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ABSTRACT 
 

  
The Woodford Shale is an organic-rich, siliceous marine shale with cherty 

beds and phosphate nodules. Phosphate nodules are a well-known feature of the 

Woodford Shale that deserves further scrutiny to explain their source, growth and 

abundance. Geochemical and petrographical analysis of the interior of phosphate 

nodules as well as the encasing beds was conducted to provide insight into their 

genesis. Because phosphate nodules grow very slowly, they inherit a chemical 

signature that reflects the changing chemistry of the surrounding water during their 

formation. 

Nodules from two localities were collected and analyzed using thin section 

microscopy, x-ray fluorescence, x-ray diffraction and coulometric titration. Nodules 

were chosen based on their external morphology and internal structure. In addition, 

host shale was analyzed to compare the composition of nodules with the encasing 

beds. Highly structured nodules that are laminar or circular have a higher 

concentration of metals with abundance increasing in darker bands. Distribution of 

metals is symmetrical in highly ordered nodules and predictable. Metals distribution 

is more random in unstructured nodules that lack symmetrical banding. The 

decrease of certain metals and loss of structure in nodules is interpreted as 

representing less favorable conditions for phosphate growth. TOC is reduced in 

phosphate-bearing shale compared to beds without nodules lower in the section. 

Radiolarians are especially well preserved in structured phosphate nodules. 

The opaline biogenic silica of radiolarian tests was relatively unstable, dissolved and 

re-precipitated as silica minerals including chalcedony and chert.
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CHAPTER 1 

 
 
 
 

INTRODUCTION 

 

 

 

The Woodford Shale has fascinated geologists for decades. It is widespread, 

dark colored, rich in total organic carbon, radioactive, and recognized for its 

phosphate nodules and chert. Many studies focused on the Woodford Shale as a 

source rock for petroleum, but this resource shale was re-examined to determine its 

origin and potential as a petroleum producer. An aspect of the Woodford Shale that 

deserves additional attention is the determination of the origin and abundance of 

phosphate nodules. This paper examines Woodford phosphate nodules 

geochemically and petrographically and categorizes their differences in morphology. 

Further, the geochemical signature of phosphate nodules was compared to their host 

shale to determine if they reflect genetic differences.  

 

Geologic Setting 

 The lower Paleozoic section, including the Woodford Shale, formed in a broad 

sea along the southern margin of Laurentia. In Oklahoma, Woodford sediments were 

deposited in the Oklahoma Basin that formed over the Southern Oklahoma 

Aulocogen.  The Woodford represents a change from Lower Paleozoic deposition that 
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was dominantly carbonates and shallow marine sandstone to shale. The Woodford 

Shale is an organic-rich, marine shale (Arthur and Sageman, 1994) that is 

characteristically gray to brown to black; finely laminated; > 1% organic material; 

rich in phosphate and chert in some areas and contains preserved evidence of 

biogenic silica. High TOC values are attributed to higher rates of bioproductivity 

resulting from nutrients being transported from the base of thermoclines (Arthur 

and Sageman, 1994). 

Trace elements are important indicators of water chemistry during deposition. Trace 

elements whose elevated concentrations are typically indicative of marine 

environments are Cd, Ag, Mo, Zn, V, Cu, Ni and U (Arthur and Sageman, 1994). 

Uranium and molybdenum in particular, are important since they can be used as 

proxies for organic-rich shale (Luning and Kolonic, 2003) and determine 

depositional environments (Tribovillard et al, 2006). Uranium is introduced into the 

system as it diffuses from seawater (Cruse and Lyons, 2004) and precipitates in the 

sediments (Arthur and Sageman, 1994). Uranium diffuses into pore waters, 

increasing the concentration in the sediment and organic matter therein (Arthur and 

Sageman, 1994). Molybdenum can be an indicator of paleo environment depending 

on the geologic setting. Organic-rich shales that form in deep-marine conditions 

contain high concentrations of Mo (Cruse and Lyons, 2004; Tribovillard et al, 2006). 

In restriced basins, Mo cannot be readily replenished due to the lack of water column 

circulation (Harris et al, 2009) and can help identify a rise or fall of the sea level by 

associating regression with lower concentrations of Mo in the shale relative to 

oceanic transgression. Furthermore, organic matter can scavenge Mo if HS‾ 
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concentrations are high enough to transform the conservative element Mo into a 

particle-reactive species called thiomolybdate (Cruse and Lyons, 2004; Tribovillard 

et al, 2006). 

Marine environments responsible for laminated mud, like the Woodford, have 

relatively low sedimentation rates compared to other depositional systems. Uranium 

content reflects these differing sedimentation rates. In higher energy environments, 

the uranium/organic carbon ratio is inversely proportional to the rate of 

sedimentation (Arthur and Sageman, 1994). In contrast, low energy environments, 

such as marine shales, have observed trends of increasing uranium with organic 

matter (Luning and Kolonic, 2003). 

Taff, (1902) was the first person to use the name Woodford Shale in literature. 

Spesshardt (1985) described the Woodford Shale as an organic-rich, marine black 

shale that spans from the Late Devonian to Early Mississippian interval. Spesshardt 

(1985) used conodonts to determine ages, observed the abundant amounts of 

radiolarians throughout the Woodford Shale, and described the shale as 

“interbedded dark shales and cherts” on the southern flank of the Arbuckle Uplift 

that grades into mainly “platy dark shales” to the northeast.  The Woodford Shale 

varies in thickness from 107 to 122 meters thick in exposed sections throughout the 

Arbuckle Mountains; however, it thins to the northeast (Spesshardt, 1985).  

The Woodford Shale is exposed in Northeast Oklahoma but is mapped as the 

Chattanooga Shale (an age-equivalent formation) (Andrews, 2009). The Woodford 

Shale equivalent in northeast Oklahoma was defined in the Ozark Uplift. In contrast 

the formal Chattanooga Shale was described in the Appalachian Basin (Boardman 
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and others, 2009). Surface and subsurface mapping shows that the Appalachian and 

Ozark lithologies do not physically correlate and differ, and therefore cannot be 

called the same formation (Boardman and others, 2009). The Woodford Shale in the 

northeast Oklahoma Ozarks differs from the Woodford Shale in the Arbuckle 

Mountains because the Ozark Woodford lacks phosphate deposits and chert beds 

and is much thinner than the equivalent Woodford in Southern Oklahoma 

(Boardman and others, 2009). Since there are discrepancies between these three 

outcrop areas, the name Eagles Bluff Shale is being proposed for the Woodford 

equivalent in the Ozarks (Boardman and others, 2009).  

The Woodford was deposited after an extensive hiatus following an uplift and 

erosion of the Hunton Group (Tarr, 1955). In some cases, post Hunton, pre Woodford 

erosion removed most of the sedimentary rock column (Tarr, 1955) and as a result 

the Woodford can uncomformably overlie Lower Devonian to Ordovician strata. This 

study focuses on the Woodford shale in southern Oklahoma outcrops as they contain 

phosphate nodules that are easily accessible for sampling. Here the Woodford 

normally overlies carbonates of the Hunton Group and is succeeded by Mississippian 

shales and carbonates. 
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Figure 1: Stratigraphic nomenclature modified from (Barrick, Klapper and Amsden, 1990, pg. 6) 
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Methods 

Sampling From Outcrop 

 Two localities were chosen for this study. The first is the McAlister Cemetery 

shale pit, (MSP) which is located west of Overbrook, OK and easily accessed using 

Exit 24 from I-35. The MSP is a mostly inactive quarry frequented by geologists, as it 

has a complete section of the Woodford Shale. The entrance to the quarry is located 

at 34°04’45.30”N/97°09’22.03”W. The second outcrop is along I-35 on the north 

flank of the Arbuckle Mountains. The I-35 North locality has coordinates of 

34°26’49.65” N/97°07’52.87”W. Phosphate nodules are much more abundant at the 

McAlister Shale pit than at the I-35 N locality. The section of phosphate-bearing beds 

at I-35 N is only a few meters thick with nearly vertical beds and mantled by regolith 

(Figure 6). In contrast the phosphate-bearing beds at the MSP are fifteen meters 

thick and clearly exposed in the pit highwall, where the nodules are readily visible 

(Figures 4 and 5). 
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Figure 2: Late Devonian reconstruction of North America showing the positions of the study are with    
   respect to the continent margin and the Southern Oklahoman Aulocogen.  
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Figure 3: Geographical locations of I-35 North and McAlister Cemetery Shale pit localities (indicated   
   in orange lettering and red markers) provided by Google Earth (2010).  
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Figure 4: Highwall of the McAlister Cemetery Shale pit showing the cherty and phosphate rich beds   
  (between the arrows) that dip at 43 away from the observer. 
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Figure 5: Close-up picture of the high wall. Phosphate nodules are shown inbedded in their 
   host shale with a marker for scale. This picture is provided by Dr. James Puckette. 
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Figure 6: Photo of the phosphate-bearing beds at the I-35 N Outcrop. Phosphate occur in the top few   
   meters of the outcrop (between the arrows). Bedding is nearly vertical.  

 

Twenty-two samples were collected from the upper section of the Woodford Shale at 

MSP, beginning one foot below the phosphatic zone and extending to one foot above 

the last phosphate-bearing bed. Sampling was guided by identifying changes in size 

and shape of phosphate nodules as well as host lithology. When changes in nodule 

morphology and host lithology were detected, samples were collected. Nine samples 

were collected from the I-35 North locality using the same methodology as employed 

at MSP. A total of eight additional samples were collected from both localities to 

corroborate measurements of TOC. This latter set of samples was analyzed using x-

ray fluorescence and thin-sectioned.   
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Total Organic Carbon 

The initial thirty-one nodules were halved using a trim saw. The second half of each 

sample was powdered and prepared for total organic carbon (TOC) analysis; a 

second aliquot was selectively analyzed using powder XRD and x-ray fluorescence. 

The more complete half of each sample was smoothed on a solid polishing wheel 

using water. All samples were thoroughly cleaned to prevent contamination. TOC 

was determined using a coulometric titration method provided by UIC inc. The 

instrument (coulometer) was attached to two separate modules: a furnace apparatus 

and an acidification module. The Furnace Module, MC5300 heats to 4,000 degrees 

Fahrenheit to liberate all carbon within the samples and gives a total carbon (TC) 

measurement. The second (CM5130 Acidification Module) module uses HCL 

acidification to generate a total inorganic carbon (TIC) value by removing carbonate. 

A series of blanks and calcium carbonate standards were analyzed to make certain 

the instrument worked properly and to calibrate results. TC and TIC for each sample 

were determined following the protocol established by the instrument manufacturer. 

TOC was determined by subtracting the TIC values from the TC values  

 

X-Ray Fluorescence and Diffraction 

 Selected samples were x-rayed for bulk analysis using a Phillips Analyzer PW 

1830 x-ray diffractometer. Two thin sections and six bulk powdered samples of 

nodules and host rock was x-rayed to determine mineralogy. Twenty-two selected 

samples were analyzed using the Niton XS3t x-ray fluorescence analyzer made by 

Thermo Scientific. In order to ensure accuracy of detecting properties for small 
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features on the samples, the area of exposure was reduced to 3 mm. This allowed for 

a high-definition examination of the characteristics within the phosphate nodules 

and in some cases, their surrounding shale. These measurements were taken along 

transects of the nodule and the host shale to establish elemental makeup and 

changes in metal concentration within and adjacent to each selected nodule.  

 

Thin-Sections 

 Thin sections were made from eight samples, three from I-35 North and five 

from MSP. The thin-sections were analyzed petrographically and provided insight 

into the mineralogy/petrology of nodules and the diversity of micro fauna.  

 

Literature Review 

   

Black phosphatic shales have intrigued geologists for decades as potential source beds for 

petroleum. Heckel (1977) proposed that black phosphatic shale facies in Pennsylvanian 

cyclothems of Mid-Continent North America formed as a result of large-scale sea level 

changes driven by glaciation and deglaciation. During widespread inundation, 

thermoclines developed creating anoxic conditions that preserved organic matter. Seaward 

surface winds carried the surface waters to the west, which allowed colder, deeper, 

nutrient-rich water to cycle and replaced the upper water column. Increasing nutrients 

promoted planktonic blooms that enriched the water in organic matter. Once this organic 

matter settled to the ocean floor any remaining oxygen was consumed during 

biodegradation, further promoting anoxia and organic matter preservation. The 



15 
 

biostratigraphy, crystallography, geochemistry and petrography of phosphate nodules in 

Pennsylvanian cyclothems was examined by Ece (1990).  

Roe et al (1982) studied Pa/U and Th/U ratios in modern phosphate nodules forming off of 

the Peru – Chile shelf in 250 to 500 meters deep water. These nodules are forming at an 

oxygen minimum zone that is not completely anoxic. Arthur and Sageman (1994) 

established the properties of a marine black shale and proposed that shales that are 

truly economic and have high TOC formed in deep oceanic basins. Spesshardt (1985) 

examined phosphate nodules in the Woodford and defined relationships between and 

differences in phosphate nodules and their host shale using stratigraphy and petrology. To 

ensure his lithological ties were accurate, Spesshardt used conodonts to establish the 

internal stratigraphy of the Woodford Shale. The ecological model for conodonts and their 

usefulness in biostratigraphy and interpretation of paleo environments was demonstrated 

by Seddon and Sweet (1971). Siy (1988) examined the distribution of La and Ce in 

phosphate nodules and host shales from six Woodford outcrops in Southern Oklahoma 

and acknowledged the role of diagenesis in altering nodule mineralogy. 

 The global phosphorus cycle, which includes the relationship between 

phosphorous and other nutrients, and accumulation, was examined by Ruttenberg (2003). 

Jiang et al (2007) discussed the role of phosphate as a host to rare earth elements (REEs) 

and the reaction of REEs with sediment. Canfield (2006) modeled changing conditions 

within coastal upwelling zones and the consumption of oxygen by decomposing organic 

matter as well as denitrification and sulfate and nitrate reduction.  
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 Boardman and others (2009) proposed a new formation called the Eagles Bluff 

Shale for the Devonian black shale in the Ozarks. This change was predicated on the 

evidence that the Chattanooga of the Ozarks and the Appalachians are not directly 

correlatable and that they are lithologically different. In addition, the Woodford Shale of 

southern Oklahoma is different from the black shale (Chattanooga) of the formation in the 

Ozark Uplift because the Woodford contains phosphate deposits, chert beds and is much 

thicker.  

 Jerden Jr., and Sinha (2005) discussed the affinity of phosphorous to envelop 

uranium in soil and the effect of the uranium – phosphorous bond on phosphate 

stability. The role of metals as proxies for TOC and then accumulation in sediment is 

discussed by Luning and Kolonic (2003).  
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CHAPTER 2 

 

PHOSPHATE NODULES 

 

 

 

 

Phosphate Occurrence in Woodford Shale 

 Phosphate nodules occur within coastal upwelling zones where wind driven 

surface water moves seaward allowing the deeper water column to cycle upwards 

to fill in the void (Canfield, 2006). According to Heckel (1977) this process is more 

effective when the sea is deep enough to create a thermocline that prevents isolated 

cells of vertical circulation from reaching the bottom waters (Figure 7). The result is 

the lower water column remains oxygen deprived. However, the process of 

upwelling alone does not generate a fully oxygen-free environment. Many life-

sustaining nutrients, such as phosphates and nitrates, flow up from the lower water 

column into the more oxygen-rich water above. These nutrients become engulfed by 

the remaining oxygen, further lowering the concentration and preventing future 

organic matter decomposition (Canfield, 2006).   
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 Figure 7: Heckel (1977, p.10) models upwelling zones in both low-stand and high-stand  
                    conditions. 

 

Deposition during the Pennsylvanian was influenced by cyclothems, which 

are periods of repeating oceanic regression and transgression, attributed to glacial 

eustatic sea-level changes (Ece, 1990). At maximum transgression, these seas were 

deep enough to generate thermoclines that facilitated the formation and 

preservation of phosphate (Heckel, 1977).  Though the Pennsylvanian is 

characterized by a series of cyclothems and multiple black phosphatic shales, the 

Woodford Shale only developed the correct conditions for the creation and 

preservation of large accumulations of phosphate nodules during the later part of 
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the formation’s depositional history in the locations that are being studied in this 

discussion.  

 

Modern Phosphate Nodules 

 The present model of phosphate nodule formation is based on the modern 

analogue from the Chile-Peru shelf (Roe, et al, 1982).  Modern phosphate nodules 

occur at the water- sediment interfaces at depths between 250 and 550 meters deep 

and are around the oxygen-minimum zone (Roe, et al, 1982). The nodules 

themselves range in size (much like the Woodford Shale nodules) from “5-10 cm 

long and 2-3 cm wide” (Roe, et al, 1982, pp. 2). The nodules contain abundant 

carbonate flourapatite cement, biogenic opal, marine skeletons along with other 

detrital constituents and are rich in uranium (Roe, et al, 1982). These nodules were 

radiometrically dated to give growth rates as slow as 1 to 10 millimeters per 1,000 

years (Roe, et al, 1982), which provides ample time to experience extensive changes 

within ever-fluctuating oceanic pore water chemistry.  

 The modern phosphate nodules found near the Chile-Peru shelf consist 

mainly of quartz, feldspar, apatite, phosphate, calcite and dolomite (Kim and 

Burnett, 1985). Carbonate fluorapatite (CARFAP) is the main mineralogical 

constituent in the modern phosphate nodules. There may be a link between the 

amount of growth rates of the nodules and the amount of limiting CARFAP 

constituents within the sediment pore water, but further study on this subject is 

recommended (Kim and Burnett, 1985).  
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Interest of Phosphate Nodules 

 Phosphate nodules are of interest to the petroleum industry because of their 

association with organic-rich shales (Heckel, 1977; Ece, 1990). The Woodford Shale 

in the Midcontinent Region (Andrews, 2009) sourced most of the Lower Paleozoic 

oil and gas and is noted for its phosphate nodules (Spesshardt, 1985; Siy, 1988; 

Kirkland, 1992). As the Woodford developed as a resource play, interest in 

understanding the evolution of these hydrocarbon-rich strata increased. In the 

Arkoma Basin, eastern Oklahoma, the Woodford Shale produced an estimated 350 

billion cubic feet of gas (BCFG), between 2000 and 2009 (Andrews, 2009). As 

Woodford production expands across the Midcontinent Region it is necessary to 

examine its evolution as a prolific source and reservoir. Phosphate nodules are not 

found in all sections of the Woodford Shale. Nodules are concentrated in the upper 

section of the Woodford in south-central Oklahoma. They become less abundant to 

the north and east and disappear completely in northern and eastern Oklahoma.  

Phosphate nodules in the Woodford Shale contain countless radiolarian skeletons. 

Radiolarians are dissolved in nodules to form moldic porosity; shown in Appendix B 

(pp. 44, 49 and 50). Upwelling zones supply nutrients like nitrates and phosphates 

that facilitate blooms in planktonic organisms. Flourishing numbers (along with the 

right environmental conditions) increase chances for preservation in the rock 

record. This expanded organic activity increases the amount of organic matter 

available, enhancing the chance for preservation and conversion to petroleum.  
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Geochemistry of Nodule Formation 

 Detailed examination of phosphate nodules is key to understand their 

internal composition. These nodules are riddled with trace elements and rare earth 

elements (REE’s) (Jiang et al, 2007). The concentrations and distributions of these 

elements reflect the geochemistry of the oceanic water at the time of sedimentation 

and secretion of the nodules as well as diagenesis. For example, if the outer layer of 

a phosphate nodule contains higher concentrations of REE’s than the middle ones, 

then it is likely that the pore fluids acquired greater concentration of REE from 

either the surrounding shale or organic matter and transferred the elements to the 

outer rim of the nodule during development and/or diagenesis (Jiang et al, 2007).  

REE’s that are incorporated within phosphate nodules include La, Ce, and Pr (Jiang 

et al, 2007); as well as trace elements such as Ni, Cu, Pb, Mg, Cd, P and U (Ece, 1990). 

 A critical factor in establishing the geochemistry of phosphate nodules is 

determining which mechanisms could transport elements to the nodules. Coastal 

upwelling is important to transportation of dissolved elements in sea water. Other 

factors such as terrestrial sources transported by fluvial systems are considered, but 

the small grain sizes of the Woodford mudrocks suggests deposition was distal to a 

terrestrial source, thereby minimizing their influence. The preservation of organic 

matter can be inhibited if it is reintroduced into an oxygen-rich environment by 

either biological activity or ocean currents. However, phosphorus is protected 

through microbial activity (Ruttenberg, 2003). The mobilization of phosphorus 

during diagenesis allows pore waters to become super-saturated with phosphorous. 

High concentrations of phosphorous then precipitate to the sea floor. The large 
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quantities of phosphorous concentrated in one location provides better chances for 

preservation (Ruttenberg, 2003). Phosphorus is consumed, reworked or sorbed in 

the particulate phase of early diagenesis (Ruttenberg, 2003). Refractory phosphorus 

phases include minerals like detrital apatites that are stable and chemically 

unreactive when buried (Ruttenberg, 2003)  

When phosphate nodules initially form, they are mostly composed of 

authigenic carbonate flourapatite (CFA) (Ruttenberg 2003). This crystalline lattice 

contains adequate pore space to allow precipitating fluid to penetrate and influence 

the overall chemistry of the rock (Ruttenberg 2003). However, due to CFA’s 

unstable nature, it recrystallizes into flourapatite when uplifted and weathered 

(Ruttenberg, 2003). Most phosphate nodules in the Woodford Shale are composed 

of apatite (Spesshardt, 1985). 

Many deeper marine source rocks (such as the Woodford Shale) accumulate 

uranium near or at the water/sediment interface that tends to bind with settling 

organic material (Luning and Kolonic, 2003). The concentrations of total organic 

carbon (TOC) and corresponding uranium content tend to track each other and 

graphically form a positive relationship (Luning and Kolonic, 2003). Using spectral 

gamma ray, it is possible to determine the uranium concentration of this organically 

rich shale (See Appendix A for uranium content in the Woodford at MSP). Black 

shales with high uranium concentration are coined as “hot shales” (Luning and 

Kolonic, 2003) due to their high gamma-ray readings that indicate higher 

radioactively than normal marine shales. Since this relationship has been observed 
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in previous studies, it is possible to treat high amounts of uranium in most marine 

environments as an indicator of organically rich shale (Luning and Kolonic, 2003).  

Organic matter is not the only material that chemically bonds with uranium. 

Phosphorous is quite accepting of the uranium elemental structure. When uranium 

bonds with phosphorous, it stabilizes and has the potential to yield an insoluble 

phosphate that is significantly resistant to weathering (Jerden Jr., and Sinha, 2005). 

Phosphorous is so efficient at accepting and trapping uranium that it is used to clean 

uranium-contaminated soils (Jerden Jr., and Sinha, 2005).  

 Due to the low sedimentation rate in deep marine environments, phosphate 

nodule mineralogy is primarily determined by authigenic processes (Tribovillard et 

al, 2006). Elements found within phosphate nodules typically follow specific 

patterns due to their properties and reactions with environmental controls. For 

example, manganese readily engulfs molybdenum at the water-sediment interface 

(Tribovillard et al, 2006). So, if manganese and molybdenum are in the same system, 

they both should be reflecting similar patterns of distribution in the rock record.  

Generally speaking, nickel, cobalt, copper, zinc cadmium and molybdenum are all 

proxies of environmental conditions (Tribovillard et al, 2006). Elements that infer 

euxinic conditions at the water-sediment interface and are indicators of redox 

conditions include vanadium, uranium and molybdenum (Tribovillard et al, 2006). 

Anoxic conditions are inferred in molybdenum if absent from this list (Tribollivard 

et al, 2006)  
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CHAPTER 3 
 
 
 

FINDINGS 
 
 
 
 

Total Organic Carbon 

 Thirty-two samples were run for TOC values. Most of the samples contained 

very low amounts of TOC, especially for being a Woodford Shale deposit. There were 

exceptions to this and they were from I-35 North below the phosphate nodule zone. 

On average the TOC values were less than one tenth of one percent in the WSP 

locality; but the values in I-35 North were almost four times that amount on 

average. The two exceptions were samples I35N1 and I35N2. The corresponding 

TOC values of the samples are 10.6% and 8.77%. The main difference is that these 

samples are shale. 

 Five different generalized morphologies of nodules were recognized in the 

Woodford Shale at the sampled localities: circular with well-defined, concentric 

rings (Type A), elongate with well-defined, continuous rings (Type B), elongate with 

poorly-defined and discontinuous rings (Type C), elongate with no apparent 

internal ring structure (Type D) and circular with no apparent internal structure 

(Type E). Type A nodules were abundant at the McAlister Cemetery Shale pit (WSP) 

and rare at the I-35 North location. Type B nodules were similarly abundant at WSP 

and scarce at I-35N. In contrast, Type C nodules were abundant at I-35N, but scarce 

at WSP. Type D nodules were common at I-35N and scarce at WSP. Type E nodules 

are scarce at WSP and not found at I-35N.  
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 The concentration of metals across the nodules was determined using the 

Niton XRF. Circular and elongate nodules with well-defined symmetrical ring 

structures have the highest concentration of metals. Measured concentration of 

uranium was higher in darker bands. The distribution of metals is relatively 

symmetrical (Figures 8 and 9). 

 
 Figure 8: Trending elemental comparisons between uranium, phosphorous, zircon and 
    calcium in nodule Type A. All measurements are in parts per million (ppm).  
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Figure 9: Trending elemental comparison between phosphorous and uranium in nodule Type B. 
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Type C nodules with poorly-defined discontinuous rings have lower 

concentrations of metals than both Type A and B. However, uranium concentrations 

increase in the dark rings compared to the adjacent unstructured section. 

 
Figure 10: Trending elemental comparison between uranium and phosphorous in nodule  

                      Type C. All measurements are in parts per million (ppm). 
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Type A and B nodules contain pristinely-preserved radiolarians.  

 
Figure 11: Photomicrograph of a Type A nodule showing diverse communities of   
   radiolarians. Delicate structures of radiolarian tests are preserved. Plane-polarized   
   light (PPL). Sample WSPR3-F. 

       

 

Radiolarians in Type C and D are less preserved and delicate structures are often 

broken or missing entirely. 

 
  

Figure 12: Photomicrograph of a Type C nodule. Preservation of radiolarian skeletons is poor 
      and delicate features are absent. PPL. Sample I35NR-1. Porosity has formed due to 
        dissolution of radiolarians.  
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The morphology and relevant characteristics of phosphate nodules are summarized 

in figure 13. In addition to the differences between phosphate nodules, their host 

shale stands out from them via lower concentrations of metals as shown in 

Appendix C. 

 
 Figure 13: Summary of phosphate nodule morphology and important characteristics. 
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CHAPTER 4 

 

 

DISCUSSION 

 

 

 

It is imperative to understand the chemistry of these nodules and their host 

shales in order to reconstruct the paleo-geochemistry of the ocean during 

formation. Since these nodules formed in relatively deep environments, the 

sedimentation rate was adequately slow for chemical processes to take precedence 

over basic physical controls. However, the sediment type and make-up of the all of 

the physical constituents enveloped within the system played key roles in the 

seeding process, the pore structure and the preservation of nodules.  

Phosphate in addition to uranium makes the rock more resistant to 

weathering (Jerden and Sinha, 2005). Higher metal concentrations and uranium in 

the nodules are consistent attributes of nodules with continuous and symmetrical 

rings. Nodules formed concurrently with deposition as evidenced by the 

relationships between the nodule and the enclosing beds. Beds and laminae 

surrounding phosphate nodules initially extend beneath the nodules (a), followed 

by laminar beds that terminate against or abut the nodule (b), followed by beds that  

onlap the nodule (c) and finally laminae that extend across the top of the nodule (d) 

(Figure 14). 
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Figure 14: In situ phosphate nodules in host shale. Laminae instantly extend beneath the  
      nodule (a), then abut the nodule (b), lap against the nodule (c) and upper extends  
                     across the nodule (d) (arrow points to fore mentioned nodule). 
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Analytical transects of the shale adjacent to nodules reveal that metal 

concentrations in the adjacent beds are lower in the encasing shale than in the 

phosphate nodules. In some samples the darker colored shale adjacent to the nodule 

has slightly higher metal concentration than the lighter colored shale farther away 

from the nodule. The morphology of nodules seems to have less effect on metal 

concentration than internal structure. 

 Phosphate nodules from WSP tend to be more structured than those from I-

35N. Circular and elongate nodules from WSP tend to have consistent symmetrical 

ring structures. In contrast, the phosphate nodules at the I-35N locality are 

dominantly elongate, but more importantly lack well-defined internal structure. 

Metal distributions from I-35 N nodules are poorly defined and overall 

concentrations are lower than the nodules from WSP.  

 These patterns are believed to reflect paleo-geographic position and 

depositional setting. The I-35 N locality is interpreted as shallower and as a result 

was less impacted by the upwelling zone than the WSP area. Uranium concentration 

in the nodules was higher and molybdenum concentrations lower at WSP than I-35 

N. This finding is interpreted as the WSP represents water that was slightly 

restricted, which hinders Mo replenishment (Harris, et al, 2009); or Mo was 

scavenged during periods of euxinia (Cruse and Lyons, 2004; Tribovillard et al, 

2006). The lower concentration of uranium at I-35N could be the result of higher 

oxygen levels. 
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Figure 15: Heckel (1977, p.10) models upwelling zones in both low-stand and high-stand  

   conditions. WSP and I-35N localities are positioned with respect to the model to show their 
   proposed paleo-geographical positions along the upwelling zone. 

 

 

X-Ray Fluorescence Data 

 The x-ray fluorescence (XRF) findings established elemental trends within 

the samples. Depending on the nature of the elements, positive or negative trends 

were observed throughout the transect of the hand samples. This is best seen in a 

graphical display of individual element concentrations. The elements found within 

these samples are both rare earth elements (REEs) and trace elements. However, 

some elements appear in some samples but not in others. The figures in Appendix B 

contain graphical representations of the sampling of the nodules and the encasing 
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shale. Each black dot signifies the diameter of XRF analyzer (which is 3 mm unless 

otherwise specified) and shows the distribution of readings. 

 
 
Thin-Sections 
 

Thin-sections show multiple levels of radiolarian preservation, porosity 

networks and banded structure. The less structured nodules are interpreted to 

represent shallow, less stable conditions. The higher concentrations of Mo in 

nodules from I-35 N may corroborate the suggestion that circulation provided a 

constant source of the metal (Harris et al, 2009). Furthermore, the poorer 

preservation of radiolarians at I-35N reflects less stable, higher energy conditions. 

The highly structured nodule from WSP with pristinely preserved radiolarians could 

be evidence for stable conditions during formation. 

 

Phosphate Nodules 

 Phosphate nodule chemistry fluctuates throughout the nodule. The spherical 

nodules with concentric rings show a symmetrical profile with many of the 

elements. The nodules that are laminar in shape and have a massive internal 

structure do not show the same mirroring patterns to the degree that the spherical 

nodules express. Uranium is more prevalent in the nodules with darker banding and 

more complex internal structures. However, the elemental patterns and 

relationships therein remain constant. These comparisons can be reviewed in 

Appendix C. Shale composition reflects nodule chemistry, but metal concentrations 

in the shale are lower. This depletion of metals in the encasing shale is evidence that 
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the phosphate is trapping metals, thereby increasing their overall metal 

concentrations in nodules. 

 The elemental trends (including uranium, vanadium, molybdenum, nickel 

and copper) can help determine the environment that enforced the paleochemical 

conditions on the nodules. These elements appear throughout the phosphate 

nodules (as shown in the Appendix C) but express different quantities and positions. 

These variations can reflect a fluctuating geochemical environment between euxinic 

and anoxic conditions along the water-sediment interface (Tribovillard et al, 2006). 

The presence of U, Mo, and V in the same system provide evidence of euxinia; and if 

Mo is absent from this combination, the environment is interpreted to be anoxic 

(Tribovillard et al, 2006). 
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CHAPTER 5 
 
 
 

CONCLUSIONS 
 
 

  
 

 Based on the analysis of phosphate nodules and their encasing shale, the 

following conclusions are proposed. Five phosphate nodule classifications were 

identified. Type A is abundant at WSP, have well-defined concentric rings, 

symmetrical elemental trends and well-preserved radiolarians. Type B is abundant 

at WSP and scarce at I-35N; these nodules are elongate with a well-defined internal 

structure and in all other way similar to Type A. Type C is abundant at I-35N and 

scarce at WSP. These nodules are elongate but have poorly defined continuous rings 

and contain poorly preserved radiolarians. Type D is common at WSP and scarce at 

I-35N. Type D nodules are elongate with massive internal structure and do not 

preserve delicate radiolarian structures. Type E is only found (scarcely) at WSP. 

These have no internal ring structures and were not thin-sectioned for this study. 

Nodules are inherently different than their host shale, which contains lower 

amounts of phosphate and transition metals. Nodules can be classified based on 

morphology and internal structure. Internal structures refer to intrinsic network of 

continuous rings. The more defined the organization of the internal rings, the higher 

the concentrations of most metals. Metals concentrate in the dark rings within 

phosphate nodules. Mo depletion relative to U is controlled by either scavenging by 

organic matter or environmental restriction with respect to water column 

circulation.  
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 Radiolarians are well-preserved throughout the WSP locality. Delicate 

skeletons are more well-preserved at WSP than at I-35N. The loss of delicate 

features at I-35N is interpreted to be due to a shallower environment with increased 

water circulation. The high diversity of radiolarians at WSP suggests a deeper, more 

stable environment. TOC is generally lower (≤ 1%) in phosphate nodule-bearing 

zones than in beds lower in the section (~ 9% TOC).  

 Initially, phosphate nodules form concurrently with the sediment. This is 

evidenced by the truncation of laminae that abut the nodules. Furthermore, this 

supports the hypothesis that phosphate nodule growth is either ≥ the sedimentation 

rate of the encasing shale. The phosphate nodules within WSP indicate a deeper 

marine environment than those at I-35N. The nodules at I-35N incorporate detritus 

in their outer shell because of a higher rate of sedimentation and less stable 

environment. Most WSP phosphate nodules have distinct internal rings that indicate 

oscillating water chemistry under relatively stable conditions. However, all nodules 

in the study areas formed by attracting elements from seawater or pore water and 

contain higher concentrations of metals than the encasing shale. 
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Appendix A 

 
 
 
 
 

 
 
Figure A-1: Measured section with gamma-ray curve from I-35N. Provided by Dr. James Puckette 
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Figure A-2: Measured section and gamma-ray curve from upper half of WSP. Provided  
       by Dr. James Puckette. 
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Appendix B  

 

 
 

Figure B-1: I35NR-1. This sample was taken out of the WSP. Under plane polarized, it is easy to see     
           the different kinds of radiolarians and various levels of preservation. In this   

 picture,   chalcedony cement can be observed filling in pore spaces. 
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Figure B-2: MCP CON 1. This is a bouillon out of the WSP. Radiolarians are  
      incredibly abundant as shown here. Containing mostly carbonate, there  
      are some traces of biogenic silica from the dissolution of the original tests  
      of the radiolarians.   
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Figure B-3: MCP CON 1. This is a lower-power magnification of the previous slide to show the    
         abundance of the radiolarians.   
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Figure B-4: WSPR2-A. WSP origin. Preferential dissolution is show between two radiolarians in close   
      proximity with each other. One was almost completely dissolved whereas the other one   
      was replaced by phosphate. 
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Figure B-5: WSPR2-B. The outer layer that is mud matrix has engulfed several radiolarians. The inner 
        part of this nodule appears not to have preserved very man radiolarians and has   
         generated significantly more porosity than the outer shell. The difference of   
                      texture of the rock between these two layers is remarkable. The outer mud shell  
       has conformed to the more dense phosphate. 
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Figure B-6: WSPR3-B. From the WSP outcrop. Delicate radiolarian structures are  
      throughout this rock. Also, a dark fluid has filled many pore spaces (likely  

     residual oil staining). 
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FigureB-7: WSPR3-E in PPL. Several different kinds of radiolarians, including delicate  
     structures are preserved. Radiolarian spines are also found here. 

 

 
 
Figure B-8: WSPR3-E in CPL. Here, chert grains and chalcedony cement are  
      highlighted. They seem to be the main contributors to this rock. Outlines of     
       radiolarians can still be picked out in this view. 
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FigureB-9: WSPR3-G. At the center of the phosphate nodule this highly intricate  
     pattern of porosity can be seen. This is likely due to mass dissolution of  
     high numbers of radiolarians. 
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Figure B-10:WSPR4-B in PPL Out of the WSP outcrop. This slide shows preservation of a  
                        delicate radial structure and man variations of which other radiolarians have  
         succumbed to dissolution. The darker area in the lower half of the picture is a 

        different ring within the nodules. 
 

 
 

Figure B-11: WSPR4-B in CPL. The delicate radial structure can be made out easier in this 
         view because the chalcedony cement is lighting up the pattern of the     
         radiolarian. Another distinction is between the two bands. There appears to be  
         a higher silica content in the upper half than in the lower half.  
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Figure B-12: WSPR5-B in PPL. This phosphate nodule is from the WSP outcrop. The   

         internal structure of the rings is very noticeable here. Radiolarians are  
       still found throughout the many layers of this nodule. 

 

 
 

Figure B-13: WSPR5-B in CPL. The rings are still visible in this view. Silica lights up the 
           rings and makes it easy to point out the many different rings due to silica  
           content therein.  

 
 
 



52 
 

 
 
Figure B-14:WSPR5-E. Multiple delicate structures are preserved here. However, other  
     radiolarians have gone through different phases of dissolution. 
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Figure B-15: WSPR7-B in PPL. This nodule is from the WSP. A large, delicate  
         radiolarian form has been very well preserved. The spines seem to be  

                        mostly intact.  
 

 
 

Figure B-16: WSPR7-B in CPL. The radiolarian can almost be made out easier with CPL 
        than with PPL. Chalcedony cement is lining the spines. 
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Figure B-17: WSPR7-G. This nodule is from the WSP. Different kinds of delicate  
      radiolarian structures are preserved here. 
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Appendix C 

 

TOC SUMMARY SHEET 

Sample # 
Adjusted Weight % 
TIC 

Adjusted Weight % 
TC 

 
TOC 

     WSP 1 0.334687958 0.11033583 
 

-0.2243521 

WSP 2 0.00234322 0.027834684 
 

0.02549146 

WSP 3 10.51298071 10.84013657 
 

0.32715586 

WSP 4 0.412716185 0.364979871 
 

-0.0477363 

WSP5 0.337836235 0.280487183 
 

-0.0573491 

WSP6 0.001179681 0.027553381 
 

0.0263737 

WSP7 0.000406787 0.037370433 
 

0.03696365 

WSP8 0.002431567 0.02721806 
 

0.02478649 

WSP9 0.00460279 0.027134485 
 

0.0225317 

WSP 10 0.409536711 0.342659124 
 

-0.0668776 

wsp 11 6.05126E-05 1.322574655 
 

1.32251414 

WSP 12 0.000666745 0.07267172 
 

0.07200497 

WSP 13 0.446357067 0.499637063 
 

0.05328 

WSP 14 0.428679831 0.381336619 
 

-0.0473432 

WSP 15 0.009399187 0.079104306 
 

0.06970512 

WSP 16 0.003491267 0.066908624 
 

0.06341736 

WSP 17 0.483074859 0.411823292 
 

-0.0712516 

WSP 18 0.000325127 0.036956735 
 

0.03663161 

WSP 19 0.403082475 0.57246071 
 

0.16937824 

WSP 20 0.002223834 0.037326423 
 

0.03510259 

WSP 21 0.416100786 0.315197758 
 

-0.100903 

WSP 22 0.013014303 0.030460339 
 

0.01744604 

     I35N1 0.000360006 10.67227233 
 

10.6719123 

I35N2 0.000307124 8.774601233 
 

8.77429411 

I35N3 0.000679334 0.393517811 
 

0.39283848 

I35N4 0.103323785 0.193344545 
 

0.09002076 

I35N 5 0 0.412633569 
 

0.41263357 

I35N6 0 0.092246999 
 

0.092247 

I35N 7 0 0.426408278 
 

0.42640828 

I35N 8 0.220359847 0.31610932 
 

0.09574947 

I35N 9 0 0.173399281 
 

0.17339928 

 
 
Figure C-1: This table summarizes TIC, TC and TOC measurements. Measurements 

         from I35N1 and I35N2 are representative of the underlying non- 
         phosphate nodule-bearing shale at the I-35 North locality. All of the other  
         measurements are from the phosphate nodule-bearing zones in both localities. 
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Figure C-2: Sample I35NR-1. This phosphate nodule was taken from I-35 North for  
      statistical analysis. This nodule is flat and has almost no internal structure  
       in the macro view. 
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Figure C-3: Sample I35NR-2. This nodule was sampled from I-35 North. It had no  
      internal structure and was elongate. The measurement radii of the XRF  
      analyzer (indicated by the dark spots) were increased to eight millimeters  
      in diameter. 
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Figure C-4: Sample I35NR-3. This phosphate nodule was lacking of internal structure  
      long and flat. The color was very dark, but this is due to detrital influx.  
     This nodule comes from I-35 North.  
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Table C-5: This sample was taken from thirty-six inches below the geologic marker at I-35 North.  
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Figure: C-6: 4 feet above the geologic marker. This is a laminar nodule.  
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Figure C-7: Sample I35N 3. This was taken eight feet below the geologic marker at  
        the I-35 North locality. This was a shale attached to a phosphate nodule  
        and the nodule had a laminar morphology. 
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Figure C-8: Sample I35N 3. This is the same nodule as Figure 38 however these measurements went    
      perpendicular to the other sample. The trend here shows the center mass of the nodule. 
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Figure C-9: Sample I35N 5. This sample is referred to as the phosphate nodule ouplet since it    
      incorporates both laminar nodule and a concentric nodule (lowest to highest readings in    
      that order). They are separated by a thin layer of invasive chert. This is one of two. 
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Figure C-10: Sample I35N 5. This is the same sample as Figure #. However, these   measurements  
          were taken on the opposite side of this sample; and the   concentric nodule is not  
           available to be  measured. Instead, what is left of   the host shale is being examined  
          along with the laminar  nodule.  
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Figure C-11: Sample MSC. This sample was taken sixty feet from the dolomite bed at the WSP. This  
          was a shale that was below a shale that had a phosphate nodule in it. This shale was  
           bleached white, very brittle and was not. The lack of fissility of the rock makes it  
          classified under a mud rock.  
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Figure C-12: Sample MSC. This is another part of the package mentioned in Figure 43.  
      This is a concentric phosphate nodule that has very dark bands within it. 
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Figure C-13: Sample MS2. This was taken fifty-five feet from the dolomite ledge at the WSP. This  
          sample has a misshaped phosphate nodule at the base of it. The nodule does not have  
          banding, however it is highly irregular in shape and is dark in color. The rest of the rock  
          is the host shale. 
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Figure C-14. Sample WSPR-2. This phosphate nodule was taken from WSP for 

     statistical analysis. This nodule was round with concentric rings within it.  
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Figure C-15: Sample WSPR-5. This phosphate nodule from WSP has intense internal  
      tructure, and has an intricate mass of porosity network towards the   
      center of it. 
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Figure C-16: Sample WSPR-6. This phosphate nodule is massive in internal structure.  
      WSPR-6 comes from the WSP locality. The XRF diameter was increased to  
      eight millimeters. 
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Figure C-17: Sample WSPR-7. This phosphate nodule is not perfectly circular, but still  
      has a very well defined internal structure. This nodule has also undergone  
      post-depositional fracturing. It comes from WSP. 
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Figure C-18: Sample WSP 1. This sample was taken one foot below the dolomite bed at the WSP. This  
          is another sample with shale attached to a nodule. Look at phosphorous for indicator of  
          nodule. 
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Figure C-19: Sample WSP 2. This sample was taken from two feet below the dolomite ledge in the  
          WSP. The sample itself is host shale that is still attached to a phosphate nodule.  
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Figure C-20: Sampled from 1 foot below the dolomite bed. This is a nodule insitu with host shale.
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Figure C-21: Sample WSP 4. This is a laminar nodule that was found directly above the   

     dolomite bed within the WSP.  
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Figure C-22: Sample WSP 12. This was taken six inches from the top of the dolomite bed in the WSP.   
   Here, there is the parent shale attached to a phosphate nodule. The readings of higher 
   phosphorous levels graphically show where the phosphate nodule occurs in the sample.  
   This sample is part one of two.  
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Figure C-23: Sample WSP 12. This is the same sample as Figure 34. However, the XRF measurements   
      went across two separate directions perpendicular to each other. This figure transects   
      across the shorter length compared to Figure34.  
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higher concentration of metals with abundance increasing in darker bands. 

Distribution of metals is symmetrical in highly ordered nodules and predictable. 

Metals distribution is more random in unstructured nodules that lack symmetrical 

banding. TOC is reduced in phosphate-bearing shale compared to beds without 

nodules lower in the section. The decrease of certain metals and loss of structure 

in nodules in interpreted as representing less favorable conditions for phosphate 

growth. Radiolarians are especially well preserved in structured phosphate 

nodules. Geochemical signatures of phosphate nodules can be used to infer 

environmental conditions. Total organic carbon is lower in phosphate nodule-

bearing zones compared to underlying non phosphate-nodule bearing zones. 

Phosphate nodules formed at the water-sediment boundary and grew faster than or 

equal to the sedimentation rate of the encasing shale. 

 

 

 

 

 

 

 

 

 


