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CHAPTER 1 - INTRODUCTION AND METHODS 

The middle Miocene Barstow Formation in the Mud Hills, California, is ~2000 m 

thick and is divided into three members: the Owl Conglomerate, the Middle Member, and 

the Upper Member. The fonnation consists mostly of lacustrine mudstone and associated 

fluvial and alluvial sandstone and conglomerate. The Barstow Formation also contains 

minor limestone units . The majority of these are thin, lenticular beds of microbialite 

formed at the lake margin (Collins and others, 2002). These microbialites are 

concentrated in an interval that is relatively high in the stratigraphic sequence, on both 

sides of the boundary between the Upper and Middle Members. 

However, a unique limestone unit occurs in the lower portion of the Barstow 

Formation, at the boundary between the Owl Conglomerate and the Middle Member in 

the northeastern portion of the Mud Hills (see Figs. 2.1and3.1). This unit contains 3+-m

scale carbonate bioherms and associated carbonate grainstones and microbialite. At the 

request of Dr. Troy Rasbury of the State University of New York at Stony Brook as part 

of her search for lacustrine limestone potentially suitable for U-Pb radiometric dating 

methods, Dr. Vicki Pedone at California State University Northridge produced a 

phosphor autoradiography image of a slab of the bioherm. This image revealed high 

concentrations of U in the rock, making it a suitable candidate for dating. 

The purposes of this study to determine: 1) how the biohenns were formed, i.e., 

what was the constructional organism(s) and associated lithification processes, 2) the 

stratigraphic position of the limestone unit in the Barstow Fornrntion and the lateral and 

vertical stratigraphic relationships between the bioherms and associated rock types, 3) the 

character of the micro fabric of the constructional mound framework (biolithite) , and 4) 



the carbon and oxygen composition of the biolithite and associated carbonate rocks. The 

results of the study are significant in that they provide an accurate stratigraphic context 

for the biolithite sample dated by Cole and others (2005) and demonstrate the pristine 

nature of the biolithite microfabric and, therefore, its suitability for radiometric dating. 

Furthermore, the study of limestone formed in lakes is experiencing its first prominence 

in scientific study. The interest in lacustrine limestone is fueled by its potential as: 1) an 

archive of paleoclimate proxies (Gierlowski-Kordesch and Buchheim, 2003; Beuning and 

others, 2003), 2) a geochemical archive of paleohydrology (Pedone, 2004; Pietras and 

others, 2003; Rhodes and others, 2002), and 3) a radiometrically datable lithology (Cole 

and others, 2005; Becker and others, 2000). Synthesis of field, petrographic, and isotopic 

data from the limestone unit in the lower Middle Member provided insight into the 

physiochemical characteristics of the depositional environment at the time the biolithite 

formed. 

LOCATION OF THE STUDY AREA 

The study area is located in the Mud Hills, about 13 km northwest of the city of 

Barstow, along the Fort Irwin Road (Fig. 1.1). The study area is reached by taking a left 

turn onto Fossil Bed Road, a graded gravel road, and following the well posted signs to 

Owl Canyon Campground. From the northeast corner of the campground, an easily 

accessible, though unmarked, foot trail follows the crest of an alluvium covered ridge that 

leads to the study area. 
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Figure I. I Location of the study area. 

The moderate to steep relief of the area is formed by the differential weathering between 

resistant ridges of limestone, sandstone, and tu ff and the less resistant slopes and valleys 

of mudstone of the Barstow Formation. Steep-walled canyons, such as Owl Canyon and 

its tributary side canyons, have been carved by streams. Ridges are covered by 

Quaternary alluvium deposited prior to the uplift and dissection of the modem-day land 

surface. The area is sparsely vegetated by small shrubs, such as white holly, and scattered 
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Joshua trees. Climate is arid, with an average annual rainfall of 10 cm. The area is 

designated as a National Natural Landmark and is managed by the Bureau of Land 

Management. 

METHODS 

Field Observations and Measurements 

Field data, including sample locations and attitude of bedding, were marked on 

the 7.5 Minute Series, Mud Hills Quadrangle, California (San Bernardino County), 

(USGS, 1988). Hand samples ofrepresentative rock types of the lower Middle Member 

were collected during four days of initial reconnaissance of the study area in March of 

2001. Two days in i\pril 2001 were spent measuring stratigraphic sections 1 and 2 and 

collecting samples. In January 2002, a third stratigraphic section was measured and 

sampled over two days. Hand samples from measured sections were taken from rock 

units that were directly in the line of measurement, and the depositional-up orientation of 

the rock was marked with an arrow. 

A total of 54 samples were collected and used for this study. Rock and grain 

properties of the samples were described using the guidelines contained in references 

listed in Table 1.1. A series of parallel slabs, about 1 to 2 cm thick, were cut from the 

hand samples in order to study three-dimensional changes in fabric and to provide 

subsamples for thin sectioning and isotope-sample drilling. 

Petrography 

A total of 67 thin sections of carbonate rocks (52 large 2" x 3" thin sections and 

15 standard 1. 7" x 1" thin sections) were prepared for and examined by this study. All 

carbonate thin sections were left uncovered. At Northridge, these sections were hand 
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polished using diamond paste to attain a high-quality polished surface for good optical 

resolution in cathodoluminescence (CL). In addition, 12 standard-size thin sections were 

from samples dominated by siliciclastic sediment. Seven of these were stained for 

potassium and plagioclase feldspars and coverslipped. Duplicate sections of five of these 

samples that contained carbonate cement were uncovered and were hand polished for CL 

study. 

Table 1.1. Rock and grain property references. 

Rock and grain properties: Reference: 
Rock name Folk, 1959 and 1962 
Color Geological Society of America Rock-Color Chart 
Strength Compton, 1972 (Appendix 4) 
Grain Size Compton, 1972 (p. 49) I 
Sorting Compton, 1972 (p. 50) 
Roundness Compton, 1972 (p. 51) 

Standard petrography, using plane and polarized light, was used to determine 

composition, textural fabrics, and diagenetic features. Digital images were captured using 

Digital Video Camera Company 12-bit-color digital camera and C-View V2.2 for 

Windows software. 

Cathodoluminescence Microscopy 

Cathodoluminescence (CL) is visible light emitted from a mineral bombarded by 

an electron beam. Upon excitation, imperfections in the crystal lattice become 

luminescence centers. These centers then preferentially trap energy from the cathode 

beam that causes jumps in their lattice electron orbitals. Photons are emitted and 

luminescence occurs, as excited atoms decay to their ground state (Miller, 1988). 

Thin sections were viewed under cathodoluminescence using a Nuclide ELM 2B 

Luminoscope mounted to the stage of an Olympus CH-2 petrographic microscope. This 
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system uses a cold-cathode method to generate an electron beam under vacuum (Miller, 

1988). This study used a vacuum between 50 to 80 millitorr and a 15- to 20-kV cunent to 

generate the electron beam. Two magnets placed on the surface of the stage directed the 

beam onto the sample. CL observations were made on uncovered, polished thin sections. 

Carbon and Oxygen Isotope Analyses 

Slabs cut from hand samples were polished through a 1200 µm grit size to 

produce a smooth surface needed for drilling and recovering powdered drill samples at 

high spatial resolution. Polished slabs were studied under a Nikon SMZ2800 at 

magnifications from IX to 6X and digital images were captured of characteristic fabrics 

that were to be sampled for isotopic analyses. Specific drill sites were marked on the 

images and were used as guides during drilling. Fabrics were drilled with a spatial 

resolution of about 0.05 mm using a 0.025 mm Busch-ball drill bit mounted in a hand

held Flexishaft dental drill. The powder produced by drilling was either collected with a 

scalpel or was gently tapped onto weighing paper and placed 0.5 mL snap-top plastic 

vial. 

In order to determine intra-sample variation of individual fabrics, three samples 

were collected from the same fabric at different locations within a sample. In cases where 

the fabric was not extensive, only one or two samples were obtained. A minimum weight 

of 1.0 mg of a powdered carbonate was collected for each analysis. Mixed carbonate and 

elastic samples were crushed using a mortar and pestle and the large siliciclastic grains 

were removed by hand. The remaining fine-grained powder used for analyses. The 

percentage of non-carbonate material was estimated from the thin section, and sample 

weight was calculated to ensure at least 1 mg of carbonate material. 
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Powdered samples were sent to the Stable Isotope Laboratory at the University of 

California, Davis for stable-isotope analyses of carbon and oxygen. All of the samples 

were pre-roasted under vacuum at 375 °C for 30 minutes (David Winter, personal 

communication). Samples of pure calcite were reacted at 90° C in a common acid bath, 

cryogenically purified, and analyzed on a Micromass Optima Mass Spectrometer. Isotope 

ratios of carbon and oxygen were measured against a carbonate reference standard and 

compared to the international standard V-PDB. Samples of mixed mineralogy were 

reacted at 90° Con a vacuum line and collected in lengths of 6 mm Outer Diameter (OD) 

Pyrex. These samples were expanded under vacuum into the mass spectrometer and 

analyzed as above. The analyiical precision for 8180 analyses is ±0.06%0 and for 8 13C is 

±0.05%0. 
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CHAPTER 2 - GEOLOGIC SETTING 

TECTONIC AND STRUCTURAL HISTORY 

Structure of the Mud Hills 

The Mud Hills are located within the Mojave Desert geomorphic province and 

structural block, which is bounded on the north by the Garlock fault, on the southwest by 

the San Andreas fault and to the east by the Death Valley fault zone (Fig. 2.1 ). Pre-

Tertiary crystalline basement rocks are exposed throughout the region and have been 

compressed into several broad upwarps and downwarps, with axes that trend east-west 

t 
N I o 2ookm 

Figure 2.1. Location map of the Mojave Province. Modified from de Paula (2000). 

(Dibblee, 1968). These basement rocks are exposed in some areas and partially buried by 

Cenozoic formations in others (Dibblee, 1968). Cenozoic formations have been folded 

and faulted by local tectonism (Dibblee, 1968). A prominent fold is the Barstow syncline 

in the Mud Hills. The syncline folds Tertiary sedimentary rocks and has an axis that 

trends slightly north of west and plunges gently west (Fig. 2.2). The northern flank of the 
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syncline is completely exposed and the south flank only partly exposed. Average dip of 

the strata on both flanks is - 25° (Dibblee, 1968). 

~ Pickhandle 
~l·~' P . 1 Format!on 
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....__Fault 
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Figure 2.2. Geologic map of the Mud Hills and the locations of the sections measured by this study. 
Modified from Cole and others (2005). 

A number of northwest-trending, high-angle faults transect the Mud Hills (Fig. 

2.2). Dibblee (1968) interprets these as right-lateral slip faults . Ingersoll and others 

( 1996), however, interpret a multistage history for some of these faults, involving early 

normal slip, followed by right-lateral slip. The faults continued to be active after the 

formation of the Barstow syncline, the axis of which has been right-laterally displaced by 

the faults. In addition, small scarps in older Quaternary alluvium have been formed by 

several of these faults. 
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Evolution of the Barstow Basin 

Extensional faulting, principally along the Waterman Hills detachment fault, was 

initiated in the Mud Hills area between 23 and 22 Ma (Ingersoll and others , 1996) (Fig. 

2.3). The normal faulting offset the crystalline basement, as well as the lower to middle 

Miocene Jackhammer and Pick.handle Formations. Continued extension resulted in the 

development of a listric normal fault that formed a half-graben downdropped to the north 

on the upper plate of the detachment at about 20.5 Ma. In this half graben, the 

23 Ma 19.5 Ma 

22 Ma 
ro 

Tp 

Tw 19.0 Ma ,, 

21 Ma 

20.5 Ma 

T• 

:::L ,. 
o 1000·2oocr 

0 Ma 

20.0 Ma 

Figure 2.3. Tectonic evolution of the Barstow basin in the Mud Hills area. Symbols: gd=Mesozoic 
granodiorite; Tj= Jackhammer Formation; Tp= Pickhandle Formation; Tmp= plutonoclastic 
breccia of Mud Hills Fo1·mation; Tmt= rhyolite-tuff breccia of Mud Hills Formation; Tms= 
sandstone of Mud Hills Formation; Tbo= Owl Conglomerate Member of Barstow Fo1·mation; 
Tb= other members of Barstow Formation; Tr= rhyolite of Waterman Hills; Tw= sedimentary 
strata of Waterman Hills; Q= Quaternary units. Long dashed lines indicate mylonitic gneiss of 
lower plate of Waterman Hills detachment. Short dashed lines indicate inferred eroded 
detachment fault. From Ingersoll and others (1996). 
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basal breccia of the Mud Hills Formation was deposited, derived from the Mesozoic 

granodiorite uplifted in the footwall. Volcaniclastic and plutoniclastic breccia and 

sandstone of the Mud Hills Formation accumulated as motion continued on both the 

detachment and zone of listric normal faulting until about 19 Ma. Extension ceased at 

about 16 Ma, and the shallow basin south of the listric fault zone filled with the sediment 

of the Barstow Formation. Tectonism in the area ceased until about 10 Ma, when strike

slip faulting and related folding disrupted the area (Ingersoll and others, 1996). 

STRATIGRAPHY 

The Barstow basin contains ~2,000 m of strata of four Miocene-age sedimentary 

formations , from oldest to youngest: the Jackhammer, Pickhandle, Mud Hills, and 

Barstow Formations. These formations were deposited on a deeply eroded pre-Cenozoic 

basement surface (Burke and others, 1982) (Fig. 2.4). The Jackhammer, Pickhandle, and 

Mud Hills Formations are exposed on the northern limb of the syncline, unconformably 

underlying the Barstow Formation, which is exposed on both syncline limbs. The 

Miocene fornrntions are overlain unconformably by Quaternary alluvium. 
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Figure 2.4. Diagrammatic columnar sections of the stratigraphy of the Mud Hills, including 
geochronology of key tuff beds and the charophyte biolithite in the Barstow Formation (see 
Geochronology section for explanation). 
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Jackhammer Formation 

The type locality of the Jackhammer Formation, is in the Lane Mountain 

quadrangle, in the Jackhammer Gap area of the northwestern Calico Mountains. Here the 

formation is the basal unit of the Tertiary sequence of rocks exposed in this area, with a 

total thickness of 21 7 m (Dibblee, 1968). It consists of conglomeratic arkose and tuff ( 46 

m), overlain by basalt (61 m), tuff, (5 m), and dacite tuff, tuffbreccia and tuffaceous 

sandstone (105 m). The Jackhammer Formation overlies an eroded and weathered surface 

of a quartz monzonite, and is overlain by tuffaceous granite-cobble conglomerates of the 

Pick.handle Formation. The formation is primarily exposed in small valleys and saddles 

and is less resistant to erosion than the underlying quartz monzonite and overlying 

Pick.handle Formation. The age of the Jackhammer Formation is poorly known. Based 

on stratigraphic relationships, the age is estimated to be middle Miocene or older. 

In the Mud Hills, the Jackhammer Formation is exposed on north limb of the 

Barstow syncline at the head of Owl Canyon, where it has a thickness of ~31 m (Dibblee, 

1968). It overlies quartz monzonite, which also served as source rock for many clasts in 

the Jackhammer. The lower 21 m of the formation consists of braided-stream deposits of 

pinkish-gray, medium- to coarse-grained arkosic sandstone with scattered rounded 

pebbles and cobbles of quartz monzonite and quartzite (Ingersoll and others, 1996). 

These are overlain by~ 1 m of white bentonite, overlain by up to 1 m of white, bedded, 

fine- to medium-grained arkosic tuff and up to 9 m of black amygdaloidal basalt 

(Dibblee, 1968). 
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Pickhandle Formation 

The type locality of the Pickhandle Formation is in the Lane Mountain 

quadrangle, in the Pickhandle Pass area of the no1ihwestem Calico Mountains. The 

Pickhandle Formation conformably overlies the eroded and weathered surface of the 

Jackhammer Formation and is unconfonnably overlain by the tuffaceous granitic cobble 

conglomerates of the upper Miocene Barstow Formation (Dibblee, 1968). The type 

section is ~930 m thick and consists of, from oldest to youngest: tuff, tuffbreccia, and 

sandstone (152± m), dacite tuffbreccia (427 m), quartz monzonite breccia (91 m), tuff, 

sandstone, and siltstone (69 m), quartz monzonite breccia (107 m), hornblende andesite 

tuffbreccia (3i m), and granite-clast conglomerate (38 m) (Dibblee, 1968). There is 

some doubt about the age of the formation because no fossils have been found . Based on 

stratigraphic relations, the age of the Pickhandle is estimated to be similar to the 

underlying Jackhammer Formation (i.e., middle Miocene or older). 

Approximately 850 m of the Pickhandle Formation are well exposed on the north 

limb of the Barstow syncline in the Mud Hills. Dibblee (1968) recognizes distinctive 

lower, middle, and upper parts. The lower part is composed of 198 m of gray cobble 

conglomerate and lithic tuff derived from erosion of nearby highlands. Lithic-lapilli 

sandy tuff and lenses oftuff-breccia make up the 350 m of the middle part. The upper 

part, with a total thickness of 305 m, consists of large lenses of monolithic granite-clast 

breccias, thought to be landslide masses (Dibblee, 1968). 

Mud Hills Formation 

Travis and others (1990), Dokka and others (1991), Travis (1992), and Ingersoll 

and others (1996) concluded that both the volcaniclastic units (mostly ash-flow tuff and 
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lahar deposits) and plutoniclastic units (mostly monolithologic breccia and megabreccia) 

of the upper pa1i of the Pickhandle Formation at Owl Canyon in the Mud Hills deserve 

separate recognition as map units. Ingersoll and others (1996) defined a new formation, 

the Mud Hills Formation, and reassigned these units to the Mud Hills Formation. 

The type section of the Mud Hills Fom1ation is located in Owl Canyon and has a 

total thickness of 230 m (Ingersoll and others, 1996). The formation consists of three 

facies that interfinger over short distances: plutoniclastic breccias and megabreccias, 

rhyolite-tuff breccia with plutoniclastic matrix, and sandstone. The units are interpreted 

primarily as large landslides or rock falls associated with listric normal faulting. Based on 

stratigraphic relationships, the Mud Hills Formation is thought to be lower to middle 

Miocene in age. The Mud Hills Formation overlies volcaniclastic strata of the 

Pickhandle Formation with a planar and only slightly disconformable contact. It is 

overlain by buttress unconformity with the basal Owl Conglomerate Member of the 

Barstow Formation. 

Barstow Formation 

The type locality of the Barstow Formation is in is in the Lane Mountain 

quadrangle, between Solomon and Ross Canyons (Fig. 2.3) in the Mud Hills (Dibblee, 

1968). The Barstow Formation is exposed on both sides of the syncline along the 52-km

long northwest-southeast trend of the Mud Hills. The total thickness of the measured 

type section is ~643 m, and the maximum thickness of the Barstow Formation in the Mud 

Hills is about 914 m. The formation consists primarily of alluvial and fluvial 

conglomerate and sandstone and lacustrine claystone and mudstone, with minor 

limestone and tuff. 
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Dibblee (1968) recognized two units of the Barstow Formation, a basal 

conglomerate deposits, about 305 m thick, which he named the Owl Conglomerate 

Member, and the overlying undifferentiated Barstow. Woodburn and others (1990) 

divided the Barstow Formation into three members, from oldest to youngest: 1) the Owl 

Conglomerate Member, 2) the Middle Member, and 3) the Upper Member. In general, 

the strata of the Barstow Formation compose a fining-upward sequence. The lower two 

members are predominantly coarse-grained alluvial and fluvial deposits and probably 

indicate an initial rapid filling of the basin (Woodburne and others, 1990). The upper 

member is dominated by fine-grained lacustrine deposits and probably indicates a change 

to a slower rate of accumulation. 

Dibblee (1968) defined the basal contact of the Barstow Formation to be 

unconformable with granitic breccias of the Pickhandle Formation on the north limb of 

the syncline. Woodburne and others (1990) interpreted the basal contact of the Barstow 

Formation on the north limb of the syncline to interfinger with the top of the Pickhandle 

Formation. They redefined the Owl Conglomerate to include strata previously assigned 

to the Pickhandle Formation. Ingersoll and others (1996) disagree with both previous 

interpretations and interpret the basal contact of the Barstow Formation (Owl 

Conglomerate Member) as a buttress unconformity with the underlying Mud Hills 

Formation. Older Quaternary alluvium unconfmmably overlies the Barstow Formation 

on the ridge tops of the dissected terrain of the Mud Hills. Recent alluvium occurs in the 

stream beds. 

Owl Conglomerate Member. The Owl Conglomerate Member is the basal unit 

of the Barstow Formation. It crops out on both limbs of the Barstow syncline in the Mud 
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Hills, but is more extensive and thicker on the south flank. On the north limb, exposure 

is limited to just east of Ross Canyon to Owl Canyon (Fig. 2.2.) (Ingersoll and others, 

1996). The Owl Conglomerate Member is about 41 m thick in the stratotype, near Owl 

Canyon on the north limb, and at least 200 m thick near the Rainbow Basin Loop Road 

on the south limb (Woodbume and others, 1990). 

The Owl Conglomerate is mainly composed of gray-green granite-clast 

conglomerate on the north limb and conglomerate and reddish conglomeratic sandstone 

on the south. Although dominated by conglomerate on both limbs, differences in clast 

composition between the two limbs indicate two different provenance sources, one in the 

south and one in the north. The conglomerate on the south limb contains clasts derived 

from the Waterman Gneiss and brown andesitic porphyry clasts derived from older 

Tertiary andesites. These types of clasts are not present in the Owl Conglomerate on the 

north limb, which is dominated by arkosic sandstone with quartz monzonite, aplite, 

pegmatite, quartz, and brown andesitic porphyry derived from a northern source area 

(Woodbume and others, 1990). 

Middle Member. The Middle Member of the Barstow Formation unconformably 

overlies the Owl Conglomerate Member and extends to the base of the "lower marker 

tuff' (Dibblee, 1968), named the Skyline Tuff by Sheppard and Gude (1969). The 

Middle Member is best exposed on the south limb of the syncline between Owl and Coon 

Canyons and on the north limb between Owl and Solomon Canyons (Fig. 2.2). 

Maximum thickness is ~570 m on the south limb and ~470 m on the north limb, and 

overall lithology is similar on both limbs. In general, the Middle Member is coarsest 
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grained in the southwestern part of the Mud Hills and becomes finer grained to the 

northeast (Dibblee, 1968). 

The Middle Member of the Barstow Formation overall becomes finer grained 

upward and is dominated by variety of alluvial and fluvial sandstone, lacustrine mudstone 

and limestone, and minor tuff. The interbedded ash units are typically white in color, but 

may be yellow or brown, particularly where zeolitized (Sheppard and Gude, 1969; 

Woodburne and others, 1990). On the north limb of the syncline between Ross and Owl 

Canyons, the basal unit of the Middle Member is a dark gray "algal" limestone (Dibblee, 

1968). This unit is absent on the south limb. The focus of this thesis study is the "algal" 

limestone. 

Upper Member. The Upper Member of the Barstow Formation conformably 

overlies the Middle Member and begins at the base of the Skyline Tuff and extends to the 

top of the Barstow Formation. The upper member is exposed over much of the Mud 

Hills. In the stratotype section between Ross and Solomon Canyons (Fig. 2.2), the unit is 

159 m thick. In the western Mud Hills, the unit attains a maximum thickness of about 

200 m. Lacustrine sediments and minor coarse-grained elastic beds make up the upper 

member of the Barstow Formation. In the northwest portion of the Mud Hills, the Upper 

Member consists of dark brown mudstone, with interbedded fine-grained sandstone and 

siltstone, and minor conglomerate and limestone (Woodburne and others, 1990). In the 

area of Rainbow Basin and in Owl Canyon, this member consists mainly of red-brown to 

brown, but locally green to greenish-gray, beds of siltstone, claystone, and minor 

sandstone (Dibblee, 1968). Conglomerate beds at the top of the member indicate a 

change from lacustrine to alluvial deposition. 
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GEOCHRONOLOGY 

The Barstow Formation has been a key terrestrial succession for geochronology 

since about 1940. Owing to its rich and diverse assemblage of mammalian fossils, part of 

the Barstow Formation in the Mud Hills serves as the reference section for the Barstovian 

Land Mammal Stage of North America (Wood and others, 1941). Therefore, radiometric

dating and magnetostratigraphy efforts to establish absolute ages of the sequence have 

kept step with improvements in analytical methods, particularly over the past 15 years. 

Tuff beds have provided K-Ar and 40 Ar/39 Ar ages from both biotite and sanidine mineral 

separates (McFadden and others, 1990; Woodbume and others, 1990; WoldeGabriel and 

others, 1996). More recently, Cole and others (2005) used U-Pb dating to obtain ages 

from limestone in the Middle Member, including a sample provided by this study of the 

biolithite limestone (a charophyte biolithite, see Chapter 3). 

The stratigraphically lowest tuff in the Barstow Formation is the Red Tuff (Fig. 

2.4), which occurs about 17 m above the base of the Barstow Formation and just below 

an unconformity or fault in the Owl Conglomerate (MacFadden and others, 1990). The 

mean age of 19.3 ± 0.04 Ma obtained from three single-crystal laser fusion 40 Ar/39 Ar 

analyses on biotite is considered a maximum depositional age because Ingersoll and 

others (1996) suggest that the Red Tuff might be reworked and place it within the Mud 

Hills Formation. 

The Rak Tuff occurs at the base of the Middle Member on the south limb of the 

syncline in the Rainbow Basin area (Figs. 2.3 and 2.4) (MacFadden and others, 1990). 

Eleven single-crystal 40 Ar/39 Ar analyses produced a bimodal suite of ages with modes of 

16.56±0.68 Ma and 18.45±0.84 Ma. Three K/Ar ages on biotite have a mean of 16.3±0.6 
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Ma, which is the preferred age by MacFadden and others (1990). The charophyte 

biolithite unit that is the focus of this study occupies a stratigraphic position on the north 

limb of the syncline similar to that of the Rak Tuff on the south limb. The U-Pb age 

obtained from the sample provided by this study is 16.14±0.40 Ma, consistent with the 

age of the Rak Tuff. 

Figure 2.4 shows the ages obtained for other tuff beds in the Barstow Formation. 

The highest stratigraphic unit that can be dated in the section is the Lapilli Sandstone, 

which lies about 30 m below the stratigraphic top of the Barstow Formation in the Mud 

Hills. The mean age for this unit is 13.4± 0.03 Ma. (MacFadden and others, 1990). 

Assuming the Red Tuff is within the Barstow Formation and not the Mud Hills 

Formation, strata of the Barstow Formation represent nearly six million years of 

deposition. 
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CHAPTER 3 - FIELD OBSERVATIONS 

INTRODUCTION 

Four days ofreconnaissance work were done to become familiar with the 

stratigraphy and structure of the rocks in the Mud Hills between Owl and Ross Canyons 

on the north limb of the syncline (Fig. 3.1) and to locate the best sites for measured 

sections of the limestone-dominated unit at the base of the Middle Member. Three 

favorable sites for measured sections were identified in small canyons, where exposure is 

good and the sequence is uniformly dipping and not disrupted by faulting. Stratigraphic 

sections were measured using the tape-and-Brunton method. 

0 2 3 

Km 

Figure 3.1. Geologic map showing location and areal extent of charophyte biolithite unit (shown in 
orange), and locations of measured sections. Modified from Dibblee (1968). 
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Measured section I is 40 m thick (Figs. 3.2A and B), measured section 2 is 45.5 m thick 

(Figs . 3.3A, B, and C), and measured sec tion 3 is 20 m thick (Fig. 3.4). Hand samples 

were coll ected from the measured sections and from equivalent strata between measured 

sections I and 2. 

GEOLOGY OF THE STUDY AREA 

The study area between Owl and Ross Canyons is ~2.6 km by 0.2 km (Fig. 3. I). 

The topography of the study area consists of stream-dissected ridges that are steep on the 

north side and gentle on the south (dip-face) side. The stream cuts are steep-walled 

canyons that range from 20 to 80 min depth. Vegetation in this arid region is sparse and 

consists of white holly, cacti, and Joshua trees. A lack of vegetation and slow rates of 

weathering result in excellent exposure of the rocks. 

The stratigraphic sequence consists of alternating sandstone and carbonate strata. 

Carbonate units are highly resistant and form cliffs and benches. The resis tivity of 

sandstones varies, depending on the degree of cementation. Poorly cemented sandstone 

forms slight recesses and gentle slopes that are partly and thinly covered by detritus from 

the weathering of the sandstone. Well cemented sandstone beds form resi stant ledges. 

Bedding is relatively uniform throughout the study area, range in orientation from 

N72°W, 1s 0 sw to N85 °W, 19°SW. 
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STRATIGRAPHY OF THE STUDY AREA 

The focus of the study is the limestone that forms 5% of the basal 45 m of the 

Middle Member of the Barstow Formation in the study area. Equ iva lent-age strata on the 

south limb of the syncline do not contain limestone. The limestone is absent west of Owl 

Canyon, but it is not certain whether the limestone was not deposited in this area or 

whether it has been displaced by faults. 

The limestone-dominated interval is conforrnably bounded below by the Owl 

Conglomerate and above by si liciclastic rocks of the Middle Member. The basal contact 

is best exposed in measured section 2, the deepest canyon in the study area. The contact 

is gradational, consisting of intercalated sandstone, pebbly sandstone, and limestone. The 

upper boundary of the Owl Conglomerate is defined by this study as the coarse-grained 

sandstone below a sequence of interbedded sandstone, pelbiosparites, and pelsparites 

(Figs. 3.2A and 3.3A). This boundary is well defined by a change in color from grayish

yellow-green to light olive-gray and pale yellowish-brown and by a change in resistance 

from less resistant to more resistant strata. In addition, no charophyte fragments occur in 

any of the rock units below this boundary. The Owl Conglomerate possibly interfingers 

with the basal strata of the Middle Member in that it is overlain by the biolithite

biosparite unit in measured section 1 and an increasingly thick interval of interbedded 

sandstone, pelbiosparites, and pelsparites eastward to measured section 2 (see Fig. 3.15). 

The upper contact of the limestone-dominated interval is also gradational and is defined 

by the last occurrence of limestone, an orange-brown microbialite, in the lower Middle 

Member. 
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Measured section 2 is the only one of the three measured sections to contain the 

complete stratigraphic sequence. In measured section 3, the lower contact with the Owl 

Conglomerate is covered by alluvium of the modern wash, but the section contains the 

orange-brown microbialite at the top of the section. Measured section 1 has a well 

exposed contact with the Owl Conglomerate, but the upper contact is covered by 

Quaternary alluvium. Measured sections 1 and 2, and the equivalent strata in between, 

have a larger percentage of limestone and thicker limestone intervals than section 3. In 

addition to the overall eastward decrease in limestone between measured section 2 and 3, 

the charophyte biolithite, an important and prominent rock type west of measured section 

2, decreases in thiclrness and frequency to the east. Mounds formed by this rock type are 

well developed west of measured section 2 and poorly developed east of measured 

section 2. 

The limestone-dominated basal interval of the Middle Member consists of five 

rock types: charophyte biolithite (10%), microbial biolithite or microbialite (5%), 

pelbiosparites and pelsparites (5%), charophyte biosparite (5%), arkosic sandstone (75%), 

and siliciclastic mudstone and micrite (< 1 %). The thickest and most prominent unit in the 

stratigraphic sequence consists of isolated bioherms of charophyte biolithite, which 

interfinger with and are onlapped by charophyte biosparite, pelbiosparites, and 

pelsparites. Together, these rock types form a tabular, cliff-forming unit that is 3 to 5 m 

thick west of measured section 2. The unit thins to the east and is only 1 m thick in 

measured section 3. Roughly 30% of the rock units in the study area consist of the 

charophyte biolithite and 70% of the other rock types. The massive biolithite forms 

mound features on the modern dip face. Some of the relief might be due to differential 
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erosion between the mass ive biolithite and medium to thinly bedded gra instones, but 

much could reflect original deposition where the mounds were never completely buried 

by the inter-mound grainstones. 

LITHOSOME DESCRIPTIONS 

Owl Conglomerate 

Only the upper few meters of the Owl Conglomerate were examined where they 

were exposed at the bases of measured sections 1 and 2. Beds are tabular, and the rock is 

grayish-ye llow-green. As noted above, the contact between the Owl Conglomerate and 

the Middle Member is defined by a sharp change in topographic profile, rock type, 

texture and color. The top section of the Owl Conglomerate is gravelly sandstone that 

consists of 70% sand, 20% pebbles and cobbles, and 10% mud. The sand fraction ranges 

from coarse to very coarse grained ( 1.0 to -1.0 phi), and grains are well sorted and 

subangular to subrounded. 

Charophyte Biolithite 

The relatively small, lens-shaped accumulation of biological origin within rocks 

of different lithology define the mounds as bioherms (Wood, 1999; Scholl and others, 

1983). In addition, the lateral contacts show constructional (non-erosional) overhangs and 

interfingering and onlapping relationships with adjacent rock types . These features, plus 

internal structure of a growth framework instead of texture associated with deposition of 

sediment (e.g., sorting, cross bedding, grain orientation) defined this rock type as a 

biolithite . However, the identity of the organism that constructed the biohem1s could not 

be determined in the field. The framework consisted of concentric coatings of calcite 

around~ 1- to 2 mm-diameter hollow tubes. The organism was recogni zed as some type 
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of macrophyte, hence the name "phytoherm" was originally used for the mounds 

(Caceres and Pedone, 2000).Thin section study identified the organism as the genus 

Chara (see Chapter 4), although the species could not be determined. 

The charophyte biolithite occurs in only one horizon in the study area, where it 

forms laterally discontinuous, mushroom-shaped mounds (Fig. 3.5). Erosion of the less 

charophyte mounds onlapping limestone 
units ... 

Figure 3.5. Profile view of the charophyte biolithite unit at measured section 2. The mounds are 
mushroom shaped, laterally discontinuous, and interfinger with age-equivalent, onlapping biosparite, 
pelbiosparite and pelsparite units. The mounds overlie these carbonate grainstones interbedded with 
sandstone. 

resistant overlying sandstone forms an areally extensive dip-face on which there are 

excellent three-dimensional exposures of the charophyte bioherms. The charophyte 

biolithite mounds overlie sandstone, either the Owl Conglomerate (measured section 1, 

Fig. 3.2A) or friable arkosic sandstone of the Middle Member (Figs. 3.3A and 3.4). The 
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upper contact is sharp and defined by a change to nonresistant yellow, coarse-grained 

sandstone in measured sections 1 and 2 or to a resistant sandstone in measured section 3. 

Figure 3.6. Charophyte biolithite framework shows draping fabric (white line) in some of the growth 
layers. 

Charophyte mounds are 3 to 5 m in diameter and are formed by successive growth 

and calcification of upright and draping charophytes (Fig. 3.6). Individual small mounds 

sometimes coalesced as they grew to form large areas or groups of mounds. Partial 

erosion of successive layers reveal interior of mounds (Fig. 3. 7). Roughly 60% of the 

mounds are made up of very pale-orange ( 1 OYR 8/2) calcified charophyte stems. 

Charophyte stems range in diameter from 0.5 to 1.0 cm and are concentrically coated 
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by multiple layers of calcite. Coated stems have a total thickness ranging from 2 to 4 cm. 

The remaining 40% of the rock consists of framework porosity that has been partially to 

completely filled with several generations of dark yellowish-brown ( 1 OYR 4/2) calcite 

cement (see Chapter 4, Fig. 4.2). Minor amounts of unbroken, but commonly 

disarticulated ostracode carapaces occur within the framework porosity. Ostracodes are 

the only fauna preserved in the charophyte biolithite. The outer surface of the mounds is 

coated by laminated microbialite. 

Figure 3.7. Mounds exhibit "onion peel weathering" of successive draping growth layers that 
exposes the interiors of the mounds. Location just west of measured section 1. 
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The charophyte biolithite unit in measured section 3 is poorly developed. The unit i s ~ 1 

m thick and has tabular geometry. It consists of concentrically coated Chara stems, 

about ~3 to 5 mm diameter, that are coated by success ive layers of spongy laminated and 

unlaminated microbialite rather than continued concentric coatings of laminated calcite. 

Rock and grain properties of individual samples of charophyte biolithite are listed in 

Appendix A, Table 3.1. 

Microbialite Biolithite 

Microbial biolithite or microbiolite occurs as the outer coatings of charophyte 

mounds and as thin resistant beds at several horizons within the basal 45 m of the Middle 

ivf ember. This resistant rock type makes up slightly less than 5 % of the rocks in the study 

area. Microbialite coatings on charophyte biolithite range in thickness from I 0 to 45 cm. 

Other microbiolite forms tabular beds with thicknesses ranging from 20 cm to 1.2 m (Fig. 

3.8). These beds contain masses of concentrically laminated, microbially induced calcite 

around hollow pipes that were originally filled by roots or woody plant material that have 

since decomposed (Fig. 3.9) . Upper and lower contacts with adjacent coarse-grained 

sandstones are sharp. 

There are two types of microbiolites, laminated and unlaminated. Laminated 

microbialite consists of alternating light and dark laminae with average thicknesses of 0.5 

to 1.0 mm. Unlaminated microbialite consists of structureless, slightly porous tufa heads 

and mats. Rock and grain properties of individual samples are listed in Appendix A, 

Table 3.2. 
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Figure. 3.8. Resistant tabular microbialite beds. 
A 1.5 m Jacob staff included for scale. 

Pelbiosparites and Pelsparites 

Figure 3.9. Concentric laminae of calcite 
around a hollow pipe. Divisions on scale in 
centimeters. 

Pelbiosparites and pelsparites form tabular beds ranging in thickness from 10 to 

30 cm. In measured section 1, they form a 2- to 3.5-m-thick sequence laterally equivalent 

to and between charophyte bioherms. In measured sections 2 and 3, these units form a 

sequence of medium beds interbedded with and overlain by sandstone between the Owl 

Conglomerate and the biolithite unit (Fig. 3.5). 

Rock types consist of coarse- to medium-grained fragments of microbiolites, 

calcified Chara and carbonate lumps. Colors vary from dark yellowish-brown (1 OYR 

4/2) to very pale-orange (lOYR 8/2). Grains are moderately to poorly sorted and 

subrounded. Rock and grain properties of individual samples are listed in Appendix A, 

Table 3.3. 

Charophyte Biosparite 

Charophyte biosparite was deposited primarily between the charophyte biolithite 

mounds. Bed thicknesses range from 10 to 30 cm. Beds of biosparite have abrupt upper 

and lower contacts with each other and with all other rock types. Cross bedding is 
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common. In some beds, alternating 1- to 2-cm thick layers are perpendicular to each 

other (Fig. 3.10), suggesting that grains were oriented by currents. Grains are well sorted 

and consist of fragments of calcified charophytes, with diameters of I to 2 mm and 

lengths of ~8 mm. The grains are very pale-orange (1 OYR 8/2) and the surrounding 

calcite cement is dark yellowish-brown (1OYR4/2), owing to disseminated oxide 

minerals. Rock and grain properties of individual samples are listed in Appendix A, 

Table 3.4. 

Figure 3.10. Slab of a pelbiosparite (OCE-6) cut perpendicular (circular-shaped) and parallel 
(tabular-shaped) to charophyte stems, indicating orientation of the fragmented charophyte stems at 
90° to each other by currents. 

Arkosic Sandstone 

Arkosic sandstones in the study area have stratigraphic thicknesses ranging from 

30 cm to 13.5 m and tabular geometries. Sandstone, both vertically within the measured 
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sections and laterally between sections, shows slight variations in color; grain size; and 

topographic expression, owing to differential cementation (Fig. 3.11). Based on the 

variation in topographic expression, the sandstones have been divided into two 

categories, friable and non-friable sandstones. The sandstone beds have sharp lower and 

upper contacts with all adjacent rock types in the study area. Most beds are massive; but 

faint planar lamination occurs in some. 

Figure 3.11. A resistant arkosic sandstone bed in measured section 1. A 1.5 m long Jacob staff for 
scale. 

Friable Sandstones. The friable sandstones are yellowish-orange to light 

greenish-gray and grayish-orange. Grain size ranges from very fine to pebbles, with 

medium-grains being the average. The grains are poorly sorted and subangular to 

surrounded. They are less resistant than the non-friable sandstones, owing to the 

relatively high porosity. 
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Non-Friable Sandstones. Non-friable sandstones are pale reddish-brown and 

pale yellowish-brown. Grain size ranges from very fine-grained to pebbles. The average 

grain size is medium with poorly sorted angular to subangular grains. Some units contain 

thin beds of micrite mud. These sandstones are more resistant than the friable sandstones 

owing to the cementation of grains by sparry calcite. Rock and grain properties of 

individual samples are listed in Appendix A, Table 3.5. 

Mudstone 

Siliciclastic mudstone and micrite are not common in the study area, forming 

< l % of the stratigraphic section. A resistant mudcracked layer, which varies from green 

mudstone to red micrite, underlies the mounds and the inter-mound biospaiitc-pelsparitc-

pelbiosparite units from measured section 1 to measured section 2 (Fig. 3 .12). The 

cracks are ~ 10 mm deep, 5 to 15 mm wide, and filled with small fragments of calcified 

Chara. Mudcrack casts are well exposed on the base of the biolithite unit in measured 

section 1 (Fig. 3.13). 

Red micrite occurs as lenses within the biolithite (Fig. 3.14), and as millimeter

scale laminae within interbedded sequences of biosparites , pelsparite, and biopelsparite. 

A similar, 0.8 m thick sequence of interbedded micrite laminae occurs near the top of 

measured section 3. A 0.9-m-thick green mudstone occurs near the top of measured 

section 1 (Fig. 3.2B). The mudstone is massive, highl y weathered, and the basal and top 

contacts are sharp with red limestone and sandstone, respectively. A thin resistant green 

mudstone similar to the one in measured section 1 also occurs in measured section 2 (Fig. 

3.4B), but it was imposs ible to determine if they were part of a continuous stratigraphic 

unit because the bed is not continuously exposed. 
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Figure 3.12. Mudcracks in red micrite in a thin unit that underlies the biolithite unit between 
measured sections 1 and 2. Pen in picture is -4-inches long. 

Figure 3.13. Mudcrack casts on basal contact of biolithite-biosparite unit at measured section 1. 
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Figure 3.14 Lenses of red micrite within interfingering biolithite and cross-bedded biosparite beds 
between measured sections 1 and 2. 

CORRELATION OF THE MEASURED SECTIONS 

An interpretive cross section of the stratigraphy between the measured sections 

provides insight into the deposition of the lower Middle Member of the Barstow 

Formation in the study area (Fig. 3 .15). The section is interpretive because the 

Quaternary erosion surface truncates strata above the biolithite unit in many places, 

making it impossible to walk out beds. The first stratigraphic horizon that can be traced 

across the entire field area is the biolithite-biosparite unit. Therefore, the base of this unit 

was chosen as the datum for the cross section. The relationship of the Owl Conglomerate 

to the biolithite unit demonstrates the conformable, interfingering boundary with the 

Middle Member. It also suggests that the topography of the Owl Conglomerate might 
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have been gently undulating and that the initial deposition of the Middle Member filled in 

topographic lows. 
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Figure 3.15. Cross section of measured sections I , 2, and 3 from study area showing the intermound relationships 
between measured sections. 

The charophyte mounds are laterally discontinuous, mushroom shaped, and 

interfinger with age-equivalent biosparite, pelsparite, and pelbiosparite. The biolithite 

and associated carbonate grainstones are best developed between measured sections 1 

and 2. This indicates that conditions for growth of charophytes were more favorable in 

the western part of the study area compared to the east. The formation of this thick, pure 

limestone unit also indicates the only prolonged period in which siliciclastics were not 
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deposited in the area, in contrast to the dominance of sandstone in the lower Middle 

Member. 

The source of siliciclastic sand must have been closest to the location of measured 

section 1, based on complete absence of carbonate strata above the biolithite unit and on 

the greater thickness of sandstone compared to the other measured sections . The amount 

of sandstone decreases progressively eastward, indicating that measure section 3 was the 

furthest from the elastic source . Unlike measured section 1, both measured sections 2 

and 3 have a few thin carbonate beds above the biolithite unit, indicating that at least for 

short periods of time, input of elastic material did not overwhelm and prevent deposition 

of carbonate in these locations. 
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CHAPTER4-PETROGRAPHY 

INTRODUCTION 

This chapter presents the components, textural fabrics, and diagenetic features of 

the rock types in the study area, determined by standard petrography and 

cathodoluminescence. It also reviews the biology of charophytes that is relevant to its 

fossilization. 

BIOLOGY OF CHAROPHYTES 

Charophytes are nonvascular hydrophytes and are unique in the fact that their 

biological characteristics are intermediate between green algae and bryophytes (Bold and 

Wynne, 1985). They are nonrnarine and are mostly found in fresh water, but they can 

tolerate brackish conditions. Charophytes prefer calm water. They have well developed 

rhizoids and can anchor themselves on muddy, sandy, and hard limestone substrates . 

They are less common on wave-agitated, coarser-grained substrates. Depending on 

energy, substrate, and water clarity, Chara can inhabit depths down to 10 to 15 m 

(Tucker and Wright, 1990). 

The stems of the charophyte have striated outer walls and hollow centers (Fig. 

4.1 ). They can reach lengths of 30 cm or more depending on water depth and energy 

(Bold and Wynne, 1985). These stems stand erect in calm waters but can bend with 

currents. Much like sea grass, they baffle and trap fine-grained sand and mud. They also 

readily induce calcification of their tissues, which can result in continued carbonate 

precipitation in waters of appropriate chemistry. Therefore, Chara can directly and 

indirectly produce large amounts of carbonate sediment. 
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Chara readily induces calcification because of their ability to use bicarbonate ions 

for photosynthesis as well as C02. Chara are efficient users of bicarbonate as a source of 

C02 (Tucker and Wright, 1990), which gives them an advantage in hard water lakes 

where little free C02 may be available . Encrustation of the stems is a by-product of 

Figure 4.1. Modern charophyte showing ribbed outer stem wall and hollow stems. (From Tucker and 
Wright, 1990) 

bicarbonate assimilation from alkaline waters (McMonnaughey, 1991 ). It is presumed 

that Ca2
+ and carbon traverse the cytoplasm to reach the vesicular site of calcification and 

that Ca2
+ is involved in the calcification process. The calcifying cells must supply 

calcium and remove the hydronium ion generated by the reaction: Ca2
+ + C02 + H20 = 

CaC03 + 2H+. The stems usually become encrusted with low-Mg calcite and can be 

more than half CaC03 by dry weight. 

CHAROPHYTE BIOLITHITE 

Charophytes stems are concentrically coated by calcite bands that coalesce to 

form a rigid framework (Fig. 4.2). This framework makes up 40 to 80% of the 
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Figure 4.2. Image of biolithite slab (sample OCE 2) showing concentrically coated Chara stems (very 
pale-orange). Framework porosity are the voids, partly filled by brown calcite cement and blue 
microcrystalline quartz. 

charophyte biolithite. Concentrically coated calcite bands have been grouped into 

"packages" based on differences in the nature of banding. Each package consists of 

alternating bands of clear, prismatic calcite and micrite. Packages were distinguished by 

identifying abrupt changes in thicknesses of the bands and/or the proportions between 

light and dark bands. The grumose or "fuzzy" character of the micrite bands in plane light 

(PL) indicates that they are microbial in origin (Bathurst, 1975). Owing to the limited 

resolution of the petrographic microscope, scanning electron microscopy (SEM) was 

used to resolve the fabric of the micrite bands. SEM showed that they consist of 1-2 µm 

calcite crystals and extensive microporosity (Fig. 4.3). Ostracodes lived in the pore 
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spaces of the developing charophyte bioherms. Their carapaces are commonly encased 

within calcification packages. 

Figure 4.3 SEM image of thin micrite layer showing 1 to 2 micron calcite crystals and extensive 
microporosity. 

There are six different fabrics in the charophyte biolithite unit. From oldest to 

youngest, they are: Chara package (CP), package IA (PIA), package IB (PIB), package 

2A (P2A), package 2B (P2B), microbial layer 3A (ML3A), and microbial layer 3B 

(ML3B). Each is described in detail below. All samples contain the Chara package, but 

the rest of the sequence differs between samples, even within the same charophyte 

mound. The most complete sequences include CP, either PIA or PlB (sometimes both), 

and P2A and P2B. Only one sample from measured section 2, MS2-l 6, contains 

microbial layers 3A and 3B. It has the least complete sequence, consisting only of the CP, 

overlain by microbialite. Detailed fabric descriptions of each thin section are listed in 

Appendix B, Table I. 

47 



TEXTURAL FABRICS 

Chara Package (CP) 

The CP consists of the sp iky ornamentation of the outer wall of the Chara stem, 

overlain by alternating bands of clear prismatic calcite and very thin dark micrite (Fig. 

4.4, 4.5, and 4.6). CP does not include the hollow centers of the charophyte stems. After 

calcification of the stem walls, the hollow stems either remained hollow, or were partially 

to completely filled with alternating bands of prismatic clear calcite and micrite distinct 

from CP. The diameter of the outer walls of the charophyte stems range from 400 µm to 

2000 µm. There are three to six couplets of clear calcite and micrite in the CP. The clear 

prismatic bands have an average thickness of 60 µm and dull orange luminescence. 

Micritic bands have an average thickness of 20 µm and moderate orange luminescence. 

Total thickness of the CP ranges from 800 µm to 1000 µm. Stems are concentrically 

coated on all sides of the Chara stem in most samples. However in OCE-2 , concentric 

CP calcite bands coat only one side of the Chara stem. The other side of the Chara stem 

is directly overlain by P2A (Fig. 4.5). 

Package lA (PlA) 

PP A completely surrounds the CP and consists of an irregular pattern of 

alternating clear and dark calcite bands, dominated by the dark bands (Fig. 4.4). 

Total PlA thickness ranges from 600 to 1200 µm. The dark bands (80 to 240 µm) have 

dull orange luminescence and are thicker than the dull to moderately luminescent clear 

bands (40 to 80 µm). 
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Figure 4.4. Textural fabrics of charophyte biolithite viewed in plane 
light. Sample OCE-1. CP=Chara Package, PIA=Package IA, 
PIB=Package IB, and P2A=Package 2A. 

Figure 4.5. Textural fabrics of charophyte biolithite viewed in plane 
light. Sample OCE-2. CP=Chara Package, PtB=Package 1B, 
P2A=Package 2A, and P2B=Package 2B. 
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Package lB (PlB) 

P lB ranges from 240 um to 1800 µm and consists ofrelatively equal proportions 

of light and dark bands (Fig. 4.4). Clear, prismatic, dull-orange luminescent calcite bands 

range from <40 to 80 µm , and moderate-orange luminescent micrite bands from <40 to 

120 µm. 

Figure 4.6. Textural fabrics of charophyte biolithite viewed in plane light 
(MS2-16). CP=Chara Package, ML3A=Microbial Layer 3A, and ML3B= 
Microbial Layer 38. 

Package 2A (P2A) 

P2A is composed of calcite laminae that encase one to up to five CP (Fig. 4.4). It 

is the first and most extensive fabric to surround more than one stem and, therefore, is the 

main component of the rigid framework that binds the stems together. P2A ranges from 

280 to 800 µm thick and is very thinly banded. The fabric consists of alternating clear ( 40 

to 80 µm) and dark bands (4 to 20 µm) , with dull to moderate orange luminescence, 
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respective ly. The clear calcite laminae in the package decrease in thickness from the 

inner to the outer portions of the package. The dark bands show the reverse pattern. 

Package 2B (P2B) 

P2B overlies and is less extensive than P2A. It has a total thickness ranging from 320 

to 760 µm, is thinly banded, and is dominated by clear calcite (Fig. 4.5). P2B has dull to 

moderate orange luminescence. 

Microbial Layers 3A and 3B (ML3A and ML3B) 

ML3A and ML3B occur only in MS2-l 6. ML3A directly overlies the CP and has 

an irregular outer surface (Fig. 4.6). It has a clotted, nonlaminated texture, ranges in 

thickness from 400 to 1400 µm , and has moderate orange luminescence. ML3B overlies 

ML3A. It consists of alternating bands of clear, prismatic calcite and very thin dark 

micrite, which both have dull-orange luminescence. Thickness ranges from 200 to 400 

µm . 

Dia genetic Features of the Biolithite 

The primary fabric of the charophyte biolithite is the rigid framework formed by 

CP, PIA, PlB, P2A, P2B, ML3A, and ML3B. The detail of the microfabric of each of 

these primary components is exquisitely preserved, indicating that there has been no 

diagenetic alteration of the primary fabric. Furthermore, there is no evidence of 

dissolution between the different packages, indicating that there were prolonged periods 

of exposure between the development of each package. As it developed, the charophyte 

biolithite had high framework porosity, which was subsequently partly to completely 

filled by two or three generations of calcite cement and, in some mounds, by a final 

generation of silica cement. The oldest cement is bladed calcite, typically 200 µm long 

(Figs. 4. 7a and b ). It generally has a dull- to moderate-orange luminescent core and a 
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slightly brighter luminescent thin rim. The bladed cement is overlain by blocky calcite, 

which shows CL zonation. In some cases, zones are alternating bright and moderate; 

whereas in others, they are alternating dull and moderate, with a final bright luminescent 

rim. A second generation of blocky calcite occurs in a few samples. It can only be 

distinguished in CL, characterized by its complete lack of luminescence. Silica cement 

overlies both generations of blocky cement in some mounds. Detailed descriptions of 

primary and secondary fabrics of the charophyte biolithite are given in Appendix B, 

Table 4.1. 

Figure 4.7a. Textural fabrics and cements of 
OCE-1 viewed under plane light. CP=Chara 
Package, PtA=Package tA, PtB=Package lB, 
and P2A=Package 2A, BBC=Bladed Calcite 
Cement. 

Figure 4.7b. CL pair of Fig. 4.7a showing 
luminescence of textural fabrics and cements. 
CP=Chara Package, PtA=Package lA, 
PtB=Package tB, and P2A=Package 2A, 
BBC=Bladed Calcite Cement. 

There is no evidence of mechanical compaction, such as spallation or breakage, of 

the biolithite framework. Evidence that the framework porosity was filled soon after 

calcification of Chara ceased is the lack of internal sediment between the outermost 

calcification of the Chara stem and cement. The combination of the rigid framework 

formed by the concentric coatings of calcite around the charophyte stems and the early 
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fill of the framework porosity by calcite cement prevented compaction of the biolithite 

during burial. 

PELBIOSPARITES AND PELSPARITES 

The pelbiosparite and pelsparite in the limestone unit of the basal Middle Member 

on the north limb of the Barstow syncline are similar in all respects, except for the 

proportions of peloids and bioclasts. Pelbiosparite has primary constituents that are 30-

55% peloids and 20-40% bioclasts . Pelsparite has primary constituents that are 45-90% 

peloids and 0 to >5% bioclasts. Peloids include "traditional peloids," subrounded to 

rounded ovoid grains of micrite <2 mm in size and "lumps," rounded, but irregularly 

shaped grains of micrite that are mostly <2 mm. Most peloids and lumps fall into the 200 

µm to 600 µm range. Faintly preserved internal fabrics indicate that some peloids are 

micritized grains of Chara. Most, however, have grumose, clotted fabric typical of 

microbialites and are regarded as detritus from the fragmentation of partially calcified 

microbial mats (Fig. 4.8a). Peloids and lumps have dull-orange luminescence (Fig. 4.8b) . 

The skeletal grains in pelbiosparite are dominated by charophyte fragments in 

most samples (10-35%), with minor ostracodes (5-10%), except in one sample (MS2-7y), 

where ostracodes form 20% of the primary constituents and charophytes fragments are 

rare. Skeletal grains in pelsparite are also Chara fragments and ostracodes. Charophyte 

fragments range from 500 µm to 2000 µmin size, and ostracode fragments from 350 µm 

to 670 µmin length. Chara fragments have thin, moderate orange luminescent bands 

within their structures (Fig. 4.9b ). Bioclasts and peloids locally are bound together in 

few-millimeter-diameter patches of micrite (Fig. 4.9a), which might be microbially 

produced. 
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Primary porosity in the pelbiosparite and pelsparite units is intergranular and 

ranges from 10% to 25%. Pelbiosparites and pelsparites show no evidence of compaction 

based on their loose packing, high porosity, and lack of deformation and/or fracturing of 

grains. The most likely reason for the lack of compaction is early cementation. The first 

cement in some samples is a micrite crust, which has no to faint luminescence. Overlying 

this, or as a first cement in other samples is a microspar crust, typically with moderate to 

bright orange luminescence (Fig. 4.9b ). Some ostracode shells have a rim of moderate to 

bright orange luminescence epitaxial prismatic calcite. The youngest cement present in 

some samples is sparry, equant calcite. There is more than one generation of this cement, 

indicated by luminescence ranging from none to bright orange. Secondary porosity 

ranges from 5% to 10% and was formed by the partial dissolution of older calcite cement. 

Tables 4.2 and 4.3 in Appendix B provide detailed descriptions of samples of 

pelbiosparite and pelsparite. 

Figure 4.8a. Clotted texture of pelsparite as 
viewed under plane light (MS2-10). Grains 
(dark) are cemented by thin crust of micrite 
cement. White areas are pore spaces. 
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Figure 4.8b. Paired CL view of Fig. 4.8a 
shows moderate luminescence of clotted 
texture and cement. Micrite cement crust is 
nonluminescent. Pore spaces are also 
nonluminescent. 



Figure 4.9a. Peloids, lumps, Chara, and 
cement (light areas) in pelbiosparite viewed 
under plane light (MSl-2). 

MICROBIALITES 

Figure 4.9b. CL image of Fig. 4.9a shows low 
luminescence of primary fabric and moderate 
to bright luminescence of first generation 
micrite cement and nonluminescent second 
generation sparry cement. 

Microbial biolithite or, simply microbialite, is an organosedimentary deposit 

formed as a result of microbial processes, (e.g., sediment trapping, binding, and/or 

precipitation) (Tucker and Wright, 1990). There are two different types of textures 

associated with the microbialite units, laminated and nonlaminated. Laminated fabric 

consists of alternating clotted micrite and clear prismatic calcite cement (Fig. 4.1 Oa) . The 

thickest laminated deposit found in the study area was 9 cm thick, with individual bands 

ranging from < 1 to 10 mm. Microbial laminations vary from olive-green, clotted 

microbial material with successive growth bands to microbial material with poorly 

preserved organized cellular structures in a radiating fan shape. The clear prismatic 

calcite alternates with very thin orange-brown cement bands. Light to clear bands in the 

laminated microbialites have dull-orange luminescence and the darker, olive-green bands 

have moderate-orange luminescence (Fig. 4.1 Ob). Nonlaminated texture has an irregular, 

microfabric consisting of small peloids with indistinct margins cemented by microspar 

(Fig. 4.11 a). This nonlaminated texture has moderate orange luminescence (Fig. 4.11 b ). 
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The strong growth framework of the microbialites resisted mechanical 

compaction. Primary framework porosity ranges from 20% to 60% with an average of 

34%. Pores are filled with two to four generations of cement that include: microspar, 

equant calcite, sparry calcite, and/or silica cement (Appendix B, Table 4.4). Secondary 

porosity ranges from 5% to 25% with an average of 15% and results from dissolution. 

Evidence of dissolution includes porosity that truncates euhedral crystal faces, contacts 

between adjacent cement generations, and primary fabric of the microbialite. 

Typical sequence of cements seen in both laminated and nonlaminated 

microbialites is a micrite rim with very dull luminescence, followed by one to two 

generations of equant, sparry calcite. The two generations of sparry calcite can only be 

distinguished by the differences in luminescence. The oldest generation is brightly 

luminescent and the youngest is nonluminescent. Detailed descriptions of primary and 

secondary fabrics in individual samples of microbialites are given in Appendix B, Table 

4.4 and Table 4.5. 

Figure 4.1 Oa. Laminated texture of laminated 
microbialite (MS2-7) viewed under plane 
light. 
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Figure 4.lOb. CL pair of Fig. 4.tOa showing 
alternating dull (prismatic) and moderate 
(micrite) luminescent banding. 



Figure 4.lla. Unlaminated microbialite and 
calcite cement viewed under plane light (MS2-
11 ). 

CHAROPHYTE BIOSPARITE 

Figure 4.11 b. CL pair of Fig 4.11 a showing 
microbial material with moderate 
luminescence and nonluminescent calcite 
cement. 

Charophyte biosparite is composed of fragments of calcified charophyte stems 

cemented by several generations of calcite cement. Plane-light views of transverse cross 

sections of the charophyte fragments show the spiky ornamentation of the outer wall of 

the stem concentrically overlain by alternating bands of light and dark calcite cement 

(Fig. 4. l2a). The stem walls and concentric calcite coatings are banded moderate orange 

and bright orange in CL (Fig. 4.12b ). The originally hollow centers of the stems are 

filled by alternating bands of clear calcite and micrite, which display no, moderate, and 

bright luminescence. Diameter of the fragments ranges from 570 to 1240 µm. Chara 

fragments occur individually and as aggregates of a few stems. Packing is loose, and 

primary interparticle porosity ranges from 16% to 40%, with an average of 30%. 

Secondary porosity in the charophyte biosparite is 5%, formed from dissolution of older 

cement. There is no evidence of mechanical compaction in the charophyte biosparite 

units, such as spallation or breakage of early cement rims. 
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Primary pore space is filled by two to four generations of calcite cement. The 

sequence of cements usually consists of, from youngest to oldest: micrite, prismatic 

calcite, micrite, sparry equant and/or bladed calcite, and silica. Luminescence in the first 

generation of clear calcite cement is bright orange followed by micrite bands with dull 

orange to no luminescence. The youngest generation of clear calcite exhibits no 

luminescence (Fig. 4.12b ). Appendix B, Table 4.6 provides detailed descriptions of 

primary and secondary fabrics in charophyte biosparite. 

~ 

Figure 4.12a. Fragments of calcified 
charophytes of charophyte biosparite viewed 
under plane light (OCE-6). 

SANDSTONES 

Figure 4.l 2b. Paired CL view of Fig. 4.12a 
showing CL banding in charophyte fragments 
and two generations of calcite cement. 

Sandstones interbedded with limestone in the field area are mostly medium 

grained. Grain size ranges from 80 to 3200 µm, with an average of 280 µm. Grains are 

poorly sorted and angular to subangular, making the sandstones texturally immature. 

Normalized quartz-feldspar-rock fragment data plot in the feldsarenite (arkose) field (Fig. 

4.13), making the sandstone compositionally immature. Siliciclastic grains are dominated 

by quartz and plagioclase feldspar, with minor volcanic rock fragments and biotite. 

Many of the sandstones are hybrids between sandstone and carbonate rocks 

because most contain a significant component of micrite that coats grains and helps 
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cement them together. As a whole, siliciclastic grains make up 20% to 85% of the 

individual samples; but only a few are close to the high-end range. These percentages are 

based on the average of visual estimates in five random fields of view throughout each 

thin section studied. Beds that contain less than 50% grains would perhaps be better 

classified as sandy microbialites because the siliciclastic grains are supported by micrite. 

However, unlike other microbialites in the study area, there is no clotted fabric in the 

micrite. Therefore, this study groups these sand-rich micritic rocks with the sandstones. 

subfeldsarenite 

lithic arkose 
feldspathic 
litharenite 

itharenite 

feldspar .__ __ __,__ __ ......_ __ _.___ __ _, rock 
3: 1 1:1 1:3 fragments 

Figure 4.13. Composition of sandstone in study area plotted on quartz-feldspar-rock fragment 
ternary diagram of Folk (1970). 

Primary porosity in grain-supported sandstones ranges from 10% to 35% with an 

average of 24%. It is filled with micrite, micros par, or equant cement. Secondary 

porosity ranges from < 1 to 10%, with an average of 3% and results from dissolution of 

micrite cement. Bloated biotite is common in the sandstones (Figs. 4. l 4a and b ). 

Bloated biotite is formed when a secondary mineral, in this case calcite, grows between 

the cleavage planes of biotite, causing expansion. In some thin sections as much as 67% 
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expansion has occurred in biotite grains. The lack of deformation of the thin, straight, 

separated layers of biotite provides evidence that no mechanical compaction occurred 

before or during "bloating." Furthermore, bloating must be associated with the earliest 

phase of cementation in that adjacent grains were free to move aside to accommodate the 

expansion. 

Quartz, feldspars , and lithic grains have blue to bright green luminescence, with 

the exception of the lithic fragments that sometimes have moderate orange luminescence. 

The micrite matrix has bright luminescence (Figure 4.14b). Two of the samples MS3-5 

and MS3-6 have been cemented by sparry calcite with bright luminescence. For a 

detailed description of sandstone petrography, see Appendix B, Table 4. 7. 

Figure 4.14a Micrite-cemented sandstone with 
viewed under plane light (MS2-l 0). 
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Figure 4.14b Paired CL view of Fig 4.14a 
showing moderate to bright luminescence of 
micrite cement. 



CHAPTER 5 - CARBON AND OXYGEN ISOTOPES 

INTRODUCTION 

Carbon (o13C) and oxygen (0 180) values recorded in primary carbonates of ancient 

lacustrine deposits are useful in reconstructing environmental conditions at the time of 

deposition (e.g., Talbot, 1990 and references therein; Li and Ku, 1997). The data 

presented here are not a definitive study of the isotopic values of the primary limestone 

components and cements in the lower Middle Member, but provide supporting 

information and insight into environmental conditions of the lake where and when the 

limestone unit formed. 

The 0180 value of lacustrine carbonate is influenced by the 0 180 of the lake water 

and the temperature at which the carbonate forms (Kendall and Caldwell, 1998). The 

potential sources of water to Lake Barstow include: 1) direct precipitation, 2) stream 

flow, 3) shallow groundwater, and 4) deep groundwater. Stream flow and shallow 

groundwater are derived directly from meteoric water, but can undergo modification in 

isotopic composition from evaporation, interaction with the biosphere, and water-rock 

interaction. Deep groundwater is also derived from meteoric water. However, it typically 

undergoes significant modification of its geochemistry and isotopic composition from 

water-rock interaction at elevated temperatures (Faure, 1986). 

In order to evaluate environmental conditions from the 0180 composition of 

lacustrine calcite and associated cements, the 0180 composition expected from each 

source of water must be estimated. The 0180 composition of precipitation in inland areas 

is affected by many factors: 1) the 0180 of the water vapor of the oceanic source water, 

which differs depending on whether the storm track comes from the north Pacific, central 
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Pacific , tropical Pacific or Gulf of Mexico (Friedman and others, 2002), 2) the proportion 

of the original water vapor remaining in the air mass when it reaches the precipitation 

site, 3) the proportion ofremaining water vapor that precipitates within the recharge area, 

4) fractionation and reequilibration processes that occur between water droplets and 

water vapor within the cloud and from cloud to ground, and 5) the amount of evaporation 

from the water drops as they fall to the ground (Smith and others, 2002). The season 

during which precipitation occurs will have a strong effect on all of these factors. 

The 8 180 composition of precipitation can be further modified in streams and 

before it reaches the water table by evaporation, which is affected by temperature (hence 

the season) and the length of time that it is exposed to the atmosphere. Once precipitation 

and runoff reach shallow groundwater, slope and porosity most strongly affect this latter 

factor (Smith and others, 2002). Deep, saline groundwater and geothermal waters can 

have 8180 compositions that range from very negative ( ~-15 %0 (VS MOW) to very 

positive (~+24 %0 (VSMOW)), depending on the extent of water-rock interaction and the 

type of rocks with which the water reacts (Faure, 1986). 

Modem 8180 composition of precipitation in the Mojave ranges from - 12%0 to 

0%o (VSMOW) in the summer and -15%0 to -7%o (VSMOW) in winter (Friedman and 

others, 1992). It is difficult to estimate the 8180 composition of precipitation in the 

Barstow area~ 16 Ma because stom1 trajectories would have been different during this 

time of transition between subduction and transform margin along California. 

Furthermore, the 16 Ma U-Pb age of the charophytes biolithite is coincident with the final 

stage of the Miocene Climatic Optimum (16.8 and 16.2 Ma), when the climate was warm 

like today, but more humid in this region (Zachos and others, 2001 ). Because latitude is a 
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dominant control on 8180 of precipitation (Kendall and Caldwell, 1998) and because 

evaporation in more humid times would likely have been less than today, the 8180 for 

meteoric water in the study area during the time of deposition of the lower Middle 

Member is estimated to have had an average value between -8 %0 and - 10%o (VSMOW). 

Consultation on this estimate was sought from hydrology/climate experts at the US 

Geological Survey Denver office, who confirmed that these values were most reasonable 

(R.M. Forester, personal comm.). 

The second factor that controls the 8180 of calcite is the temperature at which it 

forms . Modern temperatures for the area range from 7°C in winter to 26°C in summer 

(www.worldclimate.com) for Victorville, 52 km southwest of Barstow. Calcification of 

the charophyte to form a biolithite (i .e., a limestone formed in situ (Folk, 1962)) occurred 

in lake water at ambient surface temperatures. For this study, a reasonable temperature 

range for the study area in the middle Miocene was estimated to be similar to today and 

range between 10°C and 30°C. A similar temperature range would be expected for cement 

formed by shallow groundwater. Cement formed by deep groundwater, however, 

typically forms at temperatures significantly higher than surface temperature. On average, 

a 4°C change will result in a 1 %0 change in the 8180 of calcite (see equation below). For 

example, a 10°C increase in temperature of the fluid would result in ~ 2.5%o decrease in 

the 8180 of calcite formed from this fluid. 

As noted above, the isotopic composition of calcite depends on the 8180 

composition of the water and the temperature at which the calcite forms. The equation, 

T(°C) = 16.9 - 4.38 (8c - 8w) + 0.1 (8c - 8w)2
, 
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where De is the 8180 (VPBD) of calcite and Dw is the 8180 (YSMOW) of the water, relates 

these three variables (Shackleton, 1974). Us ing the estimated 8180 for middle Miocene 

meteoric water of -8%0 to -10%o (VSMOW) and a temperature range of 10°C to 30°C, the 

maximum and minimum 8180 values of calcite formed under these conditions are 

calculated using the equat ion above. These va lues, -6.4%0 (VPDB) and -10.8%0 (VPDB), 

are shown by the vertical red lines in all the isotope plots shown in this chapter. All 8 180 

values for calcite in thi s chapter are reported relative to the VPDB standard . 

The 8 13C of calcite formed in the lake or as cement is dependent on the types and 

extent of exchanges of carbon between different natural reservoirs, particularly C02 in 

the atmosphere, carbonate in carbonate rocks, and carbon in organic matter. There are no 

known carbonate rocks in the stratigraphic sequence of the Barstow Formation that are 

older than the lower Middle Member. Therefore, dissolved HC03- from carbonate rocks 

contributed by water-rock interaction can be eliminated as an isotopic source in the 

limestone unit of this study. The two main possible sources of carbon, therefore, are from 

the atmosphere and organic matter. 

The calculated 813C of the pre- industrial atmosphere is - 6.4%0 (VPDB) (Zhang 

and others, 1995). Using the temperature-dependent functions of equilibrium 

fractionation factors between aqueous HC03- and C02 gas of Zhang and others (1995) 

and aqueous HC03- and calcite of Romanek and others (1992), the calculated 813C 

composition of calcite formed in equilibrium with pre-industrial atmospheric C02 at 25°C 

is + 1. 7%o (VPDB). This value is shown on all the plots in this chapter by a horizontal 

white line . 
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The o13C composition of organic carbon is isotopically li ght (Kendall and 

Caldwell , 1998), with an average value of -25%0 (VPDB) (Sharp, 2005). Values that fall 

below the + l .7%o value of calcite fom1ed in equilibrium with pre-industrial atmospheric 

C02, therefore, indicate contributions from organic sources. All o13C values for calcite in 

this chapter are reported relative to the VPDB standard. The analytical precision for 6 180 

analyses is ±0.06%0 and for o13C is ±0.05%0. These variations are within the size of the 

symbols on all of the plots below. All data plotted by this study are given in Appendix C. 

CHAROPHYTE CALCITE FROM BIOLITHITE AND BIOSPARITE 

Framework and Grains 

Results. The 6 180 and o13C values for the charophyte biolithite framework and 

Chara stem fragments from biosparites range from --4.5 to -11.4 %0 and+ 1. 7 to -2.9 %0, 

respectively (Fig. 5.1). Samples included one from measured section 1, three from 

mounds between measured sections 1 and 2 (designated as OCE), and four from 

measured section 2. About half of the 6 180 values are within the range expected for 

calcite formed from meteoric water and the other half has more positive values. The o13C 

values of the biolithite framework and Chara stem fragments are similar to or more 

negative than calcite formed in equilibrium with atmospheric carbon. 

The intra-sample 6 180 and o13C variation of the individual microfabrics from each 

sample overlap, demonstrating that there are no isotopic differences between different 

microfabric packages (Fig. 5.1 ). Also, the 6 180 and o13C values of the individual samples 

from all mounds between measured sections 1 and 2 are similar, indicating that there are 
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no geographic differences in isotopic composition of charophyte calcite within this 

portion of the study area. 

Charaphyte Biolithite & Biosparite Framework 

The vertical red i1es representvakJes of calcite forrred 
fromrreleoric water with values be1Ween-8and-10%o 
(SMOW) atErrperaues between 10 and 30'C. 
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• MS2-17 Chara 
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Figure 5.1 Isotope data from the charophyte calcite in biolithite and biosparite samples. Colors 

designate the different samples and symbols designate the different microfabrics. 

Interpretations. The similarity in isotopic composition of all the different 

microfabrics in the charophyte calcite indicates that the lake water did not progressively 

evolve isotopically during the period of which the charophyte mounds developed. 

Furthermore, the lack of any geographic differences in isotopic composition indicates that 

the lake water in the area of mound development was likely isotopically well mixed at 

any given time. 

The 8180 isotopic variations of samples within the limits calculated for Miocene 

meteoric water could either reflect formation at different temperatures between 10 and 

30°C and/or slight changes in the 8180 of the water owing to minor shifts in the 

evaporation to precipitation balance. The 8180 isotopic values that fall outside the limits 
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calculated for Miocene meteoric water cannot be explained by temperature changes, as 

temperatures outside the 10-30°C range are not geologically reasonable . Therefore, these 

values can only be explained by significant increases in the 6180 of the water. When 

water is evaporated, the 160 isotope is preferentially removed in the vapor phase, 

increasing the 180 / 160 ratio (and therefore, 6180) in the remaining lake water. The calcite 

with 6180 values higher than - 6.8 are interpreted to have formed from lake water where 

evaporation exceeded precipitation. 

Photosynthesis results in the preferential incorporation of 12C relative to 13C, 

which increases the 6 13C of the lake water. The 6 13C of charophyte calcite might then be 

expected to have values higher than calcite formed in equilibrium with atmospheric 

carbon. However, streams and shallow groundwater in carbonate-poor catchments 

typically have 6 13C values around -20%0 (VPDB), derived from oxidation reactions with 

organic matter (Sharp, 2005). The 613C values of the charophyte calcite indicate that the 

inflow waters were isotopically negative and offset any enrichment of lake water by the 

photosynthetic process. This further indicates that the area surrounding the lake must 

have been well vegetated in order to supply the organic matter for the oxidation reactions. 

This is consistent with the known abundance of mammalian fauna for which the Barstow 

Formation is famous and with the common occurrence of molds of branches and twigs in 

microbialite (see Chapter 3). 

Cements 

Results. Two types of cement were analyzed from the same biolithite and 

biosparite samples discussed above (Fig. 5.2). The oldest (first generation) cement in the 

rocks is microspar, which was analyzed in three samples from measured section 2. The 
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8180 values range from -6.4%0 to -3.6%0, and the 813C values range from - l .8%0 to -

6.6%0. Blocky calcite, which overlies microspar cement, was analyzed from samples from 

measured sections l and 2 and from mounds in between. The 8180 values range from 

-7.0%0 to --4.7%0, and the 813C values range from - 0.5%0 to -8.8%0. 
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Figure 5.2 Isotope data for calcite cements from charophyte biolithite and biosparite samples. 

Interpretation. The 8180 values of cement in the charophyte biolithite and 

al 
0 

~ 
u 

~ 

biosparite are similar to the more positive values of the charophyte calcite (Fig. 5.2). The 

8 13C values are generally more negative than those of the charophyte calcite. The 

differences between charophyte calcite and cement, particularly in 813C, suggest that 

cementation did not occur from lake water. As noted in Chapter 4, cementation is 

interpreted to have occurred early in the post-depositional history of the limestone strata. 

The isotopic values of the cement are consistent with cementation in the shallow burial 

realm from near-surface groundwater. The 8180 values higher than those expected for 

meteoric water show that evaporation processes modified the 8180 of precipitation prior 
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to the water reaching the water table, especially for the microspar. The negative o13C 

values indicate that organic decomposition in the vadose zone contributed isotopically 

light carbon to the percolating groundwater. 

PELBIOSPARITE AND PELSPARITE 

Results 

The 8180 and o13C values of grains and cement in pelbiosparite and pelsparite 

samples from measured sections 1 and 2 are shown in Figure 5.3. Grains consist of 

Chara stems and peloids, and cement includes microspar and blocky calcite. The 8180 

values for Chara stems range from - 5.8 to - 8.0 %0 and o13C from + 1.8 to - 1.1 %0. The 

18 13 o 0 values for the peloids range from - 5.0 to -8 .0 %0 and o C from -0.1 to - 6.5 %0. The 

isotopic composition of blocky calcite cement was analyzed in one sample of pelsparite 

that is laterally equivalent to the biolithite in measured section 1 (Fig. 3.2A). The 8180 of 

the cement ranges from - 7.3 to -9.50 %0 and o13C from - 2.2 to - 3.8%0. 

Interpretation 

The isotopic composition of grains from samples from measured section 1 (Fig. 

5.3) is similar to those of charophyte calcite (Fig. 5.1 ). Because these grains tone are 

laterally equivalent to the biolithite, the grains within them formed from the same water 

and have the same isotopic composition as the charophyte calcite. The pelsparite and 

pelbiosparite from measured section 2 are from strata 7 m to 8 m below the biolithite unit 

(Fig. 3.3A). Peloids and Chara stems from one sample (MS2-5) are similar to charophyte 

calcite, indicating that the lake water prior to mound development was isotopically 

similar to that during mound development. However, peloids in pelsparite MS2-6 have a 
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Figure 5.3 Isotope data from grains and cement in pelbiosparite and pelsparite. 

large intra-sample variation. Two of the three analyses have 813C values significantly 

more negative than those of charophyte calcite and similar to those of microspar cement 

(Figs. 5.1 and 5.2). Either the samples that were drilled contained a significant amount of 

microspar cement, or lake water prior to biolithite formation was isotopically more 

variable. 

The most enigmatic result is the difference in &180 composition of the blocky 

calcite cement in MS 1-5 compared to those in samples from laterally equivalent biolithite 

and biosparite (Figs. 5.2 and 5.3). There is no correlation to luminescence, as most of the 

blocky calcite cement analyzed shows bright luminescence in thin section (see thin 

section descriptions in Appendix B. The isotopic composition of the blocky calcite in 

MS 1-5 suggests that it formed from meteoric water that was not modified by the 

evaporation proposed for the biolithite and biosparite. This suggests different episodes of 

cementation by shallow groundwater of varying isotopic composition. 
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MICROBIALITE 

Results 

There are no clear differences in isotopic composition between laminated and 

18 
unlaminated microbial fabrics (Fig. 5.4). The 8 0 va lues range from -4.6 to - 8.4 %0 and 

813C from +0.7 to - 5.7 %0. The 8180 values are similar to those of charophyte calcite. 

About half the 813C values are similar to those of charophyte calcite, whereas the other 

half has more negative values. 

The isotopic composition of cement in microbialite has the greatest range of any 

• 18 13 
component measured by this study. The 8 0 ranges from -3.3 to - 14.3 %0 and 8 C 

from +0.3 to - 6.4 %0 (Fig. 5.4). Cements from measured section two show the greatest 

range in 0 18 values. The most negative 8180 values occur near the bottom of the section 

(MS2-4 and 2-4b ), the intermediate 8180 near the center of the section (MS2-7), and the 

most positive values ~ 1 5 m below the top of the section (MS2-l l) (Fig. 3.3). The isotopic 

composition shows a correlation to luminescence observed in thin section. The most 

positive oxygen values occur in moderate CL cement in MS2-l 1 and MS3-8 (see thin 

section descriptions in Appendix B. Intermediate 8180 values occur in nonluminescent 

cement in MS 1-C 1 and MS2-7, and very negative 8180 values occur in bright CL cement 

in MS2-4 and 2-4b. 
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Microbiolite Framework and Cements 
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Figure 5.4 Isotope data from the microbialite framework and cement calcite. 
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The isotopic composition of the microbialite framework indicates that it generally 

formed from fluids and under conditions similar to those for charophyte calcite and 

peloids. Like peloids, however, the microbialite has a greater range of 813C than 

charophyte calcite, with a significant number of analyses having more negative values, 

similar to those of microspar cement (Figs. 5.2, 5.3, and 5.4). Again like peloids, either 

the microbialite samples that were drilled contained varying amounts of microspar 

cement, or lake water during formation of microbialite was isotopically more variable 

than during formation of biolithite. 

18 
The wide range in 8 0 values indicates that microbialite strata were cemented by 

different fluids, all of which contained addition of organic carbon. The most positive 

8180 values suggest a shallow groundwater that underwent some degree of evaporation in 

the vadose zone. The intermediate values are consistent with meteoric water. The 

difference between the two could reflect times where rainfall exceeded evaporation and 
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vice versa. The very negative 8180 values are significantly outside the calculated values 

for Miocene meteoric water proposed by this study. These values suggest formation from 

a warm fluid , introduced through a fracture system and possibly associated with 

geothermal waters that formed the chalcedony cement that overlies blocky calc ite cement 

in a few locations in the study area. 

SANDSTONE 

Results 

All but two of the sandstone samples analyzed were cemented with micrite (see 

Appendix B, Table 4.7). Two samples, MS3-5 and 3-6, were cemented by sparry calcite. 

18 
The 8 0 values for all samples range from -4.5 to - 10.3%o (Fig. 5.5). Except for one 

analysis, 813C values range from +0.2 to - 7.3 %0. One analysis has a 813C value of 

+5.0%o. There are no significant differences in the isotope values between the non-friable 

and friable sandstone, or between the micrite and spar cements. The isotopic composition 

for the cements of the sandstone is similar that of the microbialite framework, with a 

slightly greater negative 813C range. 

Interpretations 

The similarity in isotopic composition, as well as in petrography (see chapter 4) of 

the sandstone cement to microbialite suggests that microbial activity was instrumental in 

cementing the sandstone in the study area. Both the vadose and phreatic zones probably 

supported thriving microbial populations. 
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Non-Friable and Friable Sandstones 
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Figure 5.5 Isotope data from the non-friable and friable sandstone cement. 
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CHAPTER 6 - DISCUSSIONS AND CONCLUSIONS 

Bioherms of charophyte biolithite and associated carbonate grainstones, 

microbialite, and sandstone occur only on the north limb of the Barstow syncline in the 

northwestern Mud Hills. This 45-m-thick sequence forms the basal unit of the Middle 

Member of the Barstow Formation, directly overlying the Owl Conglomerate. This study 

demonstrates that the contact is conformable, consisting of interfingering and intercalated 

sandstone, pebbly sandstone, and limestone (see Fig. 3.15). The stratigraphic position of 

the charophyte biolithite on the north limb is similar to the Rak Tuff on the south limb of 

the syncline (see Fig. 2.4). The 16.14±0.4 Ma U-Pb age of the biolithite obtained by 

Cole and others (2005) from a sample provided by this study is consistent with the age 

constraint from the 16.3±0.6 Ma Rak Tuff. 

Bioherms in the Mud Hills were formed by nonmarine charophytes, which have 

biological characteristics that are intem1ediate between green algae and bryophytes. 

Charophytes flourish in calm water and can anchor themselves on muddy, sandy, and 

hard limestone substrates. They can reach lengths of 30 cm or more depending on water 

depth and energy. Stems nonnally stand erect in clam waters but are flexible enough to 

bend with cmTents. Chara stems readily induce calcification of their tissues. This 

calcification produced concentric laminae of calcite around the Chara stems. Continued 

precipitation of alternating micrite and prismatic calcite concentric bands formed a 

strong, rigid framework of biolithite that allowed the development of the bioherms. Short 

hiatuses and/or slight variations in physiochemical conditions produced subtle differences 

in micro fabrics of the charophyte calcite. However, there is no evidence of dissolution 

75 



between the different microfabric "packages," indicating that there were no prolonged 

periods of exposure between the development of each package. 

The mushroom-shaped charophyte mounds laterally interfinger with and are 

onlapped by with charophyte biosparite, pelbiosparite, and pelsparite beds. The 

onlapping relationship and mushroom shape suggest that bioherms were partly buried as 

they grew, i.e., they did not form >3-m-high features above the surrounding sediment 

surface that were subsequently buried by carbonate grainstones. The developing 

bioherms did have physical relief, as clearly shown by constructional overhangs, but 

more likely stood no more than 1 m about the surrounding sediment. The lake floor 

between the mounds probably was covered by a microbial mat, which was frequently 

fragmented to form lumps and peloids, redeposited as grains. Charophyte stems in the 

initial phases of calcification were also broken of the biohe1ms and redeposited by 

currents between the mounds. The onlapping inter-mound grainstones provided a 

substrate for charophyte rhizoids to colonize on the margins of the biohemlS. Therefore, 

the bioherms developed a mushroom shape as they grew. It is likely that water depth was 

never more than a few meters. The horizon of mud-cracked micrite below the bioherms 

indicates the area was episodically emergent just prior to the initial development of the 

mounds. 

The biohenns and associated carbonate grainstones are well developed (>3-m 

thicknesses) between measured sections 1 and 2, but become progressively more poorly 

developed east and west of this area, until they disappear altogether. This indicates that 

conditions that favored the development of charophyte limestone were greatest in the area 

between measured sections 1 and 2. Possibly, the water depth was greatest in this area, 
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allowing the charophytes to be below wave base in calm water and to develop into 

positive topographic features on the lake floor. This area might have been a small 

embayment. To the east and west of the area, a less abundant population of charophytes 

might have lived in shallow water along a shoreline where wave action might have more 

frequently fragmented the lightly calcified stems, preventing the development of 

biolithite. 

The limestone 3- to 5-m-thick unit formed by the biolithite and associated 

grainstones is the only part of the limestone-containing sequence of the lower Middle 

Member that does not contain interbedded sandstone (see Fig. 3.15). The reason for this 

is uncertain, but several hypotheses could explain this. First, this unit might represent 

deposition during a time of lake expansion. Flu vial input of sediment would have been 

shifted landward (northward) and would not have reached this area, particularly if the 

area of best mound development were in an embayment into which no stream directly 

discharged. Second, synsedimentary faulting along the tectonically active northern 

margin might have temporarily disrupted elastic input into this area by diverting stream 

flow elsewhere. Lack of elastic input would have allowed carbonate deposition to occur. 

Either regression or re-establishment of stream flow into the area ended carbonate 

deposition in the area, except for minor lenticular microbialites between measured 

sections 2 and 3. The source of siliciclastic sand must have been closest to the location of 

measured section 1, based on complete absence of carbonate strata above the biolithite 

unit and on the greater thickness of sandstone compared to the other measured sections. 

The amount of sandstone decreases progressively eastward, indicating that measure 

section 3 was the furthest from the elastic source. 
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The primary fabric of the charophyte biolithite is exquisitely preserved. Lack of 

any evidence of diagenetic alteration allowed this U-rich rock to be a suitable candidate 

for U-Pb radiometric dating. The moderate CL of primary charophyte calcite, peloids, 

and microbialite is likely caused by the presence of Mn in the calcite (Sommers, 1972). 

Incorporation of Mn in calcite occurs under weakly oxic conditions (Barnaby and 

Rimstidt, 1989). This suggests that the lake water during mound formation had relatively 

low oxygen levels. Low oxygen levels are consistent with still water (poor circulation) 

conditions, which favors charophyte growth, coupled with an abundance population of 

respiring organisms, such as ostracodes. In addition, the presence of some aerobic 

bacteria in the water column and/or in the top decimeters of the sediment might have 

helped keep oxygen levels low through oxidation of organic matter. This oxidation would 

also have released isotopically light carbon into the lake water, some of which would be 

incorporated into bicarbonate ions and then into calcite. 

The charophyte biolithite had high framework porosity, which was subsequently 

partly to completely filled by two or three generations of calcite cement and, in some 

mounds, by a final generation of silica cement. The lack of internal sediment between 

the outermost charophyte calcite and the first generation of cement indicates that 

cementation occurred early in the post-depositional history of the rock. The same 

sequence of cement generations is not present in all the mounds. Grainstones and 

microbialite also contain a sequence of two or three generations of calcite cement and 

lack internal sediment between primary components and cement. Like the biolithite, the 

sequence of cement differs in the same rock type in different areas and in different 

stratigraphic horizons. Although no rock has the entire sequence of cement, the cement 
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stratigraphy can be established as a composite from all samples. The sequence, from 

oldest to youngest, consists of: 1) dull CL micrite, 2) bright CL prismatic calcite or 

microspar, 3) dull CL micrite, 4) equant, blocky, bright or zoned CL sparry calcite, 5) 

equant, blocky, non-CL sparry calcite, and 6) silica. The lack ofregional consistency in 

the cement stratigraphy determined from standard and CL petrography, further supported 

by local variation in isotopic composition of the cements (see below), indicate that local 

aquifers and recharge areas of shallow groundwater systems were not connected. 

The ranges of 8180 and 8 13C values of the individual micro fabrics of the 

charophyte calcite in the biolithite and biosparite units are similar, indicating that the 

lake water did not progressively evolve during the period over which the calcification of 

the biolithite occurred. In addition, the isotopic composition of charophyte calcite is the 

same at all locations in the study area, suggesting that the lake water in the area of mound 

development was isotopically well mixed at any given time. The isotopic composition of 

peloids and microbialite is similar to charophyte calcite, with the exception that some 

analyses show more negative 813C values, interpreted to result from inclusion of 

microspar cement that is isotopically more negative than that of charophyte calcite. 

About half of the 8 180 of charophyte calcite, peloids, and microbialite is 

consistent with f01mation from water that has a 8180 (SMOW) between - 8 and - 10 at 

temperatures between 10°C and 30°C. These values are estimated as the most 

geologically reasonable for middle Miocene meteoric water and surface temperatures in 

the study area. The other half has more positive 8180 values and is interpreted to 

represent fo1mation from meteoric water that had undergone varying degrees of 

evaporation. Therefore, the 8 180 isotopic composition of the primary components of the 
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carbonate units suggest that conditions in the lake varied often between times when 

precipitation exceeded evaporation and when evaporation exceeded precipitation. 

The negative values of 813C in primary carbonate components indicate that 

photosynthesis by charophytes, which would increase the 813C of surrounding lake water, 

was not the dominant control on 8 13C of the water. The most likely control is inflow of 

stream and groundwater that acquired negative 813C compositions derived from 

incorporation of carbon derived from oxidation of organic matter as it traveled through 

the well vegetated area that surrounded the lake at the time of the mound formation. 

The isotopic composition of cement in the carbonate rocks of the lower Middle 

Member is more variable that that of primary components and represents fom1ation by 

different fluids. However, most of the analyses of the isotopic composition of cements 

are consistent with formation from shallow groundwater, which is also consistent with 

the petrographic evidence of early cementation noted above. The range of 8 180 values of 

the most of the cement analyses is the same as that of the primary components. This 

indicates that, like lake water, shallow groundwater reflects recharge during times when 

precipitation exceeded evaporation and when evaporation exceeded precipitation. About 

half of the 8 13Cvalues of cements are similar to those of charophyte calcite and half are 

more negative. The more negative values are likely acquired in the vadose zone from 

addition of isotopically light organic carbon from bacterial decomposition of organic 

matter. 

Two analyses of cement in microbialite samples have very negative 8180 values 

that cannot be explained by formation by meteoric water at surface temperatures. The 

isotopic composition of the cement is consistent with formation from a warm (>40°C) 
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fluid. Evidence of movement of geothermal fluids tlu·ough fractures systems is 

documented in the Mud Hills and in the Calico Mountains, located 15 km east of the Mud 

Hills. Durrell (1953) attributes the origin of strontianite deposits in Solomon Canyon 

(see Fig. 2.2) to circulation of hydrothermal fluids. The Calico Mountains contain 

epithermal silver deposits associated with stocks and veins of cross-cutting volcanic 

rocks, thought to be of Miocene age (Schuiling, 1999). The calcite cement in the 

bioherms that has significantly negative 8 180 composition likely formed from deep 

groundwater, heated by the same geothermal source. The Calico Mountains also contain 

siliceous rocks and sinters interpreted as geothermal hot spring deposits that vented into 

the Barstow lake basin, some as subaqueous hot springs or fumaroles. Circulation of 

silica-rich fluids through fractures systems must also have occurred in the area of the 

Mud Hills, indicated by the silica cement in a few of the biolithite bioherms. 

In conclusion, bioherms of charophyte biolithite developed in a shallow, quiet

water area of a lake where input of siliciclastic sediment was absent either owing to 

transgression or stream diversion. Charophyte mounds in the western portion of the study 

area reached thicknesses of up to 5 m, although water depth might not have been that 

deep because the mounds were partly buried by associated carbonate grainstones as they 

developed. Climate during the period of mound development was generally humid, 

supporting the development of a lake in the Barstow basin and lush vegetation in and 

around the lake margin. There were periods of time, however, when evaporation 

exceeded precipitation. Post-depositional diagenesis of the charophyte biolithite and 

associated carbonate rocks is minor and mostly consists of early cementation from 

shallow groundwater. Some calcite cement and minor silica cement that occurs in a few 
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locations may have been precipitated from hot fluids associated with nearby geothermal 

activity. 
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Table 3.1 Rock and grain properties of charophyte biolithite units. 

Sample 
Rock Name Color Strength Grain Size 

No. 
OCE-01 Charophyte Dusky Very Diameter of stems: 0.5 
tk Biolithite yellowish- strong to 1.0 mm; calcified 

brown and stems clumped, 0.5 
grayish- cm to +6.5 cm 
orange 

OCE-02 Charophyte Grayish- Very Diameter of stems: 0.5 
Biolithite orange and strong to 1.0 mm; calcified 

dusky- stems clumps 0.5 cm 
yellowish- to +6.5 cm long 
brown 

MS1-C2 Charophyte Dark- Very Diameter of stems: 0.5 
Biolithite yellowish - strong to l . 0 mm; coated 

brown and stems 2.0 to 5.0 mm in 
pale diameter 
yellowish-
brown 

MS2-16 Charophyte Grayish- Very Diameter of stems: 0.5 
Biolithite orange and strong to 1 . 0 mm; coated 

dusky- stems clumped 1.5 to 
yellowish- 2.0 mm in diameter 
brown 

MS2-17 Charophyte Grayish- Very Diameter of coated 
Biolithite orange and strong stems: 1.0 to 2.0 mm 

dusky-
yellowish-
brown 

Cement Porosity 

Calcite cement Low porosity 
and minor 
chalcedoney 

Calcite cement Low porosity 

Calcite and Low porosity 
silica cement 

Calcite cement Very low 
porosity 

Calcite cement Low porosity 

Comments 

Concentrically 
coated stems 
coalesce to 
form clumps 

Concentrically 
coated stems 
coalesce to 
form clumps 

Coated stems; 
smaller than 
OCE-1and2. 

Concentrically 
coated stems 
coalesce to 
form clumps 

Concentrically 
coated stems 
coalesce to 
form clumps 

?; 
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Sample 
No. 

MS2-18 

Rock Name 

Charophyte 
Biolithite 

Color Strength 

Grayish- Very 
orange and strong 
dusky-
yellowish-
brown 

Grain Size Cement Porosity Comments 

Diameter of stems: 0.5 Calcite cement Low porosity Concentrically 
to 1.0 mm; coated coated stems 
stems clumped 0.5 to coalesce to 
2.0 cm in diameter form clumps 
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Table 3.2 Rock and grain properties of microbiolite biolithite units. 

Sample Rock Name Color Strength Grain Size 
No. 

MSl -Cl Microbiolite- Pale Moderately Clumps of microbial 
Unlaminated yellowish- strong material: 1 mm to 

brown to > lOmm 
Dark 
yellowish-
brown 

MS2-02 Microbiolite- Grayish- Strong Little stromatolites-
Unlaminated brown algal growths -5 mm 

in diameter 
MS2-04 Microbio lite- Dark- Moderately S tromato lite 

Laminated yellowish strong diameter: 1.5 cm; 
brown and laminations: -1 mm 
very pale-
orange 

MS2-07 Microbiolite- Dark- Strong Lamination 
Laminated yellowish thickness: 1 to 10 

brown and mm 
very pale-
orange 

MS2-08 Microbiolite- Grayish- Very strong Lamination 
Unlaminated orange and thickness: 1 to 5 mm 

dark 
yellowish-
brown 

MS2-11 Microbiolite- Grayish- Very strong Clumps of microbial 
Unlaminated orange material : 1 mm to 

> lOmm 

Cement Porosity Comments 

Calcite Moderate Constructional 
cement porosity microbiolite; framework 

porosity filled with 
medium-grained sand 

Calcite Moderate Small stromatolitic 
cement porosity growths on top surface of 

sandstone 
Calcite Low Laminated stromatolites 
cement porosity and microbial material in a 

brown cement matrix 

Calcite Low Laminated microbial 
cement porosity material coated a 2 mm 

thick stem, total diameter 
7.5 cm 

Calcite Low Laminated microbial 
cement porosity material, total diameter 30 

cm 

Calcite Low 60% microbial material 
cement porosity scattered throughout 

sample, 40% brown calcite 
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Sample 
No. 

MS2-14 

MS2-
15a 

MS2-
15b 

MS2-17 

MS3-04 

MS3-
04b 

Rock Name 

Microbiolite-
Unlaminated 

Microbiolite-
Laminated 

Microbiolite-
Laminated 

Microbiolite-
Laminated 

Microbiolite-
Unlaminated 

Microbiolite-
Laminated 

Color Strength 

Pale Moderately 
yellowish - strong 
brown 
Dark Very strong 
yellowish-
brown 
Dark Strong 
yellowish-
brown 

Grayish- Very strong 
orange and 
dusky-
yellowish-
brown 
Dark Strong 
yellowish-
brown and 
very pale-
orange 
Dark Moderately 
yellowish - strong 
brown and 
very pale-
orange 

Grain Size Cement Porosity Comments 

cement 

Clumps of microbial Calcite Very low Lumps of microbial 
material: 1 mm to 5 cement porosity material in a lime mud 
mm matrix? 
Clumps of microbial Calcite Low 70% microbial, 30% 
material: 1 mm to 10 cement porosity brown calcite cement 
mm 
Clumps of microbial Calcite Moderate 60% microbial material 
material: 1 mm to cement porosity scattered throughout 
>lOmm sample, 40% brown calcite 

cement; highly weathered 
Diameter of coated Calcite Low Concentrically coated 
stems: 1.0 to 2.0 mm cement porosity stems coalesce to form 

clumps 

Clumps of microbial Calcite Low 80% microbial material 
material: 1 mm to cement porosity scattered throughout 
>l Omm sample, 20% brown calcite 

cement 

Lamination Calcite Low Laminated microbial 
thickness: 0.5 to 10 cement porosity material, alternating layers 
mm of light and dark material 



Sample Rock Name Color Strength Grain Size Cement Porosity Comments 
No. 

MS3 -08 Microbiolite- Dark Strong Clumps of microbial Calcite Low 60% microbial material 
Unlaminated yellowish- material: 1 mm to cemented porosity scattered throughout 

brown, > lOmm sample, 40% brown calcite 
very pale- cement 
orange, and 
yellowish-
1gray 

\0 
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Table 3.3 Rock and grain properties of pelbiosparite and pelsparite units. 

Sample 
Rock Name Color Strength Grain Size Sorting 

No. 
MSl -02 Pelbiosparite Light olive- Strong Dia: 1.0 to -1.0 phi; Poorly 

gray to pale Length: 2 to 15 mm sorted 
yellowish-
brown 

MSl -03 Pelsparite Yellowish- Strong Coarse-grained (0.0 Moderately 
gray to -1.0 phi) sorted 

MSl-05 Pelsparite Pale-brown Strong Very coarse-grained Poorly 
(-0.5 to -1.0 phi) sorted 

MSlB-1 Pelbiosparite Pale Strong Medium grained Moderately 
yellowish- (1.5 to -0.5 phi) sorted 
brown 

MS2-05 Pelsparite Dark Strong Very fine-grained NIA 
yellowish-
brown 

MS2-06 Pelbiosparite Dark Strong Medium-grained to Poorly 
yellowish- very small pebble sorted 
brown and (1.5 phi to 3mrn 
very pale- (diameter)) and 1 
orange cm long 

MS2-07 Pelbiosparite Dark Strong Medium-grained to Poorly 
yellowish- very small pebble sorted 
brown and (2.0 to 4.0 mm) 
very pale-
oran.ge 

OCE-03 Pelsparite Pale Strong Coarse- to very Poorly 

Cement Porosity Comments 

calcite High Long hollow plant like 
cemented porosity grains; stem surface smooth 

to slightly ribbed; 

calcite Moderate Grains are tiny fragments of 
cemented porosity white microbial material 
calcite Moderate Poorly washed 
cement porosity 
calcite High Almost completely 
cement porosity composed of chara stem 

fragments and microbial 
material 

calcite Very low Very fine-grained texture 
cement porosity 

calcite Low Contains fragments of 
cement porosity calcified chara 

calcite Low Outer edge of laminated 
cement porosity microbialite tube 

calcite Moderate Contains lumps and chara 



\0 
w 

Sample 
No. 

OCE-07 

OCE-11 

Rock Name 

Pelsparite 

Pelsparite 

Color Strength 

yellowish-
oran,ge 
Pale Very 
yellowish strong 
brown 
Dark Very 
yellowish- strong 
brown 

Grain Size Sorting Cement Porosity Comments 

coarse-grained (1.0 sorted cement porosity fragments 
to -1.0 phi) 
Medium- to very Well sorted calcite Low Contains a layer of lime mud 
coarse-grained cement porosity 

Very fine-grain to Poorly calcite Low Mud cracks on top surface 
very small pebble sorted cement porosity 

1(2 .5 phi to 5 mm) 
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Table 3.4 Rock and grain properties of charophyte biosparite units. 

Sample Rock 
Color Strength Grain Size Sorting 

No. Name 
MS2-19 Charophyte Dark yellowish Strong Diameter of Moderately 

Biosparite brown and very chara: 3 mm; sorted 
pale orange 1 cm long 

MS3-02 Charophyte Pale yellowish Strong Diameter: 1.0 Moderately 
Biosparite brown and very to -0.5 phi; 1- sorted 

pale orange 3 cm long 
OCE-05 Charophyte Dark yellowish Strong Diameter: 1 to Well sorted 

Biosparite brown and very 2mm; 8mm 
pale orange long 

OCE-06 Charophyte Dark yellowish Strong Diameter: 1 to Well sorted 
Biosparite brown and very 2mm; 8mm 

pale orange long 
OCE-09 Charophyte Grayish brown Strong Diameter: 1. 0 Well sorted 

Biosparite and pale to 0.5 phi; 4-
yellowish 15 mm long, 9 
brown mm avg. 

OCE-10 Charophyte Dark yellowish Strong Diameter: 1.0 Well sorted 
Biosparite brown to 0.5 phi; 4-

11 mm long, 7 
mm avg. 

Cement Porosity Comments 

Calcite Low Contains fragments of 
cemented porosity calcified chara in a brown 

calcite matrix 
calcite High Current oriented, stems 
cement porosity have hollow center 

Calcite Moderate Hollow stems; current 
cemented porosity oriented 

Calcite Moderate Hollow stems; current 
cemented porosity oriented 

Calcite Moderate Ribbed along long axis; 
cemented porosity hollow centers 

Calcite High Hollow center; grain 
cemented porosity supported; highly 

weathered, various current 
oriented layers 
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Table 3.5 Rock and grain properties of non-friable and friable sandstone unit:s. 

Sample Rock 
Color Strength Grain Size Roundness :Sorting 

No. Name 
MSl -07 Non- Dark Moderately Medium- Angular to Poorly 

friable yellowish strong grained to small sub angular sorted 
Sandstone brown and pebbles (2.5 phi 

moderate to 5 mm) 
yellowish 
brown 

MSl -CA Non- Light Moderately Coarse-grained Subangular Poorly 
friable olive gray strong to very small to angular sorted 
Sandstone pebbles ( 1.0 

phi to 3 mm) 
MS2-01 Non- Dark Moderately Very fine- Angular to Poorly 

friable yellowish strong grained to very subrounded sorted 
Sandstone brown small pebble 

(3 .5 phi to 3 
mm) 

MS2-10 Non- Dark Strong Medium- to Angular to Moderatel 
friable yellowish very coarse- subangular y sorted 
Sandstone orange grained 
and 
Pelsparite 

MS2-13a Non- Light Moderately Very fine- Angular to Poorly 
friable olive gray strong grained to very sub angular sorted 
Sandstone small pebbles 

(3. 5 phi to 4 
mm) 

MS3-0l Non- Yellowish Firm, Fine-grained to Subangular Poorly 
friable 1gray sli,ghtly very small to sorted 

Composition 
Cement Porosity Comments 

(normalized) 
quartz: 57%, Calcite Mod. Massive 
folds: 43% cemented 

quartz: 74 %; Calcite Low Massive 
folds: 23 %; cemented 
lithics: 2%; 

quartz: 67%, Calcite Low Massive 
felds:28%, cemented 
lithics: 5% 

Calcite Low Minor 
cemented bioclasti 

c frags 

folds: 48%, Calcite Low Massive 
quartz: 48%, cemented 
lithics: 3% 

quartz: 60% Calcite Mod. Massive 
folds: 30%, cemented 



\0 
0\ 

Sample 
No. 

MS3-05 

MS3-06 

MS3-07 

MSl-01 

MS1 -06a 

MS1 -06b 

MS2-09 

Rock 
Color 

Name 
Sandstone 

Non- Light 
friable olive gray 
Sandstone 

Non- Light 
friable olive gray 
Sandstone 

Non- Dark 
friable yellowish 
Sandstone brown 

Friable Light 
Sandstone olive gray 

Friable 
Sandstone 

Friable 
Sandstone 

Friable Grayish 
Sandstone orange 

Strength Grain Size 

friable pebbles (3.0 phi 
to 4 mm) 

Weak, Coarse-grained 
nonfriable to small pebbles 

(1.0 phi to 5 
mm) 

Weak, Coarse-grained 
nonfriable to small pebbles 

(1.0 phi to 5 
mm) 

Moderately Coarse-grained 
strong (1.0 to 0.0 phi) 

Weak Coarse-grained 
to small pebbles 
(0.5 phi to 
5mm) 

Weak Very fine- to 
very coarse-
grained (3.5 to -
0.5 phi) 

Weak Very fine- to 
very coarse-
grained (3 .5 to -
0.5 phi) 

Weak Very fine-
grained to 

Roundness Sorting 
Composition 

Cement Porosity Comments 
(normalized) 

subrounded lithics: 9% 

Subangular Poorly quartz: 42 %; Calcite Low Massive 
to sorted feldspars: cemented 
subrounded 46%; lithics: 

4% 
Sub angular Poorly quartz: 42 %; Calcite Low Massive 
to sorted feldspars: cemented 
subrounded 46%; lithics: 

4% 
Subangular Well quartz: 58%, Calcite Low Massive 
to sorted feldspars: cemented 
subrounded 37%, lithics: 

5% 
Angular to Poorly quartz: 45 %; Calcite Slight Massive 
subangular sorted felds: 10%; cemented 

lithics: 2% 

Angular to Poorly quartz: 63%, Massive 
sub angular sorted felds: 36%, 

lithics: 3% 

Angular to Poorly quartz: 63%, Massive 
sub angular sorted felds: 36%, 

lithics: 3% 

Angular to moderate! felds: 48%, Calcite High Massive 
sub angular y to quartz: 48%, cemented 
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Sample 
No. 

MS2-12a 

MS2-12b 

Rock 
Name 

Friable 
Sandstone 
Friable 
Sandstone 

Color Strength Grain Size 

coarse-grained 
(3.0 to 0.0 phi) 

Light o live Moderately Fine-grained 
gray and 

1yellowish grav strong (2.0 to 1.5 phi) 
Yellowish Weak Fine-grained 
1,gray (2.0 to 1.5 phi) 

Roundness :Sorting 
Composition 

Cement Porosity Comments 
(normalized) 

poorly lithics: 3% 
sorted 

Subrounded Well quartz: 55%, Calcite Low Massive 
sorted felds: 43% cemented 

Subrounded Very well quartz: 54%, Calcite Mod. Massive 
sorted felds: 43% cemented 
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Sample No. Sequence 

OCE-01 TI< CP-PIA-P2A 
P2B 

OCE-02 CP-PlB-P2A 
P2B 

--- -- - - -- - - - - ..--- - ----- --

Prirruuy Constituents 

Chara Packar:e : 10%, spiky plant center with concentric coats of 
alterinating light (acicular) and darl:: micritic bands, 4 to l l generations, 
avg: 6 generations, acicular bands: 80 to 120 um, low luminescence, 
micritic bands: 4 to 20 um, moderate luminescence, total Chara: 1400 to 
1800 um in diameter; 
Packar:e IA: 15%, irregular pattern of light and dark microbial material, 
light: 40 to 80 um, darlc: 80 to 240 um, total package 600 to 1200 um; 
Packar:e 2A: 10%, multiple generations of calcite bands, light: from 40 to 
80 um, darlc: from 4 to 20 µm, that encase earlier-formed charophyte 
fabric, very low luminescence 

Chara Paclalr:e: 15%, spiky plant center with coats of alterinating light 
(acicular) and darlcmicritic bands, 3 to 6 generations, acicular bands: 80 
to 120 fUD, low luminescence, micritic bands: 4 to 20 µm, moderate 
luminescence, total Chara: 1200 to 2000 µmin diameter; 
Paclalr:• IB: 40%, multiple generations of calcite cement, µm, acicular 
bands: --40 µm, low luminescence, micritic bands: -80 µm, moderate 
luminescence; 
Packar:e 2A: 15%, multiple generations of calcite bands, from 280 µm to 
440 µm, that encase earlier-formed charophyte fabric, acicular bands have 
low tuminesccncc, micritic bands have moderate luminescence; 
Packar:e 2B: 15%, same color as P2A, no continuous around P2A, no 
banding, total package thickness 320 to 760 µm, low luminescence 

Ceimnts (oldest to youngest) 

40%, 
a) micritic frinr:e: low luminescence; 
b) bbded epitaxial cement: 360 µm, 
moderate luminescence; 
c) mircrospar: moderate luminescence; 
d) sparry: high luminescence; 
e) dor:tooth calcite: vezy coarsely crystalline, 
low to moderate luminescence, x.oned 
f) chalcedony: 5%, coats last generation of 
calcite cement, - 7 alternating JiEjit and 
brownish contiuous bands, also visible as 
wavelets, and vezy fm ely crystalline crystals, 
no luminescence 

10%, 
a) micritic frinr:c: low luminescence; 
b) bbded epitaxial cement: 360 µm 
c) mircrospar: high luminescence; 
d) spany calcite: coarsely crystalline, no 
luminescence; 
e) dor:tooth calcite: very coarsely crystalline 
OR 
a) micritic rim: low luminescenc,:; 
b) equant calcite: high luminescence; 
c) silica: no luminescence 

Porosity 

l) orir:inal porosity: 55%, framework 
porosity filled with calcite cement and 
calcedony 
2) secondary porosity: 5%, part of original 
porosity that did not been fill in 

l) orir:inal porosity: 15%, framworlc 
porosity filled with calcite cement 
2) secondary porosity: 5%, part of original 
porosity that did not fill in 
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>-0 
>-0 

~ 
t:1 x 
to 



co 
co 

- --•- •• o ~••-• ---••- n - -·-
Sample No. Sequence 

MSl-C2 CP-PlB-P2A 

MS2-16 CP-1'.iLl-
1'iL2 

.. .,...,_ .... . _>&_ ......... ·- -·---···- -···-· 

Primary Constituents 

Chara Pack:ige: 10%, concentricly coated by ahcrinating light (acicu!ar) 
and dark micritic bands, 1400-1600 µmin diameter, acicu!ar bands: 40 to 
80 µm, low luminescence, micritic bands: 4 to 20 µm, moderate 

himincscence; 
Package lB : l 0%, muhiple generations of calcite cement, Jllll, acicular 
bands: -40 µm, low luminescence, micritic bands: -80 µm, moderate 

luminescence, total thickness - 240 µm; 
Package 2A: l 0%, multiple generations of calcite bands, from 280 µm to 
440 µm, that encase earlier-formed charophyte tabric, acicular bands have 

low luminescence, micritic bands have moderate luminescence 
Package 2B: 10%, same color as P2A, no continuous around P2A, no 
banding, total package thickness 320 to 760 µm, low luminescence; 
microbial material: 10%, ahernating light and dark micritizcd 
bands 
ostracodes: 30%, min: 400 µm, max: 880 µm, low luminescence, 
majority whole, filled with micrite to microspar, moderate 
luminescence 

Chara Package: 15%, thinly banded chara stems with two outer coating;, 
stems: 400 um to 600 um in diameter, with concentric coats: 1200 um to 
2000 um in diameter, acicular bands: 40 to 80 µm, low luminescence, 
micritic bands: 4 to 20 µm, moderate luminescence; 
microbial layer 3A: 20%, 400 um to 1400 um thick, irregular coverage, 
moderate h.lm.incsccncc; 
microbial layer 3B: 5%, faintly banded to microbial: 200 um to 400 um, 
low luminescence; 

peloids: 20%, 120 um to 400 um in diameter 

Cements (oldest to youngest) Porosity 

15%, I) original framework porosity: 20%, filled 

a) calcite: moderate luminescence; with micrite , microspar, equant, and bladed 

b) calcite: high luminescence; calcite cement and later with silica cement; 

c) silica: no luminescence; 2) secondary porosity: 5%, by dissolution, 

and fractures 

a) micrite: 4% 1) original porosity: 400/o, framework 
b) micro•par: 16% porosity filled with pcloids cemented by 
a) oxide rim: no luminescence; micrite 2) secondary p orosity: 
b) bladed calcite: moderate luminescence; 20%, by dissolution 
c) oxide rim: no hlminescence; 
d) equant calcite: higjl luminescence; 
e) equant calcite: no luminescence 
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Sample No. Sequence 

MS 2-17 CP-PLB-P2A 
P2B 

MS2-18 CP-P!B 

uons 01 cnaconnvtc omllUlnc unns. 

Primary Constituent. 

Chara Packar:e: 10%, thiclcly banded chan stems with two outer 
coating;, sterns: 400 µm to 600 µmin diameter, with concentric coats: 
400 µm diameter, banding mostly moderate orange, clear acicular bands 
have high luminescence, some brown bands have low luminescence; 
Packar:e lB: 20%, muhiple generations of calcite cement, from 1200 µm 
to 2000 µm thiclc, irregular coverage, moderate lwninesccnce; 
Pacbr:e 2A: 10%, outer coating of white acicular, thinly banded calcite, 
600 µm to 1200 µm, moderate luminescence; 
Pacbr:e 2B: 10%, same color as P2A, doesn't completely encase P2B, 
no banding, moderate luminescence; 
microbial material: 10%, patchythoughout sample, mottled, moderate 
luminescence 

Chara Packar:e: 10%, sterns 400 µm to 800 µmin diameter, acicular 
bands have low luminescence, micritic bands have moderate 
luminescence; Packai;e IA: 
5%, irregular pattern of liglit and dark microbial materia~ light: 40 to 80 
um, dark: 80 to 240 um, total package 600 to 1200 um; 
Pacbr:e lB: 40%, coated with ahcmating light acicular and dark micritic 
bands, acicular bands: 40 to 80 µm, micritic bands: 40 to 1200 µm, total 
package thickness from 600 to 1200 µm; 
microbial material: 5%, in framework porosity as clumps, mottled, low 
luminescence; 

Cement. (oldest to younr:est) Porosity 

micrite: 6%; microspar: 14%: I) orir:inal porosity: 35%, framework 
a) microspar or eq uant clacit.· or brown porosity filled with microbial material and 
rim: moderate luminescence with specJccled cements 
black areas; 2) secondary porosity: 15%, by dissolut ion 
b) brown rim: no luminescenci:; 
c) equant clacite: moderate luminescence 
with speclcclcd black areas; 
d) oxide rim: no luminescence; 

e) equant calcite: moderate luminescence 
with spcclcclcd black areas; 
f) equant calcite: no luminescence 

30%, I) orir:inal p orosity: 30"/o, framework 
a) minor micrite rims : moderate porosity filled microbial matcria~ microspar 
luminescence with speck.led black areas; and equant ccmen Is 

b) mittospar: n1odcratc luminescence; 2) secondary porosity: 10%, by dissolution 
c) equant cement: (20-60 um), no or part of original framework porosity 
luminescence; 
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Saiq>l< No. Primary Constitu<nts C<mmts (old<st to young<st) Porosity 

MS!-02 (B) lun:ps: 55%, 200 µm to 600 µm, subrounded to rounded, low a) n:icritic to rri.crospar. 10%, forms crust !) ori~inal porosity: 20% , interparticle, 

luminescence; microspar cement fringe 

ch:uophyt.s: 20%, 500 to 2000 µm, rounded, low luminescence with 2) S<condary porosity: 10% , by dissolution 

minor thin moderate luminescent bands; and fracture, minor dissolution, minor 

ostncods: 5%, 2 to 5 generations of bladed cement, --400 to 600 µm solution enlarged fractures by meteoric water 

thick, micritic fringe between bladed cement, scattered quartz crystals 

MS!-Bl (B) lun:ps: 40%, 200 µm to 600 µm, subrounded to rounded, low a) n:i.crospar. 5%, forms crust, very low !) orir:inal porosity: 15%, interparticle, 

luminescence; luminescence with dark spots microspar cement fringe 

ch:uophyt.s: 35%, 500 to 2000 µmin diameter, alternating bands of!ow 2) sccoruhry porosity: 10%, part oforiginal 

and high luminescence; porosity, pore space was never completely 

ostncods: 5% , high and low luminescence filled 

MS2-6(B) lun:ps: 55%, min: 90 µm, avg: 200 µm, max: 730 um, irregular and a) n:i.crospar. 8%, high luminescence !) orir:in21 porosity: 25%, intergnmular 
rounded, low luminescence; b) brown calcite rim: l %, no luminescence porosity filled with microspar 
ostncod<S: 10%, min: 480 µm, avg: 600 µm, max: 1050 µm, 65% c) e<mcnt in ostracod<s: ! 'Yo 2) secon<bry porosity: 15% , porosity by 
fragmented, 35% whole (infilled with sparry cement) ostracode "coquina" OR dissolution, vug, intraslceletal, channel 
band with scattered charopytes and lumps, dark ostracodes in plane light a) equant calcite: high luminescence 
have high luminescence and light ostracodes in plane light have low b) equant ccmrnt: very low luminescence 

0 lwninesccnce; .... charophytes: 10%, micri tized: avg: 500 µm, banded: min: 840 µm, avg: 
1300 µm, max: 2100 um, low luminescence 

MS2-7y (P) pdoids: 30%, min: 190 µm, avg: 670 µm, max: 900 µm, subrounded to a) brown n:i.critc f~c: low luminescence 1) orir:inal porosity: is 20%: intragrain, 
rounded; b) clear equant calcite: moderate infilled with ostracodes, calcite cement 
ostracod<s: 20%, 350 µm and 670 µm., whole and fragments, infilled with luminescence (sparry and microspar), and oxidation 
sparry calcite; c) n:i.crite fri~c: blacl::, non-luminescent 2) secondary porosity: 5% , by di ssolution 

microbial material: 20%, mostly micritized near center of large tube, d) clear equant calcite: zoned orange with 
banded as you move outward with alternating dark rnicritic and light minor blacl:: areas 
acicular bands, range in tbicl::ness fu>m min: 40 µrn to 400 µm (a vg), n:i.crospar. 9%, forms matrix of material !hat 
brown banding ranges in tbicl::ness fu>m 90 µm (avg) to 360 µm; has been washed in and that surrounds the 
elastics: 5%, have been washed into pore spaces, quartz (65%) and plag large tube 
(35 %), angular to subrounded, blue to blacl:: luminescence sparry calcite: 11 %, forms crust, fills pore 

spaces and bioclastics; 
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Sample No. 

MSl-03 

MS l-05 

MS2-5 

OCE-03 

OCE-07 

OCE-11 (P) 

Primary Constituents 

lumps: 93%, min: 80 µm, avg: 400 µm, max: 1000 µm, subrounded to 
rounded, low luminescence; 
scattered quartz crystals 

peloids: 45%, min: 120 µm, avg: 400 µm, max: 600 µm, subrounded to 
rounded, low luminescence; 
clotted microbial material: 30%, occurs as a layer (3/4"), olive-green, 
very low luminescence 

peloids: 75%, min: 80 µm, avg: 200 µm, low luminescence 

lumps: 80%, semi-rounded to irregular and elongate, 160 µm to 2000 µm, 
low luminescence; 
charophyte and ostrodes: >5%, charophytes: 720 µm to 1680 µm, with 
up to 5 generations of cement, ostrocodes: 480 µm to 720 µm, low 
luminescence; 
clotted material : 5%, contains fragments of ostrocodes that are being 
replaced, low luminescence; 
extraclasts: I%, quartz, plag, VRF, angular to subangular, 200 µm to 400 
µm, blue to black luminescence 

lumps: 60%, semi-rounded to irregular and elongate, 160 µm to 2000 µm, 
avg: 500 µm, low luminescence; clotted 
material : 25%, contains fragments of ostrocodes that are being replaced; 
ostracodes: 2%, avg: 670 µm, low luminescence 

Jumps: 75%, low luminescence; 
clotted material: 10%, low luminescence 

Cements (oldest to youngest) Porosi ty 

a) micrite to microspar: 5%, high 1) original porosity: 8%, intergrannular, 
luminescence microspar cement fri nge 
b) equant cement: <1%, no luminescence 2) secondary porosity: 3%, by dissolution 

a) microspar: 8%, low luminescence 1) original porosity: 25%, intergrannular, 
b) equant calcite: 7%, avg: 160 µm, high filled with microspar and equant calcite 
luminescence cement 
c) equant-calcite: high luminescence, zoned 2) secondary porosity: 10%, by dissolution 

a) equant calcite: 15%, 100 µm to 800 µm, 1) original porosity: 25%, intergranular, 
microspar lines surface of calcite crystals, filled with microspar and sparry calcite and 
high luminescence; silica cement 
b) silica cement: 5%, 20 µm to 100 µm; 2) secondary porosity: 5%, channel/fracture 
c) equant calcite: fills fiactures, high and dissolution, filled with sparry calcite and 
luminescence silica cement 

a) microspar: 5%, fomJs crust, moderate I) original porosity: 10%, intergranular, 
orange with speckled black, non-luminescent porosity filled with calcite cement 
areas 2) secondary porosity: 5%, dissolution or 

part of original porosity that has not been 
filled in 

a) microspar: 3%, forms crust and matrix, 1) original porosity: 13%, intcrgranu lar 
moderate orange with speckled black, non- porosity filled with calcite cement 
luminescent areas; 2) secondary porosity: 5%, by dissolution 
b) brown calcite cement: 5%; concentrated 
in/and around clotted material and lumps 

10% I) original porosity: I 0%, intcrgranular 
a) microspar: moderate orange with speckled porosity filled with calcite cement 
black, non-luminescent areas 2) secondary porosity: 5%, by di ssolution 
b) sparry calcite: high luminescence 
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S2mole No. Primary Constituents 

MS2-4 microbi2l m2teri2l: 30%, alternating light and brownish orange bands, 5 

to J 5 layers. 40 um to 240 urn, bands partially micritized, low 

lwninescence; peloids 

20%, min: 200 urn, avg: I 0 urn, max: 800 um, rounded. low to moderate 

lwninescence; 

quartz: 5'Y., 20 urn to 1200 urn plag: 5% blue to black; 

ostr2codes: < I%. scattered, 650 um 

MS2-7 microbi2I m2tcri2I: 80%, mostly micritized near center of large tube, 
banded as you move outward, light acicular calci te, low lwninescence, 

range in thickness from 120 urn to 300 um, brown bands, moderate 

luminescence, range in thickness from 70 urn to 350 urn; 
ostracodes: 5'Y., whole 55%, fragmented 45'Y., range from 400 um to 800 

urn, 

MS2-7x microbi;11I matcri2I: 80%, mostly micritizcd near center of large tube. 
banded as you move outward, banded as you move outward with 
alternating dark and light bands, lighter bads are acicular calcite, low 
lwninescence. range in thickness from 40 um to 400 um (avg), brown 
bands, moderate luminescence, range in thickness from 40 un1 to 300 um; 
ostracodes: 5'Y., whole: 30'Y., fragmented: 70%, range from 450 um to 800 
um; sca~red quartz grains 

MS2-15ax microbial material: 40%, banded. alternating low and moderate 
luminescent bands 

MS2-15ay microbi2I m2tcri•I: 40%, banded. alternating low and moderate 
lwninesccnt bands 

MS2-17y b•ndcd ch• r• without stem: 75%. alternating ligh t and dark bands, JO um 
to 30 urn thick, clear bands have moderate luminescence. brown bands 
have low lumincscnccc 

Cements (oldest to voun2es!) Porosity 

a) mircospar: I) origin2J porosity: 35'Y. in filled with grains 

b) sp2rry c2Jcite: mediurn crystalline (60 and ostracods 

: urn), high lwninescence 2) second2ry porosity: 30%, by 

35% channels/fractures, infilled with microspar, 
sparry calcite, pcloids. and scattered 

ostracodes. and >5% by dissolution 

a) oxide rim: very low luminescence; I) origin2I porosity: 15'Y., vugs; growth 

b) sparry calcite: 5%, fine- to mediurn- framework, infilled with ostracods, calcite 

crystalline {20-100 urn), forms as a crust, high cement (sparry and microspar) 

lwninescence; 2) secondary pososity: I 0%, by dissolution, 

c) oxide ri m: very low luminescence; equant spar is last generation that filled 

d) clur equ2nt calcite: no lwninescence framwork porosity 

a) oxide rim: very low luminescence; I) original pososity: I O'Y., vugs; growth 
b) spary calcite: 5%, fine- to mediurn- framework, filled with ostracods, calcite 

crystalline (20-100 um), forms as a crust, high cement (sparry and microspar) . 

luminescence: 2) secondary pososity: I 0%, by dissolution 
c) oxide rim: very low 1wnincsccncc; 
d) clear equaot calcite: no lwninescence 

a) equant c2lcite: 5%, high lwninescence; I) origin•! porosity: 60%, framework 
b) brown cement: 5% porosity infilled with microspar and/or 

b) silica: 30%, JO urn to 100 um, no bladed/blocky calcite 
luminescence 2) sccond2ry porosity: 20%, by dissolution 

a) micritc: < 5%, moderate luminescence; I) original porosity: 60%, framework 
b) brown cement: 5%, modc:rate porosity infilled with microspar and/or 
lwninesccncc bladed/blocky calcite 
c) silica: 30%. 10 um to 100 um, no 2) second•ry porosity: 20%, by dissolution 
1 umincscence 

a) brown c2lcitc rims: J 5%, very low I) origin2I porosity: 25%, framework 
luminescnecc porosity filled microspar cement 
b) equant calcite or microspar: 5%, 2) secondary porosity: 5%, by dissolution or 
moderate orange part of original framework porosity 
c) brown ca.lcite rim: very low luminescence; 
d) equa nt cl2cite: moderate orange 
c) clear cqu2nt cement: no luminescence 
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Table 4.4 Thin section description of laminated microbiolite units. 
Sample No. I Primary Constituents I Cements (oldest to youn2est) 

MS3-4by JFrom center to outer rim: 15'Y. 

MS3-4bx 

layer #I : 5%, dark brown, center. highly oxidized, banded microbial a) equant calcite: along edges in pcres. no 
growth, mottled, low lwninescence, bands very faint in luminescence; luminescence, minor clacite i:rystals with 
layer #2: 20%, olive green microbial growth, alt tan and olive-green bands, moderat luminescence; 
some brown calcite bands, moderate luminescence with faint banding; b) equanl cement: no luminescence 

l2yer #3 : 15%, slightly darker olive green microbial growth, bands vis ible 
in some areas, scattered, not abundan~ moderate luminescence with faint 
banding; 
ostr2codes: 5% 

layer #3: 30%, spongy microbial material, mottled. moderate 
luminescence; 12yer 
#4: 5'Y,, olive green and brown bands, low and moderate luminescence 
respectively; 
12yer #5: 5%, olive green layered, mottled, moderate and low 
luminescence, faint banding visible, slightly brighter luminescence than 
layer #4, last band in #4 has same lwnineseence as layer #5; 
layer l#i: 2%, clear white banded, creates outer coating over spongy 
microbial material, irregular coverage, brighter luminescence than #5; 
layer #7: 10%, brown banded grading to olive green banded, mottled, 
moderate luminescenc with followed by lighter bands with low 
luminescence; 
layer #8: 8%, clotted olive green, low luminescence; 

I O'Y,, microspar to sparry calcite 
Fabric #3. 
a) some pores fi lled with microspar to blocky 
calcite cement-high luminescence; 
F•brie #4: 
a) some pores filled with spaic high 
luminescence; 
Fabric #7: 

layer #9: capping microbial layer, clotted texture, very, very faint banding. ,a) equ•nt calcite: fills framework pcrosity, 
moderate luminescence, brigher than #8, but less bright than cement high luminescence; 

F2bric #9: 
a) microsp2r cement: lines some pores, 
moderate lwninescence. 
b) equant cement: no luminescence 

Porositv 
I) original porosity: 40%, framework 
pcrosity 
2) secondary porosity: 25'/., never filled in 
or by dissolution pcrosity 

I) original porosity: 35%, framework 
pcrosity 
2) secondny porosity: 25%, by dissolution, 
or part of original porosity 
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Table 4.5 Thin section description ofunlaminated microbiolite units. 
Sample No. I Primary Constituents 

MSl-Cl !microbial material: 50%, min: 80 um, avg: 400 urn, max: 1000 urn, to 
large patches, subrounded to rounded, low luminescence; 

MS2-2 

bioclastics: 15%, min: 80 urn, avg: 200 wn, max: 800 um, subrounded to 
rounded, low luminescence; 
extraclasts: quartz: 5%, subrounded, avg: 240 um; plag: 5%, angular, min: 
180 urn, max: 500 um, blue to black luminescence 

microbial material: 45%, clotted texture, faint banding, orange brown; 
ostracodes: 3%, avg: 740 um; peloids: 2%, min: 200 um, avg: 320 um, 
max: 600 um 

Cements (oldest to youngest) 
a) microspar: 10%, moderate luminescence; 
b) equant calcite: 5%, 80 um (medium 
crystalline), no luminescence 

a) micrite: 6% 
b) microspar: 24% 

MS2-8x microbial material: 60%, clotted texture, faint plant structure visible, a) oxide rim: no luminescence 

MS2-8y 

MS2-8z 

mottled orange, moderate luminescence; b) equant clacite: moderate luminescence 
ostracodes: 15%, min: 260 um, avg: 540 urn, max: 850 um, 40% c) mlcrite: no luminescence 
fragmented, 60% whole (filled with sparry cement), moderate luminescence OR 

microbial material: 55%, clotted texture, faint banding visible, mottled 
orange, moderate luminescence; 
ostracods: 20%, min: 440 um, avg: 770 um, max: 110 um, 40% 
fragmented, 60% whole (infilled with sparry cement), 1 to 10 (avg: 4) 
generations of alternating dark and light, acicular bands, moderate 
luminescence; 
peloids/bioclasts: 5%, min: 80 um, avg: 200 um, max: 300 um, moderate 
luminescence 

microbial material: 40%, clotted texture, banding more visible than in 
MS2-8y, alternating light and brownish orange bands, 4 to 8 generations, 20 
um (light) to 800 um (brownish orange), moderate luminescence; 
ostracodes: 20%, min: 440 um, avg: 77u urn, max: I JOO um, 40% 
fragmented, 60% whole (infilled with sparry cement), I to 10 (avg: 4) 
generations of alternating dark and light, acicular bands, (some appear to be 
micritized), moderate luminescence; 
lumps: 20%, min: 80 um, avg: 200 um, max: 300 urn, moderate 
luminescence 

a) microspar: moderate luminescence 
b) oxide rim: no luminescence 
c) equant sparry calcite: high luminescence 
10% 

a) oxide rim: no luminescence 
b) equant clacite: moderate luminescence 
c) micrite: no luminescence 
OR 
a) microspar: moderate luminescence 
b) oxide rim: no lumines1;ence 
c) equant sparry calcite: high luminescence 
10% 

a) oxide rim: no luminescence 
b) equant clacite: moderate luminescence 
c) micrite: no luminescence 
OR 
a) microspar: moderate luminescence 
b) oxide rim: no luminescence 
c) equant sparry calcite: high luminescence 
10% 

Porosity 
!) original porosity: 20%, microspar cement 
fringe, infilled with bioclastics and elastic 
material 

2) secondary porosity: 5%, by dissolution 

1) original porosity: 50%, framework 
porosity filled with micrite and ostracodes 
2) secondary porosity: 20%, by dissolution 

1) original porosity: 25%, intergranular 
porosity infilled with microspar 
2) secondary porosity: 15%, by dissolution, 
vug, intraskeletal, channel 

1) original porosity: 20%, intergranular 
porosity infilled with microspar and sparry 
calcite 
2) secondary porosity: 10%, porosity by 
dissolution, vug, intraskeletal 

l) original porosity: 20%, intergranular 
porosity infilled with microspar and sparry 
calcite 
2) secondary porosity: 10%, porosity by 
dissolution, vug, intraskeletal 
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Table 4.5 Thin section description ofunlarninated microbiolite units 
Sample No. I Primary Constituents 

MS2-l l 

MS2-14 

MS2-15b 

MS3-4 

microbial material: 40%, sl. banded, olive-green, some replacement by 
silica cement, mottled, moderate luminescence 

microbial material: 70%, clotted and banded textures, low to moderate 
luminescence; extraciasts: 
15%, quartz and feldspars, angular to subangular, scattered throughout, 
min: 40 um, avg: 80 um, max: 200 wn, blue to black luminescence 

microbial material: 40%, banded, alternating low and moderate 
luminescent bands; extraclasts: 
1 %, scattered thoughtout framework porosity, qtz and feldsaprs, 
subangular, blue to black luminescence 

microbial material: 25%, alternating moderate and low luminescent bands; 
pelleted microbial material: 35%, low luminescence; 
ostracodes: 5%, low luminescence; 
extraclasts: quartz: 3%, feldspars: I%, other: 1 %, blue to black 
luminescence, minor peloids, low luminescence 

Cements (oldest to youngest) 
a) bladed calcite: 35%, moderate 
luminescence; 
b) brown calcite rim: 5%, moderate orange 
and speckled black luminescence 
c) silica: -3%, no luminescence 

a) microspar: 10%, fonns crust, moderate 
luminescence 
b) silica: -2%, no luminescence; 
c) minor oxides scattered thoughout 

a) silica: 30%, 10 um to 100 wn, 

b) micrite: < 5%, scatter<!d thoughout, no 
luminescence; 
c) brown cement: 5%, scattered thoughout, 
moderate luminescence 

microspar: 9%; equant spar: 6%; micrite: 
10% 
a) bladed calcite: small rim, with scattered 
oxides: zoned high and very low 
luminescence, 
b) equant spar: high luminescence 
e) equant spar: seems to be within same 
crystal as b above, zoned, mostly low to very 
low luminescence with minor moderate bands 
OR 
a) microspar crust: speckled moderate 
orange and black luminesc:neee 
b) equant calcite: no luminescence 

Porosity 
1) original porosity: 60%, framework 
porosity infilled with microspar and/or 
bladed/blocky calcite 

2) secondary porosity: 20%, by dissolution 

1) original porosity: 15%, framework 
porosity infilled with micrite lo micro"spar 
2) secondary porosity: 5%, by dissolution 

1) original porosity: 60%, framework 
porosity infilled with microspar 
2) secondary porosity: 20%, by dissolution 

I) original porosity: 30%, framework 
porosity 
2)-secondary porosity: 5%, by dissolution, or 
left from original porosity 
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Table 4.5 Th" 
Sample No. 

MS3-8 

d f d biol" 
Primary Constituents 

microbial material: 30%, clotted texture, some banded areas, low 
luminescence with minor moderate lwninescent bands; 
extraclasts: 5%; 

Cements {oldest to youngest) Porosity 
micrite: 20%; microsp:ar: 15%; equant: 2%; !) or iginal porosity: 40%, framework 
silica: 2%; brown cement: I% 2) secondary porosity: 25%, part of original 
a) "dirty" microspar: low luminescence with porosity that has not been filled in, or by 
black speckles dissolution 

b) equant clacite: mode.-rate lwninescence 
c) chalcedony: no luminescece 
d) silica: no luminescenc:e 
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OCE-05 

OCE-06 

OCE-09 

OCE-10 

MS2-19 (B) 

haroohvte b · 

Primary Constituents 

charophytes: 55%, spiky plant center with coats of alterinating light 
(acicu!ar) and dark rnicritic bands, 2 to 7 generations, avg: 5 generations, 

avg: 115 um, high luminescence, fairly bright, with some darker bands; 

ostr:acodes:< 1 %, low luminescence 

charophytes: 70%, spiky plant center with coats ofaltcrinating light 

(acicuiar) and dark bands, 11 to 16 generations, avg: 13 generations, high 

luminescence, fairly bright, with some darlcer bands; 

ostr:acodes: < 1 %, same luminescence as chara 

ostr:acodes: 60%, 640 um to 1200 um, low luminescence, filled with spar, 

high luminescence; 

charophytes: 20%, min: 570 um, max: 1240 um, 785 um, avg: 820 um, 
high luminescence, fairly bright, with some darlcer bands; 
clotted material: 5%, low luminescence 

charophytes: 60% avg: 664 um, max: 844 wn; 

ostrocodes: 5%, min: 480 um, avg: 740 um, max: 1040wn; 

lwq>s:4% 

charophytes: 60%, sterns 480 µm to 600 µmin dianietcr, coated with 

alternating light and darlc bands, low luminescence; 

nicrobial material: 5%, in fuimeworlc porosity as clumps, banded moderate 

and low luminescence 

Cements (oldest lo youn2est\ Porositv 
a) equant calcitt: 38%, high luminescence; 1) original porosity: 40%, intergrzmular, 

b) silica: 2%, no luminescence porosity filled with calcite cement 

2) secondary porosity: 5%, seems to be 

dissolution or part oforiginal porosity tb..t has 

not been filled in 

cement: 25%, multiple generations from 20 1) original porosity: 30%, intergranular 
um to lOOum porosity filled with calcite cement 

a) nicritic fringt: low luminescence; 2) secondary porosity: 5%, by dissolution, or 

b) bladed epitnial cemen.t: 360 um, high part of original porosity that has not been 
luminescence; filled in 

c) nin:rospar. 

d) spany calcite: high luminescence; 

e) dogtooth: very coarsely crystalline, high 

luminescence 

a) equant calcite: 6%, high luminescence; 1) original porosity: 16%, intergranular 
b) brown calcite: 4%, low luminescence; porosity filled with calcite cement 
c) silica: l %, no luminescc.nce 2) secondary porosity: 4% by dissolution 

cement: 20%, 1) original porosity: 31 %, intergranular 
a) nicrospar: moderate lwuinescence; porosity fi lled with calcite cement 
b) spany calcite: high luminescence; 2) secondary porosity: 5% by dissolution 
c) brown calcite: 1%, low luminescence 

nirosparto equant cement: 20%, 20-100 1) original porosity: 35%, fuimeworlc porosity 
µm; fi lled microbial material, microspar and 
brown calcite cement: 5% cqu.ant cements 

a) nicrospar with brown nicrospar cement: 2) secondary porosity: 10%, by dissolution or 

moderate 0TI1Dge with speckled black, non- part of original fuinieworlc porosity 

luminescent areas 

b) brown calcite rim: black, no luminescence 

c) clearequant calcite: modera te orange and 
black, zoned, very faint 

d) clear equant calcite: no luminescence 
- fuicture has a v. thin rim of sl. luminescent 

calcite cement, center of frncture has no CL 



0 
co 

San:vlc No. 
MS3-2(B) 

Prilr.QIV Constituents 

charophytcs: 65%; 
peliods: 4%; 

hll11>S: lo/o; 
nicrobial IT.Qterial: 5%, clotted texture 

Cements (oldest to youni:est) Porosity 
a) nicrite crust: 5%, ccm1:nts extraclasts 1) original p orosity: 40%, intergrannular 
OR 2) secondary porosity: 20%, most original, 
a) equant calcite-high lumiin.esccnce minor dissolution 

b) silica: no luminescence 
c) some cement looks ammphous and hos very 

faint, low luminescence to black 



- - - ds ·-··- --·-· 
SamvleNo. Primary Constituents Cements (oldest to voun~est\ Porosity 

extraclasts: quartz: 45 %; plag; 10 %; biolitc: 3 %; rock frag; 2%; iron micritic: 35%, m:>daate lumincscai.ce l) primary porosity: 35%, intergrannular, 

oxides: 3%; <5 um, subangular lo angular. min: 320 um, mean: 500 um, micritic calcite cement 
MSl-01 !IBJC 800 um; 2) secondary porosity: 2%, by dissolution 

extraclasts: 75%, quartz: 60%, plag: 35%, angular to subangular, poorly micrite: 22%, no luminescence; 1) primary p orosity: 20%, intergranular 

sorted, min: 80 um, avg: 400 um, rmx: 1200 um, biotile: 3%, platy; olhcr: oxides: 2% porosily infilled with micrite 
MS1-06a 2%; 2) secondary porosity: 3%, porosity by 

dissolution 

cxtraclasts: 75%, quartz: 60%, plag; 35%, angular to subangular, poorly micrite: 20%, no luminc:scmce~ 1) primary porosity: 20%, intergranular 

MS1-06b sorted, min: 80 um, avg; 400 um, rmx: 1200 um; biotitc: 3%, platy; other: oxides: 2% porosity in filled with micritc 

2%; 2) secondary porosity: 3%, porosity by 

extraclasts: 60%, quartz: 45%. plag; 35%, angular to subangular, poorly micritic: 25%, rrodc:ratc lumincscClce; 1) primary porosity: 20%, intergranular 

sorted, min: 200 um, avg; 400 um, rmx: 1000 um; ox.ides: 2% porosity infilled with micrite 
MSl-07 lumps and pcloids: 20%, min: 200 um, avg: 400 um, rmx: 2400 um 2) secondary porosity: 3%, porosity by 

dissolution 

cxtraclast: 60%, quartz: 65 %; plag: 20 %; biotite: 3 %; rock frag; 2%; micritic: 38%, modc:rate luminescence; 1) primary porosity: 40%, intoparticle, 

iron oxides: 3%, scattered throughout, extraclast subangular to angular, ox.ides: 2% filled with micrite 
MSl-CA poorly sorted, min: 80 um, avg: 280 um, rmx: 3200 um 2) secondary porosity: 2%, by dissolut ion of 

matirx. or extraclasts 

extraclasts: 82%: quartz: 35%. plag; 15%, angular to subangular, poorly micritic: 15%, m:xic:rate luminescence; I) primary porosity: 15%, intergranular 
sorted, min: 80 um, avg: 280 um, rmx: 2000 wn; volcanic rock fragments: oxides: 5% porosity infilled with micritc 

0 MS2-0l 2%, subrounded: pdiods: 25%; lurrps: 2%; chara: 3%, micritized 2) secondary porosity: 3%, porosity by 
dissolution 

extraclasts: 85%, plag: 40%, quartz: 40%, angular lo subangular, mi critic: l 0%, nxxfcratc luminescence 1) primary porosity: 10%, intergranular 

MS2-09 
rroderntcly sorted then grades to poorly sorted, min: 100 um, avg: 400 um, porosity infilled with micrite 
rmx: 1000 wn; biotitc: 3%, platy; other: 2% 2) secondary porosity: 5%, porosity by 

dissolution 

limestone rrwd; 50%, grew as a layer, high lwninesccnce; a) micritc rims: roodaate h,uni.ncsccnce: I) original porosity: 13%, intergranular 
extraclasts: 35%, quartz: 35%, feldspars: 50%, VRF's: 5%, subangular to b) fine-grained matrix: 10%, rroderate porosily filled with micritc 

subrounded, rroderntcly sorted, min: 200 µm, avg; 480 µm, rmx: 1000 µm, luminescence, speckled; 2) secondary porosity: 3%, porosity by 
bloated biotite: 800 µm thick, 540 µmis caused by expasion by calcite c) silica: -1 %, no lurnincscCI'lcc dissolution 

MS2-10 (B) crystals, shows 67% expansion, elastics- black to blue; 
pcloids/lumps: 10%, low luminescence; 

oxides: 2%, scattered thoughou1, dentritic in microbial rmterial 



...... 
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Sample No. Primarv Consti tuents 

extn.clasts: 78%, (quartz: 50%, plag; 40% • peloids: 5%, biotite: 5%), 
subrounded, well sorted, avg; 224 um 

MS2-12a 

layer #1. extn.clasts: 78%, (quartz: 50%, plag; 40%, peloids: 5%, biotite: 
5%), subangular to subrounded, rmdcratelysorted, 200 um and 400 um; 

layer lfZ. cxtn.clasts: 73%, (quartz: 40%, plag; 30%, peloids: 25%, 
MS2-12b biotite: 5%), subangular to subrounded, rmdcrately sorted, 200 um and 

400um 

extn.clasts: 85%, plag; 40%, quartz: 404/o, angular to subangular, poorly 
sorted, min: 80 wn, avg; 320 um, max: >2000 um; biotitc: 3%, platy, other. 

MS2-13a 2% 

cxtn.clasts: 85%, plag; 40%, quartz: 404/o, angular lo subangular, poorly 
sorted, min: 80 wn, avg; 320 um, max: >2000 um; biotite: 3%, platy, other. 

MS2-13b 2% 

cxtraclasts: 65%, quartz: 30% plag; 15%, vrfs: 5%, subangularto 
subrounded, poorly sorted, min: 120 um, avg; 600 um, 2000 wn, chara: 5%, 
highly micritizcd, peloids and l\llll)s: 10"/o, highly micitizcd 

MS3-0la 

cxtraclasts: 65%, quartz: 45 %; feldspars: 50%; VRF's: 5%, biotite: < 1 % 
sorrx: grains bloated 

MS3-05 

cxtraclasts: 65%, quartz: 45 %; feldspars: 50"/o; VRF's: 5%, biotitc: < 1% 
sorrx: grains bloated 

MS3-06 

cxtraclasts: 20%, quartz: 55%, feldspars: 35%, bio ti te: 2%, vrfs: 3%; 
lumps: 30%; 

MS3-07 pcloids: 5% 

Cements (oldest to Younrcst) Porosity 

micritic: 20%, m:xiaatc l\.ll'rinesccnce I) primary porosity: 20%, into-granular 
porosity infilled with micrite 

2) secondary porosity: 2%, porosity by 
dissolution 

layer #1: 1) primary porosity: 20%, intergranular 

micritc: 20%, ITT)dc:rate luminescence~ porosity in filled with micrite 

layer #2: 2) secondary porosity: 2%, porosity by 
micrite: 25%, moderate lumincscaice dissolution 

micritic: 10%, moderate luminescence 1) primary porosity: 10%, intergranular 
porosity infilled with micrite 

2) secondary porosity: 5%, porosity by 
dissolution 

micritic: 10%. mxic:rate lum1Jlcsc01ce 1) primary porosity: 10"/o, intergranular 
porosity infillcd with rnicrite 
2) secondary porosity: 5%, porosity by 
dissolution 

micritic: 25%, rrodaate lu.rrincsccnce 1) primary porosity: 35%, framework 
porosity fi lled microbial material, rnicrospar 
and cquant canc:nts 
2) secondary porosity: 1 O"/o, by dissolution 
or part of original frarrr:work porosity 

spar. 35%, m:.xiaatc lumincsc01ce 1) primary porosity: 35%, framework 

porosity 

2) secondary porosity: < 1 %, by dissolution 

spar. 35%, rmdcrate luminescence l) primary porosity: 35%, framework 

porosity 

2) secondary porosity: < 1 %, by dissolution 

micritic: 19%, rrodaate lumincsc01.ce; 1) primary porosity: 19%, intergranular, 
brown rim: l % in filled wiU1 micrite 

2) secoodary porosity: 5%, part of primary 
porosity: that has not been filled in, or by 
dissolution 



APPENDIX C 

C and O isotope data for all samples 

AVERAGE PRECISION OF DEL TA 13C=+/-0.05 
AVERAGE PRECIS ION OF DELTA 180=+/-0.06 

ROAST TEMP 375 

Samples marked with an x did not generate enough gas for reliab le 
analysis and were not plotted by this study. 

Samp le dl3C(PDB) dl80 (PDB) 

IA -2.94 -5 .11 
IB -4. 13 -5.68 

2A -8.52 -5.26 
2B -8.80 -5.56 

2C -8.74 -5.41 

3A -1.55 -955 
3B -1.43 -8.89 

3C 0.09 -8.22 
4A -2 .50 - 11 .43 
H> "1 0 0 At: 
"fD -v.10 ·o.-rv 

4C -0.46 -6.59 

5A -0.94 -8.44 
58 0.44 -8 15 
SC 0.56 -8.65 

6A -0.76 -8.15 
6B 0.04 -7.63 
6C -0.84 -6.46 
78 -2.6 1 -7. 17 
SB -3.59 -9.4 1 
!OB -1.66 -7.76 
ll A -1.92 -4 .89 
11 8 - 1.94 -4.63 
ll C -1.13 -4.63 
12A -0.67 -4.59 
12B -0.7 1 -4.46 

12C -0.49 -4.58 
13A -4.73 -5 .86 
14A -6.55 -5.85 
16A 1.82 -5.77 
16B 1.47 -5.97 
18A -2 .84 -5.95 

18C -6.22 -5 .24 
19A -1.24 -6.42 
198 -0.90 -7.62 
19C -O. I9 -6.18 

20A -2.50 -6.5 1 
20C -1.99 . 7.33 
21A - 1.20 -6.84 
21B -0.53 -6.22 
2 1C . 1.37 -6.97 
22C -1.29 -6.62 
27A -0. 14 -6.45 
28A 1.8 1 -5.7 1 x 
288 2.9 1 -6 15 x 
28C 0.85 -7.47 
29A 1. 29 -6.14 x 

11 2 



Sa mple dl3C(PDB) dl 80(PDB) 
29B i .65 -7.00 x 
29C -4.99 -5.46 
30A -2.20 -0.0S x 
30B -6.73 -4.94 
30C 0.77 -6.9 1 x 
31A 1.37 -7.38 x 
318 J.3 1 -4.51 x 
31C 0.78 -8.14 
32A 0.90 -7.29 
32C 1.4 1 -6.66 
33A 1.04 -7.54 

33B 0.82 -8.54 
34B 2. 1 S -3.08 x 
3SB -1.56 -6.64 x 
36A -3.7S -9.S I 
39A 0.99 -2.69 x 
39C 3.63 -3 .6S x 
40A -4. 17 -4.70 x 
42B 0.24 -6. 11 
42C 1.72 -S .20 x 
43A 0.00 -6 .83 
44A -1.12 -5.40 x 
448 -S.86 -5.32 
44C -4 .09 -1.90 x 
4SB -4.S9 -1.75 x 
46A O.S I -S.13 
46B 2.0S -3.28 x 
46C 0.72 -5.18 
47A -3.29 -6.85 
47B -3. 18 -7 .03 
47C 2.99 0.38 x 
48A -0.SO -4.92 x 
48B - 1.84 -5.30 
48C -0. 17 -4.36 x 
49A -2.45 -4 .6S 
50A -2.05 -5.S8 
50B -2.60 -5.6S 
soc -0.68 -5.S I 
SIA -6. 39 -9.32 
SIB -5.67 -9.49 
SIC -6.14 -9.14 
52A -0.S7 -S.27 
S2B -0.79 -5.32 
52C -1.03 -S.17 
53A -2.46 -4.S9 
53B -4.80 -4.87 
54A -2 .39 -5.30 
S4B -1.54 -S.89 
S4C - 1. 33 -S.9S 
55A - 1.03 -5.7 1 
5SB -0.94 -S.82 
56A -6.59 -3.62 
S6B 1.46 -SJO 
56C -2.72 -5 .0S 
57A -0.48 -6.24 
57B 0.23 -6.57 
57C -3.42 -S.09 

113 



Sampl e dl3C( PDB) d!80(PDB) 
58A -1.07 -4.92 
588 -1.93 -5.14 
58C -1.68 -5.03 
59A -5.73 -12.55 
598 -5 .97 - 11.71 
60A -7 .31 -4 .50 
60B -5 .04 -7.67 

60C -4.83 -7.34 
61A -3.71 -5 .1 5 
618 -3.53 -5.33 
61C -3.66 -5.42 
62A -3.63 -6.31 
628 -4.77 -8.09 
62C 0.19 -9 .22 
638 -2.45 -7 .82 x 
63C -0.92 -7.26 x 
64A -4 .01 -7.93 
648 -4.01 -7.96 
64C -3.90 -7.89 
65A -3 .16 -8.79 
658 -2.67 -6.05 
65C -4. 15 -9.02 x 
66A -4.92 -8.47 
668 -i6.7i -23.34 
66C -4.8 1 -8 .55 
67A -5.63 -10.28 
678 5.04 -7.22 
67C -4 .78 -8.17 
68A 2.70 -7.96 x 
688 -2.43 -5.97 
68C - 1. 73 -5.48 
69A -6 78 -5 .88 x 
698 -5.08 -7.51 
69C -7.32 -4.76 
70A -6.54 -8 .16 
708 -6.82 -7.09 
70C -5.70 -7.54 
71A -4.99 -7.94 
718 -4.68 -7.19 
71C -4.57 -7. 80 
72A -2.33 -7.17 
728 -2.3 1 -6.90 
72C -4.86 -5.40 
73A -2.99 -6.34 
738 -2.49 -6.68 
74A -4.92 -5.19 
75A -1.39 -5 .53 
758 -0.81 -6.90 
75C -0. 15 -6.49 
76A 0.10 -5.64 
768 0.45 -5.92 
76C 0.21 -5 .17 
77A 0. 10 -5 .85 
778 - 1.09 -5.74 
77C -0.57 -5.92 
78A -1.66 -6.04 
788 -0.65 -5.79 
78C -0.60 -6.14 
79A -5.55 -6 83 
798 -5.7 1 -5.94 

, , 4 



Sa mpl e dl3C(PDB) dl80 (PDB) 
79C -2.19 -5.4 1 
80A -1.33 -4.96 
808 -2. 10 -5.66 
soc -2.78 -5.53 
81A -2.86 -5.82 
818 -2 .99 -5.47 
81C -4.74 -6.27 
82A -4.32 -7.48 
828 -4.43 -7 .66 
82C -2.37 -5.74 
83A -2.25 -5.18 
838 -2.76 -4.98 
83C - 1.4 1 -5.85 
84A -2.80 -5.03 
848 -4. 11 -5.90 
84C -2.65 -4.97 
85A -2.33 -5 .5 1 
858 -2.45 -5.30 
85C -5 .02 -6.1 1 
86A -4.38 -13 .87 
868 -3 .93 - 14.32 
86C -4.00 -14.22 
87A 0.05 -5.33 
878 0.07 -5.34 
87C 0.68 -5.68 
88A -1.72 -5.9 1 
888 -0.75 -5.74 
88C -0.19 -6.46 
89A -2.9 1 -5.36 
898 -2.65 -6.20 
89C -1. 18 -6.01 
90A -1.59 -6.40 
908 -6.29 -3 .67 
90C -5.81 -4.15 
91A -6.37 -6.40 

, , 5 




