pore-

filling cements are nonluminescent to very dull. 

Bladed cements also occur as grain-marginal fringes within some of the larger 

transported clasts. The exact timing of these cements can not be constrained, but they 

typically represent the earliest stage of cementation within the clast and commonly are 

followed by later cathodoluminescent-zoned equant cements. Crystals are oriented 

normal to the grain substrate and average about 75 pm in length. One-phase fluid 
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Figure 3.15: Transmitted-light photomicrograph of a bladed cement rind and mold of a 

grain which formerly served as substrate for the cement. Mold void is filled with a 

cement which is petrographically similar to that which forms the outer rind. Grains with 

radiating textures are the calcareous alga Nuia. Scale bar is 0.25 mm. 

Figure 3.16: Transmitted-light photomicrograph of primary one-phase fluid inclusions 

within the later zoned equant cements. Note that inclusions exhibit elongation parallel 

to direction of growth and that inclusions are confined by growth zone boundaries 

visible in figure 3.17. Scale bar is 0.1 mm. 

Figure 3.17: Same view as figure 3.16 under cathodoluminescence illustrating the 

sharp, well-defined character of the cement zones. The fluid inclusions in figure 3.16 

correlate to the earliest zones of the cement. 

Figure 3.18: Transmitted-light photomicrograph of one- and two-phase fluid inclusions 

defining a growth zone within a late-stage megaquartz cement from a middle Cambrian 

algal boundstone lithoclast. Megaquartz is bordered by earlier (high-relief) calcite 

cement. Scale bar is 0.25 mm. 
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inclusions are common within these cements, but a primary origin can not be 

demonstrated from their homogeneous distribution. These cements differ from the 

other bladed cements described here in their mottled dull to moderate luminescence. 

Transported clasts of the four cement types described in the preceding 

discussion primarily occur within the Upper Cambrian portion of the Cow Head Group 

where they are associated with larger transported clasts that are 0biostratigraphically 

equivalent in age to the enclosing slope lithologies (Kindle and Whittington, 1 958). This 

relationship and the abrasion and truncation of these cements at clast boundaries, or 

presence of multiple generations of internal sediment with different geopetal 

orientations, strongly suggests that these cements are early precipitates. The deep-

marine toe-of-slope depositional setting further suggests that most cement clasts were 

derived from the shelf margin or continental slope and are marine in origin. Moreover, 

the presence of matrix sediment overlying some in situ cements within the deep-marine 

slope grainstones (specifically bladed and, possibly, radiaxial cements), indicate that 

these cements are also early marine precipitates. 

Later Cements 

Eguant. Zoned Cement 

Volumetrically, the most abundant cement within the Cow Head is relatively 

coarse, equant calcite that fills interparticle pore space within the slope grainstones and 

also occurs as late-stage pore-filling cement within transported clasts. lnterparticle 

calcite cement is also present as syntaxial overgrowths on echinoderm grains. These 

overgrowths differ from those previously described in their lower inclusion content, 

zoned luminescence signature, and in the lack of any evidence of erosion, transport, or 

cement truncation. This cement is typically limpid and displays unit extinction. Cement 

crystals are relatively large, with individual crystals commonly filling several adjacent 
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pores, as shown by unit extinction. 

Fluid inclusions are rare within this cement but, when present, are almost 

entirely one-phase, range in size from 1 to 1 8 µm, and are commonly confined by 

crystal growth boundaries, a petrographically primary relationship (Figures 3.16 and 

3.17). 

These cements display a distinct, well-defined cathodoluminescence zonation 

that exhibits a fairly consistent pattern throughout the Cow Head sequence (Figure 

3.17). This pattern consists of an early nonluminescent zone (zone 1) which is rare in 

the lower part of the Cow Head but increases in prominence upward followed by zones 

of increasing luminescence intensity from dull (zone 2) to moderate (zone 3) to bright 

(zone 4). Subsequent zones (zones 5 and 6) decrease in luminescence intensity. Some 

variation in this succession exists even within individual thin sections, particularly with 

regard to the early zones in the progression. The association of the most complete 

progressions with syntaxial overgrowths suggests that this variability is at least partly 

related to substrate-selective precipitation of the earliest zones on echinoderm grains. 

Megaguartz 

Megaquartz cement was noted in the pores of some transported clasts sampled 

from the Middle Cambrian portion of the Cow Head Group, where it occurs as the final 

pore-filling stage. This cement contains common one-phase and two-phase fluid 

inclusions within fluid-inclusion assemblages which define crystal growth zones, 

indicating a primary origin (Figure 3.18). These primary inclusions exhibit a size range 

of 1 to 7 µm with the majority averaging 2 to 3 µm. One-phase inclusions are dominant 

but two-phase inclusions with fairly consistent v/1 ratios are common. The smaller 

inclusions within this cement are predominantly one-phase whereas vapor bubbles are 

most commonly associated with the larger inclusions. 
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Fluid Inclusion Microthermometry 

Fluid inclusion final melting temperatures (Tm; •• l were measured for all cements 

containing one-phase inclusions with "petrographically primary" distributions. Such 

primary patterns were noted in radiaxial, syntaxial, zoned equant cements and 

megaquartz. In each case, two-phase inclusions are a relatively minor component of 

the inclusion assemblage, indicating that one phase inclusions cannot generally be a 

product of necking-down of two-phase inclusions. Metastability was also ruled out as a 

cause of one-phase inclusions by cooling samples and checking for a vapor bubble prior 

to stretching. Tm;ce values were also obtained from luminescent regions of bladed 

cements within sand-sized clasts. These cements contain one-phase fluid inclusions, 

but a primary relationship to growth could not be petrographically established due to 

cement truncation. 

Most fluid inclusions from the different cements exhibit a remarkably similar 

Tm; •• range. Tm; .. values from artificially stretched one-phase inclusions within the later 

zoned equant cement range from -6.2 to -15.1 °C (9.5-18.7 wt% NaCl eq. (Bodnar, 

1993)) (Figure 3.19a). Tm; •• values measured from inclusions within in situ syntaxial 

cements (-7.7 to -13.5 °C) and transported syntaxial cements (-7.9 to -13.4 °C) are 

essentially identical (Figure 3.19b) and equate to a salinity range of 11.3-17.3 wt% 

Nacl eq. Tm; .. values measured from luminescent regions of bladed cements range from 

-7.5 to -15.4 °C (11.1-19 wt% NaCl eq.). In situ radiaxial cements exhibit inclusion 

Tm;ce values ranging from -6.3 to -10.2 °C (9.6-14.2 wt% NaCl eq.). The tightest Tm; •• 

distribution is exhibited by one-phase inclusions within the radiaxial fibrous cements of 

the algal boundstones (Figure 3.19b). These inclusions exhibit a range in Tm; •• values 

of-9.7 to -11.3 °C (13.6 to 15.3 wt% NaCl eq). 

Primary one-phase inclusions within the zoned equant cements exhibit a salinity 

gradient, with Tm; .. values decreasing (salinities increasing) in the direction of crystal 
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Figures 3.19a and b: Histograms comparing freezing-point depression data from one-

phase, primary fluid inclusions within the later zoned equant cements (a) and one-phase 

inclusions within the early luminescent cements (b). Note that these inclusion groups 

exhibit an essentially identical range in Tm; .. values. 
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growth (Figure 3.20). 

Primary one- and two-phase inclusions within the late-stage megaquartz exhibit 

Tm- values that fall within the range of calcite cements described above (-8.7 to -9.3 oce 

°C)(Figure 3.21a). The two-phase primary inclusions within the megaquartz display a 

narrow range of homogenization temperatures (Th) (78 to 92 °C)(Figure 3.21 b). 

In contrast to the consistently high salinities of primary inclusions within the 

majority of cements, inclusions from bladed to equant isopachous cements within one 

Middle Cambrian algalboundstone clast exhibit a distinctly different range in freezing-

point depression. The majority of the petrographically primary, one-phase inclusions 

within these cements cluster within a range in freezing point depression from -1.8 °C to 

-6.1 °C (3.1 - 9.3 wt% NaCl eq.; isolated individual values of -7.4, -8.9, and -18.7 were 

also measured) (Figure 3.22). 

Trace-Element Distributions 

Trace-element concentrations measured in the later zoned equant cements 

display systematic variations between successive cathodoluminescent zones, but 

individual zones generally exhibit similar trace element concentrations from one 

stratigraphic horizon to another. This finding differs from that of previous studies 

(Coniglio, 1985) suggesting that individual zones cannot be correlated between 

stratigraphic horizons. 

Iron and manganese concentrations, with few exceptions, are below detection 

in the earliest zones of the equant cement. Iron contents are more variable in later 

zones, ranging from below detection to locally as high as 1552 ppm. Manganese levels 

routinely exceed the detection limit only in the single bright zone. These zoned equant 

cements exhibit uniformly low strontium concentrations, with an average of 332 ppm 

for all zones (this value also includes data falling below the minimum detection limit, so 
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Figure 3.20: Tm; •• data from two primary fluid inclusion assemblages within the later 

zoned equant cements illustrating the negative correlation between Tm;ce and relative 

position of the inclusions. Inclusions positioned in successively more distal positions in 

the cement exhibit progressively higher salinities (lower Tm.ce values). Low numbers on 

the y-axis refer to inclusions closest to the substrate and high numbers to those which 

are most distal. Range in Tm; •• values correspond to a salinity range of 9.5 to 18.7 wt. 

% NaCl equiv. (Bodnar, 1993). These two inclusion assemblages occur primarily within 

zone 4 (bright zone) of the later zoned equant cements. 
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as not to skew the average). Magnesium concentrations are variable and exhibit two 

distinct trends: A significant increase in average magnesium concentration occurs 

between zones 2 and 3 (1026 ppm vs. 3324 ppm)(Figure 3.23a). Subsequent zones 

exhibit the opposite trend, however, with zones 4 through 6 showing a uniform 

decrease in average magnesium concentration (2076 ppm to 1425 ppm to 907 ppm) 

(Figure 3.23b). 

Luminescent to mottled, early cements are generally below the detection limit 

for both iron and manganese, with only rare exceptions. These exceptions include 

syntaxial cements with rare iron detections as high as 867 ppm and moderately 

luminescent regions of bladed cements with manganese levels up to 435 ppm. 

These luminescent early cements exhibit strontium and magnesium levels 

comparable to those measured from the later zoned cements but with a higher degree 

of variability in the strontium levels (Figure 3.24). 

Nonluminescent bladed and equant cements typically lack detectable levels of 

iron and manganese, although iron was detected in two instances, both occurring 

within the equant cements. Magnesium levels are relatively low, averaging 1652 ppm. 

Bladed cements present as sand-sized clasts and within interparticle pore space 

of slope grainstones exhibit two distinctly different trace-element signatures that 

correlate with the two different levels of luminescence exhibited by these cements. 

Moderately luminescent portions of bladed cements exhibit trace-element 

concentrations that are comparable to those of the moderately luminescent zone (zone 

5) of the later zoned equant cement (Figure 3.25), suggesting that the luminescent 

portions of the bladed cements recrystallized within the fluid which precipitated zone 5 

of the later cement. Trace-element signatures of the nonluminescent to very dull 

domains of these bladed cements differ significantly from any other in the sequence. 

Strontium concentrations are high, averaging 1760 ppm, and exhibit a statistically 
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Figure 3.23a and b: Strontium vs. magnesium content of later zoned equant cements 

illustrating a shift toward higher average magnesium values between zones 2 and 3 

(3.23a) and the reverse trend toward successively lower average magnesium values 

from zones 3 through 6 (3.23b). 
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Figure 3.24: Strontium and magnesium levels of early cathodo-

luminescent cements (filled symbols) compared to those of the later 

zoned equant cements (open symbols). These two cement groups 

display similar data modes but strontium levels within radiaxial cements 

exhibit larger scatter. 
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Figure 3.25: Strontium and magnesium levels within nonluminescent 

bladed cements and within later zoned cements from the same 

stratigraphic interval. Moderately luminescent areas of bladed cements 

(recrystallized) exhibit strontium and magnesium levels (average Sr = 

1549 ppm, average Mg = 306 ppm) similar to those of moderately 

luminescent zone (zone 5) of the later zoned equant cements (average 

Sr = 1731 ppm, average Mg = 350 ppm). 
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significant inverse correlation with magnesium concentrations. Iron and manganese 

concentrations within these nonluminescent domains are uniformly below detection. 

In addition to the bladed cements, covariation of strontium and magnesium is 

also exhibited by the nonluminescent equant cements occurring both in situ and as 

transported clasts. In contrast to the bladed cements, strontium concentrations within 

these equant cements average only 752 ppm and strontium and magnesium is 

positively correlated (Figure 3.26). Manganese is below detection and iron only rarely 

exceeds the detection limit (2 detections, maximum of 390 ppm). 

The similarity of strontium and magnesium levels and covariant trends of 

nonluminescent bladed and equant cements occurring as transported clasts to those 

occurring in situ within the deep-maine grainstones provides further evidence that these 

transported cements formed within the same (marine) environment as the in situ 

cements-. 

Stable and Strontium Isotopes 

The isotopic signatures of the syntaxial cements and nonluminescent equant 

and bladed cement are unknown because direct sampling of these cements using a 

microdrill was precluded by their small size. 

The early marine cements large enough to sample for stable isotopes (inclusion-

rich isopachous and radiaxial cements from algal boundstone clasts and fracture-fill and 

in situ radiaxial cements) display a broad range of isotopic values (Figure 3.27). The 

most positive stable isotopic signatures were exhibited by inclusion-rich isopachous 

cements within the framework porosity of a Middle Cambrian algal boundstone clast. 

This cement has a 6180 value of -5.53 and a o13C value of 0.77. Comparable values 

were also obtained from a fracture-fill radiaxial cement within a transported clast. This 

cement displays 6180 and o13C values which average -5.53 and 0.59, respectively. The 
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Figure 3.26: Covariance of strontium and magnesium levels within the 

nonluminescent bladed and equant cements. Open symbols represent 

equant cements and filled symbols represent bladed cement. Data from 

sample CH-9 are from in situ cements; all other data are from transported 

cements within sand-sized clasts. Contrasting regression lines of the 

data are also shown. Both regression lines are significant at the 1 % 

level. The two equant data points which plot within the bladed field 

were not included in the regression analysis because they were presumed 

to represent bladed crystals which appear equant due to the orientation 

of the crystal. 
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Figure 3.27: Stable-isotope data of microsampled Cow Head cements. 

The wide spread and positive correlation of the data is indicative of 

recrystallization. 
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strontium-isotope signature for this cement was also among the least radiogenic 

measured at a value of 0. 708969 ( ± 0.000011 ). Radiaxial fibrous cement occurring 

within the framework porosity of a Late Cambrian algal boundstone clast exhibits 

significantly more negative oxygen signatures (average 6180 equals -6.43). 613C values 

are slightly more negative with an average of 0.48. The associated strontium isotope 

signature was 0. 709019 ( ± 0.000011 ), which is only slightly more radiogenic than the 

fracture-fill cement. The in situ interparticle radiaxial cements were not analyzed for 

stable isotopes in this study. Previous analysis of radiaxial cements (Coniglio, 1985) 

from the same bed (bed 2) as those sampled during this study yielded 6180 and 613C 

values that average -6.64 and -1.56, respectively. Strontium values measured for these 

cements in this study are significantly more radiogenic that other radiaxial cements and 

average 0.709205 (±0.000010). 

Samples of the later cathodoluminescent-zoned equant cements collected near 

the Cambrian - Ordovician boundary at the Cow Head locality have 6' 80 signatures that 

average -5.69 and 613C values that average 0.38. Strontium isotope values for these 

interparticle cements average 0. 709132 ( ± 0.000013). Late-stage cathodo-

luminescent-zoned equant cements in the framework porosity of algal boundstone 

clasts display stable isotope signatures that differ with location. One sample of these 

void-filling cements collected at the Cow Head locality has compositions (-5.30 for 6' 80 

and 0.54 for 613C) similar to the later interparticle calcite. Void-filling equant cements 

from the Broom Point locality, however, have significantly more negative isotopic 

signatures with averages of -7.03 for 6180 and -0.55 for 613C. The void-filling cements 

from the Broom Point locality were analyzed for strontium isotopes with a resulting very 

radiogenic value of 0. 709601 ( ± 0.000011 ). 

Whole rock signatures also vary by locality, as has been previously noted by 

Suchecki and Hubert (1984). A whole rock sample collected near the Cambrian -
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Ordovician boundary at the Cow Head locality yielded a '51 80 value of -6.13 and a 613C 

value of -0.40. The strontium isotope signature associated with this sample measured 

0.709250 (±0.000016). In contrast, Broom Point whole rock values average -6.51 for 

6180 and -2.02 for 613C. The associated strontium isotope value was 0. 709228 

( ± 0.000011 ), however, which is comparable to the value measured for samples from 

the Cow Head locality. 

A late-stage vein-filling cement sampled at the Cow Head locality yielded an 

average 6180 value of -6.16 and an average 613C value of -0. 74. 

Discussion 

The data outlined in the preceding sections provide important insight on the 

origin and diagenesis of the cements discussed. 

Later Zoned Eguant Cements 

The distinct and sharply defined cathodoluminescence zonation exhibited by the 

later zoned equant cements suggests they have not recrystallized. Timing of 

precipitation, however, is problematic. Previous studies have suggested that this 

cement precipitated within a few meters of the sediment-water interface on the deep-

water continental slope (Coniglio, 1989), an interpretation which was based, in large 

part, on the occurrence of these cements within transported clasts and the lack. of 

evidence for significant compaction predating cementation. Several lines of evidence 

argue against this interpretation, however. No cross-cutting relationships such as 

overlying geopetal sediment or cement truncation at clast margins could be identified 

relative to these zoned equant cements. In addition, most cement types of a clearly 

early origin occur as eroded and transported sand-sized grains within the slope 

grainstones. No such occurrence of the zoned equant cements could be found in any of 
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the slope grainstones examined in this study, despite the fact that the zoned equant 

cements are volumetrically the most abundant cement in the section. Moreover, the 

presence of these cements within larger transported clasts does not necessarily 

constitute a priori evidence of an early origin. These cements were noted in this study 

as isolated pore fills within packstone clasts, as late-stage pore-fills that post-date grain-

marginal bladed to equant cements or as a mosaic of small crystals with concentric 

zones radiating in all directions away from the center of the crystal, which likely 

represents neomorphism of a micrite matrix. Such relationships are incapable of 

demonstrating an early origin. Evidence of plastic deformation of some tabular slope 

clasts during transport further indicates that these clasts were not well cemented prior 

to transport. The deep-water depositional environment inferred for the Cow Head 

Group is also incompatible with the pervasiveness of this cementation event, based on 

studies of modern deep-marine lithologies which typically lack abundant early marine 

cements (Garrison, 1981 I. 

The majority of the geochemical data also argue against an early syndepositional 

origin for the zoned equant cement. Primary, one-phase fluid inclusions indicate a low 

temperature of precipitation (less than about 50 °C) but have salinities that range from 

9.5 to 19 wt% NaCl equivalent which is well above the 3.5 wt% NaCl equivalent value 

that would be expected for a marine fluid. The all-liquid inclusions argue against 

thermal re-equilibration of the inclusions and the well-defined zonation of this cement, 

and proximal-to-distal salinity gradient of primary inclusions, largely precludes 

recrystallization as the source of these elevated salinities. Strontium concentrations 

associated with these cements are very low and do not show the positive covariant 

relationship to magnesium content found in modern deep-marine calcites (Major and 

Wilber, 1991; Carpenter et al., 1991 ). Strontium isotope signatures of these cements 

are also radiogenic relative to other marine cements measured from the Late Cambrian 
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and Early Ordovician (Johnson and Goldstein, 1993) and are also radiogenic when 

compared to the least radiogenic whole-rock values reported by Burke et al. (1982) for 

the Late Cambrian. Only the stable isotope signatures of these cements compare 

favorably with previously reported marine values. Both oxygen and carbon values are 

virtually identical to Late Cambrian - Early Ordovician values reported by Johnson and 

Goldstein (19931 and are comparable to Cambrian values reported by Carpenter et al. 

(1991, Figure 1 ). Stable isotope signatures are incapable of uniquely identifying a 

marine origin, however, because nonmarine pore fluids may have or evolve isotopic 

signatures similar to marine values. Furthermore, the original isotopic signature of early 

Paleozoic marine precipitates is still a matter of much debate (Gao, 1993). The 

variation in isotopic signature between localities offers further evidence that these 

cements are not marine in origin. Equant void-filling cements from the Broom Point 

locality exhibit significantly more negative 6180 and 613C and more radiogenic strontium 

isotope signatures than similar cements from the Cow Head locality. Such regional 

variations are difficult to explain as a product of marine precipitation. 

The geochemical characteristics and petrographic relationships associated with 

the zoned equant cements, as outlined in the preceding discussion, are clearly 

inconsistent with a marine origin for these cements. Instead, these cements likely 

formed at shallow burial depths (based on the dominance of primary one-phase 

inclusions) where the observed isotopic variations may represent the mixing of fluids 

with different geochemical signatures or be a product of water-rock interaction. 

Regional variations in temperature are not a likely cause of such isotopic variability, 

since 6180 and 613C covary and 613C content is not a function of temperature. 

· Luminescent Early Cements 

Geochemical signatures associated with the other cements examined in this 
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study provide information on both the state of preservation of these cements and their 

relationship to the zoned equant cements. Fluid-inclusion data obtained from 

luminescent inclusion-rich syntaxial and radiaxial cements are essentially identical to the 

range in primary inclusions measured in the later zoned equant cements (Figures 3.19a 

and b). Petrographic relationships indicate that these inclusions exhibit a primary 

distribution; however, the mottled or "blotchy" cathodoluminescence signature 

associated with both the syntaxial and radiaxial cements suggests that these inclusion-

rich zones have undergone preferential recrystallization. Similar instances of 

recrystallization associated with inclusion-rich zones have been noted in other studies 

(Videtich, 1985; Carpenter and Lohmann, 1989; Wojcik et al., 1994). These 

relationships suggest that inclusion-rich zones may be preferentially susceptible to 

recrystallization or, alternatively, that inclusion-rich regions are produced by the process 

of recrystallization. In either case, the preferential recrystallization of individual cement 

zones can yield "petrographically primary" inclusions containing non-primary fluids. 

Cathodoluminescence petrography provides a means of distinguishing inclusions 

originating in this fashion from true primary inclusions by allowing the identification of 

primary zonation and areas of probable recrystallization. The similarity of both the 

range of inclusion salinities and trace-element levels between these early luminescent 

cements and the later zoned equant cements further suggests that recrystallization was 

at least partly mediated by the same fluid which precipitated the later equant cements. 

The significance of inclusion data from cements within the Middle Cambrian 

algal boundstone clast, which exhibit a distinctly different inclusion population from 

those identified in other cements in this study (Figure 3.22), is difficult to evaluate on 

the basis of one sample. The range in inclusion freezing-point depression measured in 

'this cement almost exactly bridges the separation between the freezing-point 

depression of modern seawater and the lowest consistent freezing point depression 
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values measured within the later zoned cements. This relationship may indicate that 

inclusions within these algal-boundstone cements formed from nearly continuous 

recrystallization during the evolution of the pore fluids from seawater to higher salinity 

fluids and that these cements preserve an earlier diagenetic signature than most other 

recrystallized cements. It is unclear, however, why this signature is so rarely preserved 

or whether it may be characteristic of samples from the lower part of the sequence. 

The answers to these questions await further study. 

Isotopic signatures of the cements large enough to be microsampled provide 

further evidence that the luminescent cements have recrystallized. Figure 3.28 is a 

comparison of 87Sr/86Sr vs. 6180 data from the Cow Head cements to values measured 

from Late Cambrian and Early Ordovician marine cements from the Llano Uplift, which 

have been interpreted to have undergone only limited recrystallization (Johnson and 

Goldstein, 1993). The majority of the Cow Head cements exhibit more negative 6180 

values and more radiogenic 87Sr/88Sr signatures relative to cements of comparable age 

from the Llano Uplift. This relationship is inconsistent with Cow Head Group 

luminescent cements preserving unaltered marine signatures. The one data point which 

exhibits slightly more positive 6180 values than the Llano Uplift data is a fracture-fill 

radiaxial calcite which contains abundant microdolomite inclusions, suggesting closed-

system recrystallization of this cement. 

Direct comparison of isotopic data between the early marine and later zoned 

cements, however, reveals some inconsistent relationships. Transported radiaxial 

cements have higher 613C and less i'adiogenic strontium isotope signatures than those 

of the later cements. The 6180 signature for the fracture-fill radiaxial cement is slightly 

more positive than those of the later zoned cements whereas the 6180 signature of the 

algal boundstone radiaxial fibrous cements is significantly mote negative. The in situ 

radiaxial cements have stable-isotopic signatures that are uniformly more negative and 
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strontium isotope signatures that are more radiogenic than the later cements. Radiaxial 

cements displaying more radiogenic strontium-isotope and more negative stable-isotope 

signatures than the later zoned equant cements are somewhat problematic, however, if 

precipitation of the later zoned cements and recrystallization of the radiaxial cements 

occurred in the same fluid. These variations may relate in part to spatial variations in 

degree of water-rock interaction, fluid composition, or fluid source. The consistency of 

other geochemical signatures, however, clearly indicate that the zoned equant cements 

precipitated from a fluid of elevated salinity and that radiaxial and syntaxial cements 

have undergone significant recrystallization within the same or a similar fluid. These 

isotopic relationships highlight the difficulty of using stable isotopic values alone to 

interpret origin and preservation of calcite. 

The foregoing discussion, outlining the consistency of most geochemical values 

between unaltered later cements and recrystallized early marine cements, serves to 

illustrate the pervasiveness of the geochemical signature that is apparently associated 

with a specific fluid-migration event. This unique signature is reflected in the 

consistency of most fluid-inclusion salinity values, trace-element and 

cathodoluminescence levels, strontium-isotope values and, to a lesser extent, stable-

isotope values. 

Bladed and Nonluminescent Eguant Cements 

Petrographic, geochemical, and depositional relationships previously described 

support an early marine origin for the bladed and nonluminescent equant cements. This 

evidence, in conjunction with the preservation of well-defined concentric and sector 

zoning and regions of uniform nonluminescence, suggest that these cements may 

preserve primary marine signatures. 
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Bladed Cements 

For the bladed cements a primary interpretation must contend with evidence of 

recrystallization in the form of irregular regions of moderate luminescence. These 

cements lack primary inclusions which could be used to evaluate their origin. Strontium 

and magnesium levels within the luminescent regions, however, closely match 

strontium and magnesium levels of the later zoned cements from the same stratigraphic 

interval (Figure 3.25), further suggesting that these luminescent regions are a result of 

recrystallization within the same fluid which precipitated the later zoned cements. 

Nonluminescent domains exhibit high strontium levels more consistent with a marine 

precipitate but also display a distinctive negative covariant trend in Sr and Mg, which 

could be a by-product of recrystallization. If this negative covariant trend is related to 

the recrystallization event which produced the luminescent regions, however, one 

would expect data from the luminescent regions to also plot along this trend. The lack 

of any such relationship suggests that the negative trend is unrelated to the dominant 

diagenetic overprint within the Cow Head sequence and may represent an initial 

signature. 

A negative covariant trend, however, is inconsistent with laboratory studies on 

the synthesis of calcite from marine fluids (Mucci and Morse, 1983) and data on 

modern marine calcites (Major and Wilber, 1991) which have suggested that marine 

calcite cements exhibit a positive covariant relationship, where the slope of the positive 

covariant trend is related to the Sr/Ca and the Mg/Ca content of seawater. Relatively 

high strontium levels, such as those associated with this negative trend, have been 

used to infer an aragonite precursor (Sandberg, 1985). The levels measured here, 

however, are not significantly different from those measured within modern marine 

calcites (Major and Wilber, 1991) and, therefore, do not constitute a priori evidence of 

aragonite neomorphism. The occurrence of some of these cements in situ within 
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grainstones interpreted to have been deposited at the toe of the continental slope 

(James and Stevens, 1 986) is also inconsistent with these cements having precipitated 

as aragonite, since the base of the modern continental slope typically occurs at water 

depths of 3 to 4 km (Stowe, 1983) and waters at such depths are presently 

undersaturated with respect to aragonite. The well-preserved bladed crystal 

morphology and l'ack of petrographic or geochemical evidence for recrystallization of the 

nonluminescent regions is also atypical of aragonite neomorphism (Sandberg, 1985). 

Furthermore, no evidence of square-ended crystal terminations, characteristic of the 

orthorhombic crystal form of aragonite (Longman, 1980), was noted in any of the 

samples of this study. 

Even though these cements are apparently not recrystallized aragonite, 

aragonite may be indirectly responsible for their distinctive trace-element signatures. 

Due to the inferred control magnesium content of marine cement has on D5,, direct 

precipitation of cement with a negative covariant relationship between strontium and 

magnesium would likely require pore fluids evolving toward progressively higher Sr/Ca 

and lower Mg/Ca ratios. Alternating aragonite dissolution and calcite precipitation, 

under relatively closed-system conditions, represents the most plausible method to 

produce such pore fluid changes. The low Mg/Ca and high Sr/Ca ratios of aragonite 

could, through dissolution, drive pore fluids toward lower Mg/Ca and higher Sr/Ca 

ratios. Subsequent calcite precipitation would both help drive this process by lowering 

the pore fluid saturation state and enhance these trends by incorporating more Mg and 

less Sr (relative to Ca) than is released by dissolving aragonite. Under this process, the 

linear ·negative covariant trend would represent a mixing line between cements 

precipitating from normal marine fluids and those precipitating from marine pore fluids 

reflecting, to varying degrees, the Sr/Ca and Mg/Ca of the dissolving aragonite. 

This possibility can be further evaluated by examination of the only interval 
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where these bladed cements were observed in situ. This interval contains abundant 

transported shallow-water clasts which offer a potential source of biotic aragonite in 

this deep marine depositional setting. Furthermore, it also contains molds filled with 

early cements which document the dissolution of some clasts on the sea-floor (Figure 

3.15). While these relationships do not provide conclusive proof that aragonitic 

bioclasts were contributing to the pore fluid chemistry, the evidence is at least 

consistent with this hypothesis. 

Negative covariant trends in strontium and magnesium, such as that described 

here, are not entirely absent from the modern record. Modern deep marine cements 

from the lower slope of the Little Bahama Bank, examined by Major and Wilber (1991 ), 

primarily display a positive covariant relationship between strontium and magnesium; 

however, a significant subset of the data plots along a negative covariant trend (Figure 

3.29). While Major and Wilber (1991) interpreted these cements to be a result of 

recrystallization, on the basis of their deviation from the dominant trend and their 

variable trace-element content, their cathodoluminescence petrography suggests 

otherwise. These cements exhibit a sharp and well-defined cathodoluminescent 

zonation (Major and Wilber, 1991) which strongly argues against recrystallization. 

Since there is no thermodynamic reason why cements recrystallizing in seawater would 

not also exhibit a positive covariant trend, it is possible that this negative trend is also a 

result of precipitation from marine pore fluids modified by aragonite dissolution. 

Eguant Cements 

The uniformly nonluminescent character of the early equant cements suggests 

that these marine cements have not undergone any significant recrystallization. In 

addition, the positive covariant trend in strontium and magnesium exhibited by these 

cements is consistent with laboratory studies on patterns of trace-element incorporation 
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regions of zoned cements. 
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in cements precipitating from marine fluids (Mucci and Morse, 1983). This trend is also 

comparable to trends which have been described from both modern marine cements 

(Major and Wilber, 1991) and those of the Devonian (Carpenter et al., 1991) in both 

the positive correlation between strontium and magnesium and in the passage of the 

regression line through the origin (Figure 3.30). These relationships all suggest that 

these nonluminescent cements preserve primary marine signatures. 

A distinct difference exists, however, between the Late Cambrian data and data 

from the modern and Devonian in that the regression line through the Late Cambrian 

data exhibits a significantly steeper slope. Such differences in slope have been 

interpreted to represent precipitation from seawater with significantly different Sr/Ca 

and Mg/Ca ratios (Carpenter et al., 1991 ). 

Another interesting aspect of the positive covariant trend in the Late Cambrian 

data is that the trend is composed of age-related subgroups which exhibit systematic 

shifts toward higher strontium and magnesium levels from the late Dresbachian through 

the late Trempealeauan (Figure 3.31 ). Such changes in position along the slope, as 

opposed to changes in slope, can be explained strictly in terms of changes in one of the 

parameters controlling Mg incorporation, such as temperature or pC02 (Burton and 

Walter, 1991 ), since D5, is presumed to be a function of Mg content. Since these 

parameters commonly vary with water depth, this increase in strontium and magnesium 

levels with decreasing age may represent changes in water depth with time. 

Alternatively, it could also be the result of evolving seawater chemistry during the Late 

Cambrian. 

Quantifying the specific cause(s) of apparent differences in Late Cambrian 

seawater chemistry is not possible at this time due to the existence of several variables 

which could produce this effect. Several studies (Berner, 1991; Mora et al., 1991; 

Yapp and Poths, 1992), however, have provided evidence that the early Paleozoic was 
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a time of elevated atmospheric pC02 • Therefore, elevated pC02 levels likely account for 

at least part of this difference due to the dynamic equilibrium that exists between the 

atmosphere and the oceans and the effect that elevated pC02 levels would have on 

lowering DMg (Burton and Walter, 1991) and, indirectly, on raising marine strontium 

levels by inhibiting the precipitation of aragonite, a major strontium sink (Schlanger, 

1988). 

As was the case with the Devonian data of Carpenter et al., (1991 ), the 

magnitude of the difference in atmospheric pC02 levels which have been interpreted for 

the Cambrian - Ordovician interval (roughly 1 order of magnitude (Berner, 1991)) 

appears to be inadequate to explain the change in slope of the strontium-magnesium 

covariant trend (based on laboratory studies of the effect of pC02 on DMg (Burton and 

Walter, 1991 )). Different seawater Mg/Ca ratios is one possible supplementing 

mechanism but several others, such as sulfate and temperature, also exist. Additional 

work must be done to further constrain these potential variables. 

Conclusions 

The following conclusions are supported by the results of this study: 

1 ) The later zoned equant cements are relatively unrecrystallized and precipitated from 

fluids of elevated salinity at relatively shallow burial depths. 

2) Early marine cements exhibiting mottled to irregular luminescence underwent 

recrystallization in the same fluid which precipitated the later zoned cements. 

3) Nonluminescent regions of early marine cements are unrecrystallized and retain 

marine or modified marine signatures. 

4) The negative covariant trend in strontium and magnesium exhibited by the 

nonluminescent bladed cements is a result of calcite precipitation from marine pore 

fluids modified by aragonite dissolution. 
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5) The steep slope of the positive covariant strontium-magnesium trend suggests Late 

Cambrian seawater chemistry differed from that of both the Devonian and the modern. 

This chemical difference is likely related at least in part to differences in atmospheric 

pC02 levels but may also suggest changes in the Mg/Ca and Sr/Ca ratios of seawater. 

6) Systematic age-related differences in the strontium and magnesium content of 

nonluminescent equant cements may indicate that seawater chemistry was evolving 

·even during the Late Cambrian, most likely through changes in pC02• 
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CHAPTER IV 

COMPARISON OF PETROGRAPHIC AND GEOCHEMICAL CHARACTERISTICS OF 
MARINE CEMENTS FROM THE SAN SABA MEMBER OF THE WILBERNS FORMATION 

AND THE COW HEAD GROUP 

Abstract 

Abiotic marine calcite cements provide an important tool for assessing ancient 

seawater chemistry if they precipitated in equilibrium with normal seawater and have 

not recrystallized. The shallow-water San Saba Member of the Wilberns Formation and 

the deep-water Cow Head Group contain a morphologically diverse suite of Late 

Cambrian to Early Ordovician calcite cements which exhibit clear petrographic evidence 

of an early marine origin. 

Early marine syntaxial cements, present in both units, and radiaxial cements in 

the Cow Head Group exhibit mottled to irregular cathodoluminescence suggestive of 

recrystallization. These cements contain petrographically primary all-liquid fluid 

inclusions with Tmice values from -6.0°C to -15.0°C and low but variable trace-element 

levels. Both of these signatures are very similar to those of later equant cements and 

further suggest that these cements have recrystallized in a later fluid. 

Early low-magnesium calcite equant cements occur as truncated clasts and 

within the interparticle pore space of the slope grainstones in the Cow Head Group. 

These cements are typically nonluminescent but rarely exhibit thin well-defined brightly 

luminescent subzones. This uniform and well-defined cathodoluminescent signature 

suggests that this cement has not recrystallized. This cement also exhibits strontium 

and magnesium levels which shift toward higher levels with decreasing age, forming a 

positive linear covariant trend in strontium and magnesium. This trend is similar to 

positive covariant Sr-Mg trends documented in marine cements from the modern and 

Devonian but exhibits a significantly steeper slope. This difference in slope between 

Cambrian and more recent data suggests that chemical parameters such as Mg/Ca and 
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Sr/Ca and/or pC02 were different during the Cambrian. 

Early low-magnesium calcite bladed cements occur as transported clasts and as 

interparticle precipitates within the slope deposits of the Cow Head Group and as 

interparticle precipitates within marine hardgrounds of the San Saba. These cements 

range in cathodoluminescence from nonluminescent to dull or moderate. 

Nonluminescent to very dull areas commonly exhibit sector and concentric growth 

zoning, indicating that these areas have not recrystallized. These areas exhibit a 

negative covariant relationship between strontium and magnesium which is in marked 

contrast to the positive covariant signature normally associated with marine 

precipitation. In addition, these cements commonly are associated with petrographic 

evidence of early preferential dissolution of some biotic grains (presumably aragonite). 

These relationships suggest that bladed cements precipitated from pore fluids evolving 

toward higher Sr/Ca and lower Mg/Ca as a result of the dissolution of aragonite in 

marine water. The dominance of this cement type in the San Saba and its occurrence 

in the Cow Head suggests that sea floor aragonite dissolution and low-magnesium 

calcite precipitation was common during the Late Cambrian - Early Ordovician. This 

evidence further suggests changes in atmosphere/ocean pC02 levels are partly 

responsible for the low magnesium calcite mineralogy of these cements and for the 

change in slope of the positive covariant Sr-Mg trend preserved in the equant cements. 

Introduction 

Recent interest in global change has centered largely on recognizing and 

documenting environmental changes during the Cenozoic Era. Understanding global 

changes of the Cenozoic, however, requires an understanding of larger scale changes 

in the more distant geologic past. Such long-term changes in environmental conditions 

have been inferred from petrographic studies of ancient carbonate sequences. For 
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example, differences in degree of preservation of Paleozoic ooids have long been noted. 

Sandberg (1983) argued that these variations reflect differences in the original 

mineralogy of the ooids. A variety of workers (Sandberg, 1983, 1985; Mackenzie and 

Pigott, 1981; Wilkinson and Given, 1986) have suggested further that these differences 

in primary mineralogy reflect long-term changes in global environmental conditions, with 

atmospheric pC02 levels or marine Mg/Ca ratios most commonly inferred to be the 

parameters that have changed. 

Since these early studies were largely based on petrographic evidence, some 

recent efforts have focused on verifying and quantifying secular changes by the 

geochemical analysis of abiotic marine cements (Carpenter and Lohmann, 1989; Given 

and Lohmann, 1985). This focus on the analysis of marine cements has facilitated the 

development of new hypotheses on trace element incorporation during calcite 

precipitation and recrystallization through the recognition of systematic changes in trace 

element content (Videtich, 1985; Burton and Walter, 1991; Mucci and Morse, 1983; 

Carpenter et al., 1991 ). These relationships have subsequently been used to draw 

conclusions about changes in seawater chemistry (Carpenter et al., 1991 ). Inherent 

requirements for the use of abiotic marine cements for making such inferences about 

ancient seawater chemistry, however, are that the cements have not recrystallized and 

that the cements precipitated directly from seawater rather than from seawater 

modified in microenvironments below the sediment-water interface. 

This study compares early marine cements from two stratigraphic sequences 

representing distinctly different depositional environments of the Late Cambrian and 

Early Ordovician; the deep-water Cow Head Group and the shallow-water San Saba 

Member of the Wilberns Formation. Key similarities and differences displayed by these 

cements provide insight into the geochemical processes controlling primary precipitation 

of marine calcite cements during this time interval and, thereby, also provide constraints 
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on the utility of marine carbonate cements for directly and indirectly drawing inferences 

about the chemistry of early Paleozoic seawater. 

The geochemical characteristics of early marine cements from these different 

depositional environments are outlined separately in the following sections. The 

significance of the geochemical signatures is then explored. 

Methodology 

Field work was conducted on both the San Saba Member of the Wilberns 

Formation (Llano Uplift, Texas) and the Cow Head Group (Newfoundland). Stratigraphic 

sections were measured for the San Saba while existing stratigraphic sections (James 

and Stevens, 1986) were used for the Cow Head Group (see Appendices A and B). 

The geochemistry of cements described in this study was characterized using a 

variety of analytical techniques. 

Fluid inclusions were characterized petrographically using a transmitted-light 

microscope. Thin sections were prepared for fluid inclusion analysis using cold-

preparation techniques so as not to stretch or homogenize fluid inclusions. One-phase 

inclusions were checked for metastability by placing samples in a refrigerator for several 

days and then examining the inclusions for evidence of a vapor bubble. Fluid inclusions 

which remained one-phase (virtually all) were then stretched by heating in an oven at 

100°C overnight to nucleate a vapor bubble. Freezing-point depression values were 

measured using a Fluid, Inc. adapted U.S.G.S.-design gas-flow heating-freezing system 

by quickly freezing the inclusion and then slowly heating until the temperature of final 

melting of ice (Tm;cel was obtained. 

Cathodoluminescence petrography used a Technosyn model 8200 Mk II cold-

cathode stage mounted on a Leitz SM-LUX-POL microsc_ope. Luminoscope operating 

conditions were 15-20 kV beam energy and 0.2-0.4 mA gun current. 
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Calcium, strontium, magnesium, iron, ·and manganese concentrations were 

determined using a Cameca model SX50 electron microprobe equipped with five wave-

length dispersive spectrometers at the University of Oklahoma. Operating conditions 

were a 15 kV accelerating voltage and a 10 nA beam current. The spot size was 10 

pm and counting times were 60 seconds for calcium and 1 80 seconds for each of the 

other four elements. The 3u minimum detection limits (MDLs) were calculated from 

counting statistics derived from analysis of carbonate reference standards. 

Thin sections were prepared for stable isotope sampling using superglue as a 

mounting medium. All non-cement constituents were then removed using a microdrill. 

The remaining cement was then removed from the thin section by soaking in acetone. 

After rinsing in distilled water, the samples were then analyzed at the Benedum Stable 

Isotope Laboratory, Brown University. Samples were reacted in phosphoric acid at 

90°C for 15 minutes. The liberated CO2 was then transferred to a VG Micromass 

model SIRA-24 mass spectrometer. Precision I 1 a) of the analyses, as determined by 

measurement of isotopic ratios for the carbonate reference standard (BP-4), was 0.17 

for oxygen and 0.32 for carbon. 

Samples intended for strontium-isotope analyses were dissolved in 3.5 N HNO3 • 

An alternate procedure was followed for duplicates of some samples to evaluate for the 

effects of rubidium. In this alternate procedure, samples were slowly dissolved in 0.3 N 

acetic acid and then filtered prior to being taken up in the HNO3 • No systematic 

differences in strontium values were evident between the two procedures. 

Following dissolution, strontium was concentrated using columns packed with a 

strontium-specific resin. Strontium was then analyzed at the University of Kansas 

Isotope Geochemistry Laboratory on a VG sector multi-collector thermal ionization mass 

spectrometer. Strontium samples were loaded on single Tantalum filaments- with 0.25 

M phosphoric acid. Analyses were performed using dynamic-multicollector mode with 
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88Sr = 4.0 V. Isotopic compositions were normalized to a value of 0. 71014 for the 

carbonate standard NBS 987 (value used by Burke et al., 1981) and are corrected for 

mass fractionation. Standard error (2u) for the instrument varied from 30 to 64 ppm 

over the operating period. 

San Saba Member, Wilberns Formation 

The San Saba Member of the Wilberns Formation is a unit of Late Cambrian to 

Early Ordovician age that crops out along the flanks of the Llano Uplift in central Texas 

(Figure 4.1 ). It is dominated by peloidal and bioclastic packstone and grainstone with 

rare thin interbeds of ooid packstone and grainstone occurring near the Cambrian -

Ordovician boundary. These lithologies were deposited on a shallow water carbonate 

ramp (Ahr, 1973) that sloped to the south or southeast (Barnes and Bell, 1977). 

The San Saba is unique relative to other members of the Wilberns Formation in 

that it contains numerous planar surfaces which exhibit truncation of both grains and 

cements (Johnson and Goldstein, 1993)(Figure 4.2). The majority of these planar 

truncation surfaces are concentrated within a roughly ten-meter stratigraphic interval 

which brackets the Cambrian - Ordovician boundary. 

The truncation of cements at these surfaces indicates that cement precipitation 

was early and occurred prior to deposition of the overlying marine lithologies. The 

presence of marine biota both above and below these surfaces and the lack of features 

typical of subaerial exposure, such as karst or meniscus and pendant cements, further 

indicates that these cements precipitated in a marine environment (Johnson and 

Goldstein, 1993). Rare borings (Figure 4.3) along these surfaces and reworked 

cemented clasts of underlying lithologies also suggest that these surfaces existed as 

hardgrounds on the seafloor (Ziegler and Ginsburg, 1974). 

Truncated cements from four of these marine hardgrounds were subjected to 
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Figure 4.1: Location map of the Llano Uplift study area (see Appendix A for 

stratigraphic sections and detailed location maps). Black areas delineate the surface 

distribution of the Wilberns Formation. The Precambrian core of the Llano Uplift is 

indicated by the shaded area. Numbers refer to the location of measured stratigraphic 

sections. Geochemical analyses were performed on samples collected from section 

number 1 (Lange Ranch). Inset shows approximate location of the Late Cambrian 

equator. 
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Figure 4.2: Planar hardground (hardground 2) from the San Saba Member of the 

Wilberns Formation showing the truncation of both cements and grains at the 

hardground surface. Scale bar is 0.5 mm. 

Figure 4.3: Rare borings occurring at one of the San Saba planar truncation surfaces, 

suggesting that this surface existed as a hardground on the sea floor (from hardground 

3). Scale bar is 0.1 mm. 



76 



more detailed petrographic and geochemical analyses. Three hardgrounds contain a 

bladed cement as the dominant cement type. Lithologically, these three hardgrounds 

consist of peloidal grainstone with areas of packstone (hardground 1 ) and ooid 

grainstone with isolated areas of packstone (hardgrounds 2 and 3). The other 

hardground (hardground 4), is composed primarily of trilobite and echinoderm fragments 

and contains an inclusion-rich syntaxial calcite as the dominant cement type. 

Bladed Cements 

Low-magnesium calcite bladed cements within these hardgrounds are nucleated 

on constituent grains and typically fill the interparticle porosity within hardgrounds one 

through three. 

These cements contain one-phase and less common two-phase fluid inclusions 

that are confined by crystal growth zones (see Johnson and Goldstein, 1993), which is 

a petrographically primary relationship. Fluid-inclusion analysis focused on the primary 

one-phase inclusions, since primary inclusions which remain one-phase have avoided 

reequilibration during burial heating and retain their original fluids (Goldstein, 1990). 

Furthermore, necking down can be largely ruled out as a source of the one-phase 

inclusions since two-phase inclusions are significantly less abundant than these all-liquid 

inclusions. The majority of the Tm;ce values from these inclusions fall between -1.7 and 

-2.5°C, with a mode at -1.9°C which corresponds to the salinity of normal modern 

seawater (Figure 4.4). On the basis of this salinity data, these inclusions have been 

interpreted to represent primary seawater inclusions entrapped during cement 

precipitation (Johnson and Goldstein, 1993), which further supports a marine origin for 

the cements. 

Petrographically, the bladed cements can be divided further into three distinct 

subgroups on the basis of differences in level of cathodoluminescence. These 
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subgroups are: 1) nonluminescent to very dully luminescent, 2) dully luminescent, and 

3) brightly luminescent. 

Regions of bladed cements that exhibit no luminescence to very dull 

luminescence occur within all four hardgrounds. Individual cement crystals may consist 

entirely of this type of luminescence but more commonly individual crystals exhibit a 

central "core" of this luminescence type with an outer margin exhibiting dull 

luminescence. Sharp and well-defined concentric and sector zones (alternations 

between regions of nonluminescence and very dull luminescence) are evident in some of 

these "core" regions (Figure 4.5). The common association of this luminescence type 

with cement-crystal cores and preservation of a well-defined zonation within some of 

these regions suggests that the nonluminescent to very dull luminescent domains have 

not undergone recrystallization and are primary marine low-magnesium calcite cements. 

Patches of dull luminescence in the bladed cements also occur in all four 

hardgrounds. This type of luminescence occurs most commonly at and near 

intercrystallirie or grain boundaries and in regions of concentrated fluid inclusions. 

These dull regions do not exhibit any discernable zonation and their boundaries are 

typically irregular. The irregular distribution of this dull luminescence and its association 

with intercrystalline and grain boundaries suggests that these regions are a product of 

partial recrystallization. 

Bladed cement exhibiting relatively bright luminescence appears to be restricted 

to hardground one and, in rare occurrences, hardground four. These cements display a 

general luminescence progression from very dull/nonluminescent to dull to bright, 

commonly with the bright zones containing thin nonluminescent to dull sector and 

concentric subzones (Figure 4.6). Zone boundaries within the bright domains typically 

are sharp and well-defined. Timing of this cement could not be clearly constrained 

petrographically, however, because no instances of truncation could be found. 
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Figures 4.5a and b: Paired cathodoluminescence and transmitted-light photomicrographs 

of bladed cements within San Saba hardground 2. The photomicrograph taken under 

cathodoluminescence (4.5a) shows sector and concentric zoning preserved within these 

early cements. Scale bar is 0.1 mm. 

Figures 4.6a and b: Paired cathodoluminescence and transmitted-light photomicrographs 

from San Saba hardground 1 . The photomicrograph taken under cathodoluminescence 

(4.6a) shows the rare brightly luminescent zonation contained within this hardground. 

Scale bar is 0.25 mm. 
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The cathodoluminescent subdivisions of the bladed cements were too small to 

sample individually for isotopic data. Sampled as a whole, bladed cements yield 

isotopic values for 6180 (Figure 4. 7) which correspond closely to previous estimates for 

marine carbonates of Cambrian and Ordovician age (Carpenter et al., 1991, Figure 1 ). 

Measured values for c513C (Figure 4. 7) are slightly more positive than previously reported 

values (Ripperdan et al., 1992), but are within the range of variation observed in 

modern shallow marine magnesium-calcite cements (Gonzalez and Lohmann, 1985). 

87Sr/86Sr data range in value from 0.708897 to 0.708989 ( ± 0.00003 at the 95% 

confidence level), which compares favorably to previous estimates of marine values for 

the Late Cambrian and Early Ordovician (Burke et al., 1982; Gao and Land, 1991 ). 

Trace-element analyses performed on the bladed cements indicate that 

distinctive trace element signatures and trends differentiate the cathodoluminescent 

subgroups, with strontium concentrations being one of the main distinguishing 

characteristics. The nonluminescent to very dull luminescent domains within the bladed 

cements exhibit strontium concentrations that average 1760 ppm with very few values 

falling below 1000 ppm. Conversely, the other luminescent subgroups exhibit 

strontium concentrations that average 4 71 ppm with very few analyses above 1000 

ppm. 

The nonluminescent to very dull luminescent domains within the bladed cements 

from all four hardgrounds also show a negative correlation between strontium and 

magnesium (Figure 4.8). This relationship is contrary to the positive covariant 

relationship between strontium and magnesium considered characteristic of marine 

precipitates (Carpenter et al., 1991 ). 

This negative covariant trend does not appear to be a product of 

recrystallization because of the petrographic and geochemical evidence previously cited. 

These relationships suggest that the negative Sr-Mg trend is a primary signature of a 
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Figure 4.7: 6180 and 613C data from early bladed cements below San 

Saba truncation surfaces. 
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Figure 4.8: Cross-plot of strontium and magnesium levels measured from 

nonluminescent to very dull regions of bladed cements within the four San 

Saba hardgrounds, illustrating the significant negative covariant relationship 

which exists between the two trace elements. (The correlation is significant 

at the 1 % level.) 
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marine cement. Other trace element relationships offer further evidence against 

recrystallization of these regions. 

Manganese contents in these very dull/nonluminescent regions are 

predominantly below the minimum detection limit of 236 ppm (four above the MDL, 

ranging from 253 to 296) and show no relationship to other trace elements analyzed. 

Iron contents are more variable, however, with nearly a third being above the minimum 

detection limit of 173 ppm. Iron levels within these cements do not exhibit a negative 

correlation with strontium (Figure 4.9) as might be expected if recrystallization were 

prevalent (Brand and Veizer, 1980). A possible exception to this observation are two 

data points from hardground four which do exhibit low strontium contents relative to 

the very high iron levels. 

In contrast to the very dull to nonluminescent domains, dully-luminescent 

regions of the bladed cements display no consistent correlation between strontium and 

magnesium levels (Figure 4.10). Iron and manganese levels within the dull regions, 

however, display a rough positive covariation (Figure 4.11) suggesting Eh conditions 

(low oxygen levels) controlled the incorporation of these trace elements (Barnaby and 

Rimstidt, 1989). 

These trace element relationships, along with the patchy distribution of the dull 

luminescence and its common occurrence along crystal and grain boundaries, suggest 

that dully-luminescent regions of the bladed cements are a product of partial 

recrystallization. 

The bright luminescence occurring in hardground one is associated with both 

bladed and equant cements, with the equant cements being the final pore-filling stage. 

The manganese and magnesium data for both cement types exhibit the same positive 

correlation (Figure 4.12). A positive correlation also exists between iron and 

magnesium levels but the two cement types plot along different trends (Figure 4.13). 
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Figure 4.9: Strontium and iron levels from nonluminescent to very dull 

domains of San Saba bladed cements, showing no significant correlation. 
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Figure 4. 10: Strontium and magnesium levels from dully luminescent regions of bladed 

cements from the San Saba, showing no apparent correlation. 

Figure 4.11: Iron and manganese levels from dully luminescent areas of San Saba 

bladed cements, showing a weak positive correlation. 
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Figure 4.12: Manganese and magnesium levels from brightly luminescent bladed and 

equant cements within San Saba hardground 1 (illustrated in figure 6), showing a strong 

positive correlation. 

Figure 4.13: Iron and magnesium levels from brightly luminescent bladed and equant 

cements from hardground 1 , showing that bladed and equant cements plot along 

different trends. 
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The strontium and magnesium data for the brightly luminescent bladed cements are 

negatively correlated, although this correlation is based on very limited data. 

The restriction of this cement type to hardground 1 and rare occurrences in 

hardground 4 and its absence even from lithologies directly overlying these surfaces 

suggest that this cementation event is a product of very localized conditions and is not 

a result of a large-scale fluid migration event. In the absence of evidence for 

recrystallization, such a relationship implies that this cementation event occurred early, 

and that the covariant relationships among trace elements may reflect modification of 

normal seawater in pore fluids. The existence of separate covariant iron and 

magnesium trends between the bladed and equant cements suggests that precipitation 

of these two cement stages were separated in time or were governed by different pore-

water conditions. 

Syntaxial Cement 

Syntaxial cement is the other major early marine cement within the San Saba. 

This is the dominant cement type within hardground four and is less common in 

hardground one. It is preferentially associated with echinoderm-grain nuclei in both 

hardgrounds. The absence of syntaxial cement from the ooid grainstone/packstone of 

hardgrounds two and three is likely related to the lack of echinoderm substrates. 

The syntaxial cement completely fills the interparticle pore space within the 

upper one to two centimeters of hardground 4, where it occurs with rare bladed 

cement, and is truncated at the hardground surface (Figure 4.14). At distances greater 

than about 1 cm below the hardground surface, syntaxial cement only partially fills the 

available pore space and is post-dated by zoned equant cements (Figure 4.15). 

The syntaxial cement of hardground 4 is characterized by a mottled or blotchy 

luminescence and an abundance of large one-phase and less common two-phase fluid 
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Figure 4. 14: Photomicrograph illustrating truncation of syntaxial cements at San Saba 

hardground 4. Scale bar is 0.5 mm. 

Figures 4. 15a and b: Paired cathodoluminescence and transmitted light 

photomicrographs showing the association of early bladed cement (upper center), 

syntaxial cement (lower right) and later equant cement (lower center) one centimeter 

below the top of San Saba hardground 4. Scale bar is 0.25 mm. 
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inclusions. Inclusion distributions within this cement commonly exhibit a 

"petrographically primary" relationship to growth by being confined within syntaxial 

crystal boundaries. 

This relationship to growth suggests that these inclusions are primary and the 

small number of two-phase inclusions relative to one-phase inclusions effectively rules 

out necking down as a major mechanism in their origin. 

Tm. data obtained from these petrographically primary inclusions, however, ,ce 

exhibit a nearly continuous and homogenous range from Oto -16.5°C, representing a 

salinity range from Oto 19.8 wt.% NaCl equivalent (Bodnar, 1993) (Figure 4.16). The 

broad range for all liquid inclusions suggests that this cement has recrystallized. 

Trace-element data were collected to further evaluate the syntaxial cement for 

evidence of recrystallization. This cement does not exhibit the positive correlation 

between strontium and magnesium which has been postulated for marine precipitates 

(Carpenter et al., 1991 ). Furthermore, isolated nonluminescent to very dull luminescent 

patches exist within the syntaxial cement which contrast with the otherwise dull to 

brightly mottled character of the cement. One very dully luminescent region was 

analyzed and found to contain strontium levels comparable to those detected in the 

bladed cement. Furthermore, strontium and iron levels within the mottled syntaxial 

cement is intermediate between the level displayed by this very dully luminescent region 

and those of co-occurring later zoned equant cements (Figure 4.17). The trace-element 

relationships presented in figure 4. 17 suggest that isolated very dull regions of the 

syntaxial cement may be relatively unaffected by recrystallization, but that regions of 

mottled luminescence, representing the majority of the cement, have undergone partial 

recrystallization in the fluid that precipitated the later equant cements. 

Stable isotope values were also collected from the syntaxial cement. · These 

analyses yield a broad range in 6180 and indicate average 6180 and 613C values are 
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Figure 4.17: Strontium and iron levels from cements within San Saba 

hardground 4, showing the difference in strontium levels between mottled 

and very dully luminescent regions of the syntaxial cements. 
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significantly more negative than those measured from bladed cements (see Figure 4.7). 

These relationships further suggest that this cement has undergone recrystallization. 

Evidence for early dissolution 

In addition to early cementation, another feature common to the San Saba is 

evidence for the early selective dissolution of some skeletal grains. Particularly 

common throughout the coarser-grained intervals of the San Saba are mud-filled 

internal molds (steinkerns) of gastropods. Many of these internal .molds appear broken 

and abraded, suggesting dissolution of the gastropod shell preceded transport. In 

muddier intervals, micrite can be seen to lie in direct contact with the surface of the 

internal mold without evidence of the former presence of the shell (Figure 4.18), again 

suggesting that shell dissolution preceded transport and deposition. Also common in 

muddier intervals are molds of high-spired gastropods and other less diagnostic but 

probable molluscan fossils. Some of these voids formerly occupied by the molluscan 

shell contain internal sediment in the form of pelleted micrite (Figure 4.19). The lack of 

any large non-fabric selective dissolution voids within the San Saba which could serve 

as conduits to transmit such sediment through the section suggests that formation and 

fill of these isolated molds occurred relatively close to the sediment-water interface 

shortly after deposition. 

The association of this evidence of early dissolution of a molluscan fauna with 

well-preserved, low-magnesium calcite biota, such as trilobites, suggests that the 

molluscan fauna was aragonitic and underwent preferential dissolution. Furthermore, 

the occurrence of this evidence for early aragonite dissolution throughout the San Saba 

and lack of any association with subaerial exposure features (such as meniscus or 

pendant cements or karst) suggests that dissolution of skeletal aragonite occurred at, or 

just below, the shallow seafloor. Such an interpretation is consistent with previous 
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Figure 4.18: Photomicrograph of a gastropod internal mold from the San Saba with 

micrite occurring immediately adjacent to the internal mold, indicating shell dissolution 

preceded deposition. Scale bar is 0.5 mm. 

Figure 4.19: Photomicrograph of a shell mold from the San Saba with micrite filling the 

void space originally occupied by the shell, indicating dissolution occurred early and 

close to the sediment-water interface. Scale bar is 1 mm. 

Figure 4.21: Cathodoluminescence photomicrograph of a syntaxial cement clast from a 

slope grainstone of the Cow Head Group, showing the mottled luminescence 

characteristic of these cements. Scale bar is 0.25 mm. 

Figure 4.22: Plane-light photomicrograph of the same clast illustrated in figure 4.21, 

showing "petrographically" primary fluid inclusions associated with these cements. 
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studies which documented evidence for aragonite dissolution within Lower and Middle 

Ordovician marine strata (Delgado, 1983; Palmer et al., 1988, Wilson et al., 1992). 

Cow Head Group, Newfoundland 

The Cow Head Group crops out along the western coast of Newfoundland 

(Figure 4.20) and consists of a series of debris flows and interlayered hemipelagites 

which were deposited within a deep-water depositional environment at the toe of the 

continental slope (Hubert et al., 1977; James and Stevens, 1986!, The Cow Head 

Group contains a variety of cements which exhibit evidence of an early marine origin 

(Johnson, 1994). Here these cements are divided into two major groups on the basis 

of luminescence petrography: cements exhibiting a mottled or irregular luminescence 

and those which contain significant nonluminescent to very dully luminescent regions. 

Post-dating these early marine cements is relatively coarse, cathodoluminescent-zoned, 

equant cement that precipitated under shallow burial conditions from higher salinity 

fluids (Johnson, 1994). 

Mottled Early Marine Cements 

There are two main types of cements exhibiting evidence of an early marine 

origin and having a mottled to irregular luminescence. 

Syntaxial cements are common as early interparticle precipitates in the slope 

grainstones of the Cow Head. In addition, petrographically identical cements occur as 

sand-sized clasts which exhibit truncation along their margins, indicating they have 

been subjected to erosion and transport after precipitation. These cements exhibit 

mottled luminescence (Figure 4.21) and contain abundant primary fluid inclusions 

confined within syntaxial crystal boundaries (Figure 4.22); These cements are also 

petrographically very similar to the syntaxial cements described from the San Saba. 
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Figure 4.20: Location map of Cow Head study area. Black areas denote the surface 

distribution of Cow Head Group strata; intervening shaded areas primarily are 

composed of Lower Head strata (modified from James and Stevens, 1 986). Samples 

were collected from the labelled localities (see Appendix B for stratigraphic sections 

and detailed location maps). 
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Radiaxial cements are the second type of mottled to irregularly luminescent 

cements exhibiting evidence of an early marine origin. These cements occur both 

within transported shallow-water clasts and, in isolated cases, within the interparticle 

pore space of the slope grainstones. In transported clasts, radiaxial cements are most 

commonly associated with algal boundstone lithologies. In addition, radiaxial cements 

within the shallow-water clasts are commonly overlain by two (or more) generations of 

internal sediment which display different geopetal orientations (Figure 4.23), suggesting 

that both cement precipitation and the earliest sediment in-fill occurred prior to 

transport. An early marine origin has also been inferred for the radiaxial cements within 

the interparticle pore space of the slope grainstones, on the basis of their being overlain 

by internal sediment (Coniglio, 1985). 

Despite this petrographic evidence of an early marine origin, both cement types 

exhibit geochemical signatures inconsistent with unaltered marine values. 

"Petrographically primary" one-phase fluid inclusions within both cement types have 

salinities higher than modern seawater, with Tm1 •• ranging from -6.3 to -13.5. This 

Tm; •• range is comparable to that of one-phase petrographically primary fluid inclusions 

within uniformly zoned equant cements that post-date these early cements (Johnson, 

1994). Strontium and magnesium levels within these cements show no correlation but 

their range is very similar to the range of strontium and magnesium levels within the 

later zoned cements (see Figure 3.24). These relationships, in conjunction with the 

mottled to irregular luminescence, indicate that these cements have undergone 

extensive -recrystallization within a later fluid and do not preserve initial marine 

signatures. 

Early Bladed and Equant Cements 

Bladed and equant cements exhibiting very dull to nonluminescent domains 
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Figure 4.23: Photomicrograph of radiaxial cements from an algal boundstone clast from 

the Cow Head Group overlain by two generations of internal sediment. Latest 

generation (ooid and peloid grains) exhibits a geopetal orientation nearly 90° to the 

earlier generation (micrite), indicating that cement precipitation predates transport of the 

clast. Scale bar is 2 mm. 

Figures 4.24a and b: Paired cathodoluminescence and transmitted light 

photomicrographs of a truncated clast of bladed cement from the slope grainstone of 

the Cow Head Group. Scale bar is 0.25 mm. 

Figure 4.25: Bladed cements within the interparticle pore space of slope grainstone of 

the Cow Head Group overlain by internal sediment. Micrite and peloids forming the 

internal sediment are depositional (occur as thin layers capping individual grain flows) 

and indicate that cement precipitation was early. Deep-slope depositional setting 

further indicates cement is marine in origin. Scale bar is 0.25 mm. 
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occur as truncated sand-sized clasts (Figure 4.24) within the Late Dresbachian to Late 

Trempealeauan interval of the Cow Head Group (specifically, upper part of bed 5 

through lower part of bed 8 of Kindle and Whittington (19581). More rarely, these 

cements occur as "in situ" interparticle precipitates within the slope lithologies of the 

same interval (Figure 4.25). Biostratigraphic data from larger transported lithoclasts 

from this interval indicate that transported clasts are comparable in age to the enclosing 

slope lithologies (Kindle and Whittington, 1958). These relationships suggest that the 

very dull to nonluminescent bladed and equant cements occurring as transported clasts 

are early precipitates. In situ cements are overlain by micrite and peloids which occur 

as thin layers deposited along the top of individual grain flows, indicating that these 

cements are also early . The deep water, toe-of-slope depositional environment for 

these sediments further indicates that the in situ cements are marine. A marine origin 

for the cement clasts is less certain; however, petrographic and geochemical similarities 

between the cement clasts and co-occurring in situ cements suggest that the 

transported cements are also marine. 

Equant cements are typically uniformly nonluminescent or very dully 

luminescent, although rare examples of nonluminescent equant cements with very thin 

brightly luminescent subzones have also been observed. Bladed cements range in 

luminescence from nonluminescent to moderate. 

In general, the irregular patches of moderate luminescence associated with the 

bladed cements exhibit trace-element signatures and fluid-inclusion salinities comparable 

to the later cathodoluminescent-zoned cements (see Figures 3.25 and 3.19a) and have 

been interpreted to represent regions of recrystallization (Johnson, 1994). Some 

moderately luminescent zones associated with in situ bladed cements exhibit sharp 

boundaries between nonluminescent and moderately luminescent regions suggesting 

that some of these moderate zones may not have recrystallized. 
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Very dull to nonluminescent domains of both the bladed and equant cements 

typically lack fluid inclusions which could be used to provide information on the fluids 

responsible for their precipitation. The dominant nonluminescent signature associated 

with the early equant cements, however, is consistent with precipitation of these low-

magnesium calcite cements from oxygenated seawater. Furthermore, the uniformity of 

that luminescence signature offers petrographic evidence that these cements have not 

undergone significant recrystallization in later pore fluids. Similarly, the nonluminescent 

domains of the bladed cements also may be regarded as regions which have not 

recrystallized and retain primary marine signatures. The common occurrence of very 

dull to nonluminescent domains of the bladed cements in the center of individual 

crystals and farthest from crystal boundaries further suggests that these regions are 

relict and preserve their initial marine signatures. 

Trace element analysis indicates that the very dull to nonluminescent domains 

of equant and bladed cements have covariant strontium and magnesium signatures that 

are lacking in other cements analyzed from the Cow Head Group. Transported and in 

situ early equant cements sampled from the Upper Cambrian portion of the section 

display a consistent shift toward progressively higher strontium and magnesium levels 

from the Late Dresbachian through the Trempeleauan (Figure 4.26). This systematic 

shift defines a positive covariant trend between strontium and magnesium that exhibits 

a significantly steeper slope than comparable positive trends described from Devonian 

and modern marine cements (Carpenter et al., 1991) (Figure 4.27). The association of 

this positive trend with early nonluminescent equant cements and the consistent 

relationship of data from both transported and in situ cements within this trend 

suggests that this trend is a primary marine signature. This further implies that the 

difference in slope between Cambrian data and that from the Devonian and modern is a 

result of changes in seawater chemistry. 
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Figure 4.26: Strontium and magnesium levels from early nonluminescent to 

very dull regions of bladed and equant cements from the Cow Head Group, 

showing the shift toward higher strontium and magnesium levels through 

time for equant cements and the negative covariant relationship between 

strontium and magnesium for bladed cements. Numbers refer to 

stratigraphic position/age of equant cements with 1 representing late 

Dresbachian and 4, Trempealeauan. The two values for equant cements 

which plot in the bladed cement field likely represent bladed cements which 

appear equant due to the orientation of the crystal; the data point on the left 

belongs to age group 2 and the point on the right belongs to age group 4. 
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In contrast to the equant cements, very dull to nonluminescent domains of the 

early bladed cements (also from the Upper Cambrian portion of the section) exhibit a 

significant negative covariant trend in strontium and magnesium (Figure 4.26). This 

negative covariant trend also contrasts with trace-element data from the moderately 

luminescent regions of the bladed cements, which exhibit no covariant relationship and 

trace-element levels which are similar to later cements (see Figure 3.25). 

The association of this negative covariant trend in strontium and magnesium 

with regions of bladed cement displaying well-defined sector and-concentric zoning 

indicates the trend is not a product of recrystallization. A primary signature is also 

supported by the degree to which this negative covariant signature differs from 

signatures associated with both later cements and regions of obvious recrystallization 

within the bladed cements. The association of this negative covariant trend with both 

transported bladed cements and those occurring as early in situ precipitates within the 

slope grainstones further suggests the signature is marine in origin. However this trend 

is opposite the positive covariant relationship between strontium and magnesium 

which has been previously associated with cement precipitating directly from seawater 

(Mucci and Morse, 1983; Carpenter et al., 1991 ). Also significant, is the association of 

the in situ bladed cements with evidence of early preferential dissolution of some grains 

(see Figure 3.15), which is a relationship also noted for the San Saba bladed cements. 

These relationships have been interpreted to be most consistent with the precipitation 

of the bladed cements as low-magnesium calcite from marine pore fluids modified by 

aragonite dissolution (Johnson, 1994). 

Discussion 

Comparison of petrographic characteristics and· geochemical signatures 

associated with these early marine cements provides important insight into the controls 
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on cement precipitation within marine environments of the Late Cambrian and Early 

Ordovician. These data also provide information on the suitability of using certain 

cement types for interpreting seawater chemistry. 

Syntaxial and Radiaxial Cements 

The distinctive mottled to irregular luminescence typical of syntaxial and 

radiaxial cements examined in this study suggests that these cements have 

recrystallized. Recrystallization is also suggested by fluid-inclusion and trace-element 

signatures that closely match those of co-occurring later cements and which differ from 

values expected for marine precipitates. The reason for the preferential recrystallization 

of these two cement types is not entirely clear but, regardless of the cause, these 

cements clearly have been altered by later diagenetic fluids and provide little direct 

information on coeval seawater chemistry and will not be discussed further. 

Equant Cements 

Equant cements exhibiting clear petrographic evidence for both an early marine 

origin and lack of recrystallization were observed only in the Cow Head section. These 

low-magnesium calcite cements also exhibit the positive covariant relationship between 

strontium and magnesium expected for a cement precipitating in relatively open 

communication with seawater. This trend differs in two respects, however, from 

similar trends detected in the modern and the Devonian (Carpenter et al., 1991 ). The 

Cambrian data shift progressively toward higher strontium and magnesium levels with 

decreasing age and exhibit a significantly steeper slope than either the Devonian or 

modern data. These differences suggest that some chemical component(s) of seawater 

that affect the incorporation of Mg and/or Sr into calcite was different during the Late 

Cambrian. 
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Mucci and Morse (1983), on the basis of their laboratory experiments on calcite 

precipitation from marine fluids, inferred that a positive covariant relationship between 

strontium and magnesium was a result of higher levels of magnesium (with their smaller 

atomic radii) increasing the ability of the calcite lattice to accommodate higher 

strontium concentrations. Given this covariant relationship, temporal shifts along the 

positive covariant trend in Sr-Mg defined by the Cambrian data (Figure 4.26) may be 

related to changes in one or more of the parameters which control magnesium 

incorporation in the marine cement. Therefore, simple depth-related changes in 

parameters such as temperature or pC02 could be responsible for this shift along the 

positive trend. Alternatively, this trend could also reflect temporal changes in seawater 

chemistry. 

The difference in slope of the Cambrian data relative to that of the Devonian 

and modern is not so easily explained, however. Changes in magnesium content alone 

cannot produce shifts in the slope of the positive covariant trend. Rather, such a 

change in slope also requires an independent change in strontium incorporation. In 

discussing their data from marine cements from the Devonian, Carpenter et al. (1991) 

suggested that the different Sr-Mg slope exhibited by their data was a product of 

changes in both the Sr/Ca and Mg/Ca ratios of seawater. Although discounted by 

Carpenter et al. (1991 ), variation in pC02 offers a potential alternate mechanism to 

change the slope of the covariant trend in strontium and magnesium. Elevated pC02 

levels would act to inhibit the global rate of aragonite precipitation relative to calcite. 

Since aragonite acts as a significant strontium sink (Schlanger, 1988), high pC02 levels 

would raise ocean Sr/Ca ratios while also inhibiting the incorporation of magnesium in 

marine calcites (Burton and Walter, 1991 ). Distinguishing precisely which parameter(s) 

are responsible for the observed differences cannot be resolved, however, from the 

equant-cement data alone. 
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Bladed Cements 

The petrographic and geochemical relationships described earlier indicate that 

bladed cements from both study areas have an early marine origin. Furthermore, the 

association of well-defined sector and concentric zones with very dull to 

nonluminescent domains of the bladed cements indicate that these regions have not 

recrystallized. This interpretation is further supported by primary fluid inclusions with 

seawater salinities in bladed cements from the San Saba and by significant differences 

in strontium levels between the very dull to nonluminescent domains and regions of 

obvious recrystallization. This evidence for a lack of recrystallization further suggests 

that near-identical negative covariant Sr-Mg trends exhibited by very dull to 

nonluminescent bladed cements from both study areas (Figure 4.28) are primary 

signatures. 

Laboratory research on synthetically-grown calcite indicates that a negative 

correlation between strontium and magnesium content can be a product of intersectoral 

trace-element variation (Paquette and Reeder, 1991 ). This phenomenon may explain 

some of the strontium and magnesium variation measured in sector-zoned bladed 

cements of this study. However, the range of strontium concentrations within these 

Cambrian cements greatly exceed documented examples of intersectoral variations 

(Paquette and Reeder, 1991 ). The very high strontium concentration (relative to 

magnesium) are also difficult to explain solely by this mechanism. Moreover, this 

negative covariant relationship was a_lso observed to exist within uniformly 

nonluminescent cement crystals. 

The prevalence of this negative covariant Sr-Mg signature in San Saba and Cow 

Head bladed cements and its contrast to the positive covariant signature which has 

been documented in modern, ancient, and laboratory marine precipitates (Carpenter et 

al., 1991; Mucci and Morse, 1983) argue against the bladed cements being a direct 
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Figure 4.28: Trace element cross-plot comparing the negative covariant 

trend in strontium and magnesium between bladed cements from the two 

study areas. Data from the two study areas exhibit an identical slope. 
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precipitate from normal seawater. Rather, such anomalous trace-element signatures 

likely reflect precipitation from modified marine pore fluids evolving toward 

progressively higher Sr/Ca ratios and lower Mg/Ca ratios. 

Aragonite dissolution is a simple process capable of significantly elevating pore-

fluid Sr/Ca ratios (Harris and Matthews, 1968; Veizer, 1983). Furthermore, the 

occurrence of this process within marine pore fluids represents the most likely 

explanation of the elevated strontium levels within the bladed cements because of 

petrographic evidence that skeletal aragonite was available and undergoing dissolution 

at and below the sediment-water interface. The correlated decrease in magnesium 

content with increasing strontium may also be a function of aragonite dissolution if 

magnesium concentrations within dissolving aragonite were lower than those in 

precipitating calcite (which is likely, based on the low magnesium content of aragonite) 

and/or calcite-precipitation rate lagged behind the rate of aragonite dissolution. 

Therefore, despite an apparently marine origin, the negative covariant Sr-Mg 

trend of the bladed cements reflects the chemistries of modified marine pore fluids and 

not early Paleozoic seawater. The geochemistry of these cements do have important 

indirect implications for Late Cambrian seawater chemistry, however. 

Bladed cements of low-magnesium calcite exhibiting this negative Sr-Mg 

relationship are the dominant cement type in hardgrounds of the San Saba. This 

dominance suggests that aragonite dissolution was a controlling factor for cement 

precipitation within the shallow marine environment in which this unit was deposited. 

Such an inference is in marked contrast to modern shallow marine environments where 

aragonite is a common abiotic precipitate. Evidence of a higher susceptibility to 

dissolution for aragonite on the shallow sea floor suggests that early Paleozoic seawater 

exhibited significant chemical differences relative to the modern. Although less 

common, the occurrence of cements with similar signatures within the Cow Head Group 
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further demonstrates that this phenomenon was not restricted to unusual environments, 

but that it may have been global. This evidence for aragonite dissolution on the sea 

floor raises questions about the cause of such differences between the Late Cambrian-

Early Ordovician and the modern. 

In modern environments, aragonite precipitation and dissolution is believed to be 

primarily a function of pressure, temperature, and pC02 (James a_nd Choquette, 1983). 

Higher pressures could produce an increase in the dissociation of H2C03 , However, 

significant differences in pressure would not be expected to exist between the shallow-

marine environments of the Late Cambrian and those of the modern. Furthermore, 

changes in pressure would be expected to produce only minor changes in carbonate 

solubility (Bathurst, 1975). In contrast, laboratory research indicates that carbonate 

mineralogy can be controlled by temperature, with calcite precipitation favored over 

aragonite at lower temperatures (Burton and Walter, 1987). This relationship is not 

consistent, however, with the environmental conditions which are believed to have 

prevailed during the Late Cambrian. The Late Cambrian falls within a "greenhouse 

interval", a time of sea-level highstands and inferred higher global temperatures 

(Sandberg, 1983). Therefore, the seafloor dissolution of aragonite cannot be. attributed 

to temperature during this time interval. 

With regard to the final variable, pC02, several studies have established a 

correlation between pC02 and aragonite solubility in both laboratory and field studies 

(Weyl, 1959; Sippel and Glover, 1964; Berner, 1965; Sharp and Kennedy, 1965). 

Furthermore, research on ancient environments (Berner, 1990; Mora et al., 1991; Yapp 

and Poths, 1992) suggest that early Paleozoic atmospheres exhibited elevated pC02 

levels. Together, these relationships suggest that elevated marine pC02 levels (relative 

to the modern) is the most likely mechanism responsible for the dissolution of aragonite 

within shallow marine environments of the Late Cambrian. 
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This evidence for high pC02 levels during the Cambrian may also partly explain 

the steep slope, relative to the modern, of the positive Sr-Mg trend exhibited by the 

early equant cements from the Cow Head. The presence of this primary signature in 

the Cow Head, and its absence in the San Saba, suggests that pore fluids within the 

Cow Head were not altered by local aragonite dissolution to the same extent as in the 

San Saba. This may have been due to a lack of an abundant aragonite source within 

the deep water environment of the Cow Head. Alternatively, this difference may reflect 

the prevalence of lower sedimentation rates within the deep-water Cow Head 

depositional environment, with cement precipitation occurring at the sediment-water 

interface and in more open communication with seawater. 

The results of this study, and those of previous studies (Berner, 1990; Mora et 

al., 1991; Yapp and Poths, 1992), either directly or indirectly implicate pC02 as a 

chemical component of seawater which exhibited higher levels during the early 

Paleozoic relative to the modern. An attempt to quantitatively constrain the magnitude 

of such variations would have little validity, however, without knowing the relative 

importance of variations in this chemical parameter relative to other potential variables, 

such as Mg/Ca and Sr/Ca ratios. Future research in this area should help constrain the 

relative importance of variations in these different chemical parameters, which may 

allow for derivation of quantitative estimates of early Paleozoic seawater chemistry. 

Conclusions -

Comparison of the Cow Head and San Saba cements suggests: 

1) Nonluminescent equant cements within the Cow Head Group are unrecrystallized and 

precipitated as low-magnesium calcite in relatively open communication with seawater. 

2) Bladed cements in both study areas precipitated as low-magnesium calcite from 

marine pore fluids modified by aragonite dissolution. 
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3) Petrographic and geochemical evidence for seafloor aragonite dissolution suggests 

that changes in pC02 are at least partly responsible for the observed differences in the 

geochemical signatures of normal-marine cements from the Late Cambrian relative to 

both the Devonian and the modern. 
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CHAPTER V 

ROLE OF STORM PROCESSES IN THE FORMATION OF PLANAR TRUNCATION 

SURFACES WITHIN THE SAN SABA MEMBER OF THE WILBERNS FORMATION 

Abstract 

The San Saba Member of the Wilberns Formation is an Upper Cambrian to 

Lower Ordovician unit which crops out along the flanks of the Llano Uplift (central 

Texas). The San Saba Member contains planar truncation surfaces that are similar to 

enigmatic planar surfaces documented in other Phanerozoic sequences. The presence 

of rare borings and truncated cements containing one-phase, primary fluid inclusions 

with seawater salinities along these surfaces support an interpretation of an early 

marine origin for the cements and further suggests that these surfaces were 

hardgrounds on the seafloor. 

Petrographic features of strata immediately overlying these surfaces such as 

reworked fossils, infiltration textures, convex-up shells and intraclasts are collectively 

characteristic of storm deposition. Associated features such as "omission lithologies," 

amalgamated truncation surfaces, and burrowed high-energy lithologies record 

fluctuations in depositional energy preceding and following hardground development. 

These relationships, in conjunction with the presence of some apparently exotic 

lithol_ogies~ indicate that the· San Saba planar surfaces (and, possibly, planar surfaces 

from other sequences) are a product of storm-related abrasion of cemented marine 

substrates. 

The presence of many of these storm-related features in lithologies underlying 

these surfaces, in conjunction with early cements exhibiting strontium and magnesium 

signatures indicative of precipitation from marine pore fluids modified by aragonite 

dissolution, suggest that episodic sedimentation events may have played a role in 

116 



hardground development in the early Paleozoic by concentrating aragonitic 01oc1asts. 

Dissolution of these clasts in seawater undersaturated with respect to aragonite may 

have facilitated calcite precipitation/ hardground development by raising pore-water 

carbonate saturation states and largely decoupling precipitation from such rate-limiting 

constraints as sediment permeability. Cements precipitating through this process may 

be a common feature of early Paleozoic shallow-marine environments and may explain 

the abundance of hardgrounds during this time interval. 

Introduction 

Surfaces of submarine lithification (hardgrounds) have been noted in carbonate 

sequences from throughout the Phanerozoic and classically have been interpreted as a 

by-product of cementation within marine environments exhibiting low rates of 

sedimentation and prolonged periods of sediment stability (Shinn, 1969). These 

surfaces may be quite variable morphologically, but most commonly exhibit an irregular 

upper surface reflecting preserved sea-floor microtopography or exhumed burrow 

networks (Fursich, 1979; Delgado, 1983; Brett and Brookfield, 1984; Garrison et al., 

1987; Wilson et al., 1992). Opposed to this common morphology are low-relief planar 

to nearly planar hardgrounds exhibiting erosional truncation apparently related to 

abrasion. These planar truncation surfaces (PTS) have been variously interpreted as a 

product of subaerial exposure, or various near-shore or submarine processes ( Weiss, 

1958; Freeman, 1966; Read and Grover, 1977; Holmer, 1983; Miller, 1992; Rankey et 

al., 1994). However, no specific mechanism has been presented which consistently 

can account for their planar morphology. Identifying the correct genetic mechanism is 

important since some of the proposed mechanisms of formation have significant 

implications for the early diagenetic history of the containing rock sequence and such 

surfaces may be genetically important bounding surfaces in a sequence stratigraphic 
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framework (Schlager, 1989). 

The San Saba Member of the Wilberns Formation (Upper Cambrian - Lower 

Ordovician) of central Texas contains multiple marine hardgrounds that exhibit planar 

truncation. This study describes petrographic features and relationships within the 

lithologies both above and below these surfaces which allow their mode of origin to be 

evaluated. 

Study Area 

This study focuses on the San Saba Member of the Wilberns Formation (Upper 

Cambrian - Lower Ordovician) which crops out along the flanks of the Llano Uplift in 

central Texas. Three stratigraphic sections were measured and described as part of this 

study (Figure 5.1 ). Two sections (sections 1 and 2) (Figures 5.2 and 5.3) crop out 

within 0.4 km of one another in Gillespie County on the south flank of the uplift. 

Section 3 (Figure 5.4) crops out in San Saba County along the northwest flank of the 

uplift. All three sections contain numerous planar truncation surfaces and have 

sufficient biostratigraphic control to allow some degree of correlation. The conodont 

biostratigraphy of section 1 has been documented by Miller (1987). The conodont 

biostratigraphy for section 2 is also from Miller (unpublished personal communication). 

The conodont biostratigraphy for section 3 was completed as part of this study 

(Appendix G). 

The entire stratigraphic thickness of the San Saba (except for lowest 13 meters) 

was measured at locality 1 (in 2 adjoining sections). Sections 2 and 3 are partial 

sections which describe intervals within the grainstone-rich central part of the member 

(refer to Appendix A for complete sections). Truncation surfaces (23 total) from all 

three sections were sampled to allow more detailed petrographic analyses. 
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Figure 5.1: Location map of study area (refer to Appendix A for detailed locations). 

Black areas delineate the surface distribution of the Wilberns Formation and the shaded 

area delineates the Precambrian core of the Llano Uplift (modified from the Geologic 

Atlas of Texas, Llano Sheet, 1981). Circles with corresponding numbers indicate the 

location of measured sections. Inset shows approximate location of Late Cambrian 

equator. 
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Figure 5.2: Stratigraphic section of the Cambrian-Ordovician boundary interval from the 

composite section at locality 1 , illustrating the distribution of planar truncation surfaces 

(TS) and oolite within the interval. Stratigraphic position of truncation surfaces are 

marked in column to the right of depositional texture. Numbers indicate meters above 

base of the upper (Lange Ranch) portion of the composite section. At locality 1, the 

base of the San Saba occurs approximately 66 meters below the interval illustrated in 

this figure and the top of the San Saba occurs approximately 15 meters above the top 

of the illustrated interval. The key to symbols is presented in Figure 3. Conodont 

biostratigraphic zonation is from Miller (1987). The uppermost depositional cycle of 

Osleger and Read ( 1 993) extends from near the base of the San Saba to the Cambrian-

Ordovician boundary (marked as CI O on this figure). Short intervals of section lacking 

a description of depositional texture are composed of dolomitic siltstone. 



M
W

P
G

T
s
..

.,
..

 _
_

 
M

W
P

G
T

S
 

M
W

P
G

T
s
_

_
_

 
M

W
P

G
T

S
 

• 
• 

...,
., 

II>
 

• 
IZ

i)
. 

C
: 

2
9

-
II>

 
• 

• 
8 

0 
-
-
~

 
0 

is.,,
,....,

..,...
 

c: 
• 

• 
• 

1:j
 

2
4

-
1:j

 
19

-1
11

11
11

 
I 

...,.,
 

• 
(/) 

.•
 ,. 

-l
!i

~~
 ...

 
I-

,-.
..,

...
;;,

\ 
.2

 
• 

Cl
) 

Cl
) 

't
, 

• 
Q

 
::::, 

.a 
II>

 
• 

• 
5 

cu 
i,.;..

,.__
.....

._ 
E 

• 
.. 

• 
,,-~

,-.,
_._

 
g>

 
,__

..:.
:..,

_ 
cii 

:2
 

i--
,:::

...:
,,,-

;.,~
 

0 
33

 -
~s

::
::

;i
=;

i~
 

1:
 

Cl
) .a 

F
r-

-=
 ..
..

..
. 

! 
Cl

l 
2

8
-

::::, 
C:

 
-

lii
:.w

:ie
d 

-= 
'8 

o 
23

 
::::, 

-
'8 

-
E 

18
-1

11
11

11
 

l·"
TC

·I 
5 

2 O
 

0 
:f

 
iu 0 

111
11~

 
3

2
-

0 
* . 

--
-

* c
;:, 

()
 

Cl
l 

2
7

-

•1
-II

IIU
I-~

 
22

-1111
111 

l~°
o; 

I_ 
0 

--
:, 

Cl
) 
5 

--
::

i.:
li~

 
II>

 
::

::
,N

 
C:

 
II>

 
t:

.c
 

0 
C

: 
O

::
::

J 
N

 
-

'8 
C

l) 
31

 -
.g 

.c
 

= 
C

l) 
2

6
-

....
....

....
....

.. 
Cl

) 

~
~

!9
=

\ 
::::, 

~
-

-~
-~

 ~
o

 
--

-~
-

16
-1

11
11

11
 

t
;
~

l
 

-r:
i~

~{
:J

 ... _
_

 
i.

:.
..

_
.a

.-
g>

 
£ 

£ 
E 

.....
.. -

~c
-,

.;,
;..

.~
 

a,
 d 

~-
<IF

" 
• 

• 
Cl

l 
..

..
.,

..
~

,.
..

._
 

N
 

., ,
, .

 . 
·g 

.c
 

. =
 .'f"

".,.,
 

.... 
::

::
::

 
2

5
-

• 
0 

2
0

-
(/) 

I 
[ 

.
0

 
• 

<IS
 

::::
, 

15
-1

11
11

11
 

1-,
.~-

= 
0 

._.,
,,,,_

,er'
 

i 
d 

= 
-

-
*•

d 
-

• 
e 

'f"
· 

=·
 

t 
m

m
~ 

::c
 

.r
l*

 



Figure 5.3: Measured section of the Cambrian - Ordovician boundary interval from 

locality 2 (upper portion of the San Saba Member), illustrating the distribution of planar 

truncation surfaces. Numbers indicate meters above base of the section. Conodont 

biostratigraphy is from Miller (pers. comm.). Short intervals of section lacking a 

description of depositional texture are composed of dolomitic siltstone, with the 

exception of the 7 .1 to 7 .5 meter interval which is composed of thrombolitic 

boundstone and on-lapping packstone. 
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Figure 5.4: Measured section (Ordovician) from locality 3 illustrating the association of 

truncation surfaces and coarse-grained beds. The occurrence of thin grain-rich beds 

within what is otherwise a mud-rich sequence is also a feature commonly associated 

with storm deposition. 
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Stratigraphy 

The Wilberns Formation has been interpreted as a transgressive-regressive 

marine sequence stratigraphically and genetically correlative with the Mistaya Grand 

Cycle of the Canadian Rockies (Ruppel and Kerans, 1987). More recently, the Upper 

Cambrian portion of the Wilberns has been interpreted as two successive third-order, 

upward-shallowing depositional sequences resulting from eustatic changes in sea-level 

(Osleger and Read, 1993). The Wilberns Formation was deposited on a shallow-water 

ramp (Ahr, 1973) that sloped to the south and southeast into a deeper water basin 

(Barnes and Bell, 1977). Paleocontinental reconstructions place the Wilberns ramp at 

an equatorial latitude (Farr and Gose, 1991; Figure 1 ). 

The San Saba is the upper member of the Wilberns Formation. Lithologically, 

the San Saba exhibits moderate lateral variability, with algal bioherms being an 

important component in some areas (Ahr, 1971 ). In the study area, the San Saba 

predominantly consists of peloidal packstone and fossiliferous and oolitic packstone and 

grainstone. In general, the San Saba stratigraphic succession can be described as 

follows: a thick interval of thin-bedded peloidal packstone with low faunal diversity 

dominates the lower San Saba; higher in the section, cross-stratified fossiliferous 

packstone and grainstone, with sporadic thin oolitic packstone to grainstone beds, 

become an increasingly important component of the sequence and persist through the 

Cambrian - Ordovician boundary (base Fryxellodontus inornatus conodont subzone) 

(Figure 5.2). Mudstone and peloidal wackestone/packstone are present, but rare in the 

fossiliferous part of the sequence. Cross-stratification, which is common at the base of 

the fossiliferous interval, is rare in the Cambrian - Ordovician boundary interval and 

burrowing is very prominent. Peloidal packstone becomes the dominant lithology higher 

in the San Saba. This stratigraphic succession is generally consistent with a 

progressive shift from outer to inner ramp deposition resulting from a relative fall in sea-
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level. 

Truncation surfaces at the top of the Ptychaspid Biomere and at the zone 3 I 

zone 4 boundary of the Ptychaspid Biomere (as defined by Stitt, 1971, 1975) have 

been interpreted to have formed as a result of subaerial exposure of part of the San 

Saba ramp and these inferred events have been referred to as the Lange Ranch Eustatic 

Event (Miller, 1987). Graphic correlation of the Wilberns section to a time equivalent 

section from Oklahoma (Hood, 1 989) indicates that these two surfaces within the San 

Saba (at elevations of 20.9 and 17.5 meters of section 1) occur where part of the San 

Saba stratigraphic interval is missing, either from erosion or nondeposition. 

Planar Truncation Surface Stratigraphy 

Planar truncation surfaces were observed and sampled in all three stratigraphic 

sections measured during this study. However, planar truncation surfaces within 

section 1, which is the only measured section that spans most of the San Saba, are not 

uniformly distributed. Planar truncation surfaces are relatively rare and isolated within 

both the upper and lower peloid-rich parts of this section (Figure 5.5). These surfaces 

are relatively common only in the 10-meter-thick interval of this section which brackets 

the Cambrian - Ordovician boundary (Figure 5.2). Strata within this part of the 

sequence are dominantly coarse-grained with common oolitic lithologies, which occur as 

isolated packstone to grainstone beds that are uniformly less than 1 meter in thickness. 

Coarse-grained beds within this interval preserve some cross-stratification. It is 

significantly less common, however, than lower in the section (the 22 to 35 meter 

interval of the composite section). Burrowing, conversely, is pervasive throughout this 

interval. 

Section 2 is also from the boundary interval and truncation surfaces from this 

section exhibit lithologic relationships similar to section 1. Section 3, however, extends 
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Figure 5.5: Histograms of PTS abundance relative to stratigraphic position, illustrating 

the preferential association of PTSs with the central, grain-rich portion of the San Saba 

and apparent lack of correlation of many of these surfaces between sections. 

Histogram scale is number of PTS per each two meter interval of section. 
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from the Cambrian - Ordovician boundary interval into the peloid-rich upper part of the 

San Saba. Planar truncation surfaces also occur within this part of section 3, but are 

preferentially associated with thin fossiliferous packstone to grainstone beds. 

The availability of an existing conodont biostratigraphic zonation for sections 1 

and 2, and the identification of conodont biostratigraphic zones in section 3 as part of 

this study, allows some inferences to be made about the correlation of individual 

truncation surfaces between these three sections. In the Cambrooistodus minutus 

subzone, the two lowest truncation surfaces illustrated for section 1 (Figure 5.2) occur 

at the same stratigraphic position as the lowest truncation surface in section 2 (Figure 

5.3). The upper surface in section 1 approaches the lower surface within the length of 

outcrop of section 1 . Therefore, it is possible that these two surfaces merge laterally 

and occur as a single surface in section 2. Two other planar truncation surfaces occur 

within this interval of section 1 whereas no other PTS were noted in this interval of 

section 2. However, the lack of additional surfaces in this interval of section 2 may be 

due to the presence of several covered intervals in this part of the section. One 

truncation surface was noted just below the top of the Hirsutodontus hirsutus subzone 

of section 2, but no surface was present in a comparable position of section 1 . Both 

sections contain a truncation surface at the top of the H. hirsutus subzone (Cambrian-

Ordovician boundary) with section 1 exhibiting sporadic erosional remnants above this 

surface which are laterally truncated by an overlying surface. Another PTS occurs 

about 1 /2 meter above the Cambrian - Ordovician boundary in section 2 while two PTSs 

occur at this stratigraphic position in section 1 . Planar truncation surfaces occurring 

higher in these two section do not appear to correlate. 

A few planar truncation surfaces (3) occur within the Clavohamulus elongatus 

subzone of section 1 but are restricted to the lower half of this interval. In contrast, 

this interval of section 3 contains numerous planar truncation surfaces, with many 
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occurring in the upper part of the interval. Clearly many of the surfaces in these two 

more widely separated sections do not correlate. These biostratigraphic correlations 

indicate that some of these surfaces extend minimum distances of 0.4 km, but the 

majority are not of regional extent. 

Irregular, nonplanar hardgrounds are rare within the San Saba. A few do occur 

within section 3, where they are also associated with the thin fossiliferous beds. 

Truncation Surface/Hardground Characteristics 

Individual truncation surfaces typically are planar in morphology and exhibit 

erosional truncation of underlying grains and cements (Figures 5.6 & 5.7). The majority 

of these surfaces are parallel to bedding over the length of the outcrop. One 

documented example is at 14.5 meters in the boundary interval of section 1, however, 

where one surface cuts down through a minimum of 2 cm of section over the length of 

the outcrop. Rare examples of minor undulatory relief (less than 1 cm amplitude) also 

exist in isolated areas along these surfaces. 

The only noted exception to the morphological relationships just described 

occurs at the Cambrian - Ordovician boundary of section 1 . Some large hand samples 

of the truncation surface at this boundary contain steep-sided, scalloped depressions 

which are several centimeters deep (Miller, personal communication). These scalloped 

areas apparently are· rare along this surface, however, since none were observed along 

several meters of outcrop. 

Lithologies both underlying and overlying these surfaces contain a marine biota 

of conodonts, trilobites, echinoderms, and hyolithids. Planar truncation surfaces are 

developed on lithologies ranging from ooid grainstone to peloidal packstone/ · 

wackestone. However, they exhibit a preferential association with coarse-grained 

lithologies. In sections 1 and 2, this relationship is reflected in the concentration of 
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Figure 5.6: Photomicrograph of planar truncation surface at the base of the 

Fryxellodontus inornatus subzone (20.9 meters) from the upper part of the locality 1 

composite section. Note that both grains and cements are truncated by this surface. 

Scale bar is 0.5 mm. 

Figure 5. 7: Photomicrograph of a planar truncation surface from the upper part of the 

composite section (at an elevation of 1 7. 5 meters). Note cement-filled mold below 

truncation surface. Cements inside and outside the mold are petrographically identical. 

Scale bar is 1 mm. 

Figure 5.8: Photograph of polished slab illustrating bioturbation immediately below 

truncation surface in section 2 (at elevation of 6.6 meters). Sediments underlying this 

surface were originally deposited in small-scale trough cross-beds. Subsequent to 

deposition, but prior to cementation and truncation, the upper 2 centimeters of this bed 

were bioturbated. This relationship is common to most of the truncation surfaces 

described in this study. Scale bar is 2 cm. 

Figure 5.9: Photograph of polished slab showing two truncation surfaces (arrows) from 

the upper part of the composite section (surfaces occur at the base of the 

Fryxellodontus inornatus subzone). Laterally, the upper surface merges with the lower 

surface with the bracketed sediments becoming an omission lithology. Traces of a 

second, micritic, omission lithology are also rarely evident along this amalgamation 

surface (see Figure 5.10). Scale bar is 2 cm. 
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these surfaces within the central coarse-grained portion of the San Saba (Figure 5.5) 

and, in section 3, by the occurrence of these surfaces within thin coarse-grained, 

fossiliferous beds and their absence from intervening peloidal lithologies (Figure 5.4). 

Also noteworthy is that substrates consisting of mud-poor lithologies such as 

fossilferous and ooid grainstone, which would be associated with deposition within a 

high-energy environment, almost invariably exhibit bioturbation of varying degrees that 

occurred prior to hardground development (Figure 5.8). 

Another common feature within the San Saba are intervals of amalgamated 

hardgrounds/planar truncation surfaces, where the intervening lithologies are truncated, 

to varying degrees, by the upper of two surfaces (Figure 5.9). In extreme cases, the 

upper truncation surface may merge with the lower truncation surface with the 

intervening lithologies being reduced to mere remnants occurring as isolated pedestals 

(Figure 5.10), documenting minimum removal of several centimeters of lithified to semi-

lithified sediment. The presence of intraclasts overlying most of these surfaces which 

are dissimilar to underlying lithologies may document the complete removal of some 

lithologies (omission lithologies). 

Evidence of colonization of these hard substrates by marine biota is relatively 

rare. Borings have been noted along a few surfaces (Figure 5.11) and vaguely 

laminated micritic crusts, which may have algal or microbial affinities, also have been 

noted in rare instances (Figure 5.12). Areas of structureless, non-fabric selective 

micritization are also rare along these surfaces, as is evidence of mineralization. 

Petrography 

Several petrographic features or relationships appear to be common to most if 

not all lithologies associated with San Saba planar truncation surfaces. 

lntraclasts are significant components of sediments overlying San Saba 

129 



Figure 5. 10: Photomicrograph of an erosional remnant overlying a truncation surface 

from the upper part of the composite section (at an elevation of 20.9 meters) . Such 

remnants imply that at least some of these surfaces acted as "erosional base-levels " . 

Circular structure near fracture is a filled burrow. PTS at base of figure is the lower 

surface in figure 5.9. Scale bar is 2 mm. 
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Figure 5.11: Small borings penetrating grains and cement at a truncation surface from 

the upper part of the composite section at an elevation of 21.4 meters. Scale bar is 

0.1 mm. 

Figure 5.12: Laminated micrite at a truncation surface from the upper part of the 

composite section at an elevation of 20.9 meters. The layering may be stromatolitic in 

origin. Scale bar is 1 mm. 

Figure 5.13: Photomicrograph of a girvanella boundstone clast overlying a truncation 

surface from the upper part of the composite section at an elevation of 20.9 meters. 

This clast is either an omission lithology or it is exotic. Scale bar is 0.5 mm. 

Figure 5.14. Photomicrograph of the margin of a fossil fragment with dolomitized mud 

fill which exhibits truncation of dolomite at the clast margin (arrows). Clast occurs 

immediately above truncation surface at 17 .6 meters within the upper part of the 

composite section. The sediments underlying this truncation surface do not contain 

dolomite. Scale bar is 0.25 mm. 
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truncation surfaces (exhibited by 78% of lithologies immediately overlying these 

surfaces). The association of intraclasts with hardgrounds is not unusual (Ziegler & 

Ginsburg, 1974). However, intraclasts of the cemented lithologies truncated by these 

surfaces are rare to nonexistent in the lithologies overlying the surfaces. Rather, the 

majority of the intraclasts associated with San Saba planar truncation surfaces are 

dissimilar to underlying lithologies. These intraclasts represent either exotic lithologies 

or have been derived from underlying units that have been complete_ly removed by 

erosion. Mudstone clasts are particularly common but other types, such as girvanella 

boundstone (Figure 5.13), oolitic packstone, and clasts containing truncated dolomite 

(Figure 5.14), are locally abundant. 

Micrite-coated grains and micrite-filled fossils are also very common 

constituents of the lithologies overlying these surfaces (exhibited by 74% and 48% of 

overlying lithologies, respectively). Micrite-coated grains generally are fragments of 

trilobites or brachiopods with adhering carbonate mud (Figure 5.15). Gastropod and 

hyolithid shells are the dominant micrite-filled component (Figure 5.16). Particularly 

noteworthy, however, is the occurrence of these micrite-filled or micrite-coated 

components within what would otherwise be classified as grainstones or mud-lean 

packstones. Mud-rich beds containing similar mud-filled fossils do occur sporadically 

within the San Saba and offer a potential source for these grains. 

Infiltration textures (shelter porosity) are also very common (exhibited by 65%) 

within lithologies immediately overlying PTSs (Figure 5.17). Furthermore, lithologies 

overlying these surfaces commonly grade into a mud-rich packstone or wackestone 

(48%) as a result of a proportional increase in these infiltration fabrics as distance from 

the truncation surface increases (Figure 5.18). 

Large, whole shell fragments (brachiopods, trilobites, etc.) are generally rare 

within the coarse-grained lithologies of the San Saba. Where they do occur within the 
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Figure 5.15: Photomicrograph of micrite-coated brachiopod fragments overlying the 

truncation surface at an elevation of 6.9 meters in section 2. A gastropod steinkern is 

also partially visible at the upper right. Scale bar is 0.5 mm. 

Figure 5.16. Photomicrograph of a gastropod steinkern overlying the truncation surface 

at 21.4 meters of the upper part of the composite section. Note that geopetal micrite 

is in depositional contact with internal micrite of the steinkern, indicating dissolution of 

the outer shell predated transport. Scale bar is 1 mm. 

Figure 5.17: Photomicrograph illustrating infiltration textures which are commonly 

found overlying these truncation surfaces. Photomicrograph is of sediments overlying 

the truncation surface at 21.4 meters of the upper part of the composite section. Scale 

bar is 0.5 mm. 
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Figure 5 .18: Photomicrograph illustrating the upward increase in mud content above the 

truncation surface at the base of the Fryxellodontus inornatus subzone within the upper 

part of the composite section. Scale bar is 2 mm. 
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strata directly overlying these planar truncation surfaces (11 %), they predominantly 

exhibit a convex-up orientation (Figure 5.19). These shells are almost invariably 

associated with shelter porosity. An isolated occurrence of shell imbrication was noted 

above one PTS (Figure 5.20) but is otherwise absent from the lithologies overlying 

these surfaces. 

Cross-stratification is relatively rare within the boundary interval but 

occasionally can be found in the lithologies above and below some of the truncation 

surfaces (22%). 

Overall, 7 4 % of the lithologies overlying these surfaces exhibit at least 3 of the 

features described above. As many as 6 of these features can be found in some of the 

lithologies overlying these surfaces. 

Although not as common, these same petrographic features can be found within 

the lithologies on which these planar truncation surfaces are developed (44% exhibit at 

least 3). However, if those lithologies which are bracketed by two immediately 

adjacent truncation surfaces are disregarded, this percentage falls to 17%. 

Another characteristic common to all San Saba PTSs is the rarity of boring and 

encrustation and the complete absence of attached fauna, which are features 

commonly associated with other Paleozoic hardgrounds (Goldring and Ka:tmierczak, 

1974). 

Cements 

Bladed cements, which are the dominant cement type below these surfaces, 

contain one-phase primary fluid inclusions, 80% of which occur within a dominant final 

melting temperature of ice (Tm;cel peak between -1.7 and -2.5 ° C (Johnson and 

Goldstein, 1993). This dominant mode in the data is centered at the salinity of modern 

seawater (3.5 wt% NaCl equiv.). These data, along with the petrographic evidence of 
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Figure 5.19: Close-up of convex-up oriented shells also evident in figure 5.18. Note 

also the shelter porosity associated with these shells, the intraclast (al, and mud-coated 

brachiopod fragment (bl. Scale bar is 1 mm. 

Figure 5.20: Photomicrograph of imbrication of brachiopod shells above the PTS 

occurring at the Cambrian - Ordovician boundary in the locality 1 composite section. 

Note shelter porosity occuring below imbricated shells. Scale bar is 2 mm. 

Figure 5.21: Cathodoluminescence zonation in bladed cements below truncation 

surface at an elevation of 20.9 meters of the upper part of the composite section. This 

well-preserved zonation indicates that these areas have not undergone recrystallization. 

Cathodoluminescence brightness is exaggerated by long exposure time to enhance 

differentiation of zones. Scale bar is 0.1 mm. 
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early truncation of these cements and the absence of vadose textures such as meniscus 

and pendant cements indicate that these cements precipitated from marine fluids 

shortly after deposition of the enclosing sediment. 

These bladed cements range in cathodoluminescence from dull to 

nonluminescent with some of the nonluminescent areas rarely displaying very dull 

growth zones (Figure 5.21). The nonluminescent to very dully luminescent areas of 
A 

these cements have been interpreted to be relatively unrecrystallized based on the 

preservation of primary fluid inclusions with marine salinities, high strontium contents, 

and the well-defined growth zonation (Johnson and Goldstein, 1993). Even though 

they apparently have not undergone recrystallization, these nonluminescent areas 

exhibit a distinctive and consistent negative covariant relationship between strontium 

and magnesium levels (Figure 5.22), a trend opposite that expected for cements 

precipitating directly from unmodified seawater (Carpenter et al., 1991 ). The observed 

relationship is most easily interpreted to be a result of precipitation of these cements 

below the sediment-water interface from marine pore fluids modified by aragonite 

dissolution (see Chapter 4 for a detailed discussion), where pore-fluid Sr/Ca ratios 

increased and Mg/Ca ratios decreased as aragonite dissolved. 

Petrographic evidence for early aragonite dissolution has been previously 

recognized immediately below some of these surfaces (Grimm, 1986) and was also 

noted during this study. In some of the more micrite-rich intervals, molluscan shells, 

which were likely aragonitic, have been completely leached away, with the remaining 

void space being filled with cemerit and, rarely, internal sediment. This internal 

sediment forms geopetal fills in some mollusc molds (Figure 5.23) but lacks evidence of 

vadose silt or desiccation. This indicates that dissolution took place early and 

sufficiently close to the sediment-water interface to allow sediment infiltration. In mud-

lean intervals, the former presence of probable aragonitic bioclasts is evident in the 
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Figure 5.22: Trace-element cross-plot for bladed cements truncated at four 

separate surfaces within the upper part of the composite section (16.8 m, 

17.5 m, 20.9 m, and 21.4 m). The plot illustrates the prominent negative 

covariation between strontium and magnesium displayed by the 

nonluminescent to very dully luminescent areas of these cements. 
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Figure 5.23: Photomicrograph of a mollusc mold filled with internal sediment. The 

darker geopetal fill (al occurred prior to dissolution of the mollusc shell. The second, 

lighter geopetal fill, consisting of pelleted micrite, occurs on top of the earlier fill and 

within the void space previously occupied by the shell (arrows), indicating internal 

sedimentation occurred after dissolution of the shell (from just below a truncation 

surface at an elevation of 11.4 meters of section 3). Scale bar is 1 mm. 

Figure 5.24: Photomicrograph illustrating a trilobite-dominant biotic assemblage 

underlying a truncation surface at an elevation of 5 meters of the upper part of the 

composite section. Scale bar is 2 mm. 

Figure 5.25: Photomicrograph illustrating the contrast in dolomite abundance across 

PTS occurring at an elevation of 17. 5 meters in the upper part of the composite 

section. Note that dolomitization of micritic grains and fossil in-fills is very common 

above this surface but virtually absent below it. Scale bar is 2 mm. 
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form of cement-filled molds. The cements within these molds are petrographically 

identical to cements outside the molds which have been truncated at the hardground 

surface, constraining the timing as being early and close to the sediment-water 

interface (Figure 5.6). In addition to gastropod external molds, gastropod internal molds 

(steinkerns) are very common throughout the San Saba. These steinkerns commonly 

show interparticle micrite resting immediately adjacent to the steinkern surface, 

indicating that the steinkern was deposited after dissolution of the enclosing shell and 

demonstrating that aragonite dissolution occurred very early. 

Grimm (1986) interpreted these petrographic relationships to be indicative of 

subaerial exposure, however the lack of association of vadose textures (meniscus and 

pendant cements, vadose silt) or karst features with these 'occurrences of early 

aragonite dissolution, in conjunction with evidence that it occurred very close to the 

sediment water interface, suggests that this dissolution event occurred within a marine 

environment and is not related to subaerial exposure. 

Syntaxial calcite cements also occur at and immediately below some of these 

surfaces but are relatively rare. One such occurrence is at the base of the 

Hirsutodontus hirsutus subzone in section 1 . In this occurrence, these cements also 

exhibit evidence of truncation penecontemporaneous with deposition. In contrast to the 

bladed cements, however, one-phase fluid inclusion Tm;c• data do not display any 

prominent mode but, rather, exhibit a fairly uniform distribution between -1 .7 and 

-12.4° C (see.Figure·4.16). This range in Tm;c• values and the mottled luminescence 

exhibited by this cement has been interpreted to be indicative of recrystallization during 

burial (see Chapter 4 for a detailed discussion). Strontium and magnesium content of 

these cements show no consistent relationship. 
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Interpretation 

Morphologic and petrographic features associated with these planar truncation 

surfaces constrain the type of processes which could be responsible for their formation. 

The extremely low relief typical of these surfaces and the abundance of 

intraclasts, micrite-coated grains and micrite-filled fossils in the mud-poor lithologies 

overlying these surfaces require a high-energy genetic mechanism with significant 

erosive capability, as opposed to karst or bioerosion (Ginsburg, 1953). However, the 

common association of infiltration fabrics and an upward increase in mud with the 

lithologies overlying these surfaces, and burrowing of cross-stratified and oolitic 

lithologies below them, indicate that these high-energy events typically waned in 

strength. Also significant is the localization of truncation surface development to the 

interval of the San Saba interpreted to represent a low stand in sea-level (Osleger and 

Read, 1993). 

Examples of processes which could be considered potential genetic mechanisms 

include tidal currents, density and turbidity currents, subaerial exposure associated with 

a relative fall in sea level, and storm processes. However, most of these processes fail 

to explain all of the features associated with the San Saba truncation surfaces. 

Changes in relative sea-level can produce changes in energy level within the 

depositional environment and, therefore, offers one potential mechanism to explain 

features associated with these surfaces indicating multiple shifts in depositional energy 

within very small stratigraphic intervals. It is also consistent with the correlation of the 

majority of these surfaces with the portion of the San Saba interpreted as a sea-level 

lowstand. However, the inability to correlate these surfaces laterally over significant 

distances (and some over relatively short distances) provides a strong argument against 

this mechanism. In addition, features commonly associated with subaerial 

exposure/erosion of carbonates, such as karsting, pendant and meniscus cements, and 
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vadose silt are absent, as are strata indicative of intertidal conditions such as fenestral 

and tidal laminites. Furthermore, San Saba strata lack any evidence of cyclicity which 

would be expected as a result of eustatic forcing (Osleger and Read, 1993). Bracketing 

lithologies are marine in character, as are the hardground cements and associated 

primary fluid inclusions. This evidence suggests that the genetic mechanism is 

submarine in nature. 

Tidal channels typically exhibit erosive bases and, with lateral migration, could, 

theoretically, produce locally planar surfaces. The lack of evidence of channelization 

associated with any of the San Saba truncation surfaces, evidence that some of these 

surfaces extend laterally between sections at the same stratigraphic position (for 

minimum distances of 0.4 km), lack of evidence for subaerial exposure, and rarity of 

sedimentary structures typically associated with tidal flow such as flaser bedding, tidal 

rhythmites, and herring-bone cross-stratification are inconsistent with such a 

hypothesis. Between section comparisons also indicate that these surfaces are not 

strictly limited to one facies or sediment type but are associated with a variety of 

coarse-grained lithologies. 

Thermal and saline density currents have also been called upon as a mechanism 

for episodic submarine erosion (Harms, 1974). However the overall shallow-water ramp 

depositional environment for the San Saba, lack of distinctive facies tracks indicative of 

a steep slope or an adjacent restricted basin which could promote density stratification, 

the localization of most truncation surfaces to the stratigraphic interval interpreted to 

represent a sea-level lowstand, lack of any evidence for channelization and rarity of 

sedimentary structures indicative of unidirectional down-slope currents are all 

inconsistent with this hypothesis. Furthermore, the Sa_n Saba sequence does not 

contain evaporites which might be expected to be associated with saline density 

currents forming in an up-slope position. 
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Turbidity currents are episodic erosive and depositional agents that are capable 

of producing many of the features indicative of waning strength events evident in the 

San Saba. However, turbidites generally would not be expected to form in a shallow-

water carbonate ramp environment, such as that interpreted for the San Saba, since 

turbidites are typically associated with steep slopes and deep-water basins (Bouma, 

1962). In addition, the San Saba lacks the graded intervals and ordered and repetitive 

vertical sequences of sedimentary structures and lithologies so characteristic of 

turbidites. Furthermore, the planar, bedding-parallel morphology of these surfaces could 

not easily be produced by a single erosive event. 

All of the petrographic and depositional relationships exhibited by the lithologies 

bracketing these surfaces have been directly associated with storm processes (Kreisa & 

Bambach, 1982). lntraclasts and mud-coated grains record the erosion and reworking 

of underlying lithologies, possibly with some degree of directional transport. Convex-up 

oriented shells preserve the aerodynamic response of these grains to tractional transport 

(Kreisa, 1981 ). Infiltration fabrics record the settling out of finer-grained material from 

suspension during the waning stages of these events. The presence and mutual 

association of these features within sediments overlying (and, to some extent, 

underlying) these hardgrounds suggests that storm processes played a role in 

hardground planation through long-term abrasion of cemented horizons. 

Stratigraphic relationships offer additional evidence for a cause-and-effect 

relationship for the association of features indicative of storm erosion and deposition 

with these planar truncation syrfaces. Evidence for erosional truncation of a 

hardground, in of itself, implies that the erosion mechanism is episodic, since seafloor 

cementation of grain-rich substrates requires both low rates of sedimentation and 

prolonged periods of sediment stability in order for continuous hardgrounds to form 

(Shinn, 1969). The bioturbation of high-energy lithologies (ooid and fossilferous 
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grainstones) prior to hardground development and the presence of amalgamated 

hardgrounds and omission lithologies above some of these truncation surfaces further 

document significant changes in depositional energy both preceding and following 

hardground formation. This evidence for significant and multiple shifts in energy within 

the stratigraphic interval immediately surrounding PTSs not only supports a storm 

process mechanism for hardground truncation but suggests that, in many cases, the 

sediments on which hardgrounds are developed are also storm deposits. 

The association of PTSs with grain-rich lithologies in all three sections also 

provides important information on their mode of origin. In section 1 and 2, PTSs are 

preferentially associated with the thick, central grain-rich portion of the San Saba. In 

section 3, which is dominantly composed of peloidal packstone, PTS are preferentially 

associated with thin interbedded grain-rich shell beds. This association, in section 3, of 

PTSs with sporadic shell beds suggests that hardground formation and truncation was 

related to episodic events rather than the normal mode of background sedimentation, 

which is apparently represented by the thin-bedded peloidal packstone. Such shell beds 

are a common and characteristic product of storm winnowing and transport, with 

number and thickness of these beds being a function of the original position of the 

section (proximal vs. distal) on the ramp (Aigner, 1985). PTS occurrence in sections 1 

and 2 can not be clearly addressed in terms of background sedimentation patterns 

since it is unclear what percentage of the lithologies within the PTS interval of these 

sections resulted from normal sedimentation processes. Although petrographic features 

characteristic of storm deposits are less numerous in intervening strata than in 

lithologies immediately overlying truncation surfaces, features such as intraclasts and 

infiltration fabrics are relatively common, which sugge~ts that much of the grain-rich 

intervals of these section may have originated as amalgamated storm deposits. 

- A storm origin for at least some of the lithologies within the PTS-rich interval of 
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section 1 is further supported by some anomalous lithologic relationships. Thin ( < 1 

meter thick), isolated beds of ooid grainstone/packstone occur within the Cambrian -

Ordovician boundary interval of sections one and two. Uniformitarian comparisons 

indicate that such thin beds of oolite (with constituent ooids exhibiting well developed 

cortices) are inconsistent with their normal mode of origin, since modern ooid formation 

is predominantly restricted to high energy shoal, tidal delta, and beach environments, 

where thick intervals of oolite accumulate (Ball, 1967; Hine, 1977; Lloyd et al., 1987; 

Loreau & Purser, 1973). It appears likely, therefore, that such thin beds of bioturbated 

ooid grainstone/packstone are allocthonous and were transported from the high energy 

environments in which they formed. Observations within modern ooid-forming 

environments indicate that significant transport of ooid sands, in both a bankward and 

seaward direction, occur only during severe storms and hurricanes, with normal daily 

tidal processes causing only minor reworking (Ball, 1967; Perkins and Enos, 1968; Hine, 

1977; Aigner, 1985). 

Fossiliferous lithologies within the boundary interval also exhibit some unusual 

relationships suggestive of transport. Individual beds within this interval typically 

exhibit a moderately diverse biotic assemblage which is commonly dominated 

numerically by one particular fossil group (with trilobites, echinoderms, and gastropods 

being common dominating groups) (Figure 5.24). The dominant fossil group is 

commonly different, however, in successive beds, without any associated evidence that 

environmental conditions had changed. This relationship suggests that these lithologies 

have seen some degree of lateral transport and are derived from different 

subenvironments of the San Saba ramp. Previous work (Kreisa, 1 981) has suggested 

that directional transport of sediments duri_ng storms is.restricted to shallow; proximal 

settings. Such a relationship is consistent with the predominance of coarse-grained 

shell beds within sections 1 and 2 (Aigner, 1985), but the presence of extensive 
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bioturbation and rarity of cross-stratification suggests that this environment was largely 

protected from normal effective wave processes. 

The presence of clasts containing truncated dolomite overlying some of these 

surfaces may also be significant. In most such cases, underlying lithologies do not 

contain dolomite (Figure 5.25). This suggests the dolomitic clasts are either an 

omission lithology or were derived outside the site of deposition. Perkins and Enos 

(1968) documented examples of supratidal-derived clasts containing early dolomite that 

were apparently transported onto the Bahamas shelf during storms. 

The lithologic and petrographic evidence just cited supports a storm-mediated 

role in hardground formation and truncation. However, this does not necessarily 

indicate that individual storm events are responsible for such planar surfaces. The 

presence of multiple hardgrounds at some horizons and their lateral amalgamation, 

along with the presence of probable omission lithologies at most hardgrounds, suggests 

that these planar surfaces are likely the product of multiple storm-related erosional 

events. This evidence suggests that some particularly well cemented horizons probably 

acted as "base levels" (reference horizons of Seilacher (1982)) to which successive 

storms continually eroded. Such a scenario could potentially produce a planar erosion 

surface after many episodes of erosion. 

Geochemical and petrographic evidence that cements associated with these 
,,,------._ 

surfaces precipitated from marine pore fluids modified by aragonite dissolution may 

have further .implications for the role storm processes played in hardground 

development during the early Paleozoic. 

In addition to the relationships documented in this study, evidence for the early 

seafloor dissolution of aragonite has been noted in a number of other Ordovician 

sequences that also contain hardgrounds (Delgado, 1983; Palmer et al., 1988; Wilson 

et al., 1992). This evidence is consistent with the current hypothesis that the early 
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Paleozoic was a time of elevated atmospheric pC02 levels (Berner, 1990) and a time 

when calcite precipitation dominated over aragonite (Sandberg, 1985). During such 

intervals of elevated pC02 and calcite dominance, seawater likely exhibited lower 

overall carbonate saturation states. Under such conditions, extensive seafloor calcite 

precipitation may have been relatively rare and restricted to those sediment intervals 

containing an aragonite source sufficiently large to raise pore-water carbonate 

concentrations to levels necessary to induce and maintain calcite precipitation. The 

preferential association of many of the San Saba surfaces with storm-produced shell 

beds, and rarity of both hardgrounds and shell concentrations in interbedded peloidal 

strata, suggests storms may have played a crucial role in the hardground development 

during this time interval. 

Petrographic and geochemical studies of hardgrounds from other geologic 

intervals interpreted as times of calcite dominance over aragonite, such as the Jurassic 

and Cretaceous, would provide further information on the significance and extent of this 

process as a Phanerozoic cementation mechanism. 

Conclusions 

Results of this study indicate that planar truncation surfaces within the San 

Saba Member of the Wilberns Formation originated within a marine environment on the 

basis of their occurrence within a marine carbonate sequence, their association with 

cements exhibiting marine signatures, and lack of any associated evidence for subaerial 

exposure. 

The close association of petrographic criteria considered characteristic of storm 

deposits with San Saba planar truncation surfaces, in conjunction with lithologic 

evidence documenting multiple shifts in depositional energy both preceding and post-

dating hardground formation indicates that storms played a major role in the planation 
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of these hardgrounds. 

The preferential association of these planar hardgrounds with storm beds and 

their rarity in interbedded (peloidal) lithologies representing normal sedimentation 

processes, in conjunction with petrographic and geochemical evidence that cement 

precipitation below these surfaces was mediated by aragonite dissolution, suggests that 

storms may have facilitated hardground development within the San Saba environment 

through the concentration of aragonitic clasts. The seafloor dissolution of aragonitic 

clasts within storm lags would raise the carbonate saturation state of the pore waters 

and promote calcite cement precipitation. 
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APPENDIX A - SAN SABA STRATIGRAPHIC SECTIONS 
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APPENDIX A.1.a.: Threadgill Creek Section 

Section crops out along Threadgill Creek and begins approximately 13 
meters above the base of the San Saba Member (as defined and 
measured by Bridge, Barnes, and Cloud, 1947)*. The approximate 
section location is indicated by arrows on the associated topographic 
map of the Threadgill Creek area. Numbers in parentheses refer to 
numbers painted on the outcrop which represent elevations measured by 
Bridge et al. ( 194 7) in their original section. 

*Bridge, J., Barnes, V.E., and Cloud, P.E. (1947) Stratigraphy of the 
Upper Cambrian, Llano uplift, Texas. Geo/. Soc. America Bi.JI/. v. 58, p. 
109-124. 
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APPENDIX A.1.b.: Lange Ranch Section 

Section begins south of road and on east side of Threadgill Creek at first 
outcrop. Base of section is approximately equivalent to the top of 
section 1 a. [Top of section 1 a occurs at an approximate elevation of 
1340 feet of the Bridge et al. ( 194 7) * composite section. Base of 
section 1 b corresponds to an approximate elevation of 1345 feet of the 
composite section (Miller, 1987) + .] Top of section 1 b is equivalent to 
the top of the San Saba as defined by Bridge et al. (1947). At an 
elevation of 39.3 meters above base the section shifts to the west side 
of the creek. 

*Bridge, J., Barnes, V.E., and Cloud, P.E. (1947) Stratigraphy of the 
Upper Cambrian, Llano uplift, Texas. Geo/. Soc. America Bull. v. 58, p. 
109-124. 

+Miller, J. F. (1987) Upper Cambrian and basal Ordovician conodont 
faunas of the southwest flank of the Llano uplift, Texas. In Early and 
Late Paleozoic Conodont Faunas of the Llano Uplift Region, Central Texas 
- Biostratigraphy, Systemic Boundary Relationships, and Stratigraphic 
Importance (Ed. by R. C. Grayson), pp. 1-22. Guidebook for Field Trip 1, 
South-Central Sect., Geol. Soc. America. 
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APPENDIX A.2.: Welge Ranch Section 

Section was measured along a small tributary which joins the east side of 
Threadgill Creek. Elevations (in feet) are painted on the outcrop. Section 
was measured by R. Goldstein and K. Hood. The section presented here 
is modified from their original section. 
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APPENDIX A.3.: Camp San Saba Section 

Section begins at prominent bed at creek level (see accompanying map). 
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of section 3 is indicated by line of arrows. (Figure modified from 
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APPENDIX A.4: Core LRH-1 (Noranda Exploration, Inc.) 

Section was measured from a core drilled approximately 13 miles west of 
Fredericksburg and 2.5 miles north of Tivydale. The measured interval 
represents the section of core interpreted to represent the San Saba 
Member (R. Farr, pers. comm.). The core is housed at the Core Research 
Center, Bureau of Economic Geology, Austin, TX (CRC Accession number 
C-06615). Sample interval in feet is 910 to 1160 feet. Section 
elevations reference depth from surface (in meters). 
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APPENDIX B - COW HEAD STRATIGRAPHIC SECTIONS 



APPENDIX 8.1.: Broom Point South Section 

Section is modified from the Broom Point South section of James and 
Stevens ( 1986) * [see the accompanying map also from James and 
Stevens (1986)). 

*James, N. P. and Stevens, R. K. (1986) Stratigraphy and Correlation of 
the Cow Head Group, Western Newfoundland, pp. 143. Geol. Surv. Can. 
Bull., v. 336. 
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APPENDIX B.2.a.: Cow Head (Beachy Cove Section) 

Section is modified from the Beachy Cove section of James and Stevens 
( 1986) * located in the northeastern part of the Cow Head peninsula [see 
accompanying map which is also from James and Stevens (1986)). 

*James, N. P. and Stevens, R. K. (1986) Stratigraphy and Correlation of 
the Cow Head Group, Western Newfoundland, pp. 143. Geol. Surv. Can. 
Bull., v. 336. 
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APPENDIX B.2.b.: Cow Head (Point of Head - Lower Section) 

Section is modified from the Lower Point of Head section from James 
and Stevens ( 1986) * which is located at the western-most tip of the 
Cow Head peninsula (see accompanying map). 

*James, N. P. and Stevens, R. K. (1986) Stratigraphy and Correlation of 
the Cow Head Group, Western Newfoundland, pp. 143. Geol. Surv. Can. 
Bull., v. 336. 
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APPENDIX B.2.c.: Cow Head (Point of Head - Upper Section) 

Section is modified from the Upper Point of Head section of James and 
Stevens ( 1986) * which is located at the western most tip of the Cow 
Head peninsula (see accompanying map). 

*James, N. P. and Stevens, R. K. (1986) Stratigraphy and Correlation of 
the Cow Head Group, Western Newfoundland, pp. 143. Geol. Surv. Can. 
Bull., v. 336. 
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APPENDIX B.3.: Lower Head Section 

Section is modified from the eastern Lower Head section of James and 
Stevens ( 1986) * which is located at Lower Head [see accompanying map 
which is also from James and Stevens (1986)). 

* James, N. P. and Stevens, R. K. ( 1986) Stratigraphy and Correlation of 
the Cow Head Group, Western Newfoundland, pp. 143. Geol. Surv. Can. 
Bull., v. 336. 
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APPENDIX C - FLUID INCLUSION DATA 

Fluid inclusion data are arranged by sample number and cement type. 
The two letter prefix of each sample number refers to the sample 
location: 

LR = Lange Ranch (San Saba member) 
CH = Cow Head peninsula (Cow Head Group) 
BP = Broom Point South (Cow Head Group) 

San Saba sample numbers refer to the stratigraphic elevation of the 
sample / planar truncation surface in the section (in meters). 
Stratigraphic position of the Cow Head samples are indicated in the 
stratigraphic sections. 

Each Tmice value in the table is associated with a number in parentheses. 
This number represents the total number of measured inclusions which 
exhibit that Tmice value for each sample. 



Appendix C. 1. San Saba member, Wilberns Formation 

LR-21.4 

Primary - Bladed cements 

one-phase 
-0.8 (1) 
-0.9 (1) 
-1.3 (1) 
-1.7 (1) 
-1.8 (2) 
-1.9 (3) 
-2.0 (3) 
-2.1 (3) 
-2.2 (4) 
-2.3 (2) 
-2.4(1) 
-2.5 (3) 
-2.7 (1) 
-2.9 (1) 
-3.2 (1) 
-4.1 (1) 

-11.1 (1) 
-15.1 (1) 

LR-20.9 

two-phase 
0.0 (2) 

-0.1 (2) 
-1.1 (1) 
-2.0 (2) 
-8.4 (1) 
-8.7 (1) 

-10.4 (1) 
-11.6 (1) 
-12.1 (1) 

unknown 
-3.1 (1) 
-3.4 (1) 
-8.6 (1) 
-9.0 (1) 

Primary - Syntaxial cements 

one-phase 
-2.2 (1) 
-3.0 (1) 

Primary - Bladed cements Primary - Equant cements (above HG) 

one-phase 
-1.6 (2) 
-1. 7 (2) 
-1.8 (1) 
-1.9 (4) 
-2.0 (2) 
-2.1 (4) 
-2.2 (1) 
-2.3 (4) 
-2.5 (4) 
-2.6 (2) 
-2.7 (1) 
-3.3 (1) 
-4.6(1) 

two-phase 
0.1 (1) 

-8.7 (1) 
-9.2 (1) 

-10.2(1) 

unknown 
-1.7 (1) 
-1.8 (1) 
-1.9 (1) 
-2.2 (1) 
-2.6 (1) 
-3.2 (1) 
-6.1 (1) 

-15.4 (1) 

one-phase 
zone A 
-1.1 (1) 
-1.9 (3) 
-2.0 (7) 
-2.1 (2) 

zone B 
-1.9(1) 
-2.0 (4) 
-2.1 (2) 

zone C 
-1.7 (4) 
-1.8 (5) 
-1.9 (2) 
-2.0 (1) 
-3.8 (1) 
-5.6 (1) 

zone D 
-1 .4 (3) 
-1.5(1) 
-1.8(1) 
-2.1 (1) 

unknown 
zone B 
-2.0 (1) 



LR-20.9 

Primary - Burial cement (above HG) 

two-phase 
-14.2 (2) 
-15.5 (1) 
-16.2 (2) 

LR-17.5 

Primary - Syntaxial cement 

one-phase 
-0.8 (1) 
-1. 7 (2) 
-1.9 (2) 
-2.1 (1) 
-2.5 (1) 
-3.0 (1) 
-3. 1 ( 1) 
-3.3(1) 
-4.4 (1) 
-4.8 (1) 
-4.9 (1) 
-5.1 (1) 
-5.4 (1) 
-5.5(1) 
-6.6 (1 l 
-6.8 (1 l 
-7.0 (1) 
-7.4 (1) 
-7.5 (2) 
-8.2 (1) 
-9.3(1) 

-10.2 (1) 
-10.3(1) 
-10.9(1) 
-11.1 (1) 
-11.7 (1) 
-12.1 (1) 
-12.4 (1) 
-15.2 (1) 

two-phase 
-2.0 (1) 
-2.5 (1) 
-6.0 (1) 
-7.1 (1) 
-9.7 (1) 

-10.1 (1) 
-10.5 (1) 
-10.6 (1) 
-11.9(1) 
-12.6 (1) 
-13.7 (1) 
-15.1 (1) 
-16.5 (1) 

unknown 
0.0 ( 1) 

-0.3 (1) 
-1.5(1) 
-1.6(1) 
-1.9(1) 
-2.1 ( 1) 
-2.3 (2) 
-2.8 (1) 
-3.4 (1) 
-7.0 (1) 
-8.1 (1) 
-8.6 (1 l 
-8. 7 (1) 
-9.2 (1) 

-11.0(1) 
-12.6 (1) 
-13.2 (1) 
-13.4 (1) 
-13.6 (1) 
-16.4 (1) 

Secondary - Burial cement (above HG) 

one-phase 
-0.5(1) 
-0.8 (3) 
-3.1 (1) 
-3.3 (1 l 
-3.4(10) 
-3.6 (2) 
-3.7(1) 

two-phase 
-2.2 (1) 

unknown 
-3.2(1) 
-3.4 (1) 
-3. 6 ( 1) 



LR-16.8 

Primary - Bladed Cement 

one-phase 
-1.2 (1) 
-1.7(1) 
-1.8 (2) 
-1.9 (4) 
-2.0 (2) 
-2.1 (4) 
-2.2 (3) 
-2.3 (1) 
-2.4 (4) 
-2.5 (1) 
-8.1 (1) 
-8.2 (1) 
-8~3 (1) 
-9.3 (1) 

-13.2 (1) 

two-phase 
0.0 (1) 

-2.0 (1) 
-2.2 (1) 
-2.3 (2) 
-2.7 (1) 
-8.1 (1) 
-8.2 (2) 
-8.3 (2) 
-8.4 (1) 
-8.5 (1) 
-8.6 (1) 
-8.7 (2) 
-8.8 (1) 
-9.2 (1) 

-15.9 (1) 

unknown 
0.0 (3) 
-8.2 (1) 
-9.1 (1) 
-9.4(1) 

-18.0 (1) 

Primary - Syntaxial Cement 

one-phase 
-2.4 (1) 
-2.6 (2) 
-3.4 (1) 
-3.9 (2) 
-6.3 (1) 
-7.9 (1) 

unknown 
-7.7 (1) 

two-phase 
-2.2 (1) 
-2.4 (1) 
-2.5 (1) 
-2.7 (1) 
-3.0 (1) 
-3.7 (1) 



Appendix C.2. Cow Head Group 

BP-62 - Algal Boundstone Clast 

Primary - Bladed/Eq. Cement (recryst. fib.?) 

one-phase 
-1.8(1) 

two-phase 
-2.6(1) 

unknown 
-12.9 (1) 

-2. 1 ( 1 ) -6.4 (1 l 
-2.6 (2) -6.5(1) 
-2.9 (1) -6.6 (1) 
-3.2 (2) -7.4 (2) 
-3.4 (1) -9.3(1) 
-3.6 (1) 
-3.8 (1) 
-4.3 (2) 
-4.6 (1) 
-5.2 (1) 
-5.4 (4) 
-5.5 (1) 
-5.6 (1) 
-5.7(1) 
-5.8 (1) 
-5.9 (1) 
-6.0 (1) 
-6.1 (1) 
-7.4 (1) 
-8.9 (1) 

-18.7 (1) 

BP-63 - Algal Boundstone Clast 

Primary - Megaquartz 

one-phase 
-9.0(1) 

two-phase 
-8.7(1) 
-9. 1 (2) 
-9.2 (3) 
-9.3(1) 

-13.1 (1) 
-14.3(1) 

Th - Primary Inclusions in Megaquartz 
78-80(1) 85.4(1) 
82 - 82.4 (1) 87.5 - 87.9 (1) 
83-83.4(1) 87.7(1) 
83.4 (1) 88 - 88.4 (1) 
83.8(1) 88.2(1) 
83 - 83.9 (l) 89.5 - 89.9 (1) 
84 - 84.4 (1) 90.5 - 90.9 (1) 

91.5-91.9(1) 

Secondary - Bladed/Eq. Cement 

one-phase 
-3.1 ( 1) 

Secondary - Megaquartz 

one-phase 
-7.4 (1) 
-9.0 (1) 

unknown 
-8.2 (1) 
-8.5 (2) 
-9.2(1) 
-9.4 (1) 

-12.1 (1) 



BP-58 - Ooid Grainstone Clast 

Primary - Equant Cement (Late?) 

one-phase 
-4.4 (1) 
-6.5 (1) 
-6.8 (2) 
-6.9 (2) 
-7.1 (1) 
-7.8 (1) 
-8.1 (1) 
-8.6 (1) 
-8.8 (1) 
-9.0 (1) 
-9.2(1) 
-9.3 (2) 
-9.4 (2) 
-9.5 (3) 
-9.6 (1) 
-9.7(1) 

-10.3 (1) 
-10.6(1) 
-12.2 (1) 
-12.4 (1) 

two-phase 
-6.0 (1) 
-7.3 (3) 
-8. 7 ( 1) 
-9.0 (2) 
-9.2 (1) 
-9.3 (1) 
-9.4 (1) 

-14.4 (1) 

unknown 
-9. 1 ( 1) 
-9.2 (1) 
-9.8 (1) 

CH-28A - Algal Boundstone Clast 

Primary - Radiaxial Fibrous 

one-phase 
-9.7 (1) 
-9.9 (1) 
-10.2 (1) 
-10.3 (2) 
-10.4(1) 
-10.5 (1) 
-10.6 (3) 
-10.7 (2) 
-10.8 (4) 
-10.9(1) 
-11.1 (2) 
-11.2 (1) 
-11 .3 (2) 

two-phase 
-5.5(1) 
-8.3 (1) 
-9. 1 ( 1) 
-9.8 (1) 

-10.4 (1) 
-10.7 (1) 
-10.8 (1) 
-10.9(1) 
-11.0(1) 
-11.2 (1) 

unknown 
-9.8 (1) 

-11.0(1) 

Secondary 

one-phase 
-3.8 (2) 
-3.9 (2) 
-5.7 (1) 
-5.8 (4) 
-5.9(1) 
-6.3 (4) 
-9.3 (11 
-9.4 (1) 

unknown 
-9.3(1) 

two-phase 
-3.8(1) 
-6.3 (3) 
-9.3(1) 



CH-26 - Slope Grainstone 

Primary - Zoned Equant Cement (Late) 

one-phase (FIA-1 l 
-6.2 (1) 

two-phase (FIA-3) 
-6.7 (1) 

-7.4 (1) -6.9 (1) 
-7.5 (1) 
-7.6 (1 l 
-7.8 (1 l 
-8.7(1) 
-9.4(1) 
-9.6 (2) 
-10.1 (1) 
-10.2 (1) 
-10.5 (1) 
-10.6 (2) 
-10.7 (1) 
-10.8 (1) 
-11.1 (1) 

one-phase (FIA-2) 
-12.1 (1) 
-13.3 (2) 
-13.7 (1) 
-14.6 (1) 
-14.9 (1) 
-15.0 (1) 
-15.1 (2) 

Dolomite 

one-phase 
-7.3 (1) 
-8.1 (1) 

-10.8(1) 

two-phase 
-5.5(1) 
-5.7(1) 
-8.0 (1) 

Primary - Syntaxial Cement - in situ 

one-phase 
-7.7 (1) 
-8.4 (1) 

-10.2 (2) 
-10.7 (1) 
-11.0 (1) 
-11.3 (1) 
-11.5 (1) 
-11.6 (2) 
-13.3(1) 
-13.5 (1) 

two-phase 
-11.5 (1) 
-11.8 (1) 

Bladed (clasts-luminescent areas) 

one-phase 
-7.5 (1) 
-9.0 (1) 
-9.4 (1) 

-10.0(1) 
-11.5(1) 
-12.4 (1) 
-12.9 (1) 
-13.2 (2) 
-14.2(1) 
-15.4(1) 

two-phase 
-9.1 (1) 
-9.6 (1) 

-11.0 (1) 
-11.8 (1) 

Syntaxial Cement - clast 

one-phase 
-7.9 (1) 
-8.3 (1) 
-9.1 (2) 
-9.4 (1) 
-9.6(1) 

-10.3(1) 
-10.4(1) 
-10.5 (2) 
-11.5 (1) 
-12.4 (1) 
-12.5 (1) 
-13.4 (1) 



CH-9 - slope grainstone 

Bladed Cement (luminescent areas) 

one-phase 
-10.5 (1) 
-10.6 (1) 
-12.5 (1) 

CH-44 - slope rudstone 

Primary - Radiaxial Cements 

one-phase 
-6.3 (1) 
-6.7(1) 
-8.2 (1) 
-8.8 (1) 
-9.1 (2) 
-9.5 (1) 
-9.8 (1 l 
-9.9 (1) 

-10.2 (2) 

unknown 
-4.7 (1) 
-7.0(2) 
-8.7 (1) 



APPENDIX D - TRACE ELEMENT DATA 

Trace element data are arranged by analysis number and cement type. 
The two letter prefix of each analysis number refers to the sample 
location: 

LR = Lange Ranch (San Saba Member) 
CH = Cow Head peninsula (Cow Head Group) 
BP = Broom Point south (Cow Head Group) 

The analysis number for San Saba samples is equated to the stratigraphic 
position of planar truncation surfaces (PTS) as follows: 

LR-71 = PTS at 21.4 meters (hardground 3 of text) 
LR-70 = PTS at 20.9 meters (hard ground 2 of text) 
LR-58 = PTS at 17.5 meters (hardground 4 of text) 
LR-56 = PTS at 16.8 meters (hardground 1 of text) 

For analyses of Cow Head Group samples, the two letter prefix and first 
two numbers of each analysis number equates to the sample number. 
Stratigraphic position of Cow Head Group samples is identified in the 
stratigraphic sections. 

Trace element concentrations were measured on a Cameca model SX50 
electron microprobe equipped with five wavelength dispersive 
spectrometers at the University of Oklahoma, Norman, OK. The 
microprobe was operated at an accelerating voltage of 15 kV and a beam 
current of 10 nA. The spot size was 10 µm and counting times were 60 
seconds for calcium and 180 seconds for each of the other elements. 
3u minimum detection limits (MDLs) were calculated from counting 
statistics derived from analysis of carbonate reference standards. 

MDLs for most analyses were as follows: 
Fe: 173 ppm, Mg: 50 ppm, Mn: 236 ppm, Sr: 211 ppm, Ca: 280 ppm 

MDLs for those data marked with asterisks were as follows: 
Fe: 217 ppm, Mg: 43 ppm, Mn: 273 ppm, Sr: 195 ppm, Ca: 190 ppm 



Appendix D.1. San Saba Member, Wilberns Formation 
Fe (ppm) Mg (ppm) Mn (ppm) Sr (ppm) Ca (ppm) Analysis# 

Early Bladed Cement (nonluminescent to very dull) 
0 1208 0 1816 397865 LR-71-80 
5 530 96 1988 398602 LR-71-81 

19 1418 0 1739 397605 LR-71-82 
0 2566 19 1543 396147 LR-71-83 
5 389 0 2036 398846 LR-71-85 
0 868 0 1941 398254 LR-71-87 

188 3982 0 902 394469 LR-71-88 
24 1303 0 2006 397585 LR-71-90 + 

111 1531 258 1816 397104 LR-71-91 + 
10 1280 0 2030 397609 LR-71-92 + 

5 1785 100 1543 397156 LR-71-93+ 
0 1750 196 1988 396832 LR-71-95 + 
0 3246 57 1585 393841 LR-70-46 
0 4731 0 1430 400040 LR-70-47 

101 2748 0 1187 400236 LR-70-48 
154 1825 0 1828 402010 LR-70-49 

0 2918 53 1721 402450 LR-70-50 
309 3105 0 1418 401313 LR-70-51 

0 833 158 2000 403319 LR-70-52 
236 2768 0 1003 396047 LR-70-56 

39 1583 0 1875 397269 LR-70-57 
747 3659 14 1294 396131 LR-70-3* 
521 3419 33 1389 397913 LR-70-10* 
188 1560 0 2202 400024 LR-70-12* 
116 2756 105 1383 398278 LR-70-15* 

2613 2185 134 1175 396612 LR-58-109 
3215 3275 296 700 392824 LR-58-110 

29 271 0 1822 407712 LR-58-111 
1224 937 0 1674 378724 LR-58-112 

130 666 277 1680 406234 LR-58-138 
723 2912 253 1490 394902 LR-56-12 

0 1589 91 2261 396960 LR-56-13 
0 147 0 2968 398562 LR-56-14 
0 5276 19 754 392912 LR-56-15 

116 3021 0 1608 395390 LR-56-16 
178 582 86 2178 398270 LR-56-17 

0 499 53 2166 398570 LR-56-18 
294 1018 0 1490 398105 LR-56-96 
198 2223 48 1508 396460 LR-56-97 
159 415 0 1917 398766 LR-56-99 

0 349 0 2154 398826 LR-56-100 



Fe (ppm) Mg (ppm) Mn (ppm) Sr (ppm) Ca (ppm) Analysis# 
Early Bladed Cement (dull areas) 

583 2678 206 510 396051 LR-71-84 
733 2033 325 439 396768 LR-71-86 

1138 876 229 338 398186 LR-71-89 
516 1211 0 220 393240 LR-71-90* 
853 1600 124 208 394598 LR-71-91* 
525 2528 29 659 396035 LR-71-92* 
689 1822 0 362 397617 LR-71-93* 
660 1995 0 540 399595 LR-71-94* 
328 1701 210 849 397385 LR-71-94 + 
309 1456 287 148 397293 LR-71-103* 
207 3630 100 463 395338 LR-71-104* 
506 2748 143 576 396223 LR-71-105* 
304 1917 258 326 399062 LR-71-106* 
439 1738 14 386 400380 LR-71-107* 
347 1323 0 350 401177 LR-71-109* 
776 2047 263 902 398946 LR-71-11 0* 
665 1727 67 220 393476 LR-70-1 • 
395 1874 0 950 395915 LR-70-2* 
381 4702 287 350 393216 LR-70-4 • 
284 1790 105 12 400596 LR-70-5* 
222 1632 53 249 394381 LR-70-8* 
424 2012 0 356 395863 LR-70-9* 
318 3457 91 540 397893 LR-70-11 • 
588 4434 62 285 398282 LR-70-13* 
154 4235 100 617 396716 LR-70-14* 

82 4434 81 303 398982 LR-70-16* 
352 3379 196 730 396323 LR-70-17* 
284 2897 244 297 398386 LR-70-18* 
468 1877 119 493 398930 LR-70-19* 
202 2162 139 398 399339 LR-70-34* 
159 4985 0 404 396744 LR-70-35* 
574 3650 153 641 395759 LR-70-36* 
521 2240 354 1116 395330 LR-70-37* 
545 3944 38 463 396163 LR-70-53 
636 1891 177 439 396163 LR-70-54 
347 2814 43 718 396047 LR-70-55 
636 1655 225 433 397461 LR-70-58 
800 1825 440 415 400852 LR-58-108 
559 1995 296 350 397224 LR-58-111 • 
472 1113 354 315 402795 LR-58-112* 
713 1191 292 261 397349 LR-58-114* 

1210 1813 229 772 395939 LR-58-120* 
704 1485 292 178 394962 LR-58-121 • 
535 1251 296 190 397345 LR-58-122* 

0 510 253 1288 400640 LR-58-123* 
598 1640 258 493 392491 LR-58-124 • 



Fe (ppm) Mg (ppm) Mn (ppm) Sr (ppm) Ca (ppm) Analysis# 
1200 1666 29 1086 392007 LR-58-125* 

521 1906 421 694 397004 LR-58-126* 
130 1888 320 469 397453 LR-56-9 

1128 2479 1023 451 395226 LR-56-11 
622 1635 430 582 397228 LR-56-21 
795 3094 789 849 395547 LR-56-58* 

67 4039 0 1062 397501 LR-56-59* 
873 2306 378 362 397905 LR-56-65* 
299 1684 91 172 396319 LR-56-66* 
583 1721 358 303 395022 LR-56-67* 
612 2624 507 231 392784 LR-56-68* 
574 1609 153 220 396299 LR-56-70* 
154 4146 105 297 394069 LR-56-71 * 
521 1802 167 261 397517 LR-56-98 

Bladed Cement (bright) - below truncation surface 
443 4864 1596 243 392143 LR-56-10 
386 3621 1386 427 390769 LR-56-20 
453 4838 1840 386 387706 LR-56-69* 

Bladed Cement (nonluminescent) - above truncation surface 
0 1225 186 1644 395719 LR-70-26* 

Bladed Cement (dull areas) - above truncation surface 
371 1597 0 890 398378 LR-70-27* 
448 1862 81 178 397048 LR-70-28* 
337 2208 143 487 399038 LR-70-29* 

34 4152 311 534 395563 LR-70-30* 
540 1894 244 237 401958 LR-70-31 * 
453 4970 115 617 398446 LR-70-32* 
574 1825 449 291 393997 LR-58-128* 
231 1113 507 184 396416 LR-58-129* 
713 2038 411 320 391754 LR-58-130* 

Equant Cements (nonluminescent) - below truncation surface 
0 133 0 766 400064 LR-56-104 

63 138 0 665 400068 LR-56-105 

Equant Cement (dull) - below truncation surface 
222 1638 24 1074 394253 LR-70-20* 
390 2108 0 1490 400328 LR-70-21 * 
675 2272 258 843 400340 LR-70-22* 
304 3068 76 267 394185 LR-70-24* 
540 3506 282 439 402110 LR-70-38* 
477 3298 53 320 402334 LR-70-39* 
415 5112 272 172 400672 LR-70-40* 
564 3800 210 148 400488 LR-70-41 * 



Fe (ppm) Mg (ppm) Mn (ppm) Sr (ppm) Ca (ppm) Analysis# 
468 2938 0 410 399187 LR-70-42* 
472 3056 33 315 399010 LR-70-43* 
207 1473 292 736 398698 LR-58-113* 
255 1245 335 297 402927 LR-58-115* 
622 1055 335 160 400412 LR-58-118* 

2155 2456 263 415 397965 LR-58-119* 
921 2825 296 326 395611 LR-58-122 
443 1145 382 137 398398 LR-58-123 
371 1407 282 475 393568 LR-58-127* 
805 2404 163 231 402494 LR-58-132 
400 2514 229 137 396660 LR-58-133 
887 2840 272 249 395687 LR-58-137 
612 2851 339 148 395915 LR-56-101 

1268 3197 234 273 394890 LR-56-102 
516 1075 119 410 398466 LR-56-106 
718 2912 215 196 395815 LR-56-107 

1070 3010 253 166 395370 LR-56-109 

Equant Cement (moderate) - below truncation surface 
521 1199 282 279 415348 LR-58-124 
135 4743 110 641 394758 LR-56-73* 

0 923 292 42 403864 LR-56-74 * 
0 1136 358 53 400901 LR-56-75* 

34 882 387 137 403279 LR-56-76* 
43 1173 320 36 402142 LR-56-77* 

0 1277 349 131 401525 LR-56-78* 
0 1248 258 59 398117 LR-56-79* 

246 1744 210 178 398057 LR-56-80* 
1065 3042 344 71 394938 LR-56-81 * 

627 1675 215 350 398125 LR-56-82* 

Equant Cement (bright) - below truncation surface 
699 2318 908 421 395563 LR-56-60* 
670 2531 726 291 399863 LR-56-61 * 
337 1816 822 956 400116 LR-56-62* 
554 2704 1090 439 396215 LR-56-63* 
651 2629 769 249 393056 LR-56-64 * 

19 1096 182 291 398882 LR-56-103 
535 1952 301 137 397269 LR-56-108 

Equant Cement (very dull) - above truncation surface 
998 3096 0 582 395615 LR-71-97* 

1923 2701 110 1424 397281 LR-56-84* 
29 1070 67 1917 401277 LR-56-86* 

188 2255 186 1157 401629 LR--56-87* 
1605 2033 5 1169 396672 LR-56-88* 



Fe (ppm) Mg (ppm) Mn (ppm) Sr (ppm) Ca (ppm) Analysis# 
Equant Cement (dull) - above truncation surface 

766 2180 196 315 399038 LR-71-95* 
853 1635 139 914 395587 LR-71-96* 
434 1566 81 231 396335 LR-71-98* 
458 1358 210 131 396836 LR-71-99* 
974 2661 349 724 391911 LR-71-100* 

1191 3027 263 320 394017 LR-71-101 * 
2174 2632 29 18 386961 LR-71-102* 

603 3053 201 481 395511 LR-70-7* 
255 1341 182 261 399287 LR-58-131 * 

1205 2918 392 350 395999 LR-58-132* 
574 2136 163 481 397120 LR-56-83* 
791 3350 139 368 392355 LR-56-85* 
453 1528 76 208 397605 LR-56-89* 

Early Syntaxial Cement (mottled) - below truncation surface 
1533 928 272 374 403628 LR-58-113 
342 1563 674 439 404412 LR-58-114 
950 1511 72 855 397248 LR-58-115 

1152 801 158 356 398326 LR-58-116 
882 1485 186 445 397517 LR-58-118 

1581 1721 263 410 396568 LR-58-119 
1533 1300 292 303 397240 LR-58-120 
424 718 91 683 398882 LR-58-121 
540 1626 234 688 397397 LR-58-125 
897 2315 253 688 399631 LR-58-126 

1523 2952 72 736 394846 LR-58-127 
1461 1617 191 273 396960 LR-58-128 
405 1375 100 570 398053 LR-58-129 

2140 3102 421 588 361858 LR-58-130 
487 1367 545 386 397745 LR-58-131 

1012 1946 358 469 396608 LR-58-134 
858 1055 72 653 398089 LR-58-135 

3929 9947 540 427 384142 LR-58-136 

Early Syntaxial Cement (very dull) - below truncation surface 
1465 2206 282 1460 395262 LR-58-117 

Equant Cement - filling oomoldic porosity 
1171 2082 301 131 395547 LR-70-6* 

280 3408 201 0 401994 LR-71-108* 

Ooid 
1012 1237 143 350 393172 LR-71-134 * 

Brachiopod 
280 6046 129 1709 389348 LR-70-23* 



Fe (ppm) Mg (ppm) Mn (ppm) Sr (ppm) Ca (ppm) Analysis# 

Trilobites 
337 1883 43 320 393829 LR-70-33" 
921 1793 67 202 397112 LR-54-72* 
193 2174 535 273 396291 LR-58-133* 

Mud (micrite) 
1181 1989 373 0 392203 LR-58-116* 

241 1191 163 243 401890 LR-58-117* 

Minimum Detection Limits (ppm) 
173 50 236 211 280 
217 43 273 195 190 * Analyses 

Key to equate analysis # to stratigraphic position 
LR-71 = LR-21.4 
LR-70 = LR-20.9 
LR-58 = LR-17.5 
LR-56 = LR-16.8 



Appendix D.2. Cow Head Group 
Fe (ppm) Mg (ppm) Mn (ppm) Sr (ppm) Ca (ppm) Analysis# 

Early Equant Cement (nonluminescent) 
0 2157 191 653 403623 CH-3-1 

63 1837 86 469 404613 CH-3-2 
241 1701 0 647 404633 CH-3-3 
111 2180 0 855 397068 CH-3-4 

0 2353 0 659 397052 CH-9-20 
0 2477 0 1175 396536 CH-9-23 
0 2263 0 1840 396380 CH-9-26 

159 1044 0 499 398850 CH-15-27 
0 1044 76 261 399079 CH-15-28 
0 1214 0 433 398790 CH-15-29 

390 1266 0 255 398514 CH-15-30 
0 1211 0 451 398782 CH-19-38 
0 1733 0 487 398029 CH-19-39 
0 1113 0 1804 398001 CH-19-40 
0 1335 0 754 398406 CH-19-41 
0 1612 76 795 397929 CH-26-17 

Early Bladed Cement (nonluminescent to very dull) 
0 2211 134 1870 396327 CH-9-15 
0 3341 72 1496 395054 CH-9-17 

82 3166 86 1508 395214 CH-9-18 
0 2560 86 1644 396031 CH-9-19 
0 1104 0 2232 397725 CH-9-25 
0 752 43 2149 402134 CH-26-1 

116 1418 0 1781 400917 CH-26-2 
125 375 0 2125 401842 CH-26-3 

0 998 19 1858 398065 CH-26-4 
106 490 0 2077 404737 CH-26-5 

58 614 5 2000 406419 CH-26-6 
0 412 0 1988 404581 CH-26-7 
0 1009 119 1858 398013 CH-26-8 
0 1127 10 1626 398093 CH-26-10 

39 3249 0 1472 395230 CH-26-14 
10 3491 67 481 395531 CH-26-16 

Early Bladed Cement (moderate to bright areas) 
92 1303 263 320 408056 CH-26-9 

106 1335 210 243 398486 CH-26-11 
0 1603 96 303 398262 CH-26-12 
0 1738 0 457 398045 CH-26-13 
0 1750 72 267 398097 CH-26-15 
0 1770 196 231 397989 CH-9-16 
0 2433 435 920 396404 CH-9-21 

164 3154 33 576 395835 CH-9-22 
0 1346 119 326 398578 CH-9-24 



Fe (ppm) Mg (ppm) Mn (ppm) Sr (ppm) Ca (ppm) Analysis# 

Early Syntaxial Cement (mottled) 
58 1911 0 404 397793 CH-26-18 

178 1479 229 267 398194 CH-26-19 
39 1839 72 291 397925 CH-26-20 
63 2102 129 445 397389 CH-26-21 

116 5080 115 439 393228 CH-26-22 
868 1041 53 326 398338 CH-26-23 
121 1615 182 350 398041 CH-26-24 
236 1358 163 451 398246 CH-26-25 
188 1837 105 297 397773 CH-26-26 

0 1632 0 332 398274 CH-26-27 

Radiaxial Cement (nonluminescent) 
0 329 67 861 399671 CH-44-7 

101 709 14 1003 399010 CH-44-8 

Radiaxial Cement (moderate) 
0 2188 258 267 405053 CH-44-1 

39 1277 177 599 404609 CH-44-2 
0 2050 335 297 404781 CH-44-3 
0 1877 143 368 397793 CH-44-4 

164 1491 105 166 404232 CH-44-5 
48 675 143 220 399519 CH-44-6 

Early Radiaxial Cement (mottled) 
82 4082 134 445 389800 CH-28-88 

0 2061 86 285 397641 CH-28-89 
29 4221 0 445 394582 CH-28-90 

0 2823 0 884 396247 CH-28-91 
5 2958 0 469 396339 CH-28-92 

43 2214 62 635 397184 CH-28-93 
34 2883 10 1318 395839 CH-28-94 

116 366 0 2653 398374 CH-28-95 
0 1744 76 457 404024 CH-28-96 
0 1225 143 487 404885 CH-28-98 
0 2087 0 469 397549 CH-28-99 

10 1744 5 504 406727 CH-28-168 
116 1456 206 392 398210 CH-28-169 
121 2805 110 540 396315 CH-28-170 

0 1617 0 469 398202 CH-28-171 
0 1718 186 326 399919 CH-40-1 

130 1096 81 356 400913 CH-40-2 
0 1297 33 415 400957 CH-40-3 

145 1026 0 309 399014 CH-40-4 
101 1361 91 582 400428 CH-40-5 
77 1926 72 427 397677 CH-40-6 



Fe (ppm) Mg (ppm) Mn (ppm) Sr (ppm) Ca·(ppm) Analysis# 
0 4065 0 552 396015 CH-40-7 
0 1465 0 392 398466 CH-40-8 

34 1857 0 564 399851 CH-40-9 
439 1591 325 433 397629 CH-40-10 

0 1136 0 421 400076 CH-40-11 
0 1185 0 475 398798 CH-40-12 
0 1240 19 350 396780 CH-40-13 

111 1344 0 344 398574 CH-40-14 
270 1479 110 451 402090 CH-40-15 

5 1857 0 309 397973 CH-40-16 
265 1231 0 362 398594 CH-40-17 
116 2090 148 552 397273 CH-40-18 
371 876 0 415 398966 CH-40-19 

0 703 0 261 399615 CH-40-20 
0 2093 86 487 397457 CH-40-21 

357 1012 33 303 398830 CH-40-22 
0 1626 24 487 398157 CH-40-23 
0 1107 100 297 398946 CH-40-24 

72 2260 62 398 397252 CH-40-25 

lnterparticle Zoned Equant Cement (nonluminescent) - Zone 1 
0 2722 0 178 405606 CH-34-57 

227 1096 0 795 398518 CH-34-64 
82 3904 124 356 394938 CH-38-75 
10 138 0 285 400372 CH-26-39 

lnterparticle Zoned Equant Cement (dull) - Zone 2 
121 1179 163 279 398702 CH-3-6 

0 813 29 178 399491 CH-3-10 
24 778 62 451 399307 CH-19-35 

5 271 72 154 400224 CH-19-42 
0 2087 62 410 397541 CH-38-72 

lnterparticle Zoned Equant Cement (moderate) - Zone 3 
0 2638 110 148 396912 CH-3-7 
5 2252 81 166 397457 CH-3-11 
5 2825 253 172 396512 CH-19-36 

116 9730 196 178 396223 CH-19-45 
0 2998 306 291 405502 CH-34-58 

1369 2341 100 249 404617 CH-34-59 
415 1615 29 320 403716 CH-34-60 

43 3636 263 368 395214 CH-34-65 

lnterparticle Zoned Equant Cement (bright) - Zone 4 
63 2073 196 220 397521 CH-3-8 
24 2012 382 226 397481 CH-3-12 
67 1966 473 249 397417 CH-15-31 



Fe (ppm) 
0 

217 
1046 

202 
458 

96 
487 
371 

Mg (ppm) 
2070 
1577 
1286 
1335 
2699 
2384 
2586 
2848 

Mn (ppm) 
182 
492 
832 

0 
406 
387 
196 
425 

Sr (ppm) 
315 
172 
249 
107 
148 
208 
332 
131 

Ca (ppm) 
397525 
397865 
397248 
398674 
399707 
396908 
402146 
396059 

lnterparticle Zoned Equant Cement (moderate) - Zone 5 

Analysis# 
CH-19-37 
CH-19-46 
CH-34-66 
CH-38-71 
CH-26-31 
CH-26-33 
CH-26-36 
CH-26-41 

24 1433 119 481 398330 CH-15-33 
1017 574 153 332 398774 CH-34-68 

96 1346 57 326 398546 CH-38-73 
0 1150 19 534 404645 CH-26-32 
0 1984 72 380 402182 CH-26-34 

10 2061 19 137 397789 CH-26-37 
121 897 196 398 398990 CH-26-42 

lnterparticle Zoned Equant Cement (dull) - Zone 6 
19 1715 19 71 
0 1075 86 279 
0 574 272 309 

39 268 239 285 
0 781 81 540 

1374 2191 53 231 
1552 652 139 220 

24 490 0 208 
0 848 67 154 

82 1061 86 291 
24 323 148 214 

410839 
399018 
399535 
399971 
399243 
396384 
398310 
399923 
399431 
398958 
400028 

lnterparticle Zoned Equant Cement - Complexly zoned 
0 1231 272 202 398690 
0 1689 215 172 398121 

19 1638 91 190 398274 
63 819 0 368 399331 

lnterparticle Zoned Equant Cement - Zone 7 
116 4140 129 297 394614 

82 3514 0 320 395599 
39 1191 81 303 398806 

0 2978 0 368 396384 

Complexly Zoned Vein Cement 
2434 1462 186 380 396299 
1330 646 24 255 398574 

CH-3-9 
CH-3-13 
CH-3-14 
CH-15-32 
CH-19-44 
CH-34-67 
CH-34-69 
CH-38-74 
CH-26-35 
CH-26-38 
CH-26-40 

CH-15-34 
CH-19-43 
CH-34-61 
CH-34-70 

CH-38-76 
CH-38-77 
CH-38-78 
CH-38-79 

CH-34-62 
CH-34-63 



Fe (ppm) Mg (ppm) Mn (ppm) Sr (ppm) Ca (ppm) Analysis# 
Bladed Cement (mottled) - Oolitic Clast 

101 1453 72 421 398322 BP-58-64 
362 1612 119 688 397665 BP-58-67 

67 1998 33 944 397273 BP-58-68 
511 1199 148 469 398242 BP-58-74 
979 977 277 700 397893 BP-58-75 
627 966 19 273 398706 BP-58-79 

77 3878 76 635 394822 BP-58-80 
92 2263 0 285 397353 BP-58-83 

Equant Cement (nonluminescent) - Oolitic Clast 
0 1173 0 1781 397937 BP-58-65 
0 1367 0 1840 397625 BP-58-69 

29 1312 48 1009 398198 BP-58-70 
154 940 0 4143 396536 BP-58-73 

0 1626 53 588 398069 BP-58-78 
24 862 0 884 398950 BP-58-81 
82 398 129 1994 408733 BP-58-84 

Equant Cement (bright) - Oolitic Clast 
53 1447 502 309 398085 BP-58-66 

188 1041 330 160 398778 BP-58-71 
487 969 182 285 398670 BP-58-72 
130 1453 282 154 398302 BP-58-76 
294 1251 38 362 398506 BP-58-77 
169 943 406 226 398822 BP-58-82 

Zoned Equant Cements Filling Moldic Porosity - Oolitic Clast 
2936 966 483 148 396480 BP-58-59 
2762 969 521 332 396468 BP-58-60 
2931 1078 392 427 396219 BP-58-61 
1383 747 440 220 398061 BP-58-62 

521 251 416 172 399527 BP-58-63 

Equant - Bladed Cement (mottled) with linear inclusions (recryst. fibrous?) 
- Middle Cambrian Algal Boundstone clast 

0 2791 0 
0 1914 186 

29 2171 139 
92 5608 143 

130 2131 19 
149 6692 0 
116 3999 76 
227 2528 148 
877 5123 153 

0 3702 14 
0 3509 172 

493 
433 
546 
540 
410 
718 
576 
706 
493 

1792 
487 

396556 
397661 
397248 
361469 
402642 
390117 
394670 
401241 
392463 
394409 
395418 

BP-62-139 
BP-62-140 
BP-62-141 
BP-62-142 
BP-62-144 
BP-62-145 
BP-62-146 
BP-62-147 
BP-62-148 
BP-62-152 
BP-62-153 



Fe (ppm) Mg (ppm) Mn (ppm) Sr (ppm) Ca (ppm) Analysis # 

Equant Cement (dull) - Middle Cambrian Algal Boundstone Clast 
0 4180 206 309 394578 BP-62-143 
0 2831 129 421 396444 BP-62-149 

29 2716 100 344 396656 BP-62-150 
0 2306 0 273 397377 BP-62-151 

Equant Cement - Late-stage generation in framework porosity 
- algal boundstone clast 

0 1692 
246 1984 

14 2439 
0 1516 

10 876 

Dolomite 
14432 

3437 
381 

5924 
7737 
4329 

104499 
118226 
118122 
113967 
114567 
112411 

76 
143 

72 
10 

210 

440 
870 
430 
951 

1333 
578 

Minimum Detection Limits (ppm) 
173 50 236 

309 
344 
291 

1508 
326 

380 
309 
303 
196 
350 
356 

211 

398149 
397453 
397108 
397637 
399147 

243271 
233601 
237493 
235066 
233577 
240340 

280 

CH-28-85 
CH-28-86 
CH-28-87 
CH-28-88 
CH-28-172 

CH-26-18 
CH-26-19 
CH-26-20 
CH-26-28 
CH-26-29 
CH-26-30 



APPENDIX E - STABLE ISOTOPE DATA 

Stable isotope data are arranged by cement type. Each analysis is 
identified by sample number. San Saba sample numbers are identified 
under the heading "component". The two letter prefix of these sample 
numbers equates to sample location as follows: 

LR = Lange Ranch (Appendix A - Section 1 b) 
WR = Welge Ranch (Appendix A - Section 2) 

The number following the prefix refers to the stratigraphic elevation of 
each sample / planar truncation surface. 
Cow Head Group sample numbers are listed under "sample #". The two 
letter prefix refers to sample location as follows: 

CH = Cow Head peninsula (Appendix B - Sections 2a,b,c) 
BP = Broom Point South (Appendix B - Section 1) 

This prefix and the first two numbers equate to sample numbers 
presented in the stratigraphic sections. 

Stable isotope analyses were performed at the Benedum Stable Isotope 
Laboratory at Brown University on a VG Micromass model SIRA-24 mass 
spectrometer. Precision ( 1 a) of the analyses, as determined by 
measurement of isotopic ratios for the carbonate reference standard (BP-
4), was 0.17 for oxygen and 0.32 for carbon. 



Appendix E.1. San Saba Member, Wilberns Fm. 

Sample# Component 6 13C (PDB) 6 180 (PDB) 

Early Bladed Cements below Truncation Surface 

WC154 HG cement - LR-44.5 1.52 -5.25 
WC711 HG cement - LR-21.4 1.29 -5.60 
WC712(D) HG cement - LR-21 .4 1.21 -5.65 
WC712(D) HG cement - LR-21 .4 1.04 -6.12 

average 1.13 -5.89 
WC713(D) HG cement - LR-21 .4 1.18 -5.65 
WC713(D) HG cement - LR-21 .4 1.29 -5.63 

average 1.24 -5.64 
WC714 HG cement - LR-21 .4 1.26 -5.61 
LR718C HG cement - LR-21 .4 1.29 -5.70 
LR-71-1A Sr cement split - LR-21.4 1.10 -6.05 
LR-71-2A Sr cement split - LR-21.4 1.00 -5.93 
WC701 HG cement - LR-20.9 1.05 -5.84 
WC702 HG cement - LR-20.9 1.08 -5.77 
WC703 HG cement - LR-20.9 1.14 -5.72 
WC704 HG cement - LR-20.9 0.95 -5.96 
WC705 HG cement - LR-20.9 0.88 -6.12 
WC706 HG cement - LR-20.9 1.12 -5.81 
WC707 HG cement - LR-20.9 1.21 -5.78 
WC708 HG cement - LR-20.9 1.19 -5.80 
LR708C HG cement - LR-20.9 1.32 -5.72 
LR-70-1A Sr cement split - LR-20.9 0.66 -5.84 
LR-70-2A Sr cement split - LR-20.9 1.13 -5.96 
LR-70-3A Sr cement split - LR-20.9 0.79 -6.14 
WC561 HG cement - LR-16.8 0.79 -5.77 
WC562 HG cement - LR-16.8 0.80 -5.60 
WC563 HG cement - LR-16.8 0.85 -5.70 
WC564 HG cement - LR-16.8 0.69 -5.72 
WC565 HG cement - LR-16.8 0.63 -5.76 
WC566 HG cement - LR-16.8 0.67 -5.78 
WC567 HG cement - LR-16.8 0.69 -5.88 

Burrow and Shelter Porosity Cement below Truncation Surface 

LR154C burrow cement - LR-44.5 1.25 -6.43 
SPC221 HG cement - WR-6.9 1.13 -6.05 
SPC222 HG cement - WR-6.9 1.32 -6.05 
SPC223 HG cement - WR-6.9 1.08 -5.51 

Cement above Truncation Surface 

LR711A cement above HG - LR-21 .4 1.01 -5.90 
LR712A cement above HG - LR-21 .4 1.06 -5.64 
LR713A cement above HG - LR-21 .4 0.79 -5.42 



Sample# Component 6 13C (PDB) 6 180 (PDB) 

SPC70(D) cement above HG - LR-20.9 0.82 -6.58 
SPC70(D) cement above HG - LR-20.9 0.95 -6.54 

average 0.89 -6.56 
SPC702 cement above HG - LR-20.9 1.12 -6.79 
SPC561 cement above HG - LR-16.8 -0.07 -6.47 
SPC562 cement above HG - LR-16.8 0.30 -6.23 
SPC563 cement above HG - LR-1 6. 8 0.31 -6.04 

Whole Rock below Truncation Surface 

WR701L(D) whole rock - LR-20.9 0.76 -6.01 
WR701L(D) whole rock - LR-20.9 0.87 -6.02 

average 0.82 -6.02 
WR701U whole rock - LR-20.9 0.80 -6.61 
WR702L whole rock - LR-20.9 0.60 -6.34 
WR702U whole rock - LR-20.9 0.71 -6.44 
WR561 whole rock - LR-16.8 0.58 -5.97 
WR562 whole rock - LR-16.8 0.58 -5.88 
WR563(D) whole rock - LR-16.8 0.57 -5.82 
WR563(D) whole rock - LR-16.8 0.70 -5.73 

average 0.64 -5.78 

Equant Cement filling Non-fabric Selective Solution Void 

CC70 solutional cement - LR-20.9 0.61 -4.18 

Late Vein Cement 

VN22 vein cement - WR-6.9 0.31 -5.89 

Ooids 

A0711 ooids - LR-21.4 0.84 -5.77 
U0711 ooids - LR-21 .4 0.79 -5.63 
U0712 ooids - LR-21 .4 0.77 -5.69 
LR70AO(D) ooids - LR-20.9 0.31 -5.28 
LR70AO(D) ooids - LR-20.9 0.82 -5.06 

average 0.57 -5.17 
LR70MO ooids - LR-20.9 0.50 -5.96 
LR70UO ooids - LR-20.9 0.76 -7.12 

Early Syntaxial Cements below Truncation Surface (collected by Goldstein) 

LR-58-1 HG cement - LR-17 .5 -0.30 -6.34 
LR-58-2 HG cement - LR-17.5 -0.59 -5.77 
LR-58-3 HG cement - LR-17.5 -0.39 -5.93 
LR-58-4 HG cement - LR-17 .5 -0.27 -6.54 
LR-58-5 HG cement - LR-17 .5 -0.24 -6.60 



Appendix E.2. Cow Head Group 

Sample# Component 6 13C (PDB) 6 180 (PDB) 

lnterparticle Zoned Equant Cement 

CH-3-1 interparticle cement 0.10 -6.09 
CH-3-2 interparticle cement 0.49 -5.79 
CH-3-3 interparticle cement 0.30 -5.58 
CH-3-4 interparticle cement 0.77 -5.60 
CH-3-5 interparticle cement 0.30 -5.61 
CH-3-6 interparticle cement 0.33 -5.47 

Bladed to Equant Cements filling Algal Boundstone 
Framework Porosity 

CH-30 (D) cement - pore center -0.55 -5.28 
CH-30 (D) cement - pore center 0.54 -5.32 

average 0.00 -5.30 
BP-62-1 cement - pore margin -0.37 -6.82 
BP-62-3 cement - small pores 0.77 -5.53 
BP-62-4 cement - pore center -0.34 -6.79 
BP-63 pre-megaquartz cement 0.42 -6.49 
BP-70 (D) cement - pore center -0.72 -7.17 
BP-70 (D) cement - pore center -0.76 -7.30 

average -0.74 -7.24 

Early Radiaxial Cement 

CH-28A-1 radiaxial fib. cement 0.26 -6.56 
CH-28A-2 radiaxial fib. cement 0.69 -6.30 
CH-40-IC inner cement 0.66 -5.32 
CH-40-OC1 outer cement 0.58 -5.98 
CH-40-OC2 outer cement 0.53 -5.28 

Multiple Cement Generations - Ooid Grainstone Clast 

BP-58-2 clast interpart. cement 0.50 -6.07 
BP-58-3 clast interpart. cement 0.40 -6.32 
BP-58-4 clast interpart. cement 1.13 -5.98 
BP-58-5 clast interpart. cement 0.81 -6.35 
BP-58-6 clast interpart. cement 0.72 -6.15 

Late-stage Fracture-fill 

CH-13-1 vein calcite -0.65 -6.20 
CH-13-2 vein calcite -0.83 -6.12 



Sample# Component 6 13C (PDB) 6180 (PDB) 

Whole Rock 

CH-26-1 whole rock -0.40 -6.13 
BP-59-1 whole rock -1.41 -6.59 
BP-53-1 whole rock -2.63 -6.43 



APPENDIX F - STRONTIUM ISOTOPE DATA 

Strontium isotope data are arranged by cement type and sample number. 
The two letter prefix of sample numbers refer to sample locations as 
follows: 

LR = Lange Ranch (San Saba member) 
CH = Cow Head peninsula (Cow Head Group) 
BP = Broom Point South (Cow Head Group) 

For San Saba samples, the first three numbers following this prefix 
equate to the stratigraphic elevation (in meters) of each sample / planar 
truncation surface. For Cow Head Group samples, the prefix and first 
two numbers equate to the sample numbers identified in the stratigraphic 
sections. 
The "R" suffix on some sample numbers designates a replicate sample. 

Isotopic analyses were performed on a VG Sector multi-collector thermal 
ionization mass spectrometer. Strontium samples were loaded on single 
tantalum filaments with 0.25 M phosphoric acid. Analyses were 
performed using dynamic-multicollector mode with 88Sr = 4.0 V. 
Strontium isotopic compositions are corrected for mass fractionation and 
are normalized to two different values. One value (0. 710250) represents 
the currently accepted value for carbonate reference standard NBS 987 
and the second (0. 71014) is the value for NBS 987 used by Burke et al. 
(1982) *. Standard error (2u) for the instrument varied from 30 to 64 
ppm over the operating period and averaged ± 0.000024. 

*Burke, W. H., Denison, R. E., Hetherington, E. A., Koepnick, R., Nelson, 
H. F., and Otto, J. B. (1982) Variation of seawater 87Sr/86Sr throughout 
Phanerozoic time. Geology 10, 516-519. 



Appendix F.1. San Saba Member. Wilberns Fm 

Sample# Measured Standard Normalized to Normalized to 
value error 0.710250* 0.710140* 

TRUNCATED BLADED CEMENT 

LR-21.4 0.709031 ±0.000015 0.709066 0.708957 
LR-21.4-R 0.709034 ±0.000015 0.709074 0.708965 
AVG 0.709033 ±0.000015 0.709070 0.708961 

LR-21.4-28 0.708902 ±0.000008 0.709059 0.708949 
LR-21.4-28-R 0.708911 ±0.000008 0.709063 0.708953 
AVG 0.708907 ±0.000008 0.709061 0.708951 

LR-21.4-18 0.708900 ±0.000010 0.709041 0.708931 
LR-21 .4-18-R 0.708959 ±0.000011 0.709089 0.708979 
AVG 0.708930 ±0.000011 0.709065 0.708955 

LR-20.9-38 0.708874 ±0.000011 0.708897 0.708887 
LR-20.9-38-R 0.708913 ±0.000010 0.709033 0.708923 
AVG 0.708894 ±0.000011 0.709015 0.708905 

LR-20.9-28 0.708888 ±0.000018 0.708977 0.708867 
LR-20.9-28-R 0.708931 ±0.000010 0.709036 0.708926 
AVG 0.708910 ±0.000014 0.709007 0.708897 

LR-20.9-18 0.708924 ±0.000010 0.709059 0.708949 
LR-20.9-18-R 0.708943 ±0.000010 0.709068 0.708958 
AVG 0.708934 ±0.000010 0.709064 0.708954 

LR-16.8 0.709053 ±0.000013 0.709086 0.708976 
LR-16.8-R 0.709087 ±0.000025 0.709110 0.709001 
AVG 0.709007 ±0.000019 0.709098 0.708989 

• 0.710250 is the currently accepted value for standard NBS 987 
0. 710140 is the value for NBS 987 used by Burke et al., 1982 

Strontium 
concentration 

390.27 
390.27 
390.27 

387.41 
387.34 
387.38 

509.68 
509.3 
509.49 

515.86 
515.49 
515.68 

468.51 
468.46 
468.48 



Appendix F.2. Cow Head Group 

Sample# Measured Standard Normalized to Normalized to 
value error 0.710250* 0.710140* 

INTERPARTICLE ZONED EOUANT CEMENT 

CH-3-7C 0.709267 ±0.000017 0.709244 0.709134 
CH-3-7C-R 0.709236 ±0.000014 0.709220 0.709110 
AVG 0.709252 ±0.000016 0.709232 0.709122 

CH-3-7C2 0.709254 ±0.000010 0.709248 0.709138 
CH-3-7C2-R 0.709264 ±0.000008 0.709256 0.709146 
AVG 0.709259 ±0.000009 0.709252 0.709142 

ZONED EQUANT CEMENT - ALGAL BOUNDSTONE CLAST 

BP-62-2 0.709721 ±0.000011 0.709717 0.709607 
BP-62-2-R 0.709714 ±0.000010 0.709705 0.709595 
AVG 0.709718 ±0.000011 0.709711 0.709601 

MULTIPLE CEMENT GENERATIONS - OOID GRAINSTONE CLAST 

BP-58-9C 0.709012 ±0.000011 0.709004 0.708894 
BP-58-9C-R 1 0.709077 ±0.000010 0.709061 0.708951 
BP-58-9C-R2 0.709043 ±0.000010 0.709043 0.708933 
AVG 0.709044 ±0.000010 0.709036 0.708926 

RADIAXIAL CALCITE 

CH-28A-1 0.709124 ±0.000010 0.709125 0.709016 
CH-28A-1-R 0.709127 ±0.000011 0.709132 0.709022 
AVG 0.709126 ±0.000011 0.709129 0.709019 

CH-44 0.709325 ±0.000010 0.709331 0.709221 
CH-44-R 0.709339 ±0.000010 0.709338 0.709228 
AVG 0.709332 ±0.000010 0.709334 0.709225 

CH-44-2 0.709310 ±0.000010 0.709301 0.709191 
CH-44-2-R 0.709295 ±0.000010 0.709288 0.709178 
AVG 0.709303 ±0.000010 0.709294 0.709184 

CH-40 0.709083 ±0.000010 0.709088 0.708978 
CH-40-R 0.709076 ±0.000011 0.709070 0.708960 
AVG 0.709080 ±0.000011 0.709079 0.708969 



Sample# Measured Standard Normalized to Normalized to 
value error 0.710250* 0.710140* 

WHOLE ROCK 

CH-3-WR 0.709388 ±0.000010 0.709381 0.709271 
CH-3-WR-R 0.709372 ±0.000010 0.709366 0.709256 
AVG 0.709380 ±0.000010 0.709373 0.709263 

CH-26-WR 0.709345 ±0.000008 0.709351 0.709241 
CH-26-WR-R 0.709399 ±0.000024 0.709368 0.709258 
AVG 0.709372 ±0.000016 0.709360 0.709250 

BP-59-WR 0.709342 ±0.000013 0.709345 0.709235 
BP-59-WR-R 0.709324 ±0.000008 0.709332 0.709222 
AVG 0.709333 ±0.000011 0.709338 0.709228 

* 0. 710250 is the currently accepted value for standard NBS 987 
0. 710140 is the value for NBS 987 used by Burke et al., 1982 



APPENDIX G - CONODONT BIOSTRATIGRAPHIC ZONATION 
CAMP SAN SABA SECTION 

Sample numbers listed in this table equate to the stratigraphic elevation 
of each sample within the Camp San Saba stratigraphic section 
(Appendix A - Section 3). 



Appendix G - Conodont Biostratigraphic Zonation - Section 3 (Camp San Saba) 
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APPENDIX H - CHARACTERISTICS OF LITHOLOGIES ASSOCIATED 
WITH TRUNCATION SURFACES 

The section designations listed in this table equate as follows: 
Section 1 = Lange Ranch section (Appendix A - Section 1 B) 
Section 2 = Welge Ranch section (Appendix A - Section 2) 
Section 3 = Camp San Saba section (Appendix A - Section 3) 

Truncation surface position is referenced as elevation (in meters) above 
the base of the section. 



SECTION 1 

SECTION 2 

SECTION 3 

7.5 

0.23 

11.2 

3.8 

1.0 ABO 
BELO 



APPENDIX I - SEAWATER FREEZING POINT DEPRESSION DATA 

Plot of freezing point depression vs. seawater at various salinities is 
based on data of Lyman and Fleming ( 1940) *. 

* Lyman, J. and Fleming, R.H. (1940) The composition of seawater. 
Journal of Marine Research, v. 3, 134-146. 
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