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ABSTRACT 
 
 

There are numerous subaerially exposed shell midden sites, the refuse piles of 

ancient peoples, located along the Gulf coasts of Texas and Florida. There is a 

proliferation of anthropological work associated with midden sites, but past geological 

work was supplementary. Most geologic research has focused on precipitated carbonate 

(caliche) and soil layers, not on the shells, themselves. This study expands upon the 

previous work completed on these sites in order to create an assessment of early, shallow 

burial diagenesis within shell middens.  Using petrographic, mineralogical, and 

geochemical methods, in particular, thin-section petrography, X-ray diffraction (XRD), 

and radiocarbon dating corroborated via seriation, the mineralogical and structural 

changes midden shells and associated precipitates have undergone within these 

accumulations have been assessed and dated.  

In all instances, diagenesis occurred rapidly, within several thousand years, and 

altered the physical and chemical structure of midden components. Hand sample 

observations revealed fractured and color-bleached mollusk shells. XRD work revealed 

the mineralogical conversion of aragonite to calcite within many of these shells. Brown 

discoloration, an indicator of diagenetic alteration, and dissolution were present in the 

shells made into thin sections. Several precipitates, notably a large amount of ankerite, 

were also discovered. There was no observable trend in terms of increasing or decreasing 

diagenesis with depth of burial. 

 The environmental conditions of the middens assessed for this work were 

comparable in terms of rainfall and marine exposure. A general trend of increasing 
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diagenesis with age was observed in middens with comparable shell densities. It was the 

volume and density of carbonate materials, however, that seemed to be the most 

influential factor controlling the amount of diagenesis that took place.  

With these results in mind, geologists and archaeologists must exercise caution in 

the future when using shells to obtain information about environment and age at the time 

of deposition, as those shells are likely to have been diagenetically altered. This study 

infers that, even in more recent systems, the data obtained are more likely to elucidate the 

influences and ages of introduced waters, and not the condition of the environment or 

time period at the occasion of shell deposition.  
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CHAPTER 1: INTRODUCTION 
 
 

1.1. Purpose and Objectives 

 Midden piles offer an opportunity to study post-depositional carbonate alterations 

within a well-constrained setting in terms of both time and environment. Whereas 

archaeologists have studied shell middens extensively, to date, no geologist has analyzed 

the various diagenetic alterations specific to the shells within these anthropogenically 

derived accumulations. For this study, four midden sites and a total of five midden piles 

were trenched and sampled. Loose, newly deposited shells were also collected from 

locations around Galveston Island and Follets Island, in Texas, for comparison as modern 

analogues. Two of the four midden sites sampled were located directly on the Gulf coast 

of Florida, whereas the other two were located in Texas, with one site approximately 5.5 

km and the other approximately 17.5 km from the coastline (Figure 1). Shells at a range 

of depths were collected from each midden and analyzed via hand sample observation, X-

ray diffraction (XRD), and petrographic microscopy. The midden shells were compared 

both within piles at various depths and to collected modern analogues. The purpose of 

this thesis is to study early diagenesis and to document diagenetic alterations of the shells 

within these piles. Specific objectives include: 

 1) discovering whether enough time has passed for diagenesis to have occurred.  

If it has, determining the extent and, if possible, absolute date of diagenesis.   

 2) conducting analysis of diagenetic results: particularly cements, secondary 

porosity, and replacement of original shell material. 

 3) analyzing any caliche or other precipitates present within the associated soil. 
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Figure 1. The center map shows the five sampling sites (red dots) located along the Gulf 
Coast. The red box on the left of the center map corresponds with the map on the top, and 
the red box on the right of the center map corresponds with the map at the bottom of the 
figure. The location of Follets and Galveston islands are represented by a single dot 
called “Galveston.” More detailed maps of site locations can be found in Chapter 4: 
Research Site Locations. 
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1.2. Shell Middens 

Shell middens appear alongside aquatic environments on every continent except 

Antarctica (Erlandson, 2001). They are sites where people dumped the refuse from their 

daily lives, such as the shells of marine invertebrates after they had harvested and eaten 

their contents (Figure 2). Andrus (2011, p. 2893) stated that shell middens generally refer 

to “mollusk shell-rich archaeological sites.” This definition seems to agree with most 

literature, although Andrus’ designation of a mollusk population is more exacting. These 

midden piles are repositories of evidence of human life that occurred within the last 

hundred to thousands of years. Some abandoned shell middens date back to the late 

twentieth century, whereas others, particularly several located in South Africa, date to 

over 160,000 years B.P. (Andrus, 2011). 

Inhabitants used these sites as waste dumps, and they can contain artifacts such as 

the shells of harvested marine invertebrates, the bones of various vertebrates, e.g., 

mammals, birds, and fish, broken pottery vessels, or even previous dwellings (Kratt et al., 

2008). Human remains are also commonly discovered, as the dead were commonly 

interred in these piles (Martindale et al., 2009). After dumping the used substances, 

people would continue to live on and above the discarded materials. Geochemical (e.g., 

stable isotope analysis) and physical characteristic studies (e.g., growth band analysis) of 

the shells collected from these piles indicate that habitation occurred throughout the year 

in some sites and was seasonal or only occupied in association with ritualistic feast 

activities in others (Thompson and Worth, 2011).  

 There is an extreme variation of overall deposit size from site to site. Some piles 

are small and unstructured, and these may not be easily recognized as midden sites.  
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Figure 2. Habitation at Historic Spanish Point, one site where samples were obtained, 
began 3,200 years ago and was sustained for over two thousand years (Gulf Coast 
Heritage Association, 2013). This image shows a portion of one midden at Historic 
Spanish Point that is over three meters thick. Note the abundance of mollusk shells that 
create distinct layers within the midden pile. 
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Archaeologists believe these smaller structures to be the remains of short-term 

encampments or simple stations where people could process resources. Other middens 

are much larger and cover several thousand square meters and reach thicknesses greater 

than five meters. These larger deposits are thought to have taken hundreds or even 

thousands of years to develop to their largest extent (Martindale et al., 2009).  

Intact shell middens lie along the coasts of both Texas and Florida. Native 

Americans of these regions ate an abundance of shellfish, thus creating the large 

accumulations of shell valves within the piles. Archaeologists commonly point out that, 

despite shellfish remains making up the bulk of the material at these sites, the meat from 

bony fish probably made up the majority of Native American diets in this region 

(Thompson and Worth, 2011). People initially chose the location for many of these sites 

based on proximity to fresh-water sources. With prolonged habitation, midden piles could 

build up to several meters in height and create an artificial high ground. Today, subaerial 

midden sites can be found at sea level to several meters above sea level (Ricklis, 1997; 

Andrus, 2011).  

Unfortunately, due to their close original proximity to shorelines, many shell 

middens have been submerged by sea-level rise (Thompson and Worth, 2011). Those 

shell middens that have remained subaerially exposed, however, exhibit excellent 

preservation of carbonate materials. There are several reasons for this effect: the massive 

amount of carbonate materials present within the pile buffers acidic waters; fragile shells 

are sheltered due to the density of layering; and depth of piles focuses erosion on surface 

shells (Andrus, 2011). 
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1.3. The Importance of Studying Shell Middens  

Due to the mineralogy of midden piles, predominantly calcite and aragonite, there 

is the possibility for extensive diagenesis to take place. The excellent preservation 

potential of shell middens provides an opportunity for scientists to study this diagenesis 

in a controlled environment. It is important to provide a definition for diagenesis. 

Whereas Ali et al. (2010) note that there has been no universal agreed upon definition, 

Scholle and Ulmer-Scholle proffer this explanation in their 2003 memoir: Diagenesis is 

“any physical or chemical change… in sediments or sedimentary rocks that occur[s] after 

deposition” (excluding high enough temperatures and pressures that metamorphism 

occurs) (Scholle and Ulmer-Scholle, 2003, p.304). From Ali et al. (2010, p. 14), one 

could add that rocks and sediments are subjected to “physical, chemical, and biological 

forces” from the moment of their deposition. “The combined effects of burial, 

bioturbation, compaction and chemical reaction between rock, fluid and organic matter 

[are] collectively known as diagenesis” (Ali et al., 2010, p. 14). 

As they provide both a timeline and possess fairly documentable conditions, 

midden sites allow for a particularly valuable opportunity to view the effects of 

diagenesis. Even today, geologists struggle with determining absolute ages for 

diagenesis. Whereas most studies resort to providing relative ages based on cross-cutting 

relationships or positional data, it is possible to obtain constrained, absolute ages for 

middens due to the materials of which they are comprised (Titschack et al., 2009). In the 

past, scientists have determined an absolute age range for invertebrate organisms by 

performing geochemical analyses, such as oxygen isotope variation, of materials 

preserved within shells (Andrus, 2011). The charcoal from fire pits and even the carbon 
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within the shells themselves is commonly used to obtain ages via carbon dating. Of the 

two, it is charcoal, in general, that provides a more reliable date. During diagenesis, 

mother and daughter isotopes have relatively high mobility, creating a difficulty with 

obtaining a proper age for shells if they are too extensively altered (Titschack et al., 

2009). It should be noted that this high rate of exchange also causes problems with 

isotope studies, and the subsequent false values are termed to have resulted from 

“diagenetic overprinting” (Garzione et al., 2004, p. 119).  

Several studies have managed to derive dates for diagenesis based on alternative 

methods, e.g., radiogenic methods, particularly 230Th/U and U-Pb or, more recently, 

electron-spin resonance (ESR) dating (Rasbury et al., 1997; Glaser, 2003; and Titschack 

et al., 2009). Whereas some radiogenic methods are helpful for longer term diagenesis, 

they lack the precision necessary for dating more recent, early diagenesis. Uranium-lead 

dating by Rasbury et al. (1997), for example, possessed an uncertainty of ±1 Ma. This 

time period is too extensive to provide an age for more recent middens and, again, the 

transference of mother-daughter isotopes within carbonate systems during diagenesis 

creates potential issues with radiogenic dating methods (Titschack et al., 2009). ESR 

dating lacks this latter issue, but the method provides a combined age for original 

materials and later cementation that requires XRD analysis to rectify (Titschack et al., 

2009). Corrections via XRD for ESR methods are based on numerous assumptions, 

which leave much room for error.  

Middens could provide an important role in diagenetic studies. They possess an 

alternative and less costly method for dating: relating structural layering to the human 

artifacts that lie within. This method, termed “seriation,” can provide a smaller period of 
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uncertainty, several hundred to several thousand years, due to previous anthropological 

studies of human artifacts (Wylde, 2013, p. 15). Whereas this dating scheme would not 

provide an absolute age of the diagenesis itself, the shorter time range provides a much 

shorter time frame during which diagenesis could have occurred (creation of the midden 

to the present). In the case of the middens studied for this thesis, the amount of time 

would only be several thousand years (the oldest midden analyzed for this work was 

created between 2,500 B.C.E.-500 B.C.E.) (Murphy, 2013). Furthermore, archaeologists 

have extensively studied the environmental conditions surrounding many shell middens 

in order to better understand the settings in which indigenous people lived. These two 

facts combined lead to well-documented and easily time-constrained sampling areas for a 

study on timing and developmental conditions of diagenesis. 

1.4. Possible Diagenetic Effects in Middens 

 In carbonate systems, there are seven physical and chemical diagenetic effects 

that occur most often. These are: 1) cementation, 2) dissolution, 3) replacement, 4) 

recrystallization, 5) physical or mechanical compaction, 6) fracturing, and 7) chemical 

compaction (Scholle and Ulmer-Scholle, 2003). These processes present themselves in a 

number of ways within shell middens. Dissolution and cementation occur in collusion 

with one another. The shells in middens are composed of varying proportions of calcite 

and aragonite. As such, they are extremely soluble (Titschack et al., 2009). The 

components of these minerals can become suspended in a solution and later nucleate onto 

other surfaces. If this occurred in the midden, different shells may be attached via these 

precipitates, perhaps creating nodules or concretions. These two diagenetic effects, 

cementation and dissolution, are readily observable in a petrographic thin section. 
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Depending upon the zone that is being studied, i.e., phreatic or vadose, and the location 

of sampling within that zone, only one of these effects may be present (Longman, 1981). 

 Replacement occurs when a mineral of different composition takes the place of 

the original mineral. This effect also includes the subset of polymorphic variation of one 

mineral into another, sometimes called inversion (Folk, 1965). Replacement, specifically 

in regards to aragonite alteration to calcite, is of particular interest in this study. These 

two minerals are polymorphs of one another; that is, they both are composed of CaCO3, 

but they have different crystal structures (Figure 3). Aragonite is the high pressure and 

low temperature phase of calcium carbonate common in blueschist metamorphic rocks 

and in biogenically derived materials such as mollusk shells (Bruni and Wenk, 1985). 

Due to its high-pressure formation, aragonite is metastable at the earth’s surface and is 

replaced by calcite with time at surface temperatures and pressures (Dodd, 1966; Bruni 

and Wenk, 1985; Titschack et al., 2009). Both phases can and do coexist. As shell 

middens posses an abundance of aragonite, the amount of diagenesis of the pile may be 

quantified via analysis of aragonite-calcite phase transformation. Replacement can be 

recognized via X-ray Diffraction (XRD). Further explanation on the pertinence of 

polymorphism to this study can be seen in Section 2.4. Aragonite-Calcite Diagenesis.  

 Recrystallization refers more specifically to changes of the fabric of a particular 

material without concurrent changes in mineralogy (Folk, 1965). An example of this 

effect in a carbonate system would be the alteration of micrite to microspar and 

pseudospar (Folk, 1965). Calcite crystals in this example remain calcite but alter to  
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Figure 3. A) The [CO3]2- group within calcite and aragonite (top) looking down the c-axis 
and (bottom) perpendicular to the c-axis. The carbon (red) is at the center of three oxygen 
(light blue). The size of the oxygen is shown smaller in relation to the carbon so that the 
carbon is visible. B) A portion of the calcite structure looking down the c-axis. Carbon is 
surrounded by three oxygen. Calcium coordinates in an octahedron with six oxygen. C) A 
portion of the aragonite structure looking down the c-axis. Three oxygen surround one 
carbon, whereas calcium coordinates with nine oxygen. Adapted from Johnson (2007). 
 

A" B"
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various size arrangements. The creation of a thin section and use of a petrographic 

microscope are methods with which one could identify recrystallization. 

 The effects of physical and mechanical compaction and those of fracturing are 

related. Compaction itself can bring about grain deformation, dewatering, grain 

reorientation, and even fracturing (Scholle and Ulmer-Scholle, 2003). In shell middens, 

shells are commonly protected from fracture and mechanical compaction due to the 

density of layering (Andrus, 2011). While sampling, it was also noted that shells were 

commonly laid, some archaeologists believe deliberately, in middens with their longer 

axes parallel to the surface of the earth (Murphy, 2013). Whether this structuring was 

deliberate is not being studied, but this arrangement may have further protected shells 

within middens from fracturing by presenting a planar surface in the direction of most 

stress. Fracturing and mechanical compaction can be observed both in hand sample and 

with the use of a petrographic microscope. 

 The final major diagenetic effect possible within carbonate systems is that of 

chemical compaction (i.e., pressure solution). Chemical compaction occurs when a 

solution travels through sediments or rocks, causes the dissolution of material at grain 

boundary contacts, and moves that solute to adjacent pore space via diffusion. As 

variation in chemical potential is the driving force that causes diffusion, a variation of 

chemical potential must exist within the medium (Sheldon et al., 2003). Pressure solution 

could be possible in middens where two shells are in contact with one another and a 

meteoric fluid traveled through the pile. Chemical compaction can be viewed both with 

the naked eye and in thin section during petrographic microscopy. 
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1.5. Previous Works on Early Diagenesis and Middens 

Early diagenesis takes place within the first several meters of burial and is often 

focused along the sediment-water interface (Ginsburg, 1957). The process and effects of 

weathering are commonly termed “pedogenesis,” and diagenetic changes at the sediment 

surface or shallow depths have been termed “eogenesis” (Armenteros, 2010, p. 62 & 63). 

Both occur synchronously with deposition and can continue with shallow burial. The 

continuous nature of both of these processes leads to an often indistinguishable outcome, 

and thus the term “pedodiagenesis” has also been proposed (Klappa, 1983, p. 212). It 

should be noted that Armenteros (2010) does not seem to consider pedogenesis as a 

diagenetic process, as many geologists consider soil-formation processes such as in situ 

weathering to be a separate activity, but the author of this thesis does consider it to be so 

(Klappa, 1983; Armenteros, 2010). The time interval over which pedodiagenesis occurs 

can be extraordinarily brief, geologically speaking; processes and effects can develop 

over a time period as short as several months (Allison and Pye, 1994). As the midden 

piles sampled within this study do not reach depths greater than five meters and are 

recent deposits, any diagenetic effects within them can be classified as falling into the 

realm of early diagenesis.  

 Whereas there have been many studies conducted on early diagenesis, and many 

analyses of shells within shell middens, the two subjects have never been combined. 

Historically, studies performed on midden sites have been rooted in archaeology. 

Previous work on the shells found within midden piles has been performed by 

archaeologists with the goal of gleaning paleoenvironmental knowledge in order to infer 

the living conditions of earlier humans and the time they lived (e.g., Andrus, 2011; Balbo 
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et al., 2011; Thompson and Worth, 2011). Never before have studies on these repositories 

focused on diagenesis in order to develop an absolute age and a better understanding of 

the processes and products. 

 The majority of studies examining early diagenesis in nature seem to focus on 

occurrences in marine environments (e.g., Winland, 1969; Walter and Burton, 1990; 

Mutti and Bernoulli, 2003), as that is where most carbonate generation and deposition 

occur at the earth’s surface and thus where much early diagenesis of carbonates takes 

place. Studies focused on these nascent alterations within the world’s oceans have 

determined that changes commonly take place at the surface of the seafloor, even before 

burial has occurred (Mutti and Bernoulli, 2003). Numerous diagenetic effects, among 

them replacement, such as silicification, mineral precipitation, e.g., of calcite, micrite and 

iron oxide cements, and conversely extensive, even syn-depositional, dissolution, have 

been documented at these shallow depths (Cherns and Wright, 2000; Mutti and Bernoulli, 

2003; Wright et al., 2003). Carbonate dissolution within the first few centimeters of 

nearshore sediments and the existence of “hardgrounds,” exposed portions of the sea 

floor that have been lithified due to extensive mineral precipitation, prove that diagenesis 

can occur both early on and at depths as shallow as the sediment-water boundary (Walter 

and Burton, 1990; Mutti and Bernoulli, 2003).  

 Also previously studied is the rapidity with which these alterations can occur in 

natural settings (e.g., Allison and Pye, 1994). Within Holocene marshes and sandflats, 

visible mineralization has been observed to occur within months, and entire mineral 

concretions formed in decades (Allison and Pye, 1994). Siderite (FeCO3) replacement of 
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aragonitic shell material in this environment outpaced calcite shell replacement, with 

aragonitic shells being completely replaced within fifty years (Allison and Pye, 1994). 

 Former studies regarding the possibility for diagenesis at shallow depths and the 

potential rapid speed of this alteration come together in the works of Cherns and Wright 

(2000) and Wright et al. (2003), who focused specifically on the early diagenetic 

alteration of mollusk shells. In 2000, Cherns and Wright published their findings on a 

study of a carbonate platform from the Silurian in Gotland, Sweden. They determined 

that extensive amounts of mollusk-shell dissolution took place at the sediment-water 

interface almost immediately after their deposition. It is commonly the presence of 

encrusted molds of skeletal aragonite that provides evidence of early dissolution, but 

Cherns and Wright (2000) infer that the lack of shell molds is evidence for this process 

and the immediacy of its occurrence after deposition. Comparing this locale with two 

proximal, silicified assemblages demonstrated an underrepresentation of mollusks, 

specifically bivalves, to brachiopods by a factor of between ~100-150 (Cherns and 

Wright, 2000). They believe that rapid aragonite dissolution occurs so ubiquitously that 

assemblages within the fossil record are skewed towards a definitive lack of organisms 

originally composed of aragonite. Later work by Wright et al. (2003) seems to support 

this conclusion, as a study of a Lower Jurassic offshore carbonate ramp facies 

demonstrated a 65% decrease in the diversity of bivalves due to dissolution. These works 

all present significant evidence that early diagenesis can take place in a relatively short 

amount of time even at depths as shallow as a few meters.  

 Studies have also been performed on shells to assess the effects of primary 

mineralogy and structure on diagenetic rates and products (Martin et al., 1986). Martin et 
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al. (1986) found that greater shell porosity led to faster rates of aragonite replacement. 

They also found that elemental values, i.e., strontium, magnesium, carbon, and oxygen, 

were significantly altered by diagenesis, but the extent of alteration and the specific 

elements affected depended upon their original proportions within the the aragonite 

(Martin et al., 1986). Whereas this work was performed on shells at large and not on 

shells within midden piles, it provides an idea of potential diagenetic alteration effects 

produced within middens. 

 Whereas these works on early diagenesis are relevant to the focus of this thesis, 

studies on middens, themselves, are also of importance. Balbo et al. (2010) performed 

thin section analyses of midden samples from the southern tip of South America. Balbo et 

al.’s (2010) main concern, however, was not natural, diagenetic alterations, but manmade 

disturbances created during excavation. Thus, the work had an anthropological, rather 

than a geological, focus. They adapted collection techniques, separating units along 

originally deposited layers, in order to preserve primary fabrics. Within their thin 

sections, performing analysis termed “micromorphological,” they discovered a matrix 

composed primarily of humified plant matter, fragmented shells, and burrows (Balbo et 

al., 2010, p. 1252). It was determined that the shells were broken when the original 

developers of the midden pile were living and moving on its surface (Balbo et al., 2010). 

Balbo et al.’s (2010) work shows how thin section work is useful when determining 

alteration and its causes within midden piles. 

 A study by Kratt et al. (2008) focused on a petrocalcic (caliche) layer within a 

midden in Jefferson County, Florida. It was generally assumed prior to this study that 

caliche layers could not precipitate in the moist environment of the southeastern United 
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States, but this work demonstrated otherwise. Kratt et al. (2008) hypothesized that it was 

the abundance of shells, acidic rainfall, and internal drainage structure within the midden 

that made the precipitation of this layer possible. The caliche layer precipitated at 

approximately 70 cm below the mound’s surface and can thus be considered to have 

developed as a function of early diagenetic processes. As the materials for the caliche 

were most likely provided by the surrounding shells within the midden, it could be 

argued that this work focused on the diagenetic alteration of middens. This study, 

however, involved no analysis of the shells themselves to determine the extent of their 

dissolution or their connection to the caliche, and the final conclusion of this work was 

that more investigation needed to be performed in order to understand the true reasoning 

behind the creation of this layer.  

 Other works on middens have utilized the potential of the shells within to provide 

dates of human habitation, as well as paleodiet, climate, and seasonal reconstructions 

(e.g., Andrus, 2011; Balbo et al., 2011; Thompson and Worth, 2011). Andrus (2011, p. 

2893) notes past use of “sclerochronology” within middens. This method utilizes 

analyses, often geochemical, of materials incorporated within accretionary growth of 

invertebrate shells to determine absolute age ranges for the life of the organism (Andrus, 

2011). Radiocarbon dating to determine absolute ages is also a common practice when 

studying shell middens (Balbo et al., 2011). Thompson and Worth (2011) mention 

utilizing the shell structure, such as growth rings, to determine the season in which they 

were collected. What all of these studies fail to account for, however, are the biases 

inherent in middens; they are large carbonate accumulations and, as such, commonly 

undergo extensive early diagenesis. Diagenetic overprinting is a known problem, and yet 
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very few archaeological works seem to account for it. Demarchi et al. (2011) put forth 

two tests, via bleaching and heating, to determine the extent of diagenesis of a mollusk 

shell and therefore validate its use for dating, but this thinking seems to be a relatively 

recent development. Thus, both for the sake of the veracity of conclusions in 

anthropological studies and in order to better understand diagenesis, further work on the 

diagenesis of shell middens needs to be performed. 
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CHAPTER 2: MINERALOGY OF SHELL MIDDENS AND ARAGONITE-
CALCITE DIAGENESIS 

 
 
2.1. Aragonite and Calcite 
 

Calcite and aragonite, polymorphs of CaCO3, are the predominant minerals found 

within shell middens. Calcite is the more stable form of calcium carbonate at standard 

temperature and pressure (at the earth’s surface) and in most environments where 

diagenesis takes place, whereas aragonite is metastable at the earth’s surface (Bruni and 

Wenk, 1985). The majority of aragonite and calcite are formed biotically via invertebrate 

organisms utilizing the atoms in seawater to precipitate their skeletal hard parts. A lesser 

amount of these carbonates are formed through primary cementation, and further 

components are formed due to alteration after deposition (diagenesis) (Morse et al., 

2007). The abiotic and biotic variants of these minerals are physically and chemically 

distinct from one another, but generalizations can and will be made about the minerals 

overall for this study. It is important to note that it is possible for calcite and aragonite to 

exist concurrently, and this coexistence occurs in samples quite commonly.  

As shell middens are composed primarily of mollusks, whose primary shell 

mineralogy is a mixture of aragonite and calcite, the diagenetic alteration of aragonite to 

calcite is of particular importance to this work. Once an organism has died, the aragonite 

no longer has biotic influences stabilizing it, and alteration to calcite can occur. This 

change happens readily at the Earth’s surface due to aragonite’s relative instability at 

common surface temperatures and pressures. The conversion of aragonite to calcite can 

be measure quantitatively through X-ray diffraction (XRD) and observed, to some extent, 

in thin section. Both of these methods are utilized in this study to try and quantify the 
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amount of diagenesis that has taken place within the sampled middens. In order to better 

understand why and how this diagenesis takes place, it is important first to understand the 

basic structure of these minerals and the driving force behind the reaction. 

2.2. Aragonite Fundamentals 

Aragonite is most stable in high pressure, low temperature environments. Despite 

its instability at surface temperature and pressures, aragonite forms at the Earth’s surface 

via precipitation from seawater or via biogenesis. Organisms from phylums such as 

Cnidarea, Mollusca, and Rhodophyta (order Corallinales) utilize aragonite as a biotic 

component in their outer shells or invertebrate skeletons due to its high mechanical 

strength (Dodd, 1966; Bruni and Wenk, 1985; Antao and Hassan, 2010; Hoque et al., 

2013). 

Modern works on the structure of aragonite are based on the foundation 

developed by Bragg in 1924. Aragonite’s crystal system is orthorhombic (Bragg, 1924; 

Antao and Hassan, 2010). Bragg (1924) noted that earlier etching experiments by Miers 

indicated that the symmetry might be polar and thus may produce a lower symmetry than 

initially classified (holosymmetric class of the orthorhombic system with later 

classification as Pmcn with Z=4) (Miers, 1902, in Bragg, 1924; de Villiers, 1971). Later 

X-ray diffraction (XRD) work by Caspi et al. (2005) seems to prove conclusively, 

however, that aragonite crystals of pure composition possess orthorhombic symmetry, 

and it belongs to the space group Pmcn (a setting of the space group Pnma) (O’ Keefe 

and Hyde, 1996; Caspi et al., 2005).  

To understand this classification, one must first define a unit cell. The unit cell is 

composed of a three-dimensional lattice, which in turn possesses edges that are defined 
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by three vectors that are not co-planar (a, b, and c). A, b, and c have magnitudes of a, b, 

and c. The three symbols representing the angles between a and b, a and c, and b and c 

are γ, β, and α, respectively. Thus, a unit cell can be defined by the parameters a, b, c, α, 

β, and γ (Figure 4; O’Keefe and Hyde, 1996). Sands (1975) states that the unit cell is 

always a parallelepiped and provides a template for the crystal as a whole. The three-

dimensional frameworks defined by these unit cells are termed Bravais lattices (Table 1). 

There are fourteen lattices each possessing various space group symmetries, but they are 

commonly simplified to a centered-cell classification (Table 2). The fourteen lattices are 

then broken down further via symmetry observations into seven crystal systems (Table 3; 

O’Keefe and Hyde, 1996). 

 
 

 
Figure 4. Note the three non-coplanar vectors a, b, and c, with respective magnitudes a, 
b, and c. The three symbols representing the angles between a and b, a and c, and b and c 
are γ, β, and α, respectively. The unit cell can thus be defined by the above parameters. 
Adapted from O’Keefe and Hyde (1996). 
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 Pearson Symbol Point Symmetry Name 
1. aP I Primitive triclinic (anorthic) 
2. mP 2/m Primitive monoclinic 
3. mC 2/m One-face-centered monoclinic 
4. oP mmm Primitive orthorhombic 
5. oC mmm One-face-centered orthorhombic 
6. oI mmm Body-centered orthorhombic 
7. oF mmm (All) face-centered orthorhombic 
8. tP 4/mmm Primitive tetragonal 
9. tI 4/mmm Body-centered tetragonal 
10. hP 6/mmm Primitive hexagonal 
11. hR 3m Rhombohedral (using a hexagonal cell) 
12. cP m3m Primitive cubic 
13. cI m3m Body-centered cubic 
14. cF m3m (All) face-centered cubic 

Table 1. Bravais lattice names with extended symbols. From O’Keefe and Hyde (1996). 
 
 
Symbol Name Description n 
P primitive Lattice points at corners only 1 
R rhombohedral Lattice points at corners only 1 
A A-centered Lattice points at corners and centers of b and c faces 2 
B B-centered Lattice points at corners and centers of a and c faces 2 
C C-centered Lattice points at corners and centers of a and b faces 2 
I body-centered Lattice points at corners and body center 2 
F face-centered Lattice points at corners and body center 4 

Table 2. Centered cell three-dimensional lattice points. The symbols for these lattice 
points are given based on the type of centering. The heading n represents the number of 
lattice points per unit cell. From O’Keefe and Hyde (1996). 
 
 

System Axial Distances Axial Angles Bravais Lattices 
triclinic a≠b≠c α≠β≠γ≠90° P 
monoclinic a≠b≠c α=γ=90°, β≠90° P, C 
orthorhombic a≠b≠c α=β=γ=90° P, C, I, F 
tetragonal a=b≠c α=β=γ=90° P, I 
trigonal a=b=c or 

a=b≠c 
α=β=γ≠90° or 
α=β=90°, γ=120° 

R or P 

hexagonal a=b≠c α=β=90°, γ=120° P 
cubic a=b=c α=β=γ=90° P, I, F 

Table 3. Classification of three-dimensional crystal systems after the Bravais lattices are 
broken down via symmetry observations. Adapted from O’Keefe and Hyde (1996). 
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Aragonite is classified in the orthorhombic group Pmcn (a setting of the space 

group Pnma) (de Villiers, 1971; O’Keefe and Hyde, 1996; Caspi et al., 2005). The 

dimensions of the unit cell are as follows: a=4.96183 Å, b=7.969914 Å, c=5.74285 Å 

with angles α=90.004°, β=90.012°, and γ=90.001° (Bevan et al., 2002; Koga et al., 2013). 

The orthorhombic classification indicates that the axes of the unit cell stand at right 

angles to one another, and each axis has two-fold symmetry elements along it (Table 3 

and Figure 5). The space group of Pmcn indicates that aragonite possesses a primitive 

Bravais lattice (P), a mirror plane normal to x, a c glide plane normal to y, and an n glide 

plane normal to x (O’Keefe and Hyde, 1996). Aragonite’s Z number is four, which 

indicates that it has four formula units (CaCO3 molecules) per unit cell (de Villiers, 1971; 

Medeiros et al., 2006). 

 

 

Figure 5. A schematic diagram showing the orthorhombic unit cell of aragonite (black 
lines) Three oxygen (light blue) surround one carbon (red) to make up the staggered 
[CO3]2- groups. Calcium is dark blue. The size of the elements has been altered so that 
spatial relationships can be viewed more easily. As Z=4 for aragonite, four molecules 
have been shown. Adapted from Medeiros et al. (2006). 
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Within aragonite, the calcium (Ca2+) of the calcium carbonate (CaCO3) exists in 

nine-fold coordination with the oxygens (O2-) of the carbonate ion [CO3]2- (See Figure 3) 

(Morse et al., 2007). During the formation of aragonite, the larger cations of strontium 

(Sr2+) and barium (Ba2+) may substitute for Ca2+. Along its [001] direction, aragonite’s 

{001} planar surface is composed of three stacked layers of atoms that make up a 

singular unit. A singular CO3 group makes up layers one and three, while the interstitial 

layer is composed of two Ca atoms (Figure 5) (Akiyama et al., 2011). This arrangement 

causes the parallel layers of Ca2+ cations, which exist in a nine-fold coordination with O2-

, to produce a well-organized hexagonal close-packed structure (Figure 3). It is this 

hexagonal order that creates aragonite’s pseudohexagonal symmetry (Antao and Hassan, 

2010). In regards to the CO3 ion itself, it is not a planar structure. The C atom of the CO3 

stands ~0.025 Å out of phase from its surrounding O (Bevan et al., 2002). De Villiers 

(1971) determined the average bond lengths between C-O to be 1.282 Å.    

Due to an elongated c-axis, aragonite crystals are pseudohexagonal (Figure 6). 

The faces (010) and (110) of the aragonite crystal are approximately hexagonal, with an 

angle of 63° between the two planes rather than the required 60° (Bragg, 1924). 

Aragonite crystals exist predominantly twinned about the (110) plane, with untwinned 

crystals occurring only rarely (de Villiers, 1971).  

2.3. Calcite Fundamentals 

The most thermodynamically stable of all calcium carbonate polymorphs at Earth’s 

surface temperature and pressures, calcite makes up 4% of the Earth’s crust and is the 

most abundant mineral containing CaCO3 (Medeiros et al., 2007; Heberling et al., 2007;  
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Figure 6. The crystal structure of aragonite. Adapted from Bragg (1924).  
 
 
Sun at al., 2014). Like aragonite, calcite precipitates both abiogenically (generally as 

high-magnesian calcite cement) and biogenically; it is the primary component of many 

invertebrate shells and skeletons (Skinner et al., 1994; Morse et al., 2007). Calcite exists 

in metamorphic (it is the primary constituent in marbles), igneous (e.g., carbonatites and 

kimberlites), and sedimentary rocks (via precipitation or abrasion of already existing 

mineral sets) (Smyth and Ahrens, 1997). Its buffering effects cause it to have a 

substantial effect on the chemical behavior of its surrounding environment (Heberling et 

al., 2007).  

Calcite belongs to the space group R c with Z=6 and has trigonal symmetry 

(Morse et al., 2007; Antao and Hassan, 2010). This space group designation indicates that 

calcite has a rhombohedral Bravais lattice, which has lattice points only at the corners 

a"

b"

c"

m"m"
(010)""B"

(011)
""k"

(110)"

3



 25 

and one lattice point per unit cell (Table 2; O’Keefe and Hyde, 1996). The lattice points 

being at the corner of the unit cell is quite obvious in the Figure 7.  

Calcite’s primary unit cell is rhombohedral. As such, the unit cell’s a and b 

vectors are the same length (a=b=4.99 Å), whereas its vector c has a different magnitude 

(c=17.06 Å) (Rode et al., 2009). The angles between the vectors are α=β=90° and γ=120° 

(Figure 7). Despite its primary unit cell being rhombohedral, calcite, like all other crystals 

with an R lattice, can also be defined by a hexagonal unit cell (Figure 8; O’Keefe and 

Hyde, 1996; Morse et al., 2007). This hexagonal unit cell has triple the volume of the 

rhombohedral unit cell, and the c vector is parallel to the three-fold symmetry axis 

present (O’Keefe and Hyde, 1996).  It is from this unit cell that calcite’s Z number of 6 is 

derived.  

Calcite’s rhombohedral unit cell is composed of ten atoms due to a once-repeating 

CaCO3 molecule (Skinner et al., 1994). The Ca within calcite is held in six-fold 

coordination with the surrounding oxygen and coalesces into a deformed cubic 

arrangement that is closely packed (Figure 3; Antao and Hassan, 2010). Horizontal layers 

of Ca2+ cations (located at 0 and ½) and [CO3]2- anions (located at ¼ and ¾) alternate 

along [111]. Unlike aragonite, carbonate groups in calcite are planar, have a C-O bond 

length of 1.346 Å, and are rotated 60° between subsequent layers (Skinner et al., 1994).  
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Figure 7. A schematic diagram showing the rhombohedral unit cell of calcite (black 
lines). The size of the elements has been altered so that spatial relationships can be seen. 
Adapted from Skinner et al. (1994). 

 

Figure 8. This schematic diagram shows the relationship between calcite’s hexagonal 
(black) and rhombohedral (navy blue) unit cells. The cleavage rhombohedron of calcite, 
which is not an actual unit cell, is shown in maize. The planar [CO3]2- groups within the 
calcite structure lie perpendicular to the c-axis, which is vertical in the diagram (Antao 
and Hassan, 2010). Figure adapted from Morse et al. (2007). 
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Calcite’s most stable cleavage plane is indicated using the hexagonal indices     

(10 4) (Skinner et al., 1994; Rode et al., 2009). The dimensions of this planar surface are 

4.99 Å by 8.10 Å (Rode et al., 2009). This cleavage plane does not make up a true unit 

cell, as it is not a Bravais lattice cell (Morse et al., 2007). A schematic of the main 

cleavage plane can be seen in Figure 9, and the plane’s positional relationship to the two 

proper unit cells can be seen in Figure 8. 

 

 

Figure 9. The positioning of the atoms in calcite’s (10 4) cleavage plane (maize). 
Adapted from Skinner (1994). Calcium is dark blue, carbon is red, and oxygen is light 
blue. 
 
 

As in aragonite, the Ca2+ cation within calcite is commonly substituted for by 

other elements. Aragonite has a more robust coordinating carbonate structure, with nine 

O to each Ca, whereas calcite has a smaller six-fold coordination. Thus, smaller atoms, 

such as magnesium (Mg2+) are more likely to precipitate within calcite in place of the 

Ca2+ (Morse et al., 2007). It is the proportionality of MgCO3 within the solid solution that 

determines whether the mineral is deemed low-magnesian calcite (LMC) (<5% molar 

percentage) or high-magnesian calcite (HMC) (5->30% molar percentage). If a 50:50 

1

1
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ratio of Ca:Mg is reached and its structure is well ordered, the mineral is no longer calcite 

but dolomite (CaMg(CO3)2).  

2.4. Aragonite-Calcite Diagenesis 

Whereas calcite commonly forms due to primary precipitation into open pore 

spaces, it also develops as alteration from aragonite or a previous form of calcite. The 

diagenetic replacement of aragonite by calcite is of particular importance for this study. 

The X-ray diffraction work performed for this thesis tested primarily the proportion of 

aragonite to calcite within shells collected. If the ratio of the two minerals differed from 

original shell mineralogy, measured utilizing modern analogues, then the shell must have 

undergone diagenesis. It is assumed that the larger the difference between the ratio 

derived from the modern analogue and the midden shell, the more diagenesis has taken 

place. 

Folk (1965) laid out his presumed proper terminology regarding aragonite to 

calcite diagenesis. Geologists still utilize this terminology today, albeit with slight 

variations. He stated succinct definitions for the terms recrystallization, inversion, and 

neomorphism (Folk, 1965). Folk (1965) states that if calcite takes the place of aragonite 

with the two minerals as solids in constant contact and an “interstitial fluid film” in place 

between the two, then this process should be termed “inversion” (Folk, 1965, p. 21). His 

statement that the two minerals must remain in a solid state does not hold true in 

carbonate diagenesis, but if this one requirement is discarded and the solution film is the 

primary actor in of the transformation then this term is still utilizable. This alteration is 

also termed “paramorphic replacement” by Friedman, (1964, p. 810), “polymorphic 

transformation” by Bathurst (1994, p. 475), or simply “replacement” by Scholle and 
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Ulmer-Scholle (2003, p. 304). If new calcite takes the place of a primary calcite and 

“grain size, morphology, or orientation” changes with no change in mineralogy, then this 

process is termed “recrystallization” (Folk, 1965, p. 21). This term accounts for a change 

involving high-magnesian calcite altering to low-magnesian calcite, as well, because the 

two are indistinguishable petrographically (Folk, 1965).  

As it is commonly difficult to distinguish between whether inversion or 

recrystallization has occurred, Folk proffered the blanket term of “neomorphism” (Folk, 

1965, p. 21). This term would hold true for polymorphic variation or simply an alteration 

in crystal placement or size for the same mineral (Folk, 1965). This term, however, does 

not account for dissolution of aragonite and precipitation of calcite within the void. 

Bathurst (1994, p. 476). puts forth the term “neomorphic spar” to describe all calcite that 

has formed via “in situ replacement of a more finely crystalline crystal mosaic.” This 

definition would include calcite precipitated into a moldic pore due to aragonite 

dissolution. Bathurst’s term is perhaps a more selective derivation of Folk’s (1965, p. 24) 

term “neomorphic calcite,” which accounted for calcite formed via inversion or 

recrystallization. 

Geologists have been studying the mechanism by which calcite replacement of 

aragonite takes place for decades. As early as the 1960’s, scientific papers proffered 

several explanations for the conversion during aragonite’s alteration to calcite: alteration 

while maintaining a solid state, complete dissolution and infilling of moldic porosity, and 

replacement along a micrometer-scale solution front between the two minerals (e.g., 

Friedman, 1964; Folk, 1965; Dodd, 1966). The maintenance of a solid state during 

diagenesis is unlikely, whereas the other two are viable explanations for this process.  
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Whereas the solid-state conversion of aragonite is possible within metamorphic 

realms, it is not possible at surface temperatures and pressures (Bathurst, 1994). There are 

several arguments against the solid-state conversion of aragonite to calcite in carbonate 

diagenesis, not the least of which is the requisite change in volume that would occur. 

Dodd (1966) states that a positive volume change of approximately 8% would take place 

with an alteration of this type due to the density difference between calcite and aragonite. 

Antao and Hassan (2010) experimentally derived a 5.76% increase in volume. There has 

been no documented petrographic evidence of a volume change in replaced carbonates, 

and no viable theory has been provided that would explain how these materials could 

account for an expansion while leaving no evidence (i.e., overall expansion must be 

accounted for in some visible manner) (Dodd, 1966). Thus, occurrence of calcite 

replacement of aragonite via solid-state conversion is not likely, and the other two 

methods given, moldic infilling and alteration across a solution front, are plausible 

alternatives. 

The complete dissolution of aragonite and the subsequent precipitation of 

neomorphic spar in the provided space is one method by which calcite replaces aragonite 

(Folk, 1965; Bathurst, 1994, Maliva et al., 2000). There is much evidence, both in hand 

sample and petrographic observation, of this process taking place (see Section 1.5. 

Previous Works on Early Diagenesis and Middens). Both stages are observable within the 

rock record; void spaces have been noted petrographically, and interim stages of calcite 

growth within the moldic pore have also been seen. The “mosaic of sparry calcite” that 

occurs when this type of replacement occurs is well documented (Folk, 1965, p. 23). In 

the case of aragonite shell replacement, the resulting sparry calcite cement generally 
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lacks the organic inclusions that are typically present within primary shell material (Folk, 

1965, p. 42). This lack of organic material is explainable by the complete dissolution of 

the material in which it was originally held. 

 The second manner in which aragonite replacement by calcite occurs is on a 

molecular scale via a micrometer-sized solution front (Friedman, 1964; Folk, 1965; 

Rehman et al., 1994; Maliva et al., 2000). The small solution front does not create a large, 

moldic pore as in the previous mechanism of replacement (Folk, 1965). Aragonite exists 

on one side of the front, and calcite exists on the other. Calcium and carbonate ions 

dissolve from the aragonite, diffuse through the micrometer thick “solution film,” and 

reprecipitate on the other side to form calcite (Rehman et al., 1994, p. 174). Pingitore 

(1976, p. 985) was the first to use the term “thin film” in describing this one “micron (or 

less) width” solution front that causes the transformation of aragonite to calcite that 

occurs, to his observations, within the vadose zone. In the case of thin films, a void space 

within shells between primary shell material and neomorphic spar cement is not visible 

using optical or electron microscopy. This fact indicates the film itself must be thinner 

than 1 µm (Maliva et al., 2000). Evidence for this type of replacement is the preservation 

of fine microstructures within shells (Maliva et al., 2000). In this case, original shell 

ultrastructure and even brown coloring, most likely due to the organic matter present 

within the original shell, can also be seen (Folk, 1965). 

The rate at which the transformation takes place at pressures typical of the Earth’s 

surface is dependent upon several factors, including grain size, temperature, water 

chemistry, and original composition (Maliva et al. 2000; Antao and Hassan, 2010). It has 

been found that biogenic or abiogenic origins, as well as mechanical grinding, affect the 
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temperature at which aragonite is replaced (Parker et al., 2010). Powdered biogenic 

aragonite converts to calcite at a lower temperature than unpowdered biogenic aragonite, 

280° C versus 360° C, and abiogenic aragonite transforms at the same temperature as 

synthetic aragonite, 450° C (Wardecki et al., 2008). These values were experimentally 

derived via the purposeful application of heat to samples. In drier natural systems at the 

Earth’s surface temperature, however, it seems as if time controls the extent of alteration 

(Sheng et al., 2005). These experiments and Sheng et al.’s (2005) determination all took 

place in arid conditions. The addition of water, its composition, in terms of mineral 

supersaturation or undersaturation, and the possibility for open exchange of diagenetic 

fluids also affect the rate at which this process takes place (Martin et al., 1986; Rehman et 

al., 1994). With regards to original composition, the presence of trace elements, such as 

Mg2+ substitution, within the original mineral seems to impede the transformation rate of 

aragonite (Sheng et al., 2005).  

The diagenetic replacement of aragonite is driven by the greater solubility of 

aragonite relative to calcite at the Earth’s surface (Figure 10; Maliva et al., 2000). Larger 

solubility product values (units of (mol2 kg-2)x10-7) for a substance indicate higher 

dissolution for that substance in a given solution. The stoichiometric solubility product in 

seawater (K´sp(stoich)) values at standard temperature and pressures for aragonite and 

calcite are 6.65 and 4.39 (mol2 kg-2)x10-7), respectively (Morse et al., 2007, p. 344). The 

pK values for a solution are determined by –log Ksp and are thermodynamic. Both 

biogenic and abiogenic aragonite have a solubility product (pKa) in pure solutions 

(nonseawater) at 25° C that ranges from 8.28±0.02 to 8.34±0.02. In seawater, the 

solubility value (pKa) ranges from 6.09±0.03 to 6.18±0.02 (Morse et al., 2007, p. 348). A 
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gross oversimplification for the value of pure calcite in seawater at 25˚ C is pK=8.48 

(Morse et al., 2007, p. 344). 

 

Figure 10. The equilibrium curve for the CaCO3 system of calcite and aragonite. Adapted 
from Carlson (1980). 
 
 

The solubility of calcite is a function of both the amount of magnesium present 

within its crystal lattice and whether or not the calcite is biogenic in origin. The variation 

due to these inputs has made it difficult to develop a set value for calcite stability (Morse 

et al., 2007). As can be seen in Figure 11, the more magnesium is substituted into the 

crystal structure of calcite, the more soluble the mineral becomes. Slight variations 

created either directly or indirectly by an organism during precipitation affect the 

solubility of biogenic magnesian calcite, especially that with 12-15 mol % MgCO3  
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Figure 11. Solubility curves for varying concentrations of calcite. Data were consolidated 
from several papers by various authors. Synthetic calcite data are represented by grey 
solid circles (Busenberg and Plummer, 1989), black solid circles (Mucci and Morse, 
1985), open squares (Lafon, 1990). Natural inorganic phases are crosses (Busenberg and 
Plummer, 1989). Biogenic phases are shown by open diamonds (Busenberg and 
Plummer, 1989), closed triangles (Bischoff et al., 1987), and solid squares (Plummer and 
Mackenzie, 1974, recalculated by Thorstenson and Plummer, 1977). Curve A is the 
closest to the accepted value for solubility of pure calcite and shows the general trend for 
well-crystallized, inorganic solids. Curve B demonstrates a “best fit” line through the 
experimentally determined data of biogenically-derived skeletal calcite. The data in curve 
C is from dissolution experiments of biogenic magnesian calcites. The high solubilities 
within this curve likely reflect kinetic factors, as opposed to thermodynamic, such as 
alteration due to cleaning methods but could reflect a higher reactivity likely found in 
nature. This figure was redrafted with data added from the Mineralogical Society of 
America (1991). Figure from Morse et al. (2007, p. 347). 
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(Morse et al., 2007). Whereas some experiments have shown that the solubility of HMC 

can be higher than aragonite, it is generally understood that of the three, low-magnesian 

calcite, high-magnesian calcite, and aragonite, stability changes from highest to lowest, 

respectively, at surface temperatures and pressures (Ries, 2011).  

It is important to realize that most minerals formed via biogenic precipitation, a 

common mechanism of formation for LMC, HMC, and aragonite, commonly contain 

significant amount of trace minerals, and solubility values can thus vary considerably in 

composition (Morse et al., 2007). Solubility of a mineral determines whether its 

dissolution or precipitation occurs in certain environments. Thus, these variations, 

especially those within shells, control aragonite dissolution and subsequent calcite 

precipitation (Maliva et al., 2000). 
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CHAPTER 3: AN OVERVIEW OF SAMPLED SHELLFISH SPECIES 
 
 

3.1. Introduction to Shellfish Species 

 This study focuses primarily on six species as well as one genus, for which 

species identification could not be accomplished, categorized within the phylum 

Mollusca: Rangia cuneata, Crassostrea virginica, Busycon spp., Strombus pugilis, 

Mercenaria campechiensis, and Argopecten gibbus and Argopecten irradians. Species 

identification was determined based upon location of discovery, i.e., the Gulf Coast, and 

shell morphology, e.g., umbo prominence, shell shape, and presence or lack of shell 

spines. Color is also conventionally used as an additional identification marker; however, 

it could not be commonly utilized in this study. Many of the shells found within the 

midden piles were bleached and totally lacking original color, thus obviating any 

potential for the use of pigmentation as an identifier. For those species within the class 

bivalvia, it was not possible to identify both valves from an individual specimen due to 

disarticulation and the large numbers of specimens within the midden. In addition, 

species identification was not possible for the samples from the Pineland Site Complex 

because, although individual shells were readily observable, they were cemented within 

the matrix of hardened concretions and distinguishing features could not be seen. It is 

noted, however, which species are present at Pineland based on past works at the site. 

Mollusk shells are composed primarily of calcite and aragonite, along with rarely-

present vaterite and solid solution between calcite and dolomite (Compere and Bates, 

1973; de Paula and Silveira, 2009; Spann et al., 2010). The unusual presence of vaterite is 

commonly due to events such as shell regeneration or initial shell formation, and it is the 
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primary mineral within pearls (Spann et al., 2010). Whereas mollusk shell morphology 

on a microscopic level is quite complex and can vary between classes, there is a 

generalized structural model that can be given. Calcite and aragonite are present in three 

layers: an innermost layer of aragonite closest to the soft-tissue of the organism, an 

intermediate layer which is commonly but not exclusively present, and an outer layer of 

either aragonite or calcite depending upon the species (de Paula and Silveira, 2009). The 

internal layer is nacreous and composed 95% volumetrically of aragonite “bricks” that lie 

atop one another with their longest axis perpendicular to the shell’s exterior (Parker et al., 

2010, p. 1590). The other 5% of this layer is an organic matrix that produces a cementing 

effect between the aragonitic blocks (Parker et al., 2010). The intermediary layer is 

composed of crystals that cross in an oblique manner to one another, and the exterior 

layer, either calcite or aragonite, is prismatic (de Paula and Silveira, 2009). Due to their 

carbonate mineralogy, mollusk shells are prone to diagenesis and fit well within the realm 

of this study. 

 Not all species studied were present within each midden pile. As species require 

certain environmental requirements, such as specific salinity or temperature ranges, to 

survive, the presence of certain populations could indicate environmental conditions at 

the time of midden development, assuming that the shells were not transported far from 

their cultivation site (Thompson and Worth, 2011). Thus, in addition to the mineralogical 

variation with the shells, specimen identification to the genus level at the very least is 

important to the focus of this study. This identification could help indicate whether the 

midden was closer to an estuarine or marine environment, and could therefore help to 
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elucidate diagenetic conditions after burial. It would also assist in determining original 

shell mineralogy, i.e., predominantly aragonite or calcite. 

3.2. Rangia cuneata 

 Rangia cuneata (Sowerby I, 1831), phylum mollusca, class bivalvia, family 

mactridae, was the only shellfish species present within the Kneupper and Sea Rim State 

Park midden sites (Figure 1; Tunnell et al., 2010). This clam is one of the most common 

species found within the Gulf of Mexico, and it is also known as the Wedge Clam, 

rooster clam, common Rangia, Louisiana road clam, and Atlantic Rangia (Figure 12; 

LaSalle and de la Cruz, 1985; Wakida-Kusunoki and MacKenzie, 2004; Verween et al., 

2006). Its distribution within the Gulf of Mexico is from northwest Florida through to 

Laguna de Terminos, Campeche, Mexico, and along the Atlantic Coast from Florida 

through the North Chesapeake Bay into New Jersey (LaSalle and de la Cruz, 1985; 

Tunnell et al., 2010). The range of this clam may soon have to be extended to include 

some parts of Europe, as it has recently been found as an invasive species within a harbor 

in Antwerp, Belgium (Verween et al., 2006). 

Adult R. cuneata can withstand a salinity range from 0-30 practical salinity units 

(psu), but the species is most commonly found in ranges between 0-18 psu (LaSalle and 

de la Cruz, 1985; Andrus and Rich, 2008). They have numerous mechanisms, both 

intracellular and extracellular, for osmoregulation and can thus respond to rapid salinity 

changes within estuaries (Verween et al., 2006). It is due to this wide tolerance that they 

are so abundant within the brackish zone of estuaries in the Gulf of Mexico. They are 

found within marshes and bays that have a riverine influence within Texas and can live 
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up to depths of 124 m (Tunnell et al., 2010). This ubiquitousness lends itself to this 

species’ prevalence within shell middens along the Texas Coast (Andrus and Rich, 2008).  

 

 
Figure 12. An external and internal view of one valve of Rangia cuneata from hole 2 at 
Sea Rim State Park. It is sample 38 in the analyses. The color of this specimen has been 
bleached due to diagenetic effects within the midden. 
 
 

There are several characteristics used to identify this species. Adult specimens 

range from 2.5-6.0 cm in length (Figure 13; LaSalle and de la Cruz, 1985). Recently alive 

species of R. cuneata have a pale brown to grayish brown or black periostracum, a 

chitinous layer that covers the exterior of the shell (LaSalle and de la Cruz, 1985; 

Verween et al., 2006). The periostracum had been eroded away in the older specimens 

within this study and could thus not be used for identification. The shells overall are 

ovate and have a substantial thickness and weight (LaSalle and de la Cruz, 1985). The 

posterior lateral hinge tooth is long and extends almost to the shell’s ventral margin 

(Tunnell et al., 2010). In the specimens found within middens, the muscle scars and 
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pallial sinus were practically indistinguishable, so their characteristics were unable to 

assist with identification. Most individual variation within this species occurs in the form 

of varying umbone height and the shape of the shell’s posterior margin (LaSalle and de la 

Cruz, 1985). Due to its pervasiveness and primarily aragonitic shell structure, R. cuneata 

presents itself as an excellent specimen for this study (Lécuyer et al., 2004). 

 

 
Figure 13. A drawing of Rangia cuneata with important morphological features labeled. 
Figure from LaSalle and de la Cruz (1985, p.1). 
 
 
3.3. Crassostrea virginica 

 Crassostrea virginica (Gmelin, 1791) is an oyster that ranges in adult size from 

5.1-15.2 cm. (Figure 14; Tunnell et al., 2010). It is categorized in the phylum mollusca, 

class bivalvia, order ostreoid, family ostreidae (Eastern Oyster Biological Review Team, 

2007, p. 5). C. virginica is commonly referred to as the eastern oyster, and it has the 

synonyms Crassostrea brasiliana (Lamarck, 1819) and Crassostrea floridensis 

(Sowerby, 1841) (Eastern Oyster Biological Review Team, 2007; Tunnell et al., 2010). 

C. virginica inhabits estuaries and coastlines from Brazil, through the Gulf of Mexico and 

up the Atlantic Coast, to Canada, with some populations in the Caribbean (Coakley, J.M., 
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2004; Eastern Oyster Biological Review Team, 2007). Throughout the last century, 

however, there have been drastic declines in populations throughout the entirety of its 

extent (Coakley, J.M., 2004). 

 

 
Figure 14. An internal (left) and external (right) view of a modern shell valve of 
Crassostrea virginica. This specimen is sample 26 and was found at stop 6 on Follets 
Island. Note the purple adductor muscle scar in the internal view. C. virginica shell 
valves vary in their overall shape among individuals and even within individuals over 
time due to changing environmental conditions (Eastern Oyster Biological Review Team, 
2007). The edges of this oyster valve have been knicked, most likely due to transport 
after the death of the organism. 
 
 
 The eastern oyster can withstand a wide array of temperatures, salinity, and 

substrates. Whereas the optimum temperature range for this species is from 20-30° C, 

there is record of C. virginica surviving temperatures below freezing in shallow water 

and temperatures above 45° C within intertidal zones (Eastern Oyster Biological Review 

Team, 2007). Oyster larvae, however, will not grow at temperatures below 17.5° C, and 

temperatures above 35° C negatively influence pumping rates and affect feeding. Salinity 

ranges in which the eastern oyster can survive vary from 0-42 psu, but 14-28 psu is 

optimal (Galstoff, P.S., 1964; Eastern Oyster Biological Review Team, 2007). Growth 
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seems to be inhibited at salinities less than 5 psu, with a minimum of 10 psu being 

required for active growth (Eastern Oyster Biological Review Team, 2007). It can survive 

on both hard and soft grounds up to depths of 79 m (Tunnell et al., 2010). 

 Species identification for C. virginica is based primarily on the conspicuous 

purple adductor muscle scar located close to the shell’s posterior margin (Figure 14; 

Tunnell et al., 2010). This organism attaches to the substrate with its left valve below its 

right (Tunnell et al., 2010). Thus, the left valve usually grows to a greater thickness than 

the right (Tunnell et al., 2010). Whereas it does not vary in their larval stage, the 

morphology of eastern oysters can vary extensively at adult ages. When growing on hard 

substrates, shells grow to thicker dimensions and umbones are more curved and 

posteriorly directed than when growing on soft substrates, such as silt or within reefs 

(Eastern Oyster Biological Review Team, 2007).  

A zooarchaeological survey of the Pineland Site Complex in southwest Florida 

found that this oyster makes up approximately 11% of the total of invertebrate and 

vertebrate taxa within the site (Figure 1; deFrance and Walker, 2013, p. 312). It was also 

found within every hole excavated at Historic Spanish Point during sampling for this 

study (Figure 1). The mineralogy of C. virginica is predominantly calcite with minor 

amounts of aragonite (Lécuyer et al., 2004). It was due to this ubiquitousness and the 

presence of aragonite that it was chosen as a shell for analysis within this study. 

3.4. Busycon spp. 

 The naming of Busycon spp. (phylum mollusca, class gastropoda, family 

melongenidae) throughout the years has been particularly fraught with difficulty, 

specifically because experts disagree on proper species designation (Frank and Lee, 1996; 
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Tunnell et al., 2010). Throughout the years, several organisms of the sinistral (left-

handed) whelk genus Busycon, formerly Fulgur, that have a range along the Gulf of 

Mexico from Mexico to Florida and up the Atlantic Coast from Florida to North Carolina 

have been referred to seemingly at random, i.e., Busycon perversum (Linnaeus, 1758), 

Busycon pulleyi (Hollister, 1958), Busycon perversum pulleyi (Hollister, 1958), Busycon 

contrarium (Conrad, 1867), and Busycon sinistrum (Hollister, 1958) (Hollister, 1958; 

Tunnell et al., 2010).  

In his 1958 review of the Busycon genus, Hollister noted that the name B. 

contrarium is based on a Miocene fossil that shows different characteristics from more 

recent species, presumably post-Miocene (Hollister, 1958, p. 87). Thus, Hollister (1958) 

proffers that what was termed B. contrarium, with a range from North Carolina to west 

Florida and had commonly in error been referred to as B. perversum, should be termed B. 

sinistrum (Hollister, 1958, p. 59). He states that B. contrarium should not be used for 

recent species, and he recognized B. pulleyi as a separate species located within the 

western Gulf of Mexico (Hollister, 1958).  

The official name of the Texas State Shell has been termed B. perversum pulleyi, 

which seemingly falls in line with Hollister’s (1958) presupposition, and a more recent 

shell compendium (Tunnell et al., 2010, p. 223) lists its synonyms to be B. perversum 

(auct. non Linneaeus) and B. pulleyi. The term B. contrarium, however, continues to be 

used regularly to describe what Hollister (1958) termed B. sinistrum (e.g. Kent, 1983a, 

1983b; Poli et al., 2000).  

As recently as 2004, Wise et al. analyzed the genetic relationships of left-handed 

whelks of North America and concluded that they all should be termed via the species 
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name B. perversum, with further division occurring only on the level of subspecies: B. 

perversum perversum (Linnaeus, 1758) for those found on the coastline of the Yucatan 

Peninsula, B. perversum sinistrum (Hollister, 1958) for those living along the Gulf of 

Mexico’s northern and eastern coastlines, and B. perversum laeostomum (Kent, 1982) for 

those populating the Atlantic coastline (Wise et al., 2004, p. 1167). It should be noted that 

there are those who disagree with Wise et al.’s (2004) findings (e.g., Rosenberg et al., 

2009; Tunnell et al., 2010). In sum, it is the opinion of this author that only one species of 

the genus Busycon is present within this study, but there is debate as to the proper 

terminology regarding this particular species. As such, the designation Busycon spp. will 

be used in this study rather than species’ level names. 

 Busycon spp. are carnivorous snails that live in intertidal and subtidal zones, 

within subtidal oyster beds, intertidal grass flats, and on soft sediment (Kent, 1983b). 

There are several variant body forms possible for this genus (Tunnell et al., 2010). Kent 

(1983a) notes that B. contrarium only grows in waters above 20° C. A modern analogue 

of Busycon spp. was determined via X-ray diffraction (XRD) to have a predominantly 

aragonitic shell (see Section 8.2.1. Galveston Island and Follets Island – Standard Shells).  

During excavations at Historic Spanish Point, there were numerous specimens of 

Busycon spp. unearthed (Figure 1). Bullen and Bullen (1976) and Murphy (2013) also 

documented its presence in their studies. The midden samples all lacked color and were 

seemingly bleached by diagenetic processes whilst in the pile. Busycon spp. shells were 

larger in lower, i.e., older, sections of the midden, with fragments indicating shell growth 

in excess of an estimated 28 cm from siphonal canal to apex, e.g., sample 120 (Figure 

15). In comparison, specimens at layers higher up in the midden, that is, in the more 
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recent layers, at Historic Spanish Point reached maximum lengths of approximately 20 

cm. O’Dea et al. (2014) found evidence of shellfish species reaching sexual maturity at 

smaller sizes due to the influence of human harvesting. This size difference between time 

periods may perhaps indicate that the same effect, i.e., earlier overharvesting of larger 

specimens, occurred in the locale surrounding Historic Spanish Point within the timespan 

of the midden sampled (Ryan Murphy, personal communication, May 17, 2013).  

 
Figure 15. A specimen of Busycon spp. from a midden within Historic Spanish Point. The 
color of this specimen has been bleached due to diagenetic effects within the midden. 
 
 

Modern specimens found along the coastline on the islands of Galveston and 

Follets, in Texas, were fragmented. Estimates for full shell growth of collected samples 

were approximately 15 cm (Figure 16). These samples were peach in color and had a 

pearly luster in their interior. Busycon spp., i.e., B. sinistrum, has been documented at 
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Pineland, e.g., deFrance and Walker (2013), but was not able to be identified at that 

locale in this study due to the nature of the specimens from that site. 

 

 
Figure 16. A modern fragment of Busycon spp. collected on Follets Island, Texas. The 
top shows an external view and the bottom an internal view. Note the strong peach color 
and nacreous lining, seen on the interior of the shell, not present within the midden 
specimen from Historic Spanish Point. 
 
 
3.5. Strombus pugilis 
 
 Strombus pugilis (Linnaeus, 1758) is considered to be part of the phylum 

mollusca, class gastropoda, family strombidae (O’Dea et al., 2014). It is also commonly 

referred to as the West Indian fighting conch, the fighting conch, and even “el raton del 

mar” or “the mouse of the sea” (Reed, 1992; O’Dea et al., 2014, p. 2). The distribution of 

this species ranges from its southern most point in Brazil, northward through the 

Caribbean, to Lake Worth, Florida (Geary et al., 1992). Murphy (2013) documented the 

discovery of S. pugilis at Historic Spanish Point. Bullen and Bullen (1976, p. 6) 
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postulated that the samples uncovered at this location might actually be a hybrid of 

Strombus pugilis and Strombus alatus (Gmelin, 1791), thus making this species Strombus 

pugilis alatus (Gmelin, 1946) (Figure 1; Tunnell et al., 2014). The distribution of S. 

alatus, or the Florida fighting conch, is from North Carolina, along both coasts of Florida, 

and throughout the Gulf of Mexico to Texas (Tunnell et al., 2010). DeFrance and Walker 

(2013) identified S. alatus at the Pineland Site Complex in their in depth taphonomic 

analysis. 

S. pugilis and S. alatus are both herbivores that live primarily in depths of 0.5-20 

m on broken coral clasts or sand flats covered with grasses (Geary et al., 1992; Tunnell et 

al., 2010). They are also common in sandy and muddy lagoons (O’Dea et al., 2014). In its 

juvenile stages, these shellfish spend most of their time buried beneath the substrate, 

while adults move across the sea floor (O’Dea et al., 2014). S. pugilis appears to be 

particularly sensitive to temperature and salinity variations, and is seemingly most 

comfortable between 23-32° C (Sander and Moore, 1978).  

Shells of the genus Strombus are conical in shape and composed primarily of 

aragonite (Figure 17; Geary et al., 1992; Tunnell et al., 2010). Compere and Bates (1973) 

analyzed two shells of Strombus gigas via infrared spectroscopy. They determined that 

the shells had a predominantly aragonitic composition with a very thin outer layer of 

calcite (Compere and Bates, 1973).  

The average size of S. pugilis has changed within the past 7,000 years. O’Dea et 

al. (2014) measured mature shell lengths (from apex to the tip of the siphonal canal) of 

samples of this organism dating from between ~5,000 B.C.E.-1,000 C.E. and 1,000 C.E. 

to the present from several locations throughout the Caribbean. Shells from the earlier 
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time period ranged from approximately 5.8-8.5 cm, whereas mature shells from 1000 

C.E. to the present measured between 5.2-8.2 cm (O’Dea et al., 2014). Intact specimens 

discovered at Historic Spanish Point ranged from 6.3-9.5 cm, lending more credibility to 

the idea that the species at Historic Spanish Point is a hybrid with S. alatus, which can 

reach lengths of up to 10.2 cm (Tunnell et al., 2010). Shells of these species may exist 

with or without spines, and those found within Historic Spanish Point do not have spines 

(Tunnell et al., 2010). As the name Strombus pugilis alatus is not commonly used in 

literature, this species will be designated as S. pugilis throughout this work. 

 
Figure 17. Two views of one specimen of Strombus pugilis from Historic Spanish Point. 
It is sample 143 in the analyses and is 9.5 cm from the tip of its siphonal notch to the tip 
of the shell, called the apex (per O’Dea et al., 2014). Note how the shell color is a stark 
white due to diagenetic processes within the midden. 
 
 
3.6. Mercenaria campechiensis 
 
 Mercenaria campechiensis (Gmelin, 1791), commonly referred to as the southern 

quahog or the hard clam, is a member of the phylum mollusca, class bivalvia, family 

veneridae (Figure 18; Harte, 2001; MacKenzie et al., 2002). The species has a modern 

distribution from southeastern Mexico, north to Cuba and the Caribbean, and along the 

coastline to Cape May, New Jersey (Harte, 2001). DeFrance and Walker (2013) 

discovered M. campechiensis during their work at the Pineland Site Complex; however, it 
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was able to be identified in this study only at Historic Spanish Point. Its presence at 

Historic Spanish Point is corroborated in findings by Murphy (2013). Organisms of       

M. campechiensis live primarily in carbonate zones and areas offshore with siliciclastic, 

sand-sized substrate at depths from 0-60 m (Tunnell et al., 2010). Southern quahogs are 

found most commonly, however, in bays, estuaries, other shallow bodies of water, or just 

offshore, in locales where salinities are above 15 parts per thousand (ppt) (MacKenzie, 

2002). 

 

 
Figure 18. Several specimens of Mercenaria campechiensis from Historic Spanish Point. 
Their color has been bleached due to diagenetic effects within the midden. 
 

 M. campechiensis lacks any extreme coloration of its shell. It is dirty-white in 

appearance with brown staining on the margins of the shells. The inner surface is solid 

white (Tunnell et al., 2010). The pallial sinus of M. campechiensis is not large, and it is 
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rather angular (Figure 19). There are numerous conspicuous, thick ribs (growth lines) on 

the exterior of the shell (Tunnell et al., 2010). The range of shell sizes for this species is 

from 7.6-15.2 mm (Tunnell et al., 2010). Their shells are composed primarily of 

aragonite (Surge and Walker, 2006). 

 The shells of M. campechiensis and Mercenaria mercenaria (Linnaeus, 1758), the 

northern quahog, are so similar that some malacologists have considered them to be 

conspecific (Harte, 2001). In more recent years, it has been decided to divide them into 

two separate species based on three main characteristics. Firstly, distinction can be made 

via the vibrant purple color on the interior of M. mercenaria (Harte, 2001). Secondly, M. 

mercenaria also possess an external medial area that is lacking in grooves (Harte, 2001) 

Thirdly, and not as uniformly true, the northern quahog’s lunule is narrower (MacKenzie 

et al., 2002). As color could not be used to determine the proper species in this study, 

other conchological features, such as the lack of a smooth medial area in sampled shells, 

were used to determine that M. campechiensis, not M. mercenaria, was buried at Historic 

Spanish Point. 

 
Figure 19. A drawing of M. campechiensis with morphological features labeled. Figure 
adapted from Palomeres and Pauly (2014). 
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3.7. Argopecten spp. 

 Murphy (2013) identified specimens with a typical “scallop” morphology at 

Historic Spanish Point as Argopecten irradians (Lamarck, 1819), commonly known as 

the bay scallop (Figure 20; Tunnell et al., 2010; Murphy, 2014, p. 12). Bullen and Bullen 

(1976, p. 15) identify them as Pecten, which could be reference to the original name of A. 

irradians: Pecten irradians (Lamarck, 1819) (Broom, 1976). While identifying species 

for this study, however, Dr. Tina Petway, Associate Curator of Malacology of the 

Houston Museum of Natural Science, indicated that there were most likely two species 

present within the midden at Historic Spanish Point – Argopecten irradians and 

Argopecten gibbus (Linnaeus, 1758) (Figure 21; Tina Petway, personal communication, 

December 12, 2013). A. irradians was also discovered at the Pineland Site Complex, but 

it was not able to be identified in Pineland samples within this study due to the indurated 

nature of the samples (deFrance and Walker, 2013). 

 Both A. gibbus and A. irradians are classified in the phylum mollusca, class 

bivalvia, and family pectinidae (Tunnell et al., 2010). A. gibbus, also known as the calico 

scallop, has a distribution from Maryland in the north, south throughout both coastlines 

of the Floridian Peninsula, along the Gulf Coast of Texas to Brazil (Broom, 1976; 

Tunnell et al., 2010). It is also found in Bermuda (Tunnell et al., 2010). It lives in areas 

with sandy substrate from the shore to depths of 366 m (Tunnell et al., 2010). A. 

irradians ranges along the coastline of the Atlantic from Cape Cod in Massachusetts 

south through the Gulf of Mexico (Broom, 1976). They are abundant in bays and 

estuaries and also along the coastline in muddy sand up to depths of 26 m (Broom, 1976; 

Marelli and Arnold, 2001; Tunnell et al., 2010). 
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Figure 20. Two specimens of Argopecten irradians. from a midden at Historic Spanish 
Point. Two right valves. The shape of the shells is termed in this paper to be a typical 
“scallop” morphology. 
 
 
 

 
Figure 21. Two specimens of Argopecten gibbus from a midden at Historic Spanish 
Point. The valve on the left is a left valve, and the valve on the right is a right valve. 
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There are several common morphological characteristics that can be used to 

distinguish A. irradians from A. gibbus, which both have predominantly calcitic shells 

(Krantz et al., 1988; Smith, 1991). A. gibbus tends to be more globular than A. irradians 

(Broom, 1976). Their valves also differ. A. irradians is slightly right-convex, meaning its 

right valve is more rounded than its left. In contrast, A. gibbus tends to be slightly left-

convex. A. gibbus can also have more ribs (Broom, 1976). Unfortunately, the shells 

sampled within this study were commonly fragmented, and a right and left valve were 

never discovered articulated, which would have allowed for comparison. The coloration 

of the two species is also markedly different. A. gibbus has splotches of a purple and red-

brown banding on the exterior with a white interior, whereas the shells of A. irradians 

can be brown, yellow, or white (Adamkewicz and Castagna, 1988; Tunnell et al., 2010). 

None of the scallops from Historic Spanish Point have any coloration, indicating that they 

have either been leached within the midden, or, more unlikely, they are all white variants 

of A. irradians. Dr. Petway indicated that an inflated umbo could possibly be used to 

distinguish that a shell is of the species A. irradians (Figure 22; Tina Petway, personal 

communication, December 12, 2013).  

 
Figure 22. As color could not be used in this study to distinguish scallop species, the 
inflated umbo of Argopecten irradians was used as a morphological identifier. 
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A study by Marelli and Arnold (2001) presents an additional complication when 

attempting to distinguish species of Argopecten spp. Without external stress, the 

morphological evolution of a species occurs at such a slow rate that, in studies such as 

this work, modern analogues can be used to identify and help elucidate characteristics of 

the same organism from the recent past, i.e., within several thousand years (Marelli and 

Arnold, 2001). That is not the case with the Argopecten within this study. After studying 

several populations of A. irradians along the Gulf Coast of Florida from both modern and 

midden sites, including Pineland and Historic Spanish Point, Marelli and Arnold (2001) 

determined that there had been extreme conchological changes within the population in 

the last 500-1,500 years due to high selective pressure. 

Despite these elucidated risks, an unofficial designation of either A. irradians or 

A. gibbus will be listed within the following sections. The species’ name will be given in 

order to better explain potential diagenetic variation patterns between samples. As 

indicated above, an inflated umbo will be utilized to differentiate between the two 

species. These species designations should not, however, be accepted without reservation.  
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CHAPTER 4: RESEARCH SITE LOCATIONS 
 
 

4.1. Introduction 

Four midden sites were sampled in this study: the Kneupper Site, Sea Rim State 

Park, the Pineland Site Complex, and Historic Spanish Point. The Kneupper Site and Sea 

Rim State Park are located in Texas, whereas the Pineland Site Complex and Historic 

Spanish Point are situated on Florida’s west coast (Figure 1). The middens at the 

Pineland Site Complex and Historic Spanish Point are situated directly on bays that 

connect to the Gulf of Mexico, whereas the middens at Sea Rim State Park and the 

Kneupper Site are approximately 5.5 and 17.5 km, respectively, from the coastline. They 

are connected to the Gulf by ancillary waterways: the Kneupper Midden by the San 

Bernard River and the midden at Sea Rim State Park by a saline lake with a southern 

outlet to the sea. Beaches on the islands of Galveston and Follets, in Texas, were also 

visited in order to gather modern analogues of shellfish species found within the middens 

for comparison. 

Knowledge of the physical locations of these sites is important for understanding 

the diagenetic processes that are likely to have taken place within each midden. 

Geography and climate are inextricably linked, and climate directly affects carbonate 

diagenesis (Tucker, 1993). Water circulation, for example, is necessary for both 

precipitation and dissolution within a carbonate system, and rainfall influences the 

amount of water circulation in a meteoric environment (Longman, 1981). The 

geographical location of a site, therefore, influences what types of diagenesis, e.g., 

dissolution, precipitation, replacement, etc., would most likely take place. Marine waters, 
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and thus sea-level rise and fall, also have an effect on diagenesis (Tucker, 1993). The 

diagenetic evolution of a midden subaerially exposed throughout the duration of its 

existence may differ greatly from that of a midden even briefly submerged by a rising 

sea. 

The history of the site at which a midden is located also influences its diagenesis. 

Long-term occupation creates middens with larger volumes of shell material, which can 

buffer acidic waters, protect shells from fracturing due to layer density, and focus erosion 

on surface shells (Andrus, 2011). Conversely, less voluminous middens, such as those 

created from a single encampment, would likely be much more prone to diagenesis. 

Assuming a siliciclastic depositional zone, carbonate shells within these smaller piles 

would be in direct contact with siliciclastic sediment, which would afford little protection 

from diagenesis-inducing waters. Knowledge of site occupiers could also provide a time 

period for when a midden was created, allowing for the dating of diagenetic effects.  

4.1.1. The Gulf Coast: Climate 

The middens in this study are all located within the Gulf Coastal Plain, a 

relatively flat region of the United States that begins in the north at the base of the 

Appalachian Mountains and central plains and ends at the edge of the continental shelf of 

the Gulf of Mexico in the south (Twilley et al., 2001). The climate in this region is 

dictated by a number of factors, both global and local, such as El Niño and the proximity 

of the Atlantic Ocean, Caribbean Sea, and the Gulf of Mexico. It can be divided into 

three subregions based upon slight variations in climate. The western subregion is 

composed of Texas, the central subregion – Louisiana and Alabama, and the eastern 

subregion includes all of the Floridian Peninsula and the Florida Keys (Twilley et al., 
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2001). The shoreline of this area is colloquially referred to as the Gulf Coast, and the 

middens within this study are located in the western and eastern Gulf Coast subregions. 

The climate along the coastline of the western subregion (Texas) is subtropical, 

being marked by hot, humid summers and fairly mild winters (Ricklis, 1997). The 

temperance of the winters is due to the stabilizing influences of the Atlantic Ocean, the 

Caribbean Sea, and the Gulf of Mexico (Twilley et al., 2001). Temperatures below 

freezing are usually restricted to December through February, when polar fronts move 

through the region (Ricklis, 1997). Average precipitation is far less along the southern 

portion of the Texas coast, 18 cm at the Rio Grande, than in the north, 119 cm at the 

border with the central subregion (Twilley et al., 2001). 

The climate within Florida, or the eastern subregion, is similar to that of Texas’ 

Gulf Coast. During the summers, humidity averages can reach up to 80 percent (NCDC, 

2010). This subregion differs, however, due to its distinct seasonal variations in 

precipitation; the summer is the rainy season, whereas the winter is quite dry (Twilley et 

al., 2001). Florida receives approximately 137 cm of precipitation per year, but this 

number can vary greatly from year to year (NCDC, 2010; Twilley et al., 2001). It is the 

second wettest state in the United States, but the rain comes in short bursts rather than 

prolonged rainfall. Precipitation falls on about 70-80 days of the year (NCDC, 2010). 

Most of the coast lies within a humid subtropical climatic zone, which is characterized by 

lengthy, hot, humid summers and mild winters. The southern part of the coast is 

considered to be tropical savanna, also called the wet and dry tropics (NCDC, 2010). In 

the tropical savanna, precipitation is highly concentrated in the summer months. Average 

temperatures throughout the state in winter range from 10° C in the north to just below 
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21° C in the south. The temperature throughout the entire state reaches 27-28° C in the 

summer (NCDC, 2010).  

Whereas these characteristics define the climate of the Gulf Coast today, they do 

not necessarily hold true for the duration of the Mid-Late Holocene (i.e., the last 6,000 

years) (Wanner et al., 2008). During this time, the Gulf Coast region was marked by 

rapid variation between periods of colder weather with greater precipitation and periods 

that were warmer and drier (Wallace and Anderson, 2010). These shifts occurred as often 

as every 100 years throughout this time period and may have been due, at least in part, to 

variation in outputs of solar energy (Poore et al., 2003). All of the middens within this 

study were created within the last 6,000 years. Therefore, the climate throughout this 

period of time also needs to be considered when determining why diagenesis may or may 

not have occurred within a particular midden.    

When discussing the influence of climate and weather on the Gulf Coast, one 

cannot neglect to mention the effect of hurricanes. Whereas major hurricanes make 

landfall in the region only infrequently, the annual landfall probability of an intense storm 

within the region is only ~0.39-0.46%, their impact is generally massive (Wallace and 

Anderson, 2010). Storm surges, heavy rainfall, and intense winds can wreak havoc on a 

midden. A hurricane in the year 1900, for example, caused hundreds of skeletons to 

become exposed at the Callo del Oso Site in Texas (Ricklis, 1997). However, due to the 

fact that the middens sampled for this study are still intact, the destructive nature of 

hurricanes can be considered ancillary to the effect their rainfall may have. Hurricanes 

can deliver massive amounts of precipitation to coastal regions whether or not they make 

landfall. Thus, the precipitation effect of hurricanes would have a much greater likelihood 
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of inducing an effect in a midden than destruction via a direct hit simply due to greater 

frequencies of occurrence. This factor must be considered when cataloguing meteoric 

diagenesis along the Gulf Coast. 

4.1.2. Sea-level Variation Along the Gulf Coasts of Texas and Florida 

The importance of the effects of sea-level rise and fall on diagenesis within 

middens cannot be overstated. Were sea level to rise and cover a midden at any point 

during its existence, different diagenetic conditions would determine which products, if 

any, occurred. In Texas, the midden at Sea Rim State Park has the earliest potential date 

for commencement of construction - 100 B.C.E. The oldest midden sampled for this 

study in Florida is the Hill Cottage Midden at Historic Spanish Point, the building of 

which is estimated to have commenced at approximately 2,500 B.C.E. (Murphy, 2013). 

Therefore, only sea-level rise and fall after these times in each location is significant for 

this study.  

 Human settlements along the coastline of Texas appear to correspond with 

periods of stable sea level (Ricklis and Blum, 1997). The coinciding time periods range 

from approximately 3,900-2,200 B.C.E., and after 1,000 B.C.E (or 5900-4200 and 3000 

yr B.P.). Dates of both human encampment and sea-level change were determined based 

upon radiocarbon dating of shellfish and charcoal within sites of past human habitation 

(Ricklis and Blum, 1997). In the interim, stepwise periods of sea-level rise and fall 

occurred (Figure 23). Sea level at or near modern levels was reached in Texas around 

1,000 B.C.E. (or 3,000 yr B.P.), approximately 900 years before the building of the 

Texas’ midden examined for this work (Ricklis and Blum, 1997). 
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Figure 23. Sea-level curves from the Late Pleistocene and Holocene for the Gulf of 
Mexico (Curray, 1960; Frazier, 1970) and Barbados (Fairbanks, 1989; Bard et al., 1990). 
The curves for the Gulf of Mexico are based on radiocarbon ages that are uncorrected and 
have not been calibrated. The curves from Barbados are thought to indicate eustatic sea 
levels. Figure taken from Ricklis and Blum (1997, p. 293). 
 
 
 Sea levels in Florida followed approximately the same pattern of rise and falls as 

Texas during the Holocene. In the more recent past, i.e., approximately 7,000 yr B.P., the 

sea level along the Gulf Coast of Florida began steadily, but slowly rising to reach its 

current position (Figure 24; Scholl et al., 1969). Therefore, in Florida, as well as Texas, 

sea level has been below present conditions throughout the entire history of the middens 

sampled there. 
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Figure 24. Sea-level curve for south Florida. Adapted from Scholl et al. (1969). 
 
 
 With these past sea levels in mind, one can see that the middens in this study were 

never covered by rising seas. There may have been periods of flooding or intense storms 

when marine waters were introduced for short amounts of time, but they were never 

submarine. As such, meteoric diagenetic processes with an occasional marine water mix 

due to storms and flooding controlled the alteration within all of the sampled middens. 

4.2. Galveston Island and Follets Island 

The main body of Texas is separated from the Gulf of Mexico by a string of 

barrier islands that run along its coast. The bodies of water between the barrier islands 

and the mainland, actually lagoons, have been incorrectly designated as bays. Galveston 

Island and Follets Island are two of these barrier islands. They separate the Gulf of 

Mexico from West Bay and Christmas Bay, which connect to the Gulf via small tidal 

inlets (Figure 25; Bose and Chafetz, 2009). The San Luis pass separates these two 

islands. 
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Galveston Island and Follets Island were visited for this study in order to collect 

modern specimens to provide diagenetically unaltered analogues for the midden fossils 

analyzed. The midden locations sampled were all located along the Gulf Coast within 

siliciclastic depositional zones. Thus, these two islands were deemed viable collection 

sites due to their proximity to the midden sites and their primary siliciclastic mineralogy. 

 
Figure 25. A Google Earth image depicting the locations of Galveston Island and Follets 
Island in Texas. 

Gulf%of%Mexico%
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4.3. Sea Rim State Park – Midden 41JF47 

 Sea Rim State Park is located in Jefferson County, Texas (Figure 26). The park is 

run by the Texas Parks and Wildlife Department (TPWD). It is a 1,214 ha system of 

brackish lakes situated directly adjacent to the Gulf of Mexico. Freshwater is introduced 

into the park via rainfall, runoff, and through the Sabine and Neches Rivers (Wern, 

1993). There is an abundance of wildlife present within the park, which would have made 

the site an excellent choice for habitation by native peoples. There are several middens 

located within Sea Rim State Park, but only one was accessible for sampling during the 

time of this study due to water levels (Ruth Mathews, personal communication, June 25, 

2013).  

The midden sampled within Sea Rim State Park is designated as state 

archaeological landmark 41JF47. The first number indicates that Texas is the forty-first 

of the fifty states listed alphabetically. The “JF” within the name refers to Jefferson 

County, and the last number designates the site as the forty-seventh found within the 

county. Pottery found at the site during the excavations for this study was determined to 

be of the Baytown Plain type, which indicates that the construction of this midden by the 

Atakapan Indians most likely began from 100 B.C.E.-1000 C.E (Ruth Mathews, personal 

communication, May 29, 2014).  
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Figure 26. A Google Earth image showing the location of Sea Rim State Park in Texas. 
The midden’s approximate position is indicated by the red box. Due to a Texas’ law 
enacted in order to prevent amateur treasure and grave seekers from disturbing midden 
sites, a more exact location of this midden within the park is not able to be provided. 
Whereas the park is situated on the shoreline, the midden, itself, is located approximately 
5.5 km to the north of the Gulf of Mexico. 

Gulf%of%Mexico%
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4.4. Kneupper Site 

 The Kneupper Midden site was likely created by the Karankawa Indians 

sometime after 500 C.E. (Chris Kneupper, personal communication, March 30, 2013). It 

is located 17.5 km from the Gulf of Mexico in Brazoria, Texas (Figure 27). No previous 

studies have been performed to determine the extent of this midden, and the modern 

homes built atop of it indicate that excavations in the future to establish its boundaries are 

unlikely. The midden site is located approximately 4 m above the San Bernard River (sea 

level), which runs approximately 63 m to the northeast. Two river terraces, each 1 m in 

height, lie between the midden and the river. The bank of the river is approximately 1 m 

in height.   

The San Bernard River runs for approximately 183 km from Austin into the Gulf 

of Mexico (Scheibe, 2010). The Colorado River lies to the south of the San Bernard, and 

the Brazos River to its north. The San Bernard has a history of extreme flooding and, 

during major events, has become flooded by the convergence of water from these two 

larger rivers (Scheibe, 2010). The river has overstepped its banks in at least 13 large 

floods since 1913. The midden at the Kneupper site, then, has been flooded numerous 

times. It has been completely covered by fresh water in at least several of those floods. 

 The sampling site was a fairly planar surface approximately 300 cm from the 

location of a recently built dwelling. The current landowner, Mr. Kneupper, appreciates 

anthropology and archaeology. In order to preserve this portion of the midden, the 

homeowner roped off this portion of the midden during construction of the house (Chris 

Kneupper, personal communication, March 30, 2013). No major structures existed at the 
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site prior to this modern home, so the midden is relatively undisturbed by recent 

anthropogenic activities (Chris Kneupper, personal communication, March 30, 2013).  

 
 

 
 
Figure 27. A Google Earth image of the Kneupper Midden location in Brazoria, Texas. 
The San Bernard River is visible in the top right-hand corner of the photograph. The 
exact outline of the midden cannot be shown, as excavations to determine its dimensions 
have never been performed. The red box indicates where holes were dug in order to 
collect samples. 
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The date range determined for the Kneupper Midden is based upon several pottery 

sherds discovered there (Figure 28). The owner of the property reported finding the 

pottery after a hole was dug for his septic tank, the tank was placed, and the dirt was 

replaced and smoothed. It rained shortly after this process. The construction work and 

subsequent precipitation agitated the buried pottery sherds and brought them to the 

surface, where the property owner noticed and collected them. Due to the temper and 

thickness of the pottery, it was determined to be Goose Creek Pottery dating to after 500 

C.E. (Chris Kneupper, personal correspondence, March 30, 2013). 

 
 

 
Figure 28. Several sherds of pottery discovered by the owner during excavations at his 
home. It was determined to be Goose Creek Pottery dating to after 500 C.E. 

 
 

4.5. Pineland 

 The Pineland Site Complex was built by the Calusa Indians and is located on the 

wetlands of the northern tip of Pine Island, adjacent to the Pine Island Sound (Figure 29; 

Marquardt, 2013). There are several archaeological sites in the complex, some with 
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Figure 29. A Google Earth image showing the location of the Pineland Site Complex. 
Pineland (8LL33) is one midden of several at this site. 
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distinct boundaries and some without: 8LL33 (Pineland), 8LL34 (Pine Island Canal), 

8LL36 (Smith Mound), 8LL37 (Old Mound), 8LL38 (Adams Mound), 8LL757 

(unnamed), and 8LL1612 (Low Mound) (Figure 30; Walker and Marquardt, 2013, p. 53).  

More recent excavations have shown that there are middens underlying the more 

prominent mounds listed above. Citrus Ridge, Surf Clam Ridge, and the buried middens 

within the South, Central, and Northwest Pastures are now also considered to be part of 

8LL33 (Marquardt, 2013). 

 This area of Florida is designated the Caloosahatchee region by archaeologists. 

Habitation at the Pineland Site Complex began during the Late Holocene in 

approximately 50 C.E. – part of the time period known as the Caloosahatchee I cultural 

period (Marquardt, 2013). The samples from this work were found within the Northwest 

Pasture (8LL33). Previous work on the Northwest Pasture at Pineland has dated its time 

of occupation to the Caloosahatchee I and early IIA periods, 500 B.C.E.-500 C.E. and 

500-800 C.E., respectively (Marquardt, 2013; Walker and Marquardt, 2013). The 

particular deposit from which samples for this study were taken has previously been 

dated to approximately 200 C.E. (Karen Walker, personal communication, February 12, 

2013).  
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Figure 30. A map with 0.5 meter contour intervals of the entire Pineland Site Complex. 
The site numbers, e.g., 8LL33, and buildings as of 1992 are shown. North is to the right. 
The numbers on the right and top of the map are a grid system in meters. Map by 
Torrence and Hunter, taken from Walker (2013, p. 55). 
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4.6. Historic Spanish Point 
 

Historic Spanish Point, also known as the Palmer Site 8So2, is located in Osprey, 

Florida (Murphy, 2013). Original excavations established four main archaeological 

components to the site: Hill Cottage Midden (2,500 B.C.E.-500 B.C.E.), Chapel Midden 

(300 B.C.E.-300 C.E.), Shell Ridge (100 C.E.-1,100 C.E.), and Palmer Burial Mound 

(300 C.E.-900 C.E.) (Figure 31; Bullen and Bullen, 1976; Murphy, 2013). More recent 

works, e.g., Kozuch (1998), have purported that the Shell Ridge is actually a westward 

continuation of the Chapel Midden (Ryan Murphy, personal communication, May 27, 

2014). The amendment to the components at Historic Spanish Point would mean there 

were only three middens on the site. The Hill Cottage Midden and the Chapel 

Midden/Shell Ridge were sampled for this study. Historic Spanish Point is located 

directly on Little Sarasota Bay, which connects to the Gulf of Mexico. At their highest 

elevation, the middens at this site reach a maximum of approximately 3 meters above sea 

level.  

 Modern structures on the site have been built with as little destruction to the shell 

mound deposits as possible (Bullen and Bullen, 1976). The site today is a museum owned 

and operated by the Gulf Coast Heritage Association, Incorporated. The site covers 

approximately 30 acres and slight modifications have included paths and several 

roadways (Bullen and Bullen, 1976; Murphy, 2013).  
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Figure 31. A Google Earth image of Historic Spanish Point, also known as the Palmer 
Site (8So2). The archaeological components at Historic Spanish Point are outlined in 
white: the Hill Cottage Midden (2,500 B.C.E.-500 B.C.E.), the Palmer Burial Mound 
(300 C.E.-900 C.E.), and the Chapel Midden (300 B.C.E.-300 C.E.)/ Shell Ridge (100 
C.E.-1,100 C.E.) (Murphy, 2013). Information for the site component overlay was taken 
from Bullen and Bullen (1976) and Kozuch (1998). 
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CHAPTER 5: METHODS IN THE FIELD 
 
 
5.1. Galveston Island and Follets Island 
  
 Galveston Island and Follets Island were visited in November of 2013 with the 

purpose of collecting modern analogues for this study. Modern shell samples were not 

gathered at the four midden locations for a number of reasons. No modern specimens 

were sampled at the Pineland Site Complex, because the author of this study was not able 

to physically visit the site. At Historic Spanish Point, a large number of midden shells lie 

uncovered on the surface. Therefore, living shellfish would have had to be collected in 

order to ensure the collection of modern specimens for comparison. It was hoped that 

living specimens could be found in Little Sarasota Bay, the body of water on which 

Historic Spanish Point is located. Unfortunately, Midnight Pass, the bay’s outlet to the 

Gulf of Mexico, had been closed in December of 1983 (Morrill and Herbert, 1990). 

Pollution then built up within the bay, and salinity and circulation currents were 

drastically altered. As a result, essentially the entire shellfish population of the bay was 

killed (Morrill and Herbert, 1990). The remnants of a dead oyster bed were visible in a 

small inlet at the site, but it was not safely accessible to the researcher (not the smallest 

reason being the numerous alligators seen swimming there). No living specimens could 

be found.  

Modern specimens were also not able to be collected at the Kneupper and Sea 

Rim Midden sites. Several of the midden shells at these locations were indistinguishable 

from recent shells with the naked eye. Thus, an uncovered midden shell on the surface 

could have been collected and incorrectly assumed to be a modern organism. Again, a 
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solution for this conundrum would have been to collect living shellfish, but no living 

organisms could be found.  

Due to their relatively close proximity to the sampling locations and, similar to 

the midden sites, primary siliciclastic mineralogy, seven sites on Galveston Island and 

Follets Island were visited to collect modern samples.  Five stops were made on 

Galveston Island and two on Follets Island. Shells were only able to be collected at five 

of the seven stops, i.e., shells could not be collected at two of the Galveston sites. Three 

of the successful sampling stops were located in Galveston, Texas, and two were located 

to the south in Freeport, Texas, and Surfside Beach, Texas (Figure 32). Freeport and 

Surfside Beach are located on Follets Island, whereas Galveston is located on the 

eponymous island.  
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Figure 32. Google Earth image of the five sampling sites in Galveston (1-3), Freeport (6), 
and Surfside Beach (7), Texas. The site locations are indicated by a yellow circle with a 
red rim, and the corresponding number in white is the given stop number. 
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5.1.1. Fort San Jacinto Historic Point, Galveston, Texas (Stop 1) 
 
 The first site visited was located at the northern end of Galveston Island  

(Figure 32). This beach was siliciclastic in nature and had approximately 4-5 cm of shell 

and shell hash accumulated over the sand (Figure 33). Shells at this beach were selected 

for their size and approximate completeness. The samples utilized from this site were two 

samples of R. cuneata and two samples of C. virginica. 

 

 
Figure 33. A photograph demonstrating the shell density at Fort San Jacinto Historic 
Point. The trowel blade, shown for scale, is facing north and is 16 cm long from shovel 
point to end point. 
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5.1.2. East Beach, Galveston, Texas (Stop 2) 
 
 The second stop within Galveston was East Beach (Figure 32). The beach was 

covered with fine-grained siliciclastic sand grains and had sparse shell density (Figure 

34). Shell specimens were chosen, again, based on wholeness and size. 

 

 
Figure 34. Picture demonstrating shell sparsity on East Beach in Galveston, Texas. The 
surf is on the right side of the photo, and the shovel is facing north. The trowel shown for 
scale is 36 cm long from the tip of the blade to the end of the handle. 
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5.1.3. The Seawall, Galveston, Texas (Stop 3) 

Stop 3 was located just south of Pleasure Island Pier at the Seawall in Galveston. 

The beach sand was siliciclastic at this stop.  One sample of Busycon spp. from this site 

was used to create the thin section of a modern example of this species (Figure 35).  

 
Figure 35. An example of a modern sample of Busycon spp. found along the beach. 
Shells were collected from their placement along the sand. The trowel, shown for scale, is 
facing is pointing north and is 36 cm long from the tip of the blade to the end of the 
handle. 
 
 
5.1.4. 29°03’23.5” N, 95°08’36.9’ W, Freeport, Texas (Stop 6) 

 Stop 6 was located just southwest of San Luis Pass on Follets Island. There were 

numerous shell specimens collected from this beach for use as modern analogues. Several 

samples of C. virginica, two fragments of Busycon spp., and one whole shell sample of 

Rangia flexuosa (of the same genus as R. cuneata) were collected here. 
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5.1.5. Surfside Beach, Surfside Beach, Texas (Stop 7) 

The jetty located at Surfside Beach in Surfside Beach, Texas provided an 

excellent sampling location (Figure 36). Sizeable piles of shells collected between large 

boulders. Specimens of R. flexuosa, A. irradians, C. virginica, and an unknown species of 

the genus Argopecten were collected at this location. 

 
Figure 36. A picture of the jetty at Surfside Beach in Surfside, Texas, where most of the 
shells at this stop were collected. Note the piles of shells in between the boulder-sized 
clasts. The trowel in the foreground is 36 cm long. 
 

5.2. Sea Rim State Park – Midden 41JF47  

Midden 41JF47 is located approximately 5.7 km from the coastline of the Gulf of 

Mexico within Sea Rim State Park in Jefferson County, Texas. A research proposal was 

sent to the Texas Parks and Wildlife Department (TPWD) to obtain permission to work at 
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the site and collect samples for analysis. Permission was granted, and the site was visited 

in June of 2013. Digging on state land without a certified cultural resource monitor or 

archaeologist is an antiquities violation, and only the person with those credentials may 

actually dig. Therefore, Ruth Mathews, an archaeologist and the TPWD’s Cultural 

Resource Coordinator, oversaw all work.  

Bordered to the south by a saline lake and to the west by a bayou, the midden 

sampled at Sea Rim State Park is completely inaccessible by land (Figure 37). A small, 

flat-bottomed boat with a motor is necessary for the difficult traverse through small 

bayous and lakes to gain access to the midden location. After landing at the appropriate 

location, bivouacking through dense vegetation commenced. Whereas it was surrounded 

by coarse vegetation, the midden, itself, was relatively free of plant life. 

 Midden 41JF47 is oval in shape, being approximately 26 m long and 10 m wide 

(Figure 37). These dimensions are not based upon previous excavations, but upon 

obvious demarcations created by slight elevation variation (less than 0.5 m) and 

vegetation differences on and around the midden. The mound elevation is approximately 

1 m above sea level at its highest point.  

The only shellfish species discovered at this site was R. cuneata. The presence of 

this singular species indicates that the environment of the midden at the time of 

occupation was likely estuarine, as it is today (LaSalle and de la Cruz, 1985; Wern, 

1993). Digging at this midden reached depths of up to 55 cm at maximum before the 

water table was reached and forced a cessation of further digging. The entire extent of the 

midden was predominantly shell with smaller amounts of siliciclastic sediment and 
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numerous fractured shell pieces. The midden, therefore, was likely a site where 

occupation continued over a number of years.  

 

 
Figure 37. Google Earth image showing the midden 41JF47 at Sea Rim State Park. The 
midden, which is approximately 26 meters long and 10 m wide, is overlain with a white 
transparency. The midden is located approximately 5.5 km north of the Gulf of Mexico. 
The body of water in the image is a brackish lake with an outlet to the Gulf of Mexico, 
which lies approximately 2 km south of the lake’s southern shoreline. The yellow circles 
with red rims indicate the hole locations dug within the midden. 

 

Two holes were dug in order to gather samples. Hole 1 was located at the 

approximate center and apex of the midden’s elevation, whereas hole 2 was located 

approximately N55°W of hole 1 at the midden’s edge (Figure 37). The shovel fillings 

from each hole were sifted through during digging in order to collect any archaeological 

artifacts (Figure 38). 

N"

26.5"m"

Hole"1"
Hole"2"
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Figure 38. Sifting through the shovel pilings from hole 1 at midden 41JF47 in Sea Rim 
State Park. This step is undertaken to ensure no archaeological artifacts are discarded 
with excess sediment. Note the thick difference in vegetation growing on and 
surrounding the midden. Picture taken facing N61°W. 

 
 
5.2.1 Sea Rim Hole 1 (41JF47-1) 
 
 The location of hole 1 at midden 41JF47 (41JF47-1) was chosen due to its 

position at the midden’s peak and due to the fact that it was relatively barren of all 

vegetation (Figure 39). It was located approximately 60 meters from the shoreline of the 

brackish lake to the south of the midden. The surface of 41JF47-1 was approximately 1 

meter above sea level and was chosen as the datum for this hole. 



 83 

 

 
Figure 39. Photographs of the top (A) and bottom (B) of hole 1 at Sea Rim State Park 
demonstrating midden homogeneity, shell stacking, and shell fragment presence. The 
liquid at the bottom of the hole in photograph B indicates that the top of water table has 
been reached. 
 
 

The entire depth of this hole, which had a diameter of 40 cm, was filled with dark 

brown-black soil and siliciclastic sediment. R. cuneata shells and their fractured pieces 

were stacked in direct contact for the entire depth of the hole. Sediment became 

increasingly wetter, until the water table was reached at 55 cm and water pooled in the 

bottom of the hole. Shells continued deeper, but digging could continue no further at this 

point. Due to the homogeneity in midden stratigraphy, shells and sediment were sampled 

randomly at 10 cm intervals from the datum at the surface of the midden (Table 4). The 

Baytown Plain pottery that provided an approximate age for this midden (100 B.C.E.-

1000 C.E) was discovered between 10-20 cm below the datum.  

 

 

 

A" B"
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Sample Bag Designation Depth from Datum (cm) 
41JF47-1-1 0-10 
41JF47-1-2 10-20 
41JF47-1-3 25-30 
41JF47-1-4 30-40 
41JF47-1-5 40-50 
41JF47-1-6 50-55 (water table at 55 cm) 

Table 4. The depth ranges and sample bag designations from the datum associated with 
sample collection for hole 1 at 41JF47. 
 
 
5.2.2. Sea Rim Hole 2 (41JF47-2) 
 
 The location for the second hole at Sea Rim State Park (41JF47-2) was chosen 

due to its location near the edge of the midden (Figure 40). A water channel was located 

next to this portion of the midden, had been there for many years, but it had recently been 

cut off (Ruth Mathews, personal communication, June 17, 2013). The surface of 41JF47-

2 was situated approximately 13 cm below 41JF47-1, and the top of the hole was chosen 

as the datum. 

 
Figure 40. Hole 2 dug at the Sea Rim State Park midden. The depth of the hole is 42 cm. 
The water table was breached at this hole, as well. 
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 Within 41JF47-2, there were numerous pieces of decorated pottery and animal 

bone. R. cuneata shells were mostly fragments at the surface with the number of whole 

specimens increasing with depth. The hole was dug to a diameter of approximately 40 

cm, and the water table was breached at 42 cm. Shells continued down below the water 

table, indicating that the water table was likely lower in the past or subsidence has 

occurred. Again, due to the homogeneous nature of layering within the midden, sampling 

was performed at 10 cm increments from the datum at the midden’s surface down to the 

water table at 42 cm (Table 5).   

Sample Bag Designation Depth from Datum (cm) 
41JF47-2-1 0-10 
41JF47-2-2 10-20 
41JF47-2-3 20-30 
41JF47-2-4 30-42 (water table at 42 cm) 

Table 5. The depth ranges from the datum associated with sample collection bags for hole 
2 at 41JF47. 
 
 
5.3. Kneupper Site 

 Fieldwork was conducted at the Kneupper site in March of 2013. Sampling of the 

midden this location took place atop a river terrace and a minimum of 110 cm from the 

edge of a modern home. Surface shells were collected, and four holes were dug to gain 

access to buried shells (Figure 41). A stake 1x2x18 inches was placed in the center of 

each hole when digging in order to measure the distance between each hole and record 

the datum at the surface of each hole (Figure 42). All distances given from holes are in 

relation to the stake at their centers. A number of trees stood not far from the sampling 

location, and their roots were present in the dig area. 
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Figure 41. A Google Earth image of the Kneupper site annotated with the hole locations 
(shown in white). Holes are not to scale. The San Bernard River lies 63 m from holes 1 
and 2 in the direction of the bottom of the picture. Two river terraces, each stepping down 
1 meter, lie between the two holes and the river. Hole locations are approximate. 
 
 
 

 
Figure 42. A photograph of holes 3 (foreground) and 2 (next to field assistant) taken 
facing the San Bernard River and with the house and lattice to the right (N75°E). Note 
the stakes in the ground used to measure to the center of each hole. Field assistant for 
scale is approximately 1.8 m tall. 
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The Kneupper Midden was not very thick, appearing in discrete lenses of several 

shells between thick layers of siliciclastic sediment and soil. Due to the small number of 

shells within this midden, it was most likely only occasionally visited and inhabited, 

perhaps seasonally and certainly not annually. As such, it can be inferred that the lateral 

extent of this midden is also quite limited. All of the shells discovered within this midden 

were of the species R. cuneata, which is unsurprising due to its distance 17.5 km from the 

coastline. 

5.3.1. Hole 1 (Kneupper-1) 

 Hole 1 at the Kneupper site (Kneupper-1) was dug to approximately 48 cm in 

diameter (Figure 43). It was dug approximately 300 cm from lattice that connected with 

the home on the location. The few shells discovered within Kneupper-1 were buried 17 

cm from the datum at the hole’s surface (Table 6). The shells were surrounded by dark 

brown-black siliciclastic sediment.   

 

 
Figure 43. Figure A shows a picture of the side of hole 1 at the Kneupper Midden. Figure 
B shows an overview of hole 1, with a 36 cm-long trowel used for scale. Note the sparse 
density of shells at this midden site. 

A"

B"
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Sample Bag Designation Depth from Datum (cm) 

Kneupper-1-1 17 
Table 6. The depth from the datum at which shells were found in hole 1 at the Kneupper 
Midden. 
 
 
5.3.2. Hole 2 (Kneupper-2) 

 The second hole dug at the Kneupper site (Kneupper-2) lay between Kneupper-1 

and the lattice, from which it was 246 cm and 110 cm, respectively. Shells were found 

within this hole at several depths, along with an iron nail close to the surface of the hole 

(Table 7). The iron nail in this hole indicates that it may have been slightly disturbed at 

some point. The shells found within this hole were chalkier in appearance, and there was 

a small amount of caliche visible proximal to the shells (Figure 44). 

 
 

 
Figure 44. A photograph of hole 2 at the Kneupper site. The shells are 17 cm from the 
surface datum. There is a slight amount of caliche precipitated around the shell. The 
trowel shown for scale is 36 cm long. 
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Sample Bag Designation Depth from Datum (cm) 
Kneupper-2-1 1 
Kneupper-2-2 7 
Kneupper-2-3 17 

Table 7. The depth from the datum at which shells were found in hole 2 at the Kneupper 
Midden. 
 
 
5.3.3. Hole 3 (Kneupper-3) 

 Kneupper-3, or hole 3, dug at the Kneupper Midden site lay to the southwest of 

Kneupper-2, approximately 123 cm from the side of the house. Shells were found at five 

depths in this hole (Table 8). The shells were commonly in contact with one another, and 

there were many roots among the shells (Figure 45). 

 
Sample Bag Designation Depth from Datum (cm) 

Kneupper-3-1 2-4 
Kneupper-3-2 8-10 
Kneupper-3-3 11-14 
Kneupper-3-4 14 
Kneupper-3-5 20 

Table 8. The depth from the datum at which shells were found in hole 3 at the Kneupper 
Midden. 
 
 

 
Figure 45. A photograph of several nested shells 13 cm down from the surface in hole 3 
at the Kneupper. The shells were extremely sparse in this midden pile. The trowel blade 
for scale is 16 cm long. 
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5.3.4. Hole 4 (Kneupper-4) 
 
 Hole 4 (Kneupper-4) was dug 375 cm from the house and 215 cm from 

Kneupper-3 (Figure 46). The shells in this hole were extremely sparse. Shells were found 

at two depths within this midden and were surrounded by the dark sediment present in the 

other three holes (Table 9).  

 
Figure 46. A photograph taken facing approximately S10°E. Hole 4 is in the foreground. 
Hole 3 is next to the field assistant, who is approximately 1.8 m tall. 
 
 

Sample Bag Designation Depth from Datum (cm) 
Kneupper-4-1 3-6 
Kneupper-4-2 9.5 

Table 9. The depth from the datum at which shells were found in hole 4 at the Kneupper 
Midden. 
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5.4. Pineland (8LL33) 
 
 At the time of this work, there were no ongoing excavations at the Pineland Site 

Complex in Pineland, Florida. Therefore, permission could not be obtained to collect 

samples for this study. Dr. Karen Walker, of the Florida Museum of Natural History, was 

willing to provide 12 clumps of concreted midden material from the museum’s 

collections (Figure 47). The samples had been excavated in 2001 from a 50x50x10 cm 

area located within the Northwest Pasture (8LL33) of the Pineland Site Complex (Figure 

48). The concreted portion of this midden from which these samples were taken is 

located approximately 1.5 meters below present ground day surface, which stands at 

modern day sea level (Karen Walker, personal communication, February 13, 2013).  

 
Figure 47. A photograph of several of the Pineland samples sent by Dr. Karen Walker. 
The shells (white) are held in place by a hardened matrix (black). 

7"cm"
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Figure 48. A Google Earth image depicting the approximate location of the samples 
gathered (yellow dot with red outline) from mound 8LL33. The exact dimensions of this 
particular midden have never been determined, because the midden is buried under 
sediment (Marquardt, 2013). 
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5.5. Historic Spanish Point 

 Permission to sample at Historic Spanish Point was obtained from the curator of 

the site at the time of excavations, Ryan Murphy. Work commenced in May of 2013. 

Five holes were dug into two middens in order to collect samples for analysis. A sixth 

location, a concretion located on the beach proximal to the Chapel Midden portion of the 

Chapel Midden/Shell Ridge, was also sampled (Figure 49).  

In order to maintain the integrity of the undisturbed portions of the shell mounds 

at this site, four of the five midden sampling faces were created in the same locations as 

the major archaeological digs completed by Bullen and Bullen in 1959 (Bullen and 

Bullen, 1976). Fresh midden shells were required for analysis. Therefore, permission was 

granted to dig into undisturbed midden at these sites until an intact profile of shell 

material could be seen and gathered.  

Only the last midden location sampled for this study had not been previously dug 

by Bullen and Bullen in 1959. This location was excavated in 2012 with the intent of 

building a handicap ramp to a recently-added tree house exhibition for the museum. The 

digging exposed a prehistoric fire pit. The proposed ramp had not yet been built when 

sampling began for this study, and thus samples were collected from the pit, as well.  

At each hole dug, samples were taken at stratigraphic boundaries within the 

exposed face, such as an increase in soil density or exposed shell material. If no obvious 

change occurred over a vertical distance of greater than approximately 20 cm, the section 

was divided. Sample bag designations were given based upon the sequence in which 

samples were collected. For all holes, distance from vertical exposure, i.e., depth from the 

datum at the top of the profile, and horizontal exposure, i.e., distance from the edge of the 



 94 

material that had fallen into the holes (termed the “slump”), after the 1959 excavation, 

were recorded. 

 

 
Figure 49. Google Earth image of the locations sampled for this study (yellow dots with 
red outline) at Historic Spanish Point. 
 
 
5.5.1. Chapel Midden/Shell Ridge 
 
 After visiting and remapping the locations for this work, it was noted that the 

Bullen and Bullen’s (1976) original assumptions regarding the placement of their sample 

sites within the Chapel Midden/Shell Ridge were incorrect. The Bullen team had only 

hand-drawn maps, most created by them, on which to locate their work. Today, satellite 

imagery and modern technology were used to more accurately pinpoint the sampling 

locations. Three sites within this midden were re-excavated for this study (Figure 50). No 
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other excavations had been performed on the property in the vicinity of these locations, 

so the re-examined pits could not have been from another study. 

The dates obtained in 1960 for Bullen and Bullen’s (1976) work have also 

recently been proven to be incorrect. More recent radiocarbon dates and pottery 

discovered were utilized to determine a time period of 300 B.C.E. to 300 C.E. for the 

building of the Chapel Midden portion and 100 C.E. to 1,100 C.E. for the Shell Ridge 

portion of this midden (Murphy, 2013). While their locations and dates were incorrect, 

Bullen and Bullen’s observations should not be discounted. 

 

 
Figure 50. The location of the three sites sampled in the Chapel Midden/Shell Ridge. 
 
 
5.5.1.1. Historic Spanish Point Hole 1 (HSP-1) 
 

Bullen and Bullen’s (1976) original excavation at this location took place in 1959. 

Two, perpendicular wall faces, a 152 cm north profile and a 152 cm east profile, were 

dug to a depth of 152 cm (Bullen and Bullen, 1976). At the time of this location’s 

reexcavation, the former hole was merely a slight depression in the ground. Work for this 

study involved digging out the slump filled in since 1959, and then continuing to dig back 
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into undisturbed midden until a previously unexposed shell face could be fully revealed 

(Figure 51).  

The newly dug profile was 47 cm across at the top and narrowed to 36.5 cm 

across at the bottom. It was dug to a depth of 126 cm (Figure 52). Sample bags were 

given numbers based upon the sequence of collection (Table 10).  

During sampling, a thick fragment of pottery was discovered at a depth between 

92-100 cm from the datum (Figure 53). The pottery was sand-tempered and most likely a 

portion of the rim from a shallow bowl. There was no residue on the inside of the sherd, 

indicating that it was not used for cooking. Due to these characteristics and a thickness 

greater than 1 cm, the rim sherd was most likely created in approximately 400 C.E. (Ryan 

Murphy, personal communication, May 16, 2013). This date and depth matches with the 

more recent date range determined for the Shell Ridge portion of the Chapel 

Midden/Shell Ridge midden. 
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Figure 51. Photograph of HSP-1 excavations into the Chapel Midden. The extent of the 
tape unrolled is 140 cm. The trench height is 126 cm. The bearing looking into the cut 
face is S62°E. 
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Figure 52. Sampling designations and layer descriptions for HSP-1. 
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Sample Bag 
Designation 

Depth from Datum (cm) Average Distance from Horizontal 
Exposure (cm) 

HSP-1-1 0-19 1.5 
HSP-1-2 19-36 5 
HSP-1-3 36-58 15.5 
HSP-1-4 58-72 38 
HSP-1-5 72-82 54 
HSP-1-6 82-92 56 until ground surface at 83 cm vertical 

depth, then below ground surface 
HSP-1-7 92-100 below ground surface 
HSP-1-8 100-113 below ground surface 
HSP-1-9 113-126 below ground surface 

Table 10. The sample designation numbers, their depth range from the datum, and their 
distance from horizontal exposure are listed for HSP-1. 
 
 

 

 
Figure 53. This pottery sherd was found buried 92-100 cm deep in HSP-1. It is 
approximately 1 cm thick and is sand tempered. It is most likely a rim from a shallow 
bowl created in approximately 400 C.E. 
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5.5.1.2. Historic Spanish Point Hole 2 (HSP-2) 
 

Only a slight depression remained of the original 213.4 cm wide by 320 cm deep 

trench dug at the location of HSP-2 (Figure 54). HSP-2 was approximately 1.5 meters 

lower than HSP-1. Digging back to undisturbed shells at this location was made slightly 

more difficult by a large tree root cutting through the section. There were numerous roots 

creating bioturbation throughout the extent of the profile.  

The stratigraphy at HSP-2 was not quite as distinct as that at HSP-1. Therefore, 

samples were taken at arbitrary 20 cm intervals from 46-146 cm below the datum (Figure 

55; Table 11). Shells throughout this section were stacked in direct contact with one 

another with very little sediment between them (Figure 56). 

 

 
Figure 54. The black square indicates the cut face of HSP-2 in the Chapel Midden/Shell 
Ridge at Historic Spanish Point. The arrow pointing into the face strikes directly south. 
HSP-2 is 140 cm in height and 31 cm in width. 
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Figure 55. Sampling designations and layer descriptions for HSP-2. 
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Sample Bag 
Designation 

Depth from Datum (cm) Average Distance from Horizontal 
Exposure (cm) 

HSP-2-1 0-24 1 
HSP-2-2 24-46 1 
HSP-2-3 46-60 5.5 
HSP-2-4 60-80 27.5 
HSP-2-5 80-100 50 until ground surface at 88 cm vertical 

depth, then below ground surface 
HSP-2-6 100-120 below ground surface 
HSP-2-7 120-140 below ground surface 

Table 11. The sample numbers from HSP-2 in the Chapel Midden. The depth range from 
the datum and the average distance from horizontal exposure are also listed. 
 
 
 

 
Figure 56. A photograph of the bottom 29 cm (111-140 cm depth from datum) of HSP-2. 
Note the abundance of C. virginica shells stacked in direct contact with very little 
interstitial sediment. 
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5.5.1.3. Historic Spanish Point Hole 3 (HSP-3) 
 

The original profile dug by Bullen and Bullen (1979) in 1959 was 152.3 cm east x 

152.3 cm south x 167.6 cm deep. An abundance of material had slumped back into the 

trench after those excavations, and the first step of this work was removing the displaced 

shells and sediment. After the slump was dug through, the midden was dug into in order 

to reveal a fresh, layered face that had never before been exposed. 

The new trench face dug at HSP-3 was 35 cm across at the top and 91 cm deep 

(Figure 57). There were many shell fragments and a lot of dirt within the midden at this 

location (Figure 58). The layer pattern was not quite as evident in this location as in some 

of the other holes, and, thus, samples were taken at 10 cm increments (Table 12).  
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Figure 57. Sampling designations and layer descriptions for HSP-3. 
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Figure 58. A portion of the profile sampled from HSP-3 buried 50-81 cm beneath the 
datum. Note the abundance of shell fragments and sediment surrounding the whole shells. 
 
 

Sample Bag 
Designation 

Depth from Datum (cm) Average Distance from Horizontal 
Exposure (cm) 

HSP-3-9 1-11 7 
HSP-3-8 11-21 20 
HSP-3-7 21-31 30.5 
HSP-3-6 31-41 33.5 
HSP-3-5 41-51 40 until ground surface at 44 cm vertical 

depth, then below ground surface 
HSP-3-4 51-61 below ground surface 
HSP-3-3 61-71 below ground surface 
HSP-3-2 71-81 below ground surface 
HSP-3-1 81-91 below ground surface 

Table 12. A list of the sample numbers from HSP-3, their depth from the datum, and their 
distance from horizontal surface exposure. 
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5.5.2. Hill Cottage Midden 

 The Hill Cottage Midden is the oldest structure at Historic Spanish Point. It was 

constructed between 2,500-500 B.C.E (Murphy, 2013). Two locations within this midden 

were sampled: a trench previously excavated by Bullen and Bullen in 1959 and a fire pit 

uncovered in 2012 (Figure 59). This midden is technically properly termed a “shell ring,” 

due to its horseshoe-like shape (Murphy, 2013, p. 1). Shell rings are believed to be one of 

the earliest forms of pre-Columbian architecture, as their shape is thought to have been 

purposefully constructed (Murphy, 2013). A small, freshwater spring and pond are 

located at the center of the Hill Cottage Midden, making it an excellent location for 

habitation (Figure 60).  

 
Figure 59. A Google Earth image of the location of the two excavations (yellow dots with 
red outline) into the Hill Cottage Midden. 
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Figure 60. A contour map of the Hill Cottage Midden at Historic Spanish Point showing 
the two excavations for this study. The trench, as dug by Bullen and Bullen in 1959, is 
designated by A, and the approximate location of the fire pit, uncovered in 2012, is 
designated by B. Adapted from Bullen and Bullen (1976). 
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5.5.2.1. Historic Spanish Point Trench (HSP-T) 
 
 The original large trench dug by Bullen and Bullen (1976) in 1959 was the largest 

excavation completed by them. It was a 365.8 x365.8 cm test carried out to slightly below 

the water table, which was reached at a depth of 365.8 cm (Figure 60; Bullen and Bullen, 

1976). At its lowest depth, the trench decreased to 121.9 x121.9 cm. The trench consisted 

of a south, east, and north profile, and, in order to carry away excess debris from the 

excavations, a narrow cutout was dug to the west. It is believed by this researcher that the 

cutout has allowed for easier access of seawater to the sides of the trench since the time 

of their excavations, as it is approximately 2.4 meters below the actual surface elevation 

of the midden at its highest point.  

 The extent of the trench at the time of sampling for this study remained largely 

the same (Figure 61). The material that had slumped into the trench’s center was 

removed, and a profile was cut back slightly farther back into the midden so as to expose 

previously-undisturbed, intact midden (Figure 62). Samples were collected from 

stratigraphic layers within the trench. (Figure 63; Table 13). Shell samples were also 

collected from within the slump, to determine if slump material was more diagenetically 

altered than unexposed shell matter. Additionally, large, approximately 10-20 cm, 

concretions of hardened matrix and shell material were collected from the slump (Figure 

64).  

At approximately 53.5 cm depth, an 8.5 cm tall nodule was discovered. It was 

pale orange in color and extended approximately 9 cm back into the midden (Figure 65). 

The horizontal extent of the nodule could not be determined, as it continued S80°W 



 109 

behind unremoved slump material. It crumbled upon attempting sampling, but pieces 

were able to be collected for analysis by XRD (sample 141). 

 

 

 
 
Figure 61. A map plan of the trench excavated from the Hill Cottage Midden. The pit 
excavated by Bullen and Bullen in 1959 is overlain with purple. The trench face (HSP-T) 
is indicated in the schematic and is 102 cm wide. The ocean lies approximately 9 m to the 
S80°W of the trench. The area surrounding the trench (shown in white above) is 2.4 
meters above the floor of the trench at its highest point, so water has a direct, route to the 
face during flooding due to the excavation. 
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Figure 62. The 210 cm vertical expanse of the trench excavations of the Hill Cottage 
Midden at Historic Spanish Point. The ground in the sunspot in the bottom right-hand 
corner of the picture is horizontal ground. This picture was taken facing N10°W. While it 
is difficult to see due to the abundance of sediment, the thickness of shells continues 
unabated throughout the vertical extent of this section. 
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Figure 63. The sample bag designations and layer characteristics for HSP-T at Historic 
Spanish Point. 
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Sample Bag 
Designation 

Depth from Datum (cm) Average Distance from Horizontal 
Exposure (cm) 

HSP-T-17 7-17 6 
HSP-T-16 17-31 7.5 
HSP-T-15 31-47 13 
HSP-T-14 47-57 21 
HSP-T-13 57-67 27 
HSP-T-12 67-77 29 
HSP-T-11 77-87 28.5 
HSP-T-10 87-102 30.5 
HSP-T-9 102-115 42 
HSP-T-8 115-123 59.5 
HSP-T-7 123-135 75 
HSP-T-6 135-149 90.5 
HSP-T-5 149-159 103.5 
HSP-T-4 159-169 109.5 
HSP-T-3 169-183 122 
HSP-T-2 183-190 133 until ground surface at 185 cm 

vertical depth, then below ground surface 
HSP-T-1 190-207 below ground surface 

HSP-T-13-14 53.5-62 24 
HSP-T-S NA, taken from slump NA, taken from slump 
HSP-T-C NA, taken from slump NA, taken from slump 

Table 13. The samples collected from HSP-T, their range of depth from the datum, i.e., 
vertical exposure, and their average distance from horizontal exposure. 
 

 
Figure 64. The concretions: hardened matrix and shell material collected from the slump 
of the trench. 
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Figure 65. A photograph of the large, soft nodule (sample 141) that was buried 53.5 cm 
below that datum in the trench. The nodule was 8.5 cm tall and extended approximately 9 
cm back into the shell midden. Its sample bag was HSP-T-13-14.  
 
 
5.5.2.2. Historic Spanish Point Fire Pit (HSP-FP) 
 

When digging a hole for a handicap ramp to an exhibit in 2012, workers 

discovered a fire pit adjacent to the museum path (Figure 60; Figure 66). This hole was 

deemed (HSP-FP). A new face was not able to be constructed via deeper excavation in 

HSP-FP due to the proximity of the path, which can already be seen caving in at the 

excavation site in Figure 66. As such, samples were dug out a maximum of 8 cm into the 

profile. Most were collected between 3-8 cm from the side surface (sampled side in 

Figure 67) left exposed when the hole was dug in 2012. Samples were taken from ranges 

based upon midden layering in the exposure surface. (Figure 68; Figure 69; Table 14). 
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Figure 66. A) Photograph taken facing N85°W of the ditch excavated in 2012 to create 
the ramp to the tree house exhibit. Upon excavation, a fire pit was discovered on the 
southeast side of the cutout. It is the one face of the box not visible in this photograph, as 
it is closest to the photographer. The ocean lies at the top of the image. The wooden 
planks behind the pit were used to cover the pit after digging. B) A photograph taken 
facing S85°E of the face of the fire pit (HSP-FP). The pathway can be seen clearly on top 
of the cut face in this image. The trowel used for scale in both images is 36 cm long. 
 
 
 

 
Figure 67. Schematic A is a cross-section of the fire pit excavation from 2012 and its 
distance to the ocean (indicated by sea level). Schematic B is a map view of the initial 
excavation. The scale in B is two times that of figure A. The surface sampled for this 
study is indicated in orange. 
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Figure 68. A schematic of the face of HSP-FP from which samples were taken for 
analysis. The 0 level, corresponding with the top of the shell path, is the datum. The blue 
arrows and corresponding numbers are the sample designations. The width of the pit is 95 
cm.  
 
 

 
Figure 69. Photographs A and B are the same image, but photograph B is annotated. 
Photograph A shows the density of shell stacking within the fire pit. The carbon mixture 
from burning can be seen in the bottom right hand corner of the photo (indicated by an 
orange overlay in photograph B). The green layer in photograph B is the constructed shell 
path, from which no shells were collected. The blue layer corresponds in photograph B 
with the layer described as “oysters, scallops, and a few conch layer” in Figure 68. 
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Sample Bag 
Designation 

Depth from Datum (cm) Average Distance from Horizontal 
Exposure (cm) 

HSP-FP-1 32-42 5.5 
HSP-FP-2 23-32 5.5 
HSP-FP-3 14-23 5.5 
HSP-FP-4 2-14 5.5 
HSP-FP-5 32-42 5.5 
HSP-FP-6 23-32 5.5 
HSP-FP-7 11-23 5.5 
HSP-FP-8 2-11 5.5 
HSP-FP-9 32-42 5.5 
HSP-FP-10 23-32 5.5 
HSP-FP-11 18-23 5.5 
HSP-FP-12 12-18 5.5 
HSP-FP-13 2-12 5.5 

Table 14. The samples collected from HSP-FP, their range of depth from the datum, i.e., 
vertical exposure, and their average distance from horizontal exposure. Due to the path 
above it, digging into the already-excavated pit to create a fresh surface could not occur. 
Thus, all samples were collected a maximum of 8 cm into the profile, with most collected 
from between 3-8 cm from the original side exposure. 
 
5.5.3. Beach Concretions (HSP-B) 
 
 A formerly-unidentified, concreted deposit was sampled from the beach at 

Historic Spanish Point (Figure 70). The beach concretion was actually made up of several 

large concretions, one of which was approximately 290 cm across and 13 cm thick, lying 

atop a very fine sand beach (Figure 71A). The concretions were red in color and 

cyclically covered by water and subaerially exposed with the changing tides. They were 

made up of a hardened matrix and interspersed shell material, which was most likely 

from the Chapel Midden portion of the Chapel Midden/Shell Ridge directly adjacent to 

the beach concretions (Figure 71B and 71C). There was a distinct line of water running 

the entire distance between the concretions and a spring located approximately 54 meters 
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away within the Chapel Midden. Samples were collected for analysis by hammering 

pieces off the larger concretion on the beach (Figure 72). 

 

 
Figure 70. Google Earth image of the location of the beach concretions (shown in yellow 
with red outline) sampled at Historic Spanish Point. 
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Figure 71. Photographs of the beach concretions at Historic Spanish Point. The beach is 
exposed at low tide and covered by sea water at high tide, so these concretions are 
cyclically covered by water and subaerially exposed. The shells clearly visible within the 
hardened matrix of the beach concretion are most likely from the Chapel Midden portion 
of the Chapel Midden/Shell Ridge that abuts the beach. The concretions lie directly atop 
of siliciclastic, very fine sand-sized sediment. In Figure 71A, the hammer for scale is 28 
cm long. North is towards the right of the photograph, and marine waters from the bay 
can be seen at the top of the photograph. Photographs B and C are identical, but B is 
annotated. The orange is the overhanging Chapel Midden present abutting the beach 
where the concretions exist. The green overlies dead, deposited vegetation, most likely 
marsh grass. The concretion has been left uncolored, and the water is colored blue. Only 
approximately 0.5 m of beach is present in this photograph. The small trowel with the red 
handle is 36 cm long; it is vertical in this image to indicate the overhang of the midden. 
North is towards the top of the photograph. 
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Figure 72. Photographic images of the concreted sample material collected from the 
beach at Historic Spanish Point. Shell pieces (white) are visible within a hardened, red 
matrix. 
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CHAPTER 6: LABORATORY METHODS 
 
 
6.1. Hand Sample Analysis 
 
 The overall characteristics of 114 shells were observed and catalogued prior to 

their being ground for analysis via X-Ray Diffraction (XRD). Shell quality was evaluated 

for midden-derived shells and modern shells, the latter in order to have a modern 

analogue for each species as a baseline of likely values prior to deposition and burial. 

Sample numbers indicated are those given for XRD analysis. There were seven qualities 

evaluated per shell valve: height (H), width (W), internal surface weathering, external 

surface weathering, borings (internal, external, or both), color bleaching, and edge 

erosion. In order to maintain consistency throughout evaluation, the categories created for 

each quality were clearly defined. All categories were judged independently of one 

another for each shell. For concretions, a physical description, such as color, size, and 

friability were recorded. 

6.6.1. Height (H) and Width (W) 
 
 Height and width have specific parameters for species within the classes 

gastropoda and bivalvia. For gastropods, such as S. pugilis and Busycon spp., the height 

is measured as the distance between the tip of the shell (apex) and the termination of the 

siphonal notch at the end of the columella, and width is the greatest distance, excluding 

spines, measured perpendicular to the height (Figure 73; O’Dea et al., 2014, p. 3). There 

are three main dimensions traditionally used to categorize bivalves: height, length, and 

width (Galtsoff, 1964, p. 18). Height is the measurement between the umbo and the 

opposite shell margin. Length is the amount of space between the anterior and posterior 
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margins measured perpendicular to shell height and parallel to the hinge axis. Width is 

the distance from the external surface of one shell valve to the external surface of its 

articulated partner measured perpendicular to where the two touch at the shell 

commissure (Galtsoff, 1964). In order to maintain consistency between the classes 

bivalvia and gastropoda, and as only a singular bivalve was found articulated throughout 

the duration of excavations, the conventional definition of width for bivalve shells will be 

discarded. The definition of height shall remain the same, and the term width shall be 

used in place of length (Figure 73). 

 
Figure 73. A figure demonstrating the placement of height (H) and width (W) 
measurements on both bivalves and gastropods. C. virginica and A. gibbus are bivalves, 
and Busycon spp. is a gastropod. 
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6.6.2. Internal and External Surface Weathering 
 
 The internal surface of the shell is considered to be the side to which the soft parts 

of the organism attached while living (Figure 74). The external surface of the shell is the 

exterior portion of the organism that was exposed to the ocean when the shell was 

articulated, or closed (Figure 75). These surfaces were evaluated, independently, for 

scratches, cuttings, wear, or any imperfections that would not have existed prior to the 

animal’s death. For example, a single specimen could have one level of internal surface 

weathering and an entirely different level of external surface weathering. 

The three designations possible for each surface were minimal, moderate, or 

severe. A minimal amount of surface weathering had slight scratching or wear. For 

internal surfaces, it was common for the nacre layer to remain at this lowest level. A 

moderate amount of internal surface weathering did not have the nacreous layer. For both 

internal and external surfaces, this designation indicated that the shell was slightly more 

affected by post-depositional processes. A shell that was extremely worn down was 

classified as having severe weathering. Each of these classifications was given a number: 

1 for minimal, 2 for moderate, and 3 for severe. These numbers were used to quantify the 

amount of weathering for each hole and midden. 
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Figure 74. Three M. campechiensis samples showing the range of internal surface 
weathering, least to most from left to right. The sample on the left (sample 68) has 
minimal surface weathering; patches of aragonitic nacre are still visible on the surface. 
The sample in the center (sample 68) has moderate internal surface weathering. The 
sample on the right (sample 64) has severe internal surface weathering, and numerous 
dendritic lines, observed to be from root growth on the shell’s surface, can be seen. 
 
 
 
 
 
 

 
Figure 75. Three shell valves of R. cuneata. The sample to the far left (sample 38) has 
minimal external surface weathering. The sample in the middle (sample 45) has a 
moderate amount, and the sample on the right (sample 47) was classified as severe. 
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6.6.3. Borings 
 
 Borings, commonly from other organisms such as Cliona sp., were separated into 

four categories and also indicated as internal or external (Figure 76). The definitions of 

the internal and external sides of the shell remain the same as in section 6.6.2. Internal 

and External Surface Weathering. The four categories possible for borings were: none, 

minimal, moderate, and severe. As borings most likely occurred prior to a shell’s 

collection and deposition in the midden, this characteristic was not utilized in quantitative 

analysis. The characteristic was still recorded, however, because initial erosion due to 

borings would make a shell more susceptible to surface weathering or fracturing.  

 

 
Figure 76. Three specimens, A, B, and C, of C. virginica. Shell A is sample 96. It has no 
internal and no external borings. Shell B, sample 95, possesses minimal internal and 
moderate external borings. Shell C, sample 94, was categorized as having no internal and 
severe external borings. 
 
 
6.6.4. Color Bleaching 
 
 In life and even for a period of time after its death, an organism’s shell may have 

quite striking coloration. The muscle scar of C. virginica, for example, is a bright purple. 

Many of the shells collected from the middens within this study were a stark, bone white 
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color. They lacked any of their original coloration, a state termed “color bleaching” 

within this study (Figure 77). For this category, a shell either was not bleached and given 

a value of 0, or it was bleached and received a value of 1. This category is important 

when considering diagenesis. Previous studies analyzing this phenomenon have 

determined that reducing fluids permeating through the rock allow for the mixing of rock 

constituents with exogenetic compounds (Beitler et al., 2005). Specifically, the bleaching 

results from specific materials, such as hydrocarbons, methane, or organic acids, such as 

that found in acidic rainwater, producing CO2 as a byproduct of their interactions. The 

CO2 acidifies pore fluids, which promotes the dissolution of carbonates, commonly in 

areas of higher permeability (Beitler et al., 2005). Thus, color bleaching is indeed a 

product of diagenesis. 

 
Figure 77. Color bleaching designations demonstrated by specimens of C. virginica. This 
quality is characterized as either not present, as in modern samples A and B, or present, 
as in midden samples C and D. 
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6.6.5. Edge Erosion 
 
 The final category evaluated for each shell sample was edge erosion, or the extent 

of perimeter chipping (Figure 78). A shell with no edge chipping was put into the “none” 

category. One with a slight amount was placed into the “minimal” category, and those 

with more than just a small amount of chipping were designated as “moderate.” Finally, 

fragments or extremely fractured shells were classified as “severe.” These categories 

were given values of 0-3, with zero being no edge erosion and three as severe. Fracturing 

has already been stated to be one of the products of carbonate diagenesis.  

 

 
Figure 78. Four shells demonstrating the four categories of edge erosion. From left to 
right, the designations are none, minimal, moderate, and severe. 
 
 
6.2. Thin Section Creation 
 
 Eighty-seven thin sections were created by Spectrum Petrographics, Inc., in order 

to evaluate microscopic levels of diagenesis. The concretions sampled from Pineland 

(PL), the slump of the trench at Historic Spanish Point (HSP-T), and the beach (HSP-B) 

were all cut with a rock saw. These cut pieces were impregnated with blue epoxy in order 

to preserve and emphasize porosity during thin section creation and analysis (Table 15).  

Midden shells, modern shell specimens collected from Galveston and Follets 

islands, and nodules were also made into thin sections (Tables 16 and midden 17). 
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Modern samples were developed in order to have a baseline of presumably no diagenesis 

against which midden samples could be compared. Shells were stacked in order to 

maximize thin section space, epoxied, and then trimmed down to proper size. Shells were 

chosen from every level from a hole in a midden if there were few holes and shells 

sampled, e.g., the Kneupper site, or from at most every third level if there were numerous 

layers sampled, e.g., Historic Spanish Point. 

Concretions were deemed to be distinct from nodules. Concretions were much 

larger and were generally indurated midden shells and matrix. They appeared to be whole 

pieces of midden that were physically separated from the pile. Nodules were seemingly 

composed of mostly matrix with only small fragments of shells. They were discrete 

entities that did not appear to simply be hardened midden segments. 
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Site Hole and Layer  or  

Sample Designation 
Thin Section 
Name 

Thin Sections 

Pineland  Sample 1 PL-1 A 
Sample 5 PL-5 A 
Sample 6 PL-6 A, B 
Sample 8 PL-8 A, B 
Sample 10 PL-10 A 
Sample 12 PL-12 A 

Historic Spanish 
Point - Trench 

Concretion 1 HSP-T-C-1 A, B, C, D, E, F, G 
Concretion 2 HSP-T-C-2 A, B, C, D 
Concretion 3 HSP-T-C-3 A, B, C, D, E, F 
Concretion 4 HSP-T-C-4 A, B 

Historic Spanish 
Point - Beach 

Concretion 1 HSP-B-1 A, B, C 
Concretion 2 HSP-B-2 A B, C, D, E, F 
Concretion 3 HSP-B-3 A, B, C, D 

Table 15.  A list of the thin sections made from concretions within this study. 
 
 
 
 
 
 
 
Site Hole or Stop 

Number 
Thin Section 
Name/Layer 

Species 

Galveston 6 BP Busycon spp. 
6 RF R. flexuosa 
1 RC R. cuneata 
1, 7 CV C. virginica 
7 A? Argopecten sp. 
7 AI A. irradians 

Table 16. A list of the thin sections created from modern specimens. 
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Site Thin Section 

Name/Layer 
Species 

Historic Spanish 
Point 

HSP-1-1 A. gibbus, M. campechiensis, C. virginica 
HSP-1-5 C. virginica, A. irradians, M. campechiensis 
HSP-1-9 S. pugilis, C. virginica, A. irradians, M. campechiensis 
HSP-1-4-N nodule found in layer HSP-1-4 
HSP-2-1 C. virginica, unidentifiable Argoptecten 
HSP-2-4 A. irradians, C. virginica 
HSP-2-7 C. virginica 
HSP-3-1 A. gibbus, Busycon spp., C. virginica 
HSP-3-5 M. campechiensis, C. virginica 
HSP-3-9 S. pugilis, C. virginica 
HSP-FP-1 Busycon spp., C. virginica, M. campechiensis, A. irradians 
HSP-FP-4 unidentifiable Argopecten, C. virginica 
HSP-FP-5 M. campechiensis, C. virginica 
HSP-FP-8 A. irradians, C. virginica 
HSP-FP-9 S. pugilis, M. campechiensis, C. virginica 
HSP-FP-13 A. gibbus, C. virginica, M. campechiensis 
HSP-T-1 A. gibbus, S. pugilis, A. irradians, C. virginica 
HSP-T-6 C. virginica, Busycon spp. 
HSP-T-11 M. campechiensis 
HSP-T-16 M. campechiensis 
HSP-T-18 C. virginica 
HSP-T-13-14 nodule 
HSP-T-S A. irradians, A. gibbus, C. virginica, S. pugilis* 

Sea Rim State 
Park 

41JF47-1-6 R. cuneata 
41JF47-1-3 R. cuneata 
41JF47-1-1 R. cuneata 
41JF47-2-4 R. cuneata 
41JF47-2-1 R. cuneata 
41JF47-2-1-N nodule found in layer 41JF47-2-1 

Kneupper Site Kneupper-S surface shell, R. cuneata 
Kneupper-1-1 R. cuneata 
Kneupper-2-1 R. cuneata 
Kneupper-2-2 R. cuneata 
Kneupper-2-3 R. cuneata 
Kneupper-3-1 R. cuneata 
Kneupper-3-2 R. cuneata 
Kneupper-3-3 R. cuneata 
Kneupper-3-4 R. cuneata 
Kneupper-3-5 R. cuneata 
Kneupper-4-1 R. cuneata 
Kneupper-4-2-N nodule found in layer Kneupper-4-2 

Table 17. A list of the thin sections made from midden shell samples and nodules. *Due a 
circular notch within its shell, this specimen of S. pugilis was most likely used as a 
hammer by the inhabitants of the site. 
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6.3. X-Ray Diffraction 

 Shells, sediment, concretions, and nodules from each site were analyzed via 

powder X-Ray Diffraction (XRD) to determine mineralogy and phase distribution. To 

prepare the shells for analysis, they were first washed with tap water and gently scrubbed 

with a soft brush to remove any sediment. They were then air dried at room temperature. 

After drying, the shells were crushed with a mortar and pestle to a fine powder. The 

whole shell was ground in order to obtain a powder sample that was composed of the 

proper proportions of each layer within the shell. Powdered samples from each shell are 

assumed to be composed of an average of the whole shell. The mortar and pestle were 

scrubbed with tap water and ethanol between the preparation of each shell in order to 

prevent cross-contamination. If shells were too large to grind with a mortar and pestle, a 

handheld air drill was used. When air drilling was utilized, attempts were made to drill 

the entire thickness of the shell so as not create a bias by only sampling from selective 

layers (Figure 79). The procedure for the nodules, concretions, and sediment was similar 

to that for the shells, except the initial washing step was not performed. The powdered 

samples were put into glass vials, which were closed tightly until analysis was performed 

via XRD. 
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Figure 79. A photograph showing an air-drilled sample of M. campechiensis (sample 64). 
The black arrows point to holes created with the air drill in order to collect powdered 
shell material. 
 
 

XRD analysis was performed at the Texas Center for Superconductivity at the 

University of Houston (TcSUH). Approximately 0.5 g of powder was put into a plastic 

sample plate and analyzed with a Siemens Diffraktometer D5000. The sample plate was 

cleaned with ethanol between each run. 

 Samples were analyzed at ambient temperatures with a CuKa radiation, operated 

at 40 kV and 30 mA with three varying run parameters. The three run configurations 

were: shortest - 0.02° 2θ step size, 4 seconds per step, and a range of 25-31° 2θ; simple - 

0.04° 2θ step size, 2 seconds per step, and a range of 20-53° 2θ; and complex - 0.02° 2θ 

step size, 1 second per step, and a range of 10-115° 2θ. Shells were run with the shortest 

option, unknown precipitates or nodules were run with shortest and simple, and 

concretions, such as those found at the beach at Historic Spanish Point, were run with the 

complex option. 

10#cm#
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All scans were analyzed using X’Pert HighScore. Peaks were determined for the 

resulting scans of each sample using the minimum second derivative method, which 

determines peak locations based upon negative values in the second derivative of the 

selected scan (Figure 80). Rietveld analysis was then performed on the results to 

determine mineral composition of unknown precipitates and nodules.  

Figure 80. An XRD curve generated for a R. cuneata shell from the Kneupper Midden 
(sample 49). The aragonite peaks are indicated by the blue lines and the calcite peak by 
the red. The parameters for this run were 2θ=25°–31°, step size=0.02° 2θ, and a scan step 
time of 4 seconds. 
 
 

Further steps were taken to determine the aragonite-calcite phase distributions (or 

%-calcite versus %-aragonite) of the shells. Per Ries (2011), the calcite (104), aragonite 

(111), and aragonite (021) peaks were chosen as the primary peaks of interest (Figure 
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80). Cloud (1962) demonstrated the validity of utilizing the relative heights, also known 

as relative intensity (RI), of the principal calcite and aragonite peaks to determine phase 

ratios. These values were determined in X’Pert HighScore using the equation: 

   RI = !"#$%&!!"#$%&"!!"!!"#$!!"!!"#$%$&#
!"#$%&!!"#$%&"!!"!!"#$%&'!!"#$ !X!100%!.         (1) 

 
To determine the unknown proportions, the RI’s were also determined for several 

mixtures of known amounts of calcite and aragonite: 100% aragonite, 10% calcite-90% 

aragonite, 30% calcite-70% aragonite, 70% calcite-30% aragonite, 90% calcite-10% 

aragonite, and 100% calcite. The ratio (R) of the primary calcite peak relative intensity 

[RI(104): 2θ=29.3599-29.7610°] to the sum of the relative intensities of the primary 

aragonite peaks [RI(111): 2θ=25.9437-26.5760°; RI(021): 2θ=27.0700-28.2409°] was 

then determined using the following adaptation of Milliman’s (1974) equation: 

 
!!!!!!!!!!!!!!!!!!!!! = ! !"#$%&'!!" !"# !"#$

[!"#$%&'()!!" !!! !"#$!!"#$%&'()!!" !"# !"#$!!"#$%&'!!" !"# !"#$]!.                (2) 
 

The known R-values were then plotted against their proper %-calcite proportions 

to determine an equation via a fourth-order line of best fit that could be utilized for the 

shells, the aragonite-calcite phase relationships of which were unknown (Figure 81). The 

R-values of the shells were then plugged into the determined equation to determine %-

calcite: 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!%− calcite = 324.77!! − 334.33!! + 104.68!.                          (3) 
 
Percent aragonite was determined by subtracting the percentage of calcite from 100%. 
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Figure 81. The %-calcite values of known standards were plotted against the ratio (R) of 
the relative intensity of the calcite peak RI(104) to the sum of the intensities of the 
aragonite peaks RI(111) and RI(021) and the primary calcite peak RI(104) to create a 
calibration curve.  The equation of the line of best fit is used to determine the %-calcite in 
samples where the phase percentages are unknown. 
 
 
6.3.1. Boiling Experiment 
 

A minor secondary experiment with XRD was also performed. Prior to being 

discarded in shell middens, shellfish would have been prepared for eating in some 

manner, e.g., boiling, steaming, baking on coals. This preparation could alter the shells 

prior to their deposition in the midden, and therefore skew perceived diagenetic effects.  

Andrus and Crowe (2002) attempted to determine the effects of different cooking 

methods on materials deposited within middens prior to any diagenetic effects. They 

utilized fish otolith pairs to determine pre-depositional variations. Otoliths are found 
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within the inner ear of teleost fish; they are composed primarily of aragonite and assist 

with sound recognition and balance (Andrus and Crowe, 2002). One otolith was saved as 

an unaltered control, and the other was prepared in one of five methods that simulated 

cooking: direct burning (~6 hours), roasting over coals (~200°C for ~30 minutes), 

roasting in a dry oven (150°C for ~1 hour), boiling in seawater (~1 hour), and boiling in 

fresh water (~1 hour). The burned specimens were altered visibly to the naked eye. It was 

determined that only the directly burned sample converted entirely to calcite and had a 

measurable change in stable isotopic values (δ13C and δ18O) (Andrus and Crowe, 2002). 

Similar results were discovered when a calcareous shell was burned, and that 

spurned the desire to test this experiment with the method of boiling (Epstein et al., 

1953).  The preparation method of boiling was chosen because the shells had no visible 

alterations characteristic of being directly placed on hot coals, i.e., darkening due to 

carbonization (Andrus and Crowe, 2002). The coloration could have been bleached due 

to diagenetic processes within the midden, but it was assumed that this possibility had not 

taken place. Modern specimens of C. virginica, Busycon spp., and a sample of Rangia 

flexuosa, of the same genus as R. cuneata, were all boiled in fresh water for 30 minutes 

and then left out to air dry. The boiled shells were then crushed and analyzed as outlined 

previously.  
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CHAPTER 7: HAND SAMPLE DATA AND INTERPRETATION 
 
 
7.1. Introduction 

 The seven qualities evaluated per shell valve were height (H), width (W), internal 

surface weathering, external surface weathering, borings (internal, external, or both), 

color bleaching, and edge erosion. Each shell sample was assessed per these parameters 

and, for all except borings, assigned a number based upon quality designation: internal 

and external surface weathering - 1 for minimal, 2 for moderate, and 3 for severe; 

bleaching - a shell either was not bleached and given a value of 0, or it was bleached and 

received a value of 1; and edge erosion - none, minimal, moderate, severe, 0-3. The 

values were then input into tables for comparison.  

Shell qualities were listed in two tables. The division between characteristics, i.e., 

between the first and second tables, was made based upon the environment that the 

parameter can help elucidate. For example, height (H) and width (W) would help to 

indicate an organism’s age and living conditions, i.e., amount of food or temperature 

conditions, while still alive. Borings would most likely occur on the sea floor after an 

organism’s death, or even contemporaneously and perhaps be the cause of the death, but 

still in the marine environment, pre-collection. For the modern analogues collected, 

internal and external surface weathering, edge erosion, and bleaching would all occur 

after an organism’s death, during transport via waves and water currents. However, for 

the midden shells, which were collected by humans pre-organism death and deposited 

into an artificial shell pile, they would not indicate transport conditions. Thus, they would 

indicate conditions within a midden, e.g., whether or not water circulation occurred 
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(bleaching), ion exchange (bleaching), or mechanical conditions (weathering or edge 

erosion). There is one exception to these assumptions: if an organism has borings on the 

internal face of its shell, then it may have been collected for consumption after its death 

(presuming mass gathering techniques). Then, it may have been fractured within the 

ocean, but the time period during which the dead organism existed in this state is most 

likely exponentially less than that which it spent in the midden. Additionally, if the shell 

of a dead shellfish had been transported far from live specimens, it would most likely not 

have been collected and deposited in the midden. Thus, it is still safe to assume these 

characteristics represent conditions within the midden and are not due to transport. 

Shell fragments were not labeled as such but were indicated by severe (3) edge 

erosion. Any additional information was added in a “notes” category within the table. 

Nodules and concretions, if present, were described within the notes section.  

 During calcite to aragonite diagenesis, a “chalky zone” at the transition front 

commonly develops (Figure 82; Pingitore, 1976, p. 985). This effect is attributed to the 

alteration of a thin band of altered aragonite, usually several millimeters in depth, 

between the unaffected aragonite and accreting calcite. Pervasive dissolution within the 

chalky zone causes it to become pure white and easily crumbled (Pingitore, 1976). This 

effect is thought to occur only within the phreatic zone, but it was discovered within this 

study in the vadose zone of the shell middens (Pingitore, 1976). When observed, the 

chalky nature of the sample was recorded in the notes category. 
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Figure 82. A R. flexuosa shell that demonstrates a “chalky” shell texture. There is no 
visible nacreous layer, and the shell has a dull appearance. 
 

7.2. Galveston Island and Follets Island 

No sediment samples or concretions were gathered from Galveston and Follets 

islands. Thus, all analysis focuses around the shells collected as modern analogues from 

these locations. In total, nine shells of varying species were assessed. 

7.2.1. Galveston Island and Follets Island – Shells 

 The shells gathered as modern analogues from Galveston and Follets islands were 

gathered from the surface (0 cm depth) of the beach, within the swash zone and 

shoreward side of the backshore zone. They were all evaluated based upon the above 

characteristics. The collected data were input into Tables 18 and 19.  

 As can be seen in Table 18, the shells collected from the stops on Galveston 

Island and Follets Island all fall within normal ranges for shell height and width. Two of 

5"cm"
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the shells were bored, but this feature was not pervasive throughout the samples 

collected. These values indicate a baseline against which the midden shells can be 

compared. 

 
Sample Stop Species Height (H) 

(cm) 
Width (W) 
(cm) 

Borings 

23 7 R. flexuosa 2.4 2.8 none 
24 6 Busycon spp. 5.0 2.6 none 
25 1 R. cuneata 3.1 3.3 none 
26 6 C. virginica 7.3 3.4 none 
27 7 A. irradians 3.2 2.7 none 
28 7 Argopecten 

(unknown species) 
2.8 2.8 none 

145 1 C. virginica 5.8 2.9 minimal - external 
146 6 Busycon spp. 5.0 3.1 none 

Busycon spp. 11.6 5.1 none 
147 7 R. flexuosa 3.4 4.0 minimal - external 

Table 18. The data for the modern analogues from Galveston and Follets islands. The 
data help evaluate conditions pre-collection and are more likely to indicate marine 
conditions. 
 
 Table 19 presents the qualitative and quantitative values for the modern 

analogues. These shells spent no time within midden conditions, and, thus, they represent 

values for shells that have not been diagenetically altered in the midden. It is interesting 

to note that internal and external surface weathering seems minimal, despite their being 

transported within the punishing surf conditions of a modern beach environment. In 

contrast, edge erosion seems rather more severe, and perhaps that is the quality harsh 

transport is most likely to affect. Color bleaching is not present in any of the shells. This 

fact is not surprising, considering that circulation of fresh water and ion exchange is most 

likely to cause this effect. 
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Sample Internal Surface 

Weathering 
External Surface 
Weathering 

Edge Erosion Bleaching 

23 minimal (1)  minimal (1) none (0) none (0) 
24 minimal (1) minimal (1) severe (3) none (0) 
25 minimal (1) minimal (1) none (0) none (0) 
26 moderate (2) minimal (1) minimal (1) none (0) 
27 minimal (1) minimal (1) severe (3) none (0) 
28 minimal (1) minimal (1) minimal (1) none (0) 
145 moderate (2) moderate (2) moderate (2) none (0) 
146 minimal (1) minimal (1) severe (3) none (0) 

minimal (1) minimal (1) severe (3) none (0) 
147 minimal (1) minimal (1) minimal (1) none (0) 

Table 19. The quantitative and qualitative analysis of the modern analogues from 
Galveston and Follets islands. These characteristics are more likely to indicate transport 
effects on the shells. 
 

7.2.2. Galveston Island and Follets Island – Summary and Interpretation 

 The shell data provided above were then condensed into a summary chart (Table 

20). This table was created by determining the average, standard deviation, minimum, 

and maximum values of characteristic for each shell. They can then be compared to 

midden values to determine alteration extent. It should also be noted that there is an age 

factor also affecting the midden shells. There would be some alteration to the midden 

shells whether or not they had been deposited within a midden simply due to the fact that 

they are several hundred to several thousand years old.  

 
 
Parameter Average Standard Deviation Minimum Maximum 
Int. Surface Weathering 1.2 0.4 1 2 
Ext. Surface Weathering 1.1 0.3 1 2 
Edge Erosion 1.7 1.2 0 3 
Bleaching 0 0 0 0 

Table 20. A summary of the quantitative values for the modern analogue shells collected 
along the shorelines of Galveston Island and Follets Island. 
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 It is clear that the average values for internal and external surface weathering are 

quite similar, 1.2 and 1.1, respectively. They also do not vary much among any of the 

samples, as the standard deviation for both of these characteristics is quite small. The 

edge erosion, however, appears to be closer to the moderate range for the modern 

samples, with a much larger spread. There is no bleaching present whatsoever within the 

modern shells.  

 These values can perhaps be attributed to the fact that the shells were found on 

quite dynamically active beaches. It is more likely that a shell would have its edges 

broken off (edge erosion), then it simply being scratched internally or externally. The 

water in which the shells were transported could have provided a buffer from scratching, 

but not from fracturing. Bleaching of the shells is unlikely within both this time frame 

and setting. A longer duration of exposure to fresh water, most likely circulating so as to 

prevent supersaturation of dissolved ions, would be necessary to cause this effect. 

7.3. Sea Rim State Park – Midden 41JF47 

 Two holes were dug into midden 41JF47. 41JF47-1 was centered at the apex of 

the midden, and 41JF47-2 was located proximal to the edge of the midden approximately 

13 cm below 41JF47-1. The constituents within each hole, sediment, whole shells, and 

shell fragments, appeared similar while digging. The water table was hit at different 

points within each hole: at 55 cm depth in 41JF47-1 and 42 cm depth in 41JF47-2. All 

shells discovered within this midden were the species R. cuneata. 

7.3.1. Hole 1 (41JF47-1) 

 Seven shells were analyzed at a variety of depths for 41JF47-1. One nodule and 

sediment sampled from three different depth ranges were also examined. The results of 
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these analyses are indicative of conditions at the apex of the midden above the water 

table, as digging could go no further.  

7.3.1.1. Hole 1 – Shells 

 The midden shells collected within 41JF47-1 were sampled over seven depth 

ranges: 0-10, 10-20, 20-30, 25-30, 40-50, and 50-55 cm. The height and width along with 

the borings present for the R. cuneata shells from these burial intervals were evaluated 

and recorded (Table 21). The characteristics likely indicative of conditions within the 

midden, internal and external surface weathering, edge erosion, and bleaching, were also 

assessed and documented (Table 22).  

Sample Depth from 
Datum (cm) 

Species Height (H) 
(cm) 

Width (W) 
(cm) 

Borings 

1 50-55 R. cuneata 3.0 3.8 minimal - external 
2 20-30 R. cuneata 3.7 4.3 minimal - external 
3 0-10 R. cuneata 3.8 4.3 none 
33 10-20 R. cuneata 3.7 4.4 minimal - external 
34 25-30 R. cuneata 4.1 4.8 none 
35 30-40 R. cuneata 4.3 5.0 none 
36 40-50 R. cuneata 3.6 4.4 none 

Table 21. The data for the shells from hole 1 (41JF47-1) at Sea Rim State Park. These 
characteristics help evaluate conditions pre-collection and are more likely to indicate 
marine conditions, as opposed to environment within the midden. 
  
Depth from 
Datum (cm) 

Sample Internal 
Surface 
Weathering 

External 
Surface 
Weathering 

Edge Erosion Bleaching 

0-10 3 minimal (1) minimal (1) minimal (1) none (0) 
10-20 33 moderate (2) moderate (2) moderate (2) present (1) 
25-30 2 minimal (1) minimal (1) minimal (1) none (0) 
25-30 34 minimal (1) moderate (2) moderate (2) present (1) 
30-40 35 moderate (2) moderate (2) minimal (1) none (0) 
40-50 36 minimal (1) minimal (1) none (0) none (0) 
50-55 1 minimal (1) minimal (1) minimal (1) none (0) 

Table 22. The quantitative and qualitative analysis of the shells from hole 1 (41JF47-1) at 
Sea Rim State Park. These characteristics are more likely to have formed in the midden 
after collection and deposition. 
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 As can be seen in Table 21, the shells within 41JF47-1 are all roughly the same 

height and width. Borings do not seem to be dependent upon depth, which would further 

validate they assertion that they occur prior to deposition within the midden. All of the 

borings occur on the external portion of the shell, which indicates that they may have 

occurred while the organism was still alive and articulated. 

 Unlike within the modern analogues, there is bleaching present in the shells of 

41JF47-1 (Table 22). It is present within the higher (shallower depth) portions of the 

hole, which might mean that water circulation occurs more freely at that portion of the 

hole. In deeper portions, where the water table was breached, the water appeared to pool 

stagnantly. This condition might indicate that supersaturated conditions were achieved 

and no bleaching could take place due to a lack of possible ion exchange. 

 Surface weathering, both internal and external, and edge erosion seem to vary 

within the hole independent of depth. Midden shape and the uniaxial elongation of shells 

may create varying stress fields within the midden, causing fracture at positions 

independent of depth. In addition, Andrus’ (2011) supposition that layer density protects 

fragile shells within the midden may also have an effect. 

7.3.1.2. Hole 1 – Precipitates, Nodules, Concretions, and Sediment 

 Three sediment samples and one nodule from hole 1 (41JF47-1) at Sea Rim State 

Park were collected and described (Table 23). The nodule was discovered while cleaning 

shells for XRD analysis in the laboratory. Sediment was collected in the same sample 

bags as shells and described while collecting. 
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Sample  Depth from 
Datum (cm) 

Type Notes 

15 10-20 nodule dark brown in color, some very small shell 
fragments (~1 mm in size), easily disaggregated  

18 50-55 sediment sediment is dark brown, almost black, dried 
flakes, some shell pieces (<1 mm), picked out 
larger shell fragments, dark grey when powdered 

19 20-30 sediment broken out from inside Rangia cuneata shell 
where it had become smooth and indurated, dark 
grey, numerous shell fragments, too many to 
remove, some up to 5 mm long 

20 0-10 sediment very dark grey, almost black, many shell 
fragments within, some up to 8 mm in size 

Table 23. Descriptions of the sediment and one nodule found in hole 1 (41JF47-1) at Sea 
Rim State Park. 
 

The nodule present appears via hand sample observation to be primarily 

composed of sediment with some small (<1mm) shell pieces. It is slightly darker and 

browner than the other sediment from the stratigraphic range closest to that in which the 

nodule was found. This color variation could indicate a higher content of organic matter.  

 The sediment present within the hole darkened with depth. This gradation could 

be due to increasing water content due to proximity to the water table. An additional 

supposition could be due to water drainage within the midden. The upper levels may have 

been slightly more leached of organic matter due to meteoric waters circulating down 

into the midden. 

7.3.1.3.  Hole 1 – Summary and Interpretation 

 The average values of internal and external surface weathering, edge erosion, and 

color bleaching were determined, along with standard deviations, minimums, and 

maximums (Table 24). The average value for internal surface weathering is 1.3 and for 

external surface weathering is 1.4. These two are quite similar, and they have the same 
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standard deviations, minimums, and maximums. The value for edge erosion is also quite 

low, only 1.1. That indicates that remaining whole shells were protected from extensive 

fracturing, perhaps by either the density of layering, buffering from the shell fragments 

and sediment that filled up the majority of intershell porosity, or by the parallel to midden 

surface elongated axial orientation of the shells.   

There were some bleached shells discovered within 41JF47-1. Interestingly, these 

were found in the higher, i.e., shallower, portions of the midden hole (10-20 and 25-30 

cm) and not close to the top of the water table. This effect indicates that enough time has 

passed since the construction of this midden, a maximum of approximately 2,100 years, 

and enough water circulation has occurred in order for physicochemical diagenesis to 

have taken place to a visible extent. 

 
Parameter Average Standard Deviation Minimum Maximum 
Int. Surface Weathering 1.3 0.5 1 2 
Ext. Surface Weathering 1.4 0.5 1 2 
Edge Erosion 1.1 0.6 0 2 
Bleaching  0.3 0.5 0 1 

Table 24. A summary of the quantitative values for the shells collected from hole 1 
(41JF47-1) at Sea Rim State Park. 
 
 
 There did not appear to be any precipitate cementing the analyzed nodule. It 

appeared to be composed primarily of sediment, plant matter, and shell fragments. 

Perhaps enough time has not passed or water circulation was not pervasive enough for 

extensive cementation to occur. In addition, this nodule may be similar to those 

previously described by Balbo et al. (2010). They described a fine groundmass within the 

midden comprised primarily of “microfaunal faecal pellets… composed of more or less 

humified sub-millimetric plant tissues and charcoal fragments” (Balbo et al., 2010, p. 
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1253). The microscopic matter appears “spongy” and aggregates into what Balbo et al. 

(2010) describe as “porous crumbs” (Balbo et al., 2010, p. 1253). Further thin section and 

XRD work could elucidate this matter further. 

7.3.2. Hole 2 (41JF47-2) 

 Four R. cuneata shells at various depths between 0-42 cm were analyzed from 

41JF47-2. Two nodules and two sediment samples were also catalogued and described. 

These results can help determine conditions closer to the edge of the midden but still 

above the water table, which was reached at 42 cm within this hole. 

7.3.2.1. Hole 2 – Shells 

 The shells collected from 41JF47-2 were sampled between four intervals: 0-10, 

10-20, 20-30, and 30-42 cm. Their pre-collection and midden-affected characteristics 

were assessed and listed in Table 25. The height of three of the shells measured within 

0.1 cm of each other, whereas one shell was one cm larger. The width range varied 0.6 

cm. These values are all quite close, suggesting selection of specimens for consumption 

based upon size or lack of size variation within the original community. Only one shell 

had external borings, and those were minimal. Thus, borings most likely occurred prior to 

collection of the organism. 

 
 
Sample  Depth from 

Datum (cm) 
Species Height (H) 

(cm) 
Width (W) 
(cm) 

Borings 

4 30-42 R. cuneata 3.4 4.0 none 
5 0-10 R. cuneata 4.4 4.1 minimal – external 
37 10-20 R. cuneata 3.3 3.5 none 
38 20-30 R. cuneata 3.4 3.6 none 

Table 25. Sample numbers, depth, species, size, and boring assessments for shells 
collected from hole 2 (41JF47-2) at Sea Rim State Park. 
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 The characteristics of shells from 41JF47-2 most likely affected by processes 

within the midden are listed in Table 26. Only the shell uncovered closest to the surface 

possesses moderate internal surface weathering, external surface weathering, and edge 

erosion. Pile depth focuses compaction on surface shells, which dissipate pressures and 

protect more deeply buried shells from fracture (Andrus, 2011). The surface-most shell 

analyzed from this hole corroborates that supposition.  

 

Depth from 
Datum (cm) 

Sample Internal 
Surface 
Weathering 

External 
Surface  
Weathering 

Edge Erosion Bleaching 

0-10 5 moderate (2) moderate (2) moderate (2) none (0) 
10-20 37 minimal (1) minimal (1) minimal (1) present (1) 
20-30 38 minimal (1) minimal (1) minimal (1) present (1) 
30-42 4 minimal (1) minimal (1) none (0) none (0) 

Table 26. Values assigned for likely midden-affected characteristics for the shells from 
hole 2 (41JF47-2) at Sea Rim State Park.  
 
 
 Color bleaching is present within hole 41JF47-2. The two shells collected from 

the middle of the pile demonstrate this diagenetic effect. Water percolation through the 

upper layer could have occurred too rapidly to leach ions from the shells. Regardless, 

there is no upper or lower stratigraphic correlation, but the presence of this effect 

indicates the possibility of diagenesis occurring within this time frame.  

7.3.2.2. Hole 2 – Precipitates, Nodules, Concretions, and Sediment 

 The nodules discovered within 41JF47-2 appeared to be composed of humifying, 

or decaying, organic plant matter (Table 27). There were numerous shell fragments 

visible within the nodule. The sediment also possessed many shell fragments. There was 

an abundance of visible organic matter of plant origin present within the sediment.  
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Sample  Depth from 
Datum (cm) 

Type Notes 

16 0-10 nodule dark brown nodule, almost black, with visible 
organic matter (roots) and shell fragments, easily 
broken in half by hand 

17 10-20 nodule 2.5 cm long, some shell fragments up to 3 mm in 
size, easily broken, visible plant matter 

21 30-42 sediment mostly shell fragments surrounded by slightly 
hardened mud 

22 0-10 sediment attempted to pull out small, hardened clay 
nodules so as to limit root debris and small shell 
fragments when analyzing via XRD 

Table 27. Nodule and sediment descriptions for hole 2 (41JF47-2) at Sea Rim State Park. 
 
 
7.3.2.3.  Hole 2 – Summary and Interpretation 

 Hole 2 (41JF47-2) at Sea Rim State Park had numerous shell fragments visible 

between shells, but those shells that were whole appeared relatively robust and 

unfractured. It had low average values for internal surface weathering, external surface 

weathering, and edge erosion (Table 28). There was bleaching present, indicating 

carbonate diagenesis within the midden. 

 
Parameter Average Standard Deviation Minimum Maximum 
Int. Surface Weathering 1.3 0.4 1 1 
Ext. Surface Weathering 1.5 0.5 1 2 
Edge Erosion 1 0.7 0 2 
Bleaching  0.5 0.5 0 1 

Table 28. A summary of characteristics determined for shells within hole 2 (41JF47-2) at 
Sea Rim State Park. 
 
 
 The high percentage of shell fragments within the nodules and sediment present 

within this hole indicates pervasive fracturing. This fact is odd due to the contrast of the 

relatively unaltered whole shells also present within the hole. Perhaps the fragments 

present between shells along with any sedimentary particles provide a cushion for those 
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shells that escape initial breakage. The less pristine condition of shells closer to the 

surface also lends credence to the idea that surrounding shells protect interior shells.  

7.3.3. Midden 41JF47 – Summary and Interpretation 

 Combining the determined values for holes 1 and 2, one may begin to determine 

the amount of alteration within the midden as a whole (Table 29). On average, internal 

and external surface values ranged between minimal and moderate, but were closer to 

minimal. Edge erosion was also minimal.  

 
Parameter Average

Average 
Average Standard 
Deviation 

Average  
Minimum 

Average  
Maximum 

Int. Surface Weathering 1.3 0.45 1 1.5 
Ext. Surface Weathering 1.45 0.5 1 2 
Edge Erosion 1.05 0.65 0 2 
Bleaching  0.4 0.5 0 1 

Table 29. Characteristic values for midden 41JF47 at Sea Rim State Park as determined 
from holes 41JF47-1 and 41JF47-2.  
 

 
There was some bleaching present within the midden, and it appeared within the 

top 30 cm of each hole. As hole 1 was approximately 13 cm higher than hole 2, the 

bleached shells did not necessarily occur within the same stratigraphic layer, but they did 

occur within the same depths from the surface of the midden. Perhaps this depth cut off 

indicates ideal levels for temperature and water movement within the midden. 

In addition, values of all the characteristics for the center of and edge of the 

midden appeared to be quite similar. Shell height and width all fell within 2 cm of 3.0-5.0 

cm. Borings were present in only a few shells, indicating similar conditions prior to their 

collection. 
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In sum, conditions at the time of the development of the edge of the midden and 

its center appear to have been similar. Only one shell species was present within this 

midden: R. cuneata. Overall, enough time passed from the creation of the midden for 

visible diagenesis, both physical, in the form of fracturing, and chemical, in the form of 

bleaching, to have occurred.  

7.4. Kneupper Midden 

 Collections at the Kneupper Midden consisted of shells and sediment from the 

surface and four holes. All shells were of the species R. cuneata. No obvious concretions 

or nodules were found within this midden. 

7.4.1. Surface (Kneupper-S) 

 One R. cuneata shell from the surface of the midden pile was described. Sediment 

was also collected from the top of the midden. Unlike at the other sites, grass covered this 

midden, so there was not a layer of humus. 

7.4.1.1. Surface – Shells 

 The singular surface shell collected is described in Tables 30 and 31. This shell is 

rather small with few physical and no obvious chemical alteration. The surface 

weathering, both internal and external, is minimal, and no edge erosion is present. There 

is also no bleaching. It could be argued that this shell is more recent, but, if that were the 

case, it would have had to be transported from the river during a period of flooding and 

would then be more likely to be quite fractured and eroded. It is more likely that surface 

conditions at the Kneupper Midden are not such that would extensively alter a carbonate 

shell within the proscribed time period less than 1,500 years. It is almost assured that the 
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surface shell is younger than that value, due to the fact that the midden may have begun 

to be built around 500 C.E., and the surface would date to a later time period. 

 
Sample Depth from 

Datum (cm) 
Species Height (H) 

(cm) 
Width (W) 
(cm) 

Borings 

39 0 R. cuneata 2.1 3.1 none 
Table 30. The physical characteristics of the surface shell of the Kneupper Midden. 
 
  
Depth from 
Datum (cm) 

Sample Internal 
Surface 
Weathering 

External 
Surface 
Weathering 

Edge Erosion Bleaching 

0 39 minimal (1) minimal (1) none (0) none (0) 
Table 31. Values assigned for the likely post-depositional characteristics of the surface 
shell of the Kneupper Midden. 
 
 
7.4.1.2. Surface – Precipitates, Nodules, Concretions, and Sediment 
 
 The sediment at the surface is dark brown (Table 32). There were numerous shell 

fragments visible, indicating fracturing had occurred. The sediment coalesced into small 

clumps, but these had no obvious cement within them. 

 
Sample Depth from 

Datum (cm) 
Type Notes 

40 0 sediment small nodules 0.4-1 cm, dark brown, 1 mm very 
thin shell fragments visible 

Table 32. A description of the sediment found at the surface of the Kneupper Midden. 
 
 
7.4.1.3.  Surface – Summary and Interpretation 

 The surface of the Kneupper Midden does not exhibit extensive diagenesis. Shell 

fragments are present, which indicate fracturing, but there is no bleaching or chemical 

precipitation. Therefore, the length of time (<1,500 years) and conditions present at the 



 152 

surface of the midden do not provide the necessary environment for pervasive carbonate 

diagenesis. 

7.4.2. Hole 1 (Kneupper-1) 

 Hole 1 of the Kneupper Midden was dug approximately 300 cm from the lattice 

that connected with the home on this property. The shells discovered in this hole were all 

found at a depth of 17 cm from the surface of the midden. They were surrounded by dark 

brown-black siliciclastic sediment. 

7.4.2.1. Hole 1 – Shells 

 The R. cuneata shell collected from hole 1 was found at a depth of 17 cm below 

the surface of the midden (Table 33). It was not bored. The shell was very physically and 

chemically altered. It had moderate or severe values for internal surface weathering, 

external surface weathering, and edge erosion (Table 34). There was also color bleaching 

present. 

 
Sample Depth from 

Datum (cm) 
Species Height (H) 

(cm) 
Width (W) 
(cm) 

Borings 

41 17 R. cuneata 2.0 2.2 none 
Table 33. The physical characteristics of the shell found at 17 cm depth within hole 1 of 
the Kneupper Midden. 
 
  
Depth from 
Datum (cm) 

Sample Internal 
Surface 
Weathering 

External 
Surface 
Weathering 

Edge Erosion Bleaching 

17 41 moderate (2) severe (3) severe (3) present (1) 
Table 34. Values assigned for the likely post-depositional characteristics of the shell 
found buried 17 cm below the surface within hole 1 of the Kneupper Midden. 
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7.4.2.2. Hole 1 – Precipitates, Nodules, Concretions, and Sediment 

 The sediment around the shell within hole 1 of the Kneupper Midden had an 

apparent white powder within it (Table 35). This substance may have been 

extraordinarily finely ground shell, but it is more likely that it was a small amount of 

caliche. There were roots visible within the sediment, and the sediment itself appeared to 

have a cohesive nature. It stuck together into small nodules, but that may have been due 

to the clay content of the region.  

 
Sample Depth from 

Datum (cm) 
Type Notes 

42 17 sediment dark brown-black color, dirt dried into a nodule, 
some root pieces visible, picked out if possible, 
some white areas visible, looks like a powder, not 
shell fragments (<1 mm) 

Table 35. Description of the sediment found 17 cm from the surface of hole 1.  
 
 
7.4.2.3. Hole 1 – Summary and Interpretation 

  Shells were found only buried at 17 cm below the surface of the Kneupper 

Midden. At this depth, the midden exhibits extensive evidence of diagenesis. The shell 

found at this burial depth is bleached and severely fractured. Thus, both chemical and 

physical diagenesis were able to take place within the 1,500 year time period estimated 

since the creation of this midden. 

7.4.3. Hole 2 (Kneupper-2) 
 
  Hole 2 (Kneupper-2) at the Kneupper site was dug approximately 246 cm from 

the house lattice and 110 cm from Kneupper-1. It lay between Kneupper-1 and the lattice. 

Shells were found at several depths within this hole, and sediment from all three layers 

was also analyzed.  
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7.4.3.1. Hole 2 – Shells 

 Three shells were analyzed at 1, 7, and 17 cm depth within Kneupper-2 (Table 

36). The shells from 1 and 17 cm were approximately the same size. Two shell fragments 

from 17 cm were combined into one sample (47), and they were approximately 1 cm 

smaller than the two shells collected at shallower intervals. Both shell fragments from 

sample 47 were “chalky.” As noted by Pingitore (1976), this appearance is most likely 

due to alteration from aragonite to calcite. XRD analysis will further elucidate the extent 

of any phase changes.  

 
Sample Depth from 

Datum (cm) 
Species Height 

(H) (cm) 
Width 
(W) (cm) 

Borings Notes 

43 1 R. cuneata 2.2 2.6 none  
45 7 R. cuneata 2.4 2.1 none  
47 17 R. cuneata 1.4 1.6 none also one smaller 

fragment 1.4 cm 
(W) and .4 cm 
(H), both chalky!

Table 36. Shell descriptions for Kneupper-2. Note that sample 47 is actually two shell 
fragments considered as one sample. 
 
 
 All of the shells from within hole 2 were extremely altered (Table 37). Whereas 

their internal surface weathering measured only minimal or moderate, their external 

surface weathering and edge erosion factored in as predominantly severe. Interestingly, 

the shells within this hole were not stacked such as those in the midden at Sea Rim State 

Park. The shells were surrounded by and in direct contact with soil. As such, there were 

no border shells that could absorb the majority of the stress, which would leave the 

interior shells relatively intact. Color bleaching was also present in every shell. The shells 

lying in direct contact with siliciclastic sediment would not provide the buffering 
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capabilities of a large volume of carbonate material. As such, it is much more likely that 

chemical diagenesis would occur.   

 
Depth from 
Datum (cm) 

Sample Internal 
Surface 
Weathering 

External 
Surface 
Weathering 

Edge Erosion Bleaching 

1 43 minimal (1) moderate (2) severe (3) present (1) 
7 45 moderate (2) moderate (2) severe (3) present (1) 
17 47 minimal (1) severe (3) severe (3) present (1) 

Table 37. The characteristic descriptions for the shells from Kneupper-2 that most likely 
occurred within the midden. For sample 17, only the larger shell fragment was recorded. 
 
 
7.4.3.2. Hole 2 – Precipitates, Nodules, Concretions, and Sediment 

 Sediment was described from each depth interval at which shells were found 

(Table 38). The sediment darkened with depth, indicating that is was likely more leached 

towards the surface of the midden. There also appeared to be some caliche present within 

the sediment. Shell fragments, indicating continued fracturing over time, were 

ubiquitously present at all depths. The sediment descriptions corroborate the conclusions 

derived from the shell descriptions, that pervasive diagenesis has had time to occur. 

 
Sample Depth from 

Datum (cm) 
Type Notes 

44 1 sediment some small nodules, ~1 mm or less, tried to avoid 
~1 mm shell pieces 

46 7 sediment dark brown sediment 
48 17 sediment darker grey-brown, some roots, most were picked 

out if possible, small white specks ~0.5 mm, 
could be precipitated calcite, larger nodule, not 
lithified ~3 cm 

Table 38. Sediment descriptions for Kneupper-2. 
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7.4.3.3.  Hole 2 – Summary and Interpretation 
 
 The average values for the shells found within this hole are listed in Table 39. The 

interiors of the shells were, on average, not extensively altered. The exterior edges were 

very fractured and scratched. In general, shells were not in direct contact with one 

another. They were surrounded and supported by siliciclastic sediment. In addition, all of 

the shells were bleached. Thus, chemical diagenesis also took place. These observations 

support Andrus’ (2011) claim that large volumes of carbonate materials within middens 

protect from both physical and chemical diagenesis.  

 
Parameter Average Standard Deviation Minimum Maximum 
Int. Surface Weathering 1.3 0.5 1 2 
Ext. Surface Weathering 2.3 0.5 2 3 
Edge Erosion 3 0 3 3 
Bleaching 1 0 1 1 

Table 39. Average values for the shells analyzed from Kneupper-2. 
 
 
7.4.4. Hole 3 (Kneupper-3) 

 Within Kneupper-3, shells were found buried at five depths: 2-4, 8-10, 11-14, 14, 

and 20 cm. Shells from these intervals were described, and sediment from each depth was 

also catalogued. This hole possessed the most shells of any dug within the Kneupper 

Midden. It was located 123 cm from the side of the house. 

7.4.4.1. Hole 3 – Shells 

 Similar to the other holes at the Kneupper site, all shells collected from hole 3 

were of the species R. cuneata. Size varied approximately 2 cm between the smallest and 

largest shells, but none of them were bored (Table 40). The large size variation could be 
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due to the extensive physical alteration seen in Table 41. Some of the measurements were 

made on fragments of shells, e.g., 59, whereas others were whole shells, e.g., 53.   

 
Sample Depth from 

Datum (cm) 
Species Height (H) 

(cm) 
Width (W) 
(cm) 

Borings 

51 2-4 R. cuneata 3.4 2.8 none 
53 8-10 R. cuneata 3.5 3.7 none 
55 11-14 R. cuneata 2.6 2.6 none 
57 14 R. cuneata 2.9 0.7 none 
59 20 R. cuneata 1.7 1.4 none 

Table 40. Pre-deposition characteristics for the shells from hole 3 at the Kneupper site. 
 
 
Depth from 
Datum (cm) 

Sample Internal 
Surface 
Weathering 

External 
Surface 
Weathering 

Edge Erosion Bleaching 

2-4 51 minimal (1) minimal (1) severe (3) present (1) 
8-10 53 minimal (1) moderate (2) moderate (2) present (1) 
11-14 55 minimal (1) moderate (2) severe (3) present (1) 
14 57 moderate (2) moderate (2) severe (3) present (1) 
20 59 severe (3) severe (3) severe (3) present (1) 

Table 41. Evaluation of shells from Kneupper-3 for characteristics more likely to have 
occurred within the midden. 
 
 
 All of the shells within Kneupper-3 showed color bleaching. That indicates 

percolation of water through the sediment and shells. Ion exchange must have occurred at 

all depths within this hole. A lack of carbonate material, as the shell density was quite 

sparse which caused them to be in direct contact with sediment, most likely allowed for 

extensive alteration. 

 The shells were also extensively fragmented. All but one had severe edge erosion, 

and the exclusionary shell possessed moderate edge erosion. This degree of physical 

fracturing can be attributed to a lack of a protective zone in the form of other shells to 

absorb the brunt of the stresses. The internal and external surface weathering of the shells 
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were not as severe, but those are more likely due to scratching or focused stresses. Other 

than roots, there were no other materials, e.g., sharp shell fragments, present throughout 

the midden that could have weathered the surface. Root bioturbation could also cause 

these effects, but, in this case, it did not. 

7.4.4.2. Hole 3 – Precipitates, Nodules, Concretions, and Sediment 

 There did not appear any caliche present within the sediment of hole 3, but there 

were numerous shell fragments present (Table 42). The larger pieces of shells analyzed 

from this hole are likely sources of these smaller portions. Interestingly, a red hue was 

present in this hole. Perhaps there was a higher iron content in this area of the midden.  

 
Sample Depth from 

Datum (cm) 
Type Notes 

52 2-4 sediment more reddish brown than grey, some ~ 3 cm 
clumps, shell pieces few ~1 mm 

54 8-10 sediment 3 clumps, 1.3, 1.6, and 2.5 cm, some root 
material, some ~0.5 mm shell pieces, reddish 
brown 

56 11-14 sediment pulled hardened clump ~2.6 cm long out of R. 
cuneata shell hollow, pulled out all root material 
possible, darker brown with some lighter brown 

58 14 sediment dirt clumps ~1.0, 0.5, and 0.7 cm, lighter brown 
with red in smaller larger one slightly darker, 
some small approximately ~0.5 mm shell pieces 

60 20 sediment numerous shell fragments, could not separate 
fragments well, no clumps 

Table 42. Sediment descriptions for the depth intervals of hole 3 from the Kneupper 
Midden. 
 
 
7.4.4.3.  Hole 3 – Summary and Interpretation 
 
 On average, the shells from hole 3 at the Kneupper site were extensively altered. 

The internal surface weathering was the characteristic that was least affected, with a 
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value close to moderate (Table 43). External surface weathering was at moderate, and 

edge erosion was close to severe. In addition, all of the shells were bleached. 

 
Parameter Average Standard Deviation Minimum Maximum 
Int. Surface Weathering 1.6 0.8 1 3 
Ext. Surface Weathering 2 0.63 1 3 
Edge Erosion 2.8 0.4 3 3 
Bleaching 1 0 1 1 

Table 43. Average values of the analyzed shells from Kneupper-3. 
 
 
 The sediment within this hole contained many small (~0.5 mm) shell pieces. The 

presence of these fragments further demonstrates the extensive fracturing of the few 

shells within this sparsely populated midden. In addition, a red tint to the soil and 

sediment within this hole indicates possible iron contamination. These factors all indicate 

that 1,500 years located in a fluvial environment with a climate such as that in eastern 

Texas is enough to allow for diagenesis to occur. 

7.4.5. Hole 4 (Kneupper-4) 

 Hole 4 was dug 375 cm from the house and 215 cm away from hole 3. Shells 

were only found at two depths within this hole, and they were not whole shells. No 

sediment or nodules were analyzed for hole 4, but the sediment was described during 

collection as appearing largely the same as the other holes. 

7.4.5.1. Hole 4 – Shells 

 For the shell analysis of hole 4, several shell fragments from each depth were 

combined into one sample. The height and width values for the largest shell fragments 

were recorded in Table 44. The fragments analyzed all had a chalky texture, as described 

by Pingitore (1976). This alteration could indicate a phase change, and XRD analysis 
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would further elucidate if that is so. The pervasive fracturing, to the extent of fragmenting 

the shells is a type of physical diagenesis. 

Sample Depth from 
Datum (cm) 

Species Height 
(H) (cm) 

Width 
(W) (cm) 

Borings Notes 

49 3-6 R. cuneata 1.6 2.6 minimal - 
external 

chalky internally 
and externally, 5 
shell fragments, 
largest reported 

50 9.5 R. cuneata 1.4 0.6 none chalky internally 
and externally, 2 
shell fragments, 
smallest - 0.4 cm 
(H) and 0.3 cm (W) 

Table 44. Sample numbers, depth from datum, species, height, width, and observations of 
the shell pieces found in Kneupper-4. 
 
 
 As these shells were collected prior to the organism’s death, any changes such as 

fracturing and bleaching occurred within the midden. There are no internal borings to 

indicate to the contrary. These shells are all quite physically altered (Table 45). They 

have moderate levels of internal and external weathering and severe edge erosion. Again, 

that is likely due to the scarcity of shell material within the midden. As such, each shell 

takes on any stresses due to a lack of absorbing buffer. 

 
Depth from 
Datum (cm) 

Sample Internal 
Surface 
Weathering 

External 
Surface 
Weathering 

Edge Erosion Bleaching 

3-6 49 moderate (2) moderate (2) severe (3) present (1) 
9.5 50 moderate (2) moderate (2) severe (3) present (1) 

Table 45. Observations and analysis of the largest shell fragments found in Kneupper-4. 
 
 
 The shells in this hole are also all bleached. There are numerous fragments in 

each sample, so there are numerous chemically altered pieces. As chemical and physical 

alterations are commonly linked, i.e., a physical breakdown allows for more surface area 
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to be exposed to chemical reactions, it is not surprising that the fragments are both 

bleached and appear chalky. These diagenetic effects indicate water circulation 

throughout this portion of the midden. 

7.4.5.2.  Hole 4 – Summary and Interpretation 

 Overall, the shells from hole 4 indicate extensive diagenetic processes (Table 46). 

Their surfaces are moderately weathered, and they are fractured so extensively they are 

only pieces of what was once whole shell. The small portions of shell are also bleached 

of color and appear chalky. XRD analysis will indicate whether phase change from 

aragonite to calcite has occurred. 

 
Parameter Average Standard Deviation Minimum Maximum 
Int. Surface Weathering 2 0 2 2 
Ext. Surface Weathering 2 0 2 2 
Edge Erosion 3 0 3 3 
Bleaching 1 0 1 1 

Table 46. Average values for the shell fragments collected from hole 4 at the Kneupper 
Midden. 
 
 
7.4.6. Kneupper Midden – Summary and Interpretation 
 
 The Kneupper Midden is a sparsely populated shell midden that is entirely 

sediment supported. The least of the physical alteration characteristics of shells rate as 

approximately moderate, whereas the most are severe (Table 47). Every shell or shell 

fragment described from this midden is bleached of all color, and some even have a 

chalky appearance. These descriptors indicate that the beginnings of aragonite-calcite 

phase alteration have occurred. 
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Parameter Average 
Average 

Average Standard  
Deviation 

Average 
Minimum 

Average 
Maximum 

Int. Surface Weathering 1.7 0.3 1.3 2.0 
Ext. Surface Weathering 2.3 0.4 2.0 3 
Edge Erosion 3.0 0.1 2.8 3.0 
Bleaching  0.9 0.1 0.7 1.0 

Table 47. The average values of shell alteration for the entire Kneupper Midden. 
 
 
 A large part of the reason that the Kneupper Midden does have such extensive 

diagenetic alteration is likely due to its small volume of shell material. As there is not an 

abundance of carbonate material, chemical affects are not buffered, and physical effects 

cannot be concentrated on the most exterior shells. Surrounded by siliciclastic sediment, 

carbonate from the shells has no protection from the leaching effects of meteoric water. It 

seems that, in sparsely populated shell middens, 1,500 years is enough to produce 

diagenetic effects. 

7.5. Pineland (8LL33) 

 No individual shells were collected from the Northwest Pasture (8LL33). Only 

concretions excavated from approximately 1.5 m below present day ground surface were 

described. They were collected from a 50 x 50 x 10 cm area.  

7.5.1. Pineland – Precipitates, Nodules, and Concretions 

 The concretions from the Pineland site complex were approximately 7 cm chunks 

of hardened matrix material with visible shells within (Table 48). There were some 

borings present, most likely due to insect activity. Also visible within the dark grey 

matrix was fibrous material that appeared to be from roots. There were no visible 

precipitates.  
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Sample Depth from 
Datum (cm) 

Type Notes 

29 ~150 concretion hardened matrix material, dark brown, 
fibrous material visible (possibly plant 
matter), few small (~1 mm) shell 
fragments with three larger (1.8-2.5) cm 
shell fragments, matrix was shaved off 
from cut face via air drill 

30 ~150 shell fragments 
in concretion 

shell fragments (larger) could be Busycon 
spp. or Strombus pugilis based on shell 
lines and shape, one broken out and 
another still in matrix tested via air drill 

31 ~150 concretion hardened matrix material, can see a few 
small (0.05 mm) in diameter tubes 
throughout (roots?), some fragments that 
appear to be bone, matrix material dark 
brown, almost black, shell samples have a 
"chalky" appearance, air drilled 

32 ~150 concretion tried to air drill only matrix, but small 
shell pieces were drilled 

Table 48. Description of the materials collected from the Pineland concretions. 
 
 
 Due to the lack of visible cementation, it is possible that the hardened concretions 

are likely composed of shells and dehydrated plant matter on the verge of being humified, 

such as described by Balbo et al. (2010). Plant matter is not crystalline, thus, it would not 

produce any peaks in XRD. As such, this theory will be further explored with the XRD 

analysis. 

7.5.2. Pineland – Summary and Interpretation 

 There has been alteration within the Northwest Pasture of the Pineland Site 

Complex, but it is not of a type usually associated with carbonates. The changes of the 

plant matter would fall into the previously mentioned category of pedodiagenesis, which 

some scientists do not consider to be pure diagenesis. Regardless, physical and chemical 
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changes are taking place within the constituent shells and plant matter, and further study 

needs to be performed.  

7.6. Historic Spanish Point – Chapel Midden/Shell Ridge 

 Three large pits were re-excavated with the Chapel Midden/Shell Ridge of 

Historic Spanish Point. No sediment was analyzed from this midden. In addition, nodules 

and precipitates were only discovered within one of the holes. The maximum amount of 

time that this midden system could have existed was approximately 2,300 years. 

7.6.1. Hole 1 (HSP-1) 

 Hole 1 (HSP-1) is the easternmost hole dug in the Chapel Midden/Shell Ridge. At 

its maximum extent during this study, the exposed face of the pit reached 126 cm in 

height. Whereas this entire portion would have once been below the midden’s surface, it 

was originally dug to a depth of 152 cm by Bullen and Bullen in 1959 (Bullen and 

Bullen, 1976). After cave-ins and slumping into the original pit, only 54 cm of the face 

was technically above the horizontal exposure surface. 

7.6.1.1. HSP-1 – Shells 

 Fifteen shells made up of four species were collected during the excavations of 

HSP-1: C. virginica, M. campechiensis, S. pugilis, and A. irradians (Table 49). It is 

interesting to note that this hole is the first in which internal borings were observed. This 

midden is extremely dense with shell material. As such, it is likely that some already 

dead organisms were collected in mass-gatherings. That idea is further supported by the 

presence of a specimen of C. virginica that was actually several individuals cemented 

together (sample 92).  
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Sample Depth 
from 
Datum 
(cm) 

Species Height 
(H) 
(cm) 

Width 
(W) 
(cm) 

Borings Notes 

11 0-19 C. virginica 4.8 2.9 none  
61 0-19 M. campechiensis 5.1 5.4 none  
62 19-36 M. campechiensis 2.4 2.6 minimal –

external 
and 
internal 

juvenile 

63 36-58 S. pugilis 6.3 4.4 none  
64 58-72 M. campechiensis 9.0 10.0 none air-drilled 
68 82-92 M. campechiensis 4.0 2.7 none  
69 82-92 A. irradians 3.7 3.6 none  
70 92-100 M. campechiensis 2.7 5.4 none  
71 92-100 A. irradians 3.5 3.5 none  
73 100-113 M. campechiensis 4.5 7.6 none chalky 
74 113-126 A. irradians 3.6 3.4 none  
90A 58-72 C. virginica 3.9 2.4 moderate – 

external 
and 
internal 

 

91A 113-126 C. virginica 6.4 4.4 none  
91B 113-126 C. virginica 3.7 3.0 severe – 

external 
 

92 0-19 C. virginica 4.3 3.2 severe – 
external 

several C. 
virginica 
fragments 
cemented 
together, 
probably 
during 
growth 

Table 49. Observations from the shells collected from HSP-1. 
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 There also existed a sample of M. campechiensis that was chalky. It appeared at 

approximately 100-113 cm depth. The presence of this texture indicates that there are 

chemical alterations taking place within the midden. 

 For the alterations within the midden, there does not appear to be a particular 

pattern with depth or species (Table 50). Samples 11 and 91A are both specimens of C. 

virginica. Sample 11 is moderately internally and externally weathered, has minimal edge 

erosion, and no bleaching. Sample 91A is moderately internally and externally 

weathered, has no edge erosion, and no color bleaching. These two samples have similar 

values and are found at complete opposite depths within the midden: sample 11 at 0-19 

cm and sample 91A at 113-126 cm. A slight pattern may emerge when comparing bored 

versus unbored specimens. Again, physical alteration leads to chemical alterations, so this 

relationship is not unlikely. 

 Samples 73 and 74 elucidate how species variation also does not seem to have an 

effect on alteration values. Sample 73 is M. campechiensis, whereas sample 74 is A. 

irradians. They both have approximately similar values for all four categories described 

in Table 50. 

 The presence or lack of color bleaching is also seemingly random. More shells are 

bleached than are not, but there is no obvious pattern with depth or species. It is difficult 

to draw conclusions when no patterns emerge from the data, but it is seemingly apparent 

that diagenesis is occurring. The question is what factors are affecting when and where it 

occurs within this hole. 
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Depth from 
Datum (cm) 

Sample Internal 
Surface 
Weathering 

External 
Surface 
Weathering 

Edge Erosion Bleaching 

0-19 11 moderate (2) moderate (2) minimal (1) none (0) 
0-19 61 moderate (2) minimal (1) minimal (1) present (1) 
0-19 92 severe (3) severe (3) severe (3) none (0) 
19-36 62 moderate (2) moderate (2) minimal (1) present (1) 
36-58 63 moderate (2) minimal (1) severe (3) none (0) 
58-72 64 severe (3) minimal (1) minimal (1) present (1) 
58-72 90A moderate (2) moderate (2) minimal (1) present (1) 
82-92 68 minimal (1) minimal (1) severe (3) none (0) 
82-92 69 minimal (1) minimal (1) severe (3) present (1) 
92-100 70 minimal (1) minimal (1) severe (3) none (0) 
92-100 71 moderate (2) minimal (1) moderate (2) present (1) 
100-113 73 minimal (1) minimal (1) severe (3) present (1) 
113-126 74 minimal (1) minimal (1) none (0) present (1) 
113-126 91A moderate (2) minimal (1) none (0) none (0) 
113-126 91B severe (3) severe (3) severe (3) present (1) 

Table 50. The characteristic descriptions for the shells from HSP-1 that most likely 
occurred within the midden. 
 
 
7.6.1.2. HSP-1 – Precipitates, Nodules, Concretions, and Sediment 

 One nodule and one precipitate were discovered within HSP-1 (Table 51). The 

nodule was dark grey in color. It appeared to mirror the shape and smoothness of the 

internal portion of a shell. Thus, it would most likely be considered a steinkern, or 

internal mold.  

 Sample 72 consists of a presumed precipitate air drilled off of M. campechiensis 

shell 73. It was brown to dark red, and, when removed, the shell appeared chalky 

underneath. The precipitate was not identifiable via hand sample observation. XRD 

analysis and other tests would be necessary to narrow down the mineralogy or chemistry 

of this substance. 
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Sample Depth from 

Datum (cm) 
Type Notes 

14 58-72 nodule cleaned, very indurated and smooth, convex 
shape follows along internal shell shape, perhaps 
an internal mold 

72 100-113 precipitate brown coating on M. campechiensis shell (73), 
air drilled off, shell chalky underneath 

Table 51. Descriptions for the nodule and precipitate that were found within hole 1 of 
Historic Spanish Point. 
 
 
7.6.1.3.  HSP-1 – Summary and Interpretation 

On the whole, this midden appears to be moderately altered (Table 52). The 

physical and chemical alterations, i.e., weathering, erosion, chalkiness, and bleaching, of 

shell specimens from within HSP-1 are obvious. What is not obvious is the reason for the 

seeming randomness of their extents at different depths within the midden. 

 

Parameter Average Standard Deviation Minimum Maximum 
Int. Surface Weathering 1.9 0.7 1 3 
Ext. Surface Weathering 1.6 0.8 1 3 
Edge Erosion 1.9 1.1 0 3 
Bleaching 0.6 0.5 0 1 

Table 52. Average values for the shell characteristics described from HSP-1. 
 
 
The lack or presence of shell borings may account for some of the variation, as 

that particular characteristic also did not correlate with depth uncovered within the 

midden. As it likely occurred in the ocean, prior to collection and deposition, it is 

unlikely that the two would correlate. This effect appears to affect all species equally, as 

the specimen of M. campechiensis that was bleached also had borings. 
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 The precipitate and nodule help indicate that alteration processes are ongoing 

within this portion of the midden. The nodule appears much like the humified organic 

matter and sediment mixture seen previously. The precipitate was not identified, but its 

mere presence indicates that dissolution and reprecipitation has occurred.  

7.6.2. Hole 2 (HSP-2) 
 
 The original hole dug by Bullen and Bullen in 1959 at the location of hole 2 was 

approximately 213.4 cm wide by 320 cm deep. The re-excavation of this hole produced a 

face that was 140 cm in height and 31 cm in width. The horizontal ground surface filled 

back into the hole was located at approximately 88 cm vertical depth, so the layers above 

this point had a potential source of horizontal exposure to air and meteoric waters. 

7.6.2.1. HSP-2 – Shells 
 
 Eight shells of five different species were sampled from hole 2 at Historic Spanish 

Point: S. pugilis, M. campechiensis, A. irradians, A. gibbus, and C. virginica (Table 53). 

Several of the shells possessed internal borings that indicated the organisms associated 

with them were likely already dead at the time of their collection. Sizes of all the shells 

fall into normal ranges for their apparent species. 

 The internal and external surface weathering values within this hole do not appear 

to correlate with depth or species (Table 54). Shells from both the shallowest and deepest 

intervals rate moderate for internal surface weathering, external surface weathering, and 

edge erosion. They also do not exhibit color bleaching. Nearly all of the shells within the 

interior levels of the midden are bleached of their color. Perhaps water infiltrated the 

upper layer too quickly to leach ions from the uppermost shells. That supposition would 

not necessarily hold true with the deepest layer, and the depth to the water table from this 
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point is unknown. Thus, there are clearly diagenetic alterations within this hole, but, 

again, the reason for their apparently random presentation is unknown. 

 
Sample Depth from 

Datum (cm) 
Species Height 

(H) 
(cm) 

Width 
(W) (cm) 

Borings 

75 24-46 S. pugilis 7.9 4.7 severe – external 
76 24-46 M. campechiensis 5.8 6.4 none 
77A 46-60 A. irradians 4.1 4.3 minimal – internal 
77B 46-60 A. gibbus 4.2 4.5 none 
78 100-120 M. campechiensis 3.1 7.2 none 
93 0-24 C. virginica 4.2 4.3 minimal – internal 
94 60-80 C. virginica 5.0 4.1 severe – external 
95 120-140 C. virginica 4.5 3.2 moderate – external, 

minimal  – internal 
Table 53. Sample numbers, depths, species, dimensions, and notes for the shells collected 
from HSP-2 organized by sample number. 
 
 
Depth from 
Datum (cm) 

Sample Internal 
Surface 
Weathering 

External 
Surface 
Weathering 

Edge Erosion Bleaching 

0-24 93 moderate (2) moderate (2) moderate (2) none (0) 
24-46 75 moderate (2) severe (3) moderate (2) present (1) 
24-46 76 moderate (2) minimal (1) severe (3) present (1) 
46-60 77A moderate (2) moderate (2) minimal (1) present (1) 
46-60 77B minimal (1) moderate (2) moderate (2) present (1) 
60-80 94 minimal (1) severe (3) minimal (1) none (0) 
80-100 78 minimal (1) minimal (1) severe (3) present (1) 
100-120 95 minimal (1) moderate (2) moderate (2) none (0) 
120-140 93 moderate (2) moderate (2) moderate (2) none (0) 

Table 54. Midden-affected characteristics and their assigned values for the shells buried 
within HSP-2 organized by depth. 
 
 
7.6.2.2. HSP-2 – Summary and Interpretation 
 
 HSP-2 is composed of shells that fall directly between minimum and moderate for 

internal surface weathering (Table 55). On average, the shells possess moderate external 



 171 

surface weathering and edge erosion. Many of them are also bleached of color. There are 

obvious diagenetic alterations, both physical and chemical, within this hole. 

 
Parameter Average Standard Deviation Minimum Maximum 
Int. Surface Weathering 1.5 0.5 1 2 
Ext. Surface Weathering 2 0.7 1 3 
Edge Erosion 2 0.7 1 3 
Bleaching 0.6 0.5 0 1 

Table 55. Average values for the midden-affected characteristics of the shells from hole 2 
at Historic Spanish Point. 
 
 
7.6.3. Hole 3 (HSP-3) 
 
 Hole 3 at Historic Spanish Point exposed a face 35 cm across and 91 cm deep. 

The horizontal surface exposure after slumping from Bullen and Bullen’s original 

excavation in 1959, which measured 152.3 cm by 152.3 cm by 167.6 cm deep, was 

located at a depth of 44 cm from the surface of the midden. Whereas numerous shells 

were collected for observation and analysis, no sediment was described, and no 

precipitates or concretions were uncovered. 

7.6.3.1. HSP-3 – Shells 
 
 Fifteen shells from HSP-3 were described via hand sample observation. Four were 

of the species C. virginica, two were A. irradians, two were S. pugilis, three were 

Busycon spp., and four were M. campechiensis (Table 56). Several of these shells were 

bored, but they were all external borings. Several of the oyster samples were actually 

several oysters cemented together. It is assumed that these oysters grew in that fashion, 

such as in reefal colonies in subtidal environments. A recent study of cemented C. 

virginica determined the mineralogical composition of the cement to be approximately  
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Sample Depth from 
Datum (cm) 

Species Height 
(H) (cm) 

Width 
(W) (cm) 

Borings Notes 

6 81-91 C. virginica 6.1 3.9 minimal 
– external 

several 
oysters 
cemented 
together 

7 61-71 C. virginica 5.9 3.6 minimal 
– external 

several 
oysters 
cemented 
together 

9 31-41 C. virginica 4.8 2.9 minimal 
– external 

 

10 1-11 C. virginica 4.7 2.2 minimal 
– external 

 

79 81-91 A. irradians 3.3 3.2 none  
80 71-81 S. pugilis 7.7 3.4 none  
81 61-71 Busycon spp. 7.5 3.0 none  
82 51-61 M. campechiensis 4.3 6.3 none  
83 41-51 M. campechiensis 4.7 2.7 none brown 

coating tested 
in sample 72 
present on 
shell 

84 31-41 Busycon spp. 8.0 4.8 minimal 
– external 

one external 
boring, may 
be 
Busycotypus 
spiratus 

85 31-41 M. campechiensis 7.0 4.4 none roots were 
pulled out of 
between the 
growth ridges 
on the 
exterior of 
the shell 

86 21-31 A. irradians 3.7 3.2 none roots present 
on the 
exterior of 
the shell 

87 21-31 M. campechiensis 7.2 4.0 none interior has 
numerous 
ridges, 
possibly from 
plant growth 

88 11-21 Busycon spp. 7.6 3.5 none  
89 0-11 S. pugilis 2.9 1.5 none  

Table 56. Species and characteristics of shells from hole 3 at Historic Spanish Point. 
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1/3 aragonite and 2/3 calcite (Burkett et al., 2010). This percentage is markedly different 

from the shell, itself, which is predominantly calcite with a very small percentage of 

aragonite. This fact could skew XRD data, so it must be considered when assessing 

quantitative results. 

 Many of the shells from HSP-3 are extremely physically altered (Table 57). 

Sample 80, for example, is moderately weathered internally and severely altered both 

externally and around its edges. It is also bleached of color. The values are similar for 

many of the other shells from within this hole.   

 
Depth from 
Datum (cm) 

Sample Internal 
Surface 
Weathering 

External 
Surface 
Weathering 

Edge Erosion Bleaching 

1-11 10 severe (3) severe (3) minimal (1) none (0) 
1-11 89 moderate (2) moderate (2) severe (3) none (0) 
11-21 88 severe (3) severe (3) severe (3) none (0) 
21-31 86 severe (3) moderate (2) severe (3) present (1) 
21-31 87 severe (3) moderate (2) severe (3) present (1) 
31-41 9 moderate (2) moderate (2) minimal (1) present (1) 
31-41 84 minimal (1) moderate (2) minimal (1) present (1) 
31-41 85 moderate (2) minimal (1) severe (3) present (1) 
41-51 83 severe (3) severe (3) severe (3) present (1) 
51-61 82 severe (3) minimal (1) severe (3) present (1) 
61-71 7 severe (3) severe (3) minimal (1) present (1) 
61-71 81 minimal (1) minimal (1) severe (3) present (1) 
71-81 80 moderate (2) severe (3) severe (3) present (1) 
81-91 6 moderate (2) moderate (2) moderate (1) present (1) 
81-91 79 moderate (2) minimal (1) none (0) present (1) 

Table 57. Likely post-collection and depositional characteristics of shells from hole 3 at 
Historic Spanish Point.  
 
 
 Interestingly, the color bleaching within HSP-3 is not present within the top 21 

cm of the hole. The level of internal and external surface weathering and edge erosion 

does not appear to be related to the color bleaching. These values indicate high stress on 
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the midden pile at its surface that caused the fracturing and erosion. Perhaps much human 

and animal activity took place over this portion of the midden. Abundant bioactivity was 

also evident within this hole, as can be seen within Table 56. The bioerosion could have 

also affected the level of physical alteration. The presence of color bleaching indicates 

that water was circulating throughout this portion of the midden. 

7.6.3.2. HSP-3 – Summary and Interpretation 
 
 Hole 3 at Historic Spanish Point possessed high values (above two) for internal 

surface weathering, external surface weathering, and edge erosion (Table 58). The 

average for bleaching was also 0.8, close to one. These values indicate that alterations 

occurred within the shells after their deposition in the midden. Thus, physical diagenesis, 

in the forms of shell fracturing and abrasion, and chemical diagenesis, in the form of 

color bleaching, took place within this portion of the midden. 

 
Parameter Average Standard Deviation Minimum Maximum 
Int. Surface Weathering 2.4 0.7 1 3 
Ext. Surface Weathering 2.1 0.8 1 3 
Edge Erosion 2.2 1 0 3 
Bleaching 0.8 0.4 0 1 

Table 58. Average values for the shell characteristics determined for HSP-3. 
 
 
7.6.4. Chapel Midden/Shell Ridge – Summary and Interpretation 
 
 The average values for HSP-1 were as follows: internal surface weathering 1.9, 

external surface weathering 1.6, edge erosion 1.9, and bleaching 0.6. HSP-2 rated average 

values of 1.5 for internal surface weathering, 2 for external surface weathering, 2 for edge 

erosion, and 0.6 for bleaching. HSP-3 possessed average values for internal surface 
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weathering of 2.4, external surface weathering of 2.1, edge erosion of 2.2, and bleaching 

of 0.8. The average values for the midden overall were also determined (Table 59).  

 
Parameter Average 

Average 
Average Standard  
Deviation 

Average 
Minimum 

Average 
Maximum 

Int. Surface Weathering 1.9 0.4 1.5 2.4 
Ext. Surface Weathering 1.9 0.2 1.6 2.1 
Edge Erosion 2.0 0.1 1.9 2.2 
Bleaching 0.7 0.1 0.6 0.8 

Table 59. Average values calculated for shell characteristics within the Chapel 
Midden/Shell Ridge. 
 
 

It is quite clear that this midden overall is moderately physically altered. Average 

values rate at approximately two for internal surface weathering, external surface 

weathering, and edge erosion. Bleaching is also close to one, indicating high levels of the 

occurrence of this process. 

 Hole 3 is clearly the most altered. This fact is intriguing, as it came from the 

younger side of the midden. The construction of this midden began in the east and 

continued west through time. Thus, the shells within hole 3, the westernmost hole, had 

the least amount of time existing within the midden. One would assume that the longer a 

shell was present within the midden, the more diagenesis would have taken place. This 

discordance with time seems to either be superseded by other factors, e.g., perhaps more 

bioerosion took place within this hole, or simply the time difference between the two, 

several hundred years at most, is not long enough to create a significant amount of 

variance. Thus, it seems as if factors other than time may have a larger effect on 

diagenesis within some shell middens.  
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7.7. Historic Spanish Point – Hill Cottage Midden 
 
 The Hill Cottage Midden at Historic Spanish Point is the oldest midden sampled 

within this study. The period of its creation dated from approximately 2,500 B.C.E.-500 

B.C.E. Two sites were excavated from this midden: a large trench and a fire pit. The 

trench had been previously excavated in 1959, and the fire pit had been uncovered much 

more recently, in 2012.  

7.7.1. Trench (HSP-T) 
 
 The original trench dug by Bullen and Bullen (1976) in 1959 measured 365.8 x 

365.8 cm and reached a depth of 365.8 cm. By the time of this study, sediment and shell 

material had slumped into the hole created by Bullen and Bullen. This slump material 

created a new, artificial ground surface within the hole. For this study, a new trench face 

approximately 102 cm wide was dug. The exposed surface reached 207 cm deep.  

7.7.1.1. HSP-T – Shells 
 
 Twenty shells from the freshly dug trench face and two shells from the slump 

material were sampled and catalogued (Table 60). The species sampled were Busycon 

spp., C. virginica, A. irradians, S. pugilis, A. gibbus, and M. campechiensis. Several of 

the shells were externally bored. Many of them appeared chalky and had apparent 

dendritic traces along their surface. It became readily apparent that these markings were 

root traces when several shells were discovered with the roots still firmly attached to the 

shell surface. When these roots were removed, markings similar to those on the other 

shells became evident. 
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Sample 
 

Depth from 
Datum (cm) 

Species Height 
(H) (cm) 

Width 
(W) (cm) 

Borings Notes 

120 190-207 Busycon spp. 21.5 8.0 none air drilled and then 
crushed 

121 190-207 C. virginica 5.5 3.2 minimal – 
external  

122 183-190 A. irradians 5.2 5.4 none  
123 169-183 A. irradians 4.6 4.6 none  
124 159-169 C. virginica 5.4 4.3 none  
125 149-159 S. pugilis 6.0 2.8 none  
126 135-149 S. pugilis 5.0 2.7 none mostly columella 
127 123-135 A. gibbus 5.4 5.7 minimal – 

external  
128 115-123 S. pugilis 7.2 3.8 none  
129 115-123 C. virginica 5.2 4.4 none interior of shell is 

chalky with root 
traces, can tell they 
are root traces 
because they were 
present elsewhere 
where roots were 
still visible 

130 102-115 S. pugilis 3.5 2.0 minimal – 
external 

interior and exterior 
have a chalky 
appearance 

131 87-102 M. campechiensis 7.7 3.0 none interior of shell has 
chalky appearance, 
exterior has an 
apparent precipitate 
in the ridges on the 
exterior of the 
shell, discoloration 
in dendritic-shaped 
lineations 

132 77-87 M. campechiensis 7.2 3.9 none interior of shell has 
chalky appearance, 
exterior has an 
apparent precipitate 
in the ridges on the 
exterior of the shell 

134 67-77 C. virginica 5.5 2.2 minimal – 
external 

borings are 
horizontal, root 
traces on interior 
and exterior 

135 67-77 M. campechiensis 5.4 6.8 none interior of shell has 
chalky appearance, 
brown coating 
tested in sample 72 
present on exterior 
and interior of shell  

136 57-67 Busycon spp. 10.5 7.9 none interior and exterior 
have root traces 

137 47-57 C. virginica 6.4 2.8 none  
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138 31-47 M. campechiensis 4.3 5.9 none brown coating 
tested in sample 72 
present on exterior 
of shell, root traces 
on interior of shell, 
interior of shell has 
a chalky 
appearance, piece 
of shell broken off 
and crushed 

139 17-31 M. campechiensis 2.2 4.8 none interior and exterior 
have a chalky 
appearance 

140 7-17 C. virginica 5.6 3.4 none interior and exterior 
have a chalky 
appearance 

143 NA, slump S. pugilis 9.0 5.2 none  
144 NA, slump A. irradians 5.1 5.1 none  

Table 60. Species designations, depths, and characteristics of shells collected from the 
trench at Historic Spanish Point.  
 
 
 Shells from this hole were bleached with no apparent correlation between either 

species or depth. Samples 137-140, which ranged from 7-57 cm, were all bleached (Table 

61). These shells were both C. virginica and M. campechiensis. At other depths within 

the hole, A. irradians and S. pugilis were also bleached, and S. pugilis also appeared not 

bleached.  

 Interestingly, with the exception of the Busycon spp. shell buried within 190-207 

cm, physical shell alteration appeared to decrease with depth. Shells were most physically 

altered between 31-123 cm, irrespective of species. These observations seem to support 

the theory that shells in the more internal portions of the midden are protected from 

physical destruction or change by those shells closer to the perimeter of the midden. 
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Depth from 
Datum (cm) 

Sample Internal 
Surface 
Weathering 

External 
Surface 
Weathering 

Edge Erosion Bleaching 

NA, slump 144 moderate (2) minimal (1) minimal (1) present (1) 
NA, slump 143 minimal (1) minimal (1) minimal (1) none (0) 
7-17 140 severe (3) severe (3) moderate (2) present (1) 
17-31 139 moderate (2) moderate (2) severe (3) present (1) 
31-47 138 severe (3) moderate (2) severe (3) present (1) 
47-57 137 severe (3) severe (3) minimal (1) present (1) 
57-67 136 severe (3) severe (3) severe (3) none (0) 
67-77 135 severe (3) moderate (2) severe (3) none (0) 
67-77 134 severe (3) severe (3) minimal (1) none (0) 
77-87 132 severe (3) minimal (1) severe (3) present (1) 
87-102 131 severe (3) minimal (1) severe (3) none (0) 
102-115 130 severe (3) severe (3) severe (3) present (1) 
115-123 129 severe (3) moderate (2) moderate (2) none (0) 
115-123 128 moderate (2) moderate (2) severe (3) none (0) 
123-135 127 moderate (2) moderate (2) minimal (1) present (1) 
135-149 126 minimal (1) minimal (1) severe (3) none (0) 
149-159 125 minimal (1) minimal (1) severe (3) none (0) 
159-169 124 minimal (1) minimal (1) moderate (2) none (0) 
169-183 123 minimal (1) minimal (1) minimal (1) present (1) 
183-190 122 minimal (1) minimal (1) minimal (1) present (1) 
190-207 121 minimal (1) minimal (1) minimal (1) none (0) 
190-207 120 minimal (1) minimal (1) severe (3) none (0) 

Table 61. Shell qualities and associated values for the analyzed specimens from the 
trench at Historic Spanish Point. 
 
 
7.7.1.2. HSP-T – Precipitates, Nodules, and Concretions 
 
 Two nodules and one concretion were uncovered within the trench (Table 62). 

The concretion, sample 142, was discovered among the slump material removed to 

expose a fresh surface from which to sample. There were several large, approximately 

10-15 cm, chunks of apparently concreted midden within the slump material. The 

composition of the matrix was not determined, but there were numerous shells visible 

within. A smaller nodule, approximately 1.4 cm long was discovered while cleaning 

shells in the laboratory.  
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The nodule from 53.5-62 cm was quite evident while working at the trench. It was 

made of an orange material that crumbled unavoidably when sampling was attempted. 

This material was present in a distinct area of the face and several cm back into the 

midden, and no material similar to it was discovered elsewhere. As this material reacted 

with HCl, it is likely a form of carbonate. As such, it could be a precipitate that is being 

sourced from dissolution of the surrounding shell material. Further understanding of this 

nodule can be gleaned via XRD. 

 
Sample Depth from 

Datum (cm) 
Type Notes 

133 67-77 nodule 1.4 cm long, light grey, has shell fragments 
within, air drilled and crushed 

141 53.5-62 nodule large nodule that crumbled easily, not cleaned, 
orange beneath a grey patina, fizzes with HCl 

142 NA, slump concretion light grey, hardened matrix with shells 
Table 62. Descriptions of two nodules and one concretion found within the trench at 
Historic Spanish Point. 
 
 
7.7.1.3.  HSP-T – Summary and Interpretation 
 
 The trench at Historic Spanish Point possessed evidence for post-depositional 

alteration. Two nodules and several concretions indicate that dissolution and 

reprecipitation may be occurring. Chalkiness within numerous shells analyzed further 

corroborates this supposition. An abundance of bleached shells indicates the water 

circulation necessary for this type of alteration would have been present. 

 The physical alteration values for the shells within this pile rate at just below to 

just above moderate (Table 63). There is a large standard deviation, above 0.8, for each 

of these values. A reason for the lower physical alteration values could be due to the large 

amount of shells and the stacking within this hole. As can be seen in Figure 62, shells 
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were stacked directly on top of one another with their long axes parallel to the ground 

surface. Numerous shells, up to approximately ten, of both species of Argopecten were 

discovered nested in one another in towers preserved within the face. This arrangement 

could have provided protection from physical damage. 

 
Parameter Average Standard Deviation Minimum Maximum 
Int. Surface Weathering 2.1 0.9 1 3 
Ext. Surface Weathering 1.7 0.8 1 3 
Edge Erosion 2.1 0.9 1 3 
Bleaching 0.5 0.5 0 1 

Table 63. Average values for the shell characteristics from the trench at Historic Spanish 
Point. 
 
 
7.7.2. Fire Pit (HSP-FP) 
 
 The fire pit at Historic Spanish Point was uncovered in a construction project in 

2012. It had not been refilled between its discovery and the time sampling took place for 

this work. Therefore, the sampled surface was exposed directly to air and meteoric 

waters, with only several wooden boards covering it, for at least one year at the time 

shells were collected for analysis. 

7.7.2.1. HSP-FP – Shells 
 
 Twenty-four shells of C. virginica, A. gibbus, M. campechiensis, A. irradians, and 

S. pugilis were collected from the fire pit at Historic Spanish Point. Their height, width, 

whether or not they were bored, and any interesting abnormalities were catalogued (Table 

64). Several shells were bored, an effect that most likely occurred on the sea floor, and 

several shells were chalky. Whereas the borings did not seem to have any correlation 

with depth or side, the appearance of chalkiness did. Nearly every shell collected from  
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Sample Depth from 
Datum (cm) 

Species Height 
(H) (cm) 

Width 
(W) (cm) 

Borings Notes 

96 32-42  L C. virginica 5.2 2.8 none  
97 32-42  L A. gibbus 3.1 3.2 none  
98 23-32  L M. campechiensis 3.1 7.4 none  
99 23-32  L C. virginica 5.0 1.5 none  
100 14-23  L C. virginica 4.8 3.0 moderate 

– external, 
minimal – 
internal 

 

101 14-23  L A. irradians 4.0 3.8 none  
102 2-14   L C. virginica 4.4 2.8 none  
103 2-14  L M. campechiensis 2.4 4.3 none  
104 32-42  C C. virginica 3.8 3.1 none  
105 23-32  C M. campechiensis 7.0 8.3 none  
106 23-32  C C. virginica 4.0 2.5 none  
107 11-23  C C. virginica 3.9 3.8 moderate 

– external 
and 
internal 

 

108 11-23  C S. pugilis 9.5 4.4 minimal – 
external 

 

109 2-11  C A. irradians 4.3 4.4 none  
110 2-11  C C. virginica 4.2 3.4 none  
111 32-42  R S. pugilis 7.9 3.9 severe – 

external 
 

112 32-42  R C. virginica 5.7 3.4 none exterior – 
chalky  

113 23-32  R C. virginica 4.7 3.6 none exterior – 
chalky  

114 23-32  R M. campechiensis 6.4 3.2 none interior – chalky 
115 18-23  R S. pugilis 4.9 3.2 minimal – 

external 
 

116 18-23  R C. virginica 5.5 2.8 minimal – 
external 

interior of shell 
has a white, 
chalky 
substance, 
perhaps a 
precipitate 

117 12-18  R C. virginica 5.0 3.3 severe – 
external 

 

118 2-12  R C. virginica 4.1 2.8 none interior – chalky  
119 2-12  R M. campechiensis 4.1 5.4 none interior – chalky  

Table 64. Sample number, depth range, species, height, width, borings, and notes for 
shells collected from the fire pit at Historic Spanish Point. The letters, L, C, and R 
indicate the area of the surface from which the shell was collected, either left, center, or 
right, respectively. 



 183 

the right side had a chalky appearance. This fact indicates that rapid lateral variation may 

take place within these midden systems, and that water circulation may vary within very 

short distances. 

 The other characteristics assessed for each shell, i.e., internal surface weathering, 

external surface weathering, edge erosion, and bleaching did not seem to have any 

relation to depth, species, or the side of the fire pit from which they were collected (Table 

65). Shells ranged from minimally to severely altered. The same shell could also possess 

different values for each characteristic, but they usually only varied by one integer. For 

example, sample 110 was moderately internally and externally weathered, and had 

minimal edge erosion. 

 The unbleached shells were one shell of S. pugilis (108) that was minimally bored 

and several unbored specimens of C. virginica (96, 99, 110, 112, 116, and 118). These 

findings indicate that level of boring prior to deposition within the midden may have an 

effect on whether or not a shell becomes bleached. As the effects of mechanical and 

chemical weathering are interrelated, it is not surprising that a higher level of mechanical 

weathering, in the form of physical abrasion or borings, would allow for a shell to 

become more chemically altered, i.e., bleached. Conversely, a less abraded shell may 

possess lower levels of chemical weathering.  

 Findings such as these are also present within HSP-1. Sample 91A from HSP-1 is 

a specimen of C. virginica that has no borings and is not bleached. Sample 91B was a 

severely, externally bored specimen of C. Virginica that was uncovered from the same 

depth. Whereas sample 91A was not bleached, sample 91B was. These findings further 

corroborate the idea that the level of physical abrasion prior to a shells deposition within 
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the midden has an effect on the amount of alteration, primarily chemical, that occurs 

within said midden. The same may hold true for physical alteration, but it is not possible 

to determine if the many shell fragments within a midden originated from bored or 

unbored shells due to the nature of the remnants. 

 
 
Depth from 
Datum (cm) 

Sample Internal 
Surface 
Weathering 

External 
Surface 
Weathering 

Edge Erosion Bleaching 

2-11  C 109 severe (3) severe (3) severe (3) present (1) 
2-11  C 110 moderate (2) moderate (2) minimal (1) none (0) 
2-12  R 118 moderate (2) moderate (2) minimal (1) none (0) 
2-12  R 119 severe (3) moderate (2) severe (3) present (1) 
2-14  L 102 moderate (2) severe (3) severe (3) present (1) 
2-14  L 103 severe (3) moderate (2) severe (3) present (1) 
11-23  C 107 severe (3) moderate (2) severe (3) present (1) 
11-23  C 108 moderate (2) severe (3) severe (3) none (0) 
12-18  R 117 moderate (2) minimal (1) minimal (1) present (1) 
18-23  R 115 moderate (2) severe (3) severe (3) present (1) 
18-23  R 116 severe (3) severe (3) severe (3) none (0) 
14-23  L 100 moderate (2) moderate (2) minimal (1) present (1) 
14-23  L 101 moderate (2) moderate (2) severe (3) present (1) 
23-32  L 98 moderate (2) minimal (1) severe (3) present (1) 
23-32  L 99 moderate (2) moderate (2) severe (3) none (0) 
23-32  C 105 moderate (2) minimal (1) moderate (2) present (1) 
23-32  C 106 moderate (2) minimal (1) minimal (1) present (1) 
23-32  R 113 minimal (1) moderate (2) minimal (1) present (1) 
23-32  R 114 moderate (2) minimal (1) severe (3) present (1) 
32-42  L 96 moderate (2) minimal (1) moderate (2) none (0) 
32-42  L 97 severe (3) minimal (1) severe (3) present (1) 
32-42  C 104 moderate (2) moderate (2) severe (3) present (1) 
32-42  R 111 severe (3) severe (3) severe (3) present (1) 
32-42  R 112 moderate (2) moderate (2) minimal (1) none (0) 

Table 65. Characteristic attributes and associated values for the shells collected from the 
fire pit at Historic Spanish Point. The L, C, and R to the right of the depth ranges indicate 
whether the shell was collected from the left, center, or right portions of the sampling 
surface. 
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7.7.2.2. HSP-FP – Summary and Interpretation 
   
 The average values for the fire pit were 2.3 for internal surface weathering, 2.0 for 

external surface weathering, 2.3 for edge erosion, and 0.7 for bleaching (Table 66). These 

numbers indicate high levels of physical and chemical alterations, above moderate for all 

three physical parameters. From the data collected from the fire pit, it appears as if the 

amount of physical alteration that had occurred prior to a shell’s deposition within the 

midden would help determine the degree of chemical diagenesis that would occur on the 

same shell after its deposition. 

 
Parameter Average Standard Deviation Minimum Maximum 
Int. Surface Weathering 2.3 0.5 1 3 
Ext. Surface Weathering 2.0 0.7 1 3 
Edge Erosion 2.3 0.9 1 3 
Bleaching 0.7 0.5 0 1 

Table 66. Average values of the post-deposition characteristics for the shells from the fire 
pit at Historic Spanish Point. 
 
 
7.7.3. Hill Cottage Midden – Summary and Interpretation 

 The average values for internal surface weathering, external surface weathering, 

edge erosion, and bleaching were determined for both of the surfaces, i.e., the trench and 

the fire pit, sampled from the Hill Cottage Midden (Table 67). For internal surface 

weathering and external surface weathering, the trench had an average of 2.1 and 1.7 for 

all shells, respectively, whereas the fire pit had a value of 2.3 and 2.0, respectively. The 

trench had a value of 2.1 for edge erosion, whereas the value for the fire pit was 2.3. 

Finally, the bleaching indicator for the fire pit was 0.2 higher than within the trench. 
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Parameter Average 
Average 

Average Standard  
Deviation 

Average 
Minimum 

Average 
Maximum 

Int. Surface Weathering 2.2 0.1 2.1 2.3 
Ext. Surface Weathering 1.9 0.2 1.7 2 
Edge Erosion 2.2 0.1 2.1 2.3 
Bleaching 0.6 0.1 0.5 0.7 

Table 67. Average values for the shells described from the Hill Cottage Midden at 
Historic Spanish Point. 
 

 The average values for this midden indicate that diagenesis likely did occur, but 

the fire pit is more altered. The reason for this higher level of change could be due its 

length of its subaerial exposure after its excavation in 2012, but the trench was likely 

exposed for a similar period of time, if not longer, before the slump material caved in and 

recovered it after Bullen and Bullen’s (1976) excavation in 1959. The tops of the trench 

and the fire pit were at approximately the same elevation, so the timing of the creation of 

the top portion of the trench and the fire pit are most likely similar. A final supposition is 

that the shells within the fire pit were heated to a higher level due to their proximity to the 

actual physical fire pit within, but that is mostly conjecture. 

7.8. Historic Spanish Point – Beach Concretions (HSP-B) 
 
 An unknown material was discovered along the beach at Historic Spanish Point. 

This material was proximal to the Chapel Midden portion of the Chapel Midden/Shell 

Ridge that abutted the beach. Chunks of sample were removed from the hole via 

hammering with a rock hammer. 

7.8.1. HSP-B – Precipitates, Nodules, and Concretions 
 
 Several small chunks of the concretion discovered on the beach at Historic 

Spanish Point were analyzed and described (Table 68). The concretions consisted of 
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chunks of red-tinged, hard material with shells interspersed throughout. Numerous insects 

were discovered boring into this substance, and, as such, an abundance of boreholes were 

visible. The nature of the matrix material between the shells was not obvious via hand 

sample analysis. XRD analysis and thin section observation is necessary to determine the 

nature of this concretion. 

 
Sample Type Notes 
12 concretion tried to avoid shell material when collecting sample, heavily 

bored, externally weathered surface with dark patina, air-drilled 
from top of weathered surface in 6 mm, not cleaned prior 

13 concretion borings throughout, sample taken from center of exposed 
surface via air drill, not cleaned prior 

Table 68. Descriptions of the concretions collected from the beach at Historic Spanish 
Point. 
 
 
7.8.2. HSP-B – Summary and Interpretation 
 
 An unknown material was sampled from the beach at Historic Spanish Point. It 

was not clear what the concretion is made out of or how it formed via simple hand 

sample observation. Further analysis via XRD and petrographic methods is necessary to 

obtain further information on this material. 

7.9. Comparison of All Middens 

 The earliest occupation of each midden and the average values for the shells 

within each midden were compiled and compared (Table 69). The middens are presented 

in order from youngest on the left to oldest on the right. The Kneupper Midden was likely 

created around 500 C.E. (a maximum of 1,500 years ago). Midden 41JF47 was most 

likely developed between 100 B.C.E.-1000 C.E (at most 2,100 years ago). Creation of the 

Chapel Midden/Shell Ridge took place between 300 B.C.E-1,100 C.E (2,300 years ago 
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maximum), whereas the Hill Cottage Midden was likely constructed between 2,500 

B.C.E.-500 B.C.E. (4,500 years ago at most). 

 
Parameter Galveston Kneupper 

Midden 
41JF47 Chapel Midden/ 

Shell Ridge 
Hill Cottage 
Midden 

Earliest 
Possible 
Occupation 

NA 500 C.E. 100 B.C.E. 300 B.C.E. 2,500 B.C.E. 

Int. Surface 
Weathering 

1.2 1.7 1.3 1.9 2.2 

Ext. Surface 
Weathering 

1.1 2.3 1.5 1.9 1.9 

Edge 
Erosion 

1.7 3.0 1.1 2.0 2.2 

Bleaching 0 0.9 0.4 0.7 0.6 
Table 69. A table showing the earliest possible time of occupation and the average values 
for various shell characteristics determined for each midden. NA, meaning “not 
applicable,” is written for the earliest possible occupation for Galveston because it is not 
a shell midden. 
 
 

With the exception of the Kneupper Midden, the Hill Cottage Midden possessed 

the highest averages within each category of alterations. Interestingly, these values seem 

to generally increase towards the right within the chart. One slight exception is that of 

edge erosion at Galveston and Follets islands. Thus, more physical alteration actually 

does occur over time. Edge erosion within the Galveston is likely higher due to the 

transport undergone by the shells after their death and prior to their collection.  

This outcome indicates changes within middens may not be dependent upon time, 

e.g., variance between holes 1-3 within the Chapel Midden/Shell Ridge, but that is likely 

only because such a small amount of time passed so as to be insignificant in terms of 

diagenesis. Between middens, the results differ. Within this study, longer lengths of time 

are able to pass between the development of individual middens than during one singular 



 189 

middens creation. Thus, these findings indicate that a past a certain point, most likely 

several hundred years as indicated by the difference in the holes from the Chapel 

Midden/Shell Ridge, a longer span of time will allow for the development of greater 

amounts of physical diagenesis. 

 The Kneupper Midden is the exception to the increase towards the older middens. 

It possesses the highest values in all categories. It is also the most sparsely populated in 

terms of shell material, and the least expansive of the middens. Whereas the other 

middens possessed large accumulations of multiple layers of shells in direct contact with 

one another, the Kneupper Midden was composed primarily of siliciclastic sediment and 

clays with interspersed shells. Thus, it seems as if there are two midden characteristic, for 

continually subaerially exposed middens, that affect the extent of diagenesis more than 

age in middens in siliciclastic regions: midden shell density and abundance of carbonate 

material. Andrus’ (2011) idea that a large volume of shells creates a protective barrier to 

both physical and chemical alteration seems to hold true. 

 The midden at the Pineland Site complex and the concretions found at the beach 

cannot, by their nature, be included in the shell analysis. The apparent cemented 

appearance of these middens makes them appear to be more diagenetically altered, but 

further analysis is necessary to determine the actual materials that make up these 

concretions. It appears via hand sample analysis that these concretions are likely to be 

hardened humus, or broken down organic matter.  
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CHAPTER 8: X-RAY DIFFRACTION DATA AND INTERPRETATION 
 
 
8.1. Introduction 

 Powder X-ray Diffraction (XRD) allows for the determination of mineralogical 

phase. Alteration of the mineral aragonite to calcite makes up a large portion of the 

diagenesis within carbonate systems. XRD was performed on modern standard shells and 

shells from each layer within each midden in order to obtain information about the 

calcite/aragonite ratio. Whole shells were crushed, either with a mortar and pestle or air 

drill, in order to obtain an average of every layer within the shell. Peak values were 

determined via Rietveld analysis in X’Pert Highscore. The two results were then 

compared by subtracting the modern standard from the measured value. Presumably, the 

larger the difference between the values of the standard and the shell being tested, the 

greater the amount of diagenesis that has taken place. If a modern specimen of a 

particular species was not available, values were compared with samples from other 

depths within the midden. From known standards, the error of this analysis was 

determined experimentally to be approximately ±5%. 

 Any sediment, precipitates, nodules, or concretions sampled from each layer were 

also analyzed. Sediment was tested in order to ensure that the soil was indeed siliciclastic 

and to determine whether calcite or aragonite was present. The presence or lack of these 

minerals could indicate whether or not precipitation, i.e., shell dissolution and 

reprecipitation, had occurred within the soil. Sediments, nodules, and concretions were 

tested in order to determine their composition.  
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8.2. Galveston Island and Follets Island 

 Four shells were collected for mineralogical analysis from Galveston and Follets 

islands. These four shells were assumed to be modern specimens, i.e., to have recently 

died. The aragonite and calcite percentages from these shells were used to compare 

against the values determined for the midden shells in order to assess extent of alteration. 

 In addition to the previously mentioned modern shells, an additional three shells 

were collected for a supplementary subexperiment. Indigenous peoples presumably 

prepared shells with some manner of cooking prior to their consumption, although 

oysters may have been consumed raw as they commonly are today. The heating method 

used could potentially have altered the structure within the shell prior to its deposition 

within the midden. These collected shells were used to test whether or not boiling would 

alter the aragonite to calcite phase relationship. 

8.2.1. Galveston Island and Follets Island – Standard Shells 

 A sample of R. flexuosa, Busycon spp., R. cuneata, C. virginica, and A. irradians 

were collected from beaches on Galveston Island and Follets Island (Table 70). They 

were analyzed using XRD, and the values of calcite and aragonite percent were 

determined mathematically. These values were used for comparison with midden shells. 

 
Sample Species Percent Calcite Percent Aragonite 
23 R. flexuosa 0.5 99.5 
24 Busycon spp. 0.2 99.8 
25 R. cuneata 0.7 99.3 
26 C. virginica 94.5 5.5 

Table 70. The percentages of calcite and aragonite determined via XRD in the standard 
shells collected form Galveston and Follets islands. 
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8.2.2. Galveston Island and Follets Island – Boiling Experiment Shells 

 Humans rarely consume raw meat, and several cooking methods, e.g., boiling, 

heating on coals, roasting, etc., have been purported as probable methods utilized by the 

constructors of shell middens (Andrus and Crowe, 2002). As aragonite has been shown 

experimentally to convert to calcite rapidly, i.e., within minutes, with the addition of heat 

measuring above 470° C, treatment of shellfish by the native peoples who collected them 

could have altered the shell mineralogy prior to it being deposited in the midden (Epstein 

et al., 1953; Andrus and Crowe, 2002).  

Three shells were collected in order to test whether their mineral makeup could be 

changed anthropogenically by boiling. They were boiled in fresh water for thirty minutes, 

and left out to dry. The shells were then crushed and analyzed via XRD (Table 71). 

 
Sample Species %-Calcite Difference 

from Standard 
%-Aragonite Difference from 

Standard 
145 C. virginica 95.1 0.6 4.9 -0.6 
146 Busycon spp. 0.2 0 99.8 0 
147 R. flexuosa 0.6 0.1 99.4 -0.1 

Table 71. The percentages of calcite and aragonite determined via XRD after boiling. 
 
 
 After thirty minutes of boiling, the values for the C. virginica and R. flexuosa 

varied within ±0.6%. As stated previously, the experimental error for the XRD within this 

experiment was ±5%. The values of Busycon spp. did not change. Thus, there was no real 

mineralogical change with this method of preparation for the shells. This conclusion 

agrees with that of Andrus and Crowe (2002), who determined that only directly burned 

otoliths converted from aragonite to calcite. Direct burning generally creates visible 

markings. As there were no burn marks present on any shell collected from within the 
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middens sampled, it is unlikely that any phase alteration took place prior to that shell’s 

deposition within the midden. In sum, cooking did not alter the shells measured for this 

study, and any measurable change indicates processes that occurred within the midden. 

8.2.3. Galveston Island and Follets Island – Summary and Interpretation 

 Modern samples collected from Galveston and Follets islands provide standards 

of comparison for midden shells and a method of testing whether cooking via boiling 

would alter shell mineralogy. It was determined that boiling, which takes place at 100° C, 

for thirty minutes does not change the percentages of calcite and aragonite within a shell. 

As such, any change measured within the shells sampled for this study likely occurred 

while the shell was buried within the midden. 

8.3. Sea Rim State Park – Midden 41JF47 

 Excavation at midden 41JF47 consisted of two holes: 41JF47-1 and 41JF47-2. R. 

cuneata was the only species uncovered within this midden. Shells from each hole were 

crushed and analyzed via XRD to determine whether or not alteration from aragonite to 

calcite had occurred. Three nodules and several sediment samples were also analyzed. 

8.3.1. Hole 1 (41JF47-1) 
 
 Hole 1 from midden 41JF47 was located at the center and highest point of the 

midden. Shells of the species R. cuneata were collected from this hole and compared to 

the modern R. cuneata standard. Several sediment samples were also evaluated, as well 

as one nodule. 

8.3.1.1. Hole 1 – Shells 

 Seven shells of the species R. cuneata were sampled from hole 1. The calcite and 

aragonite percentages for the modern specimen of R. cuneata were 0.7% calcite and 
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99.3% aragonite. No sample from this hole deviated more than ±0.7% from the standard 

values (Table 72). These values are within the ±5% error, which indicates that no real 

alteration from aragonite to calcite has occurred within this hole at any depth. 

 
Sample Depth from 

Datum (cm) 
Species %-Calcite Diff. from 

Standard 
%-Aragonite Diff. from 

Standard 
1 50-55 R. cuneata 0.2 -0.5 99.8 0.5 
2 20-30 R. cuneata 0.0 -0.7 100.0 0.7 
3 0-10 R. cuneata 0.6 -0.1 99.4 0.1 
33 10-20 R. cuneata 0.2 -0.5 99.8 0.5 
34 25-30 R. cuneata 0.2 -0.5 99.8 0.5 
35 30-40 R. cuneata 0.2 -0.5 99.8 0.5 
36 40-50 R. cuneata 0.4 -0.3 99.6 0.3 

Table 72. The percentages of calcite and aragonite for the R. cuneata of hole 1 in midden 
41JF47. The difference between the measured values and that of the standard R. cuneata 
from Galveston and Foletts Islands is also listed. 
 
 
8.3.1.2. Hole 1 – Precipitates, Nodules, and Concretions 

One nodule and three sediment samples from hole 1 were analyzed for their 

mineralogical composition (Table 73). The sediment all showed the presence of both 

calcite and quartz. There was no measurable aragonite within the sample. As R. cuneata 

shells are predominantly aragonite (99.3%), this result is quite intriguing. It indicates that 

the measurable carbonate values within the sediment are more likely to be from 

dissolution and reprecipitation, as calcite and not aragonite is the stable phase of 

carbonate likely to form at surface temperatures and pressures in environments with no 

supplementary magnesium, and not simply aragonitic shell fragments. The quartz within 

the sediment shows that the primary depositional composition within this region is 

siliciclastic sediment. 
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Sample  Depth from Datum (cm) Type Notes 
15 10-20 nodule quartz 
18 50-55 sediment calcite and quartz 
19 20-30 sediment calcite and quartz 
20 0-10 sediment calcite and quartz 

Table 73. XRD results of the nodule and sediment from 41JF47-1 determined via 
Rietveld analysis in X’Pert Highscore. 
 
 

Rietveld analysis of the nodule uncovered from within hole 1 shows values for 

quartz (Figure 83). Neither calcite nor aragonite were detectable. There were also no 

other minerals detected. These results indicate that the prior supposition regarding the 

organic nature of the matrix from this nodule is likely correct. Organic matter would have 

no peak in XRD. Only the quartz sediment suspended interstitially would appear within 

the analysis. 

 
Figure 83. The XRD curve for the nodule (sample 15) discovered in 41JF47-1. The 
results indicate a composition that is predominantly quartz (peaks shown by green lines). 
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8.3.1.3.  Hole 1 – Summary and Interpretation 
 
 Analysis of the shells from hole 1 indicate that, at the temperatures and conditions 

within the midden, enough time has not passed for the conversion of aragonite to calcite. 

Sediment results indicate likely dissolution and reprecipitation, and confirm the 

observations that the midden was deposited in a primarily siliciclastic environment. The 

outcome of XRD study of the nodule present within the hole further corroborates the 

belief that these nodules are made out of humified organic, or plant, matter.  

8.3.2. Hole 2 (41JF47-2) 

 Hole 2 was dug near the edge of the midden. It reached a depth of 42 cm prior to 

hitting the water table. There were several shells analyzed. All the shells were of the 

species R. cuneata. In addition, two nodules and two sediment samples were assessed. 

8.3.2.1. Hole 2 – Shells 

 The aragonite and calcite percentages of four R. cuneata shells from hole 2 of 

midden 41JF47 were determined via XRD. The difference from the percentage values of 

the standard was then determined (Table 74). The difference of the calcite values are all 

negative, which would indicate that calcite converted to aragonite. This process is not 

chemically reasonable. It is apparent that deviation over 0.57% did not occur. This value 

is within the error of the machine, and, as such, no measurable phase alteration from 

aragonite to calcite occurred within this hole. 
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Sample Depth from 
Datum (cm) 

Species %-Calcite Diff. from 
Standard 

%-Aragonite Diff. from 
Standard 

4 30-42 R. cuneata 0.2 -0.5 99.8 0.5 
5 0-10 R. cuneata 0.2 -0.5 99.8 0.5 
37 10-20 R. cuneata 0.1 -0.6 99.9 0.6 
38 20-30 R. cuneata 0.3 -0.4 99.7 0.4 

Table 74. The percentages of calcite and aragonite for the R. cuneata of hole 2 in midden 
41JF47. The difference between the measured values and that of the standard R. cuneata 
from Galveston and Foletts Islands is also listed. 
 

8.3.2.2. Hole 2 – Precipitates, Nodules, and Concretions 

 Two nodules and two sediment samples were evaluated from this hole (Table 75). 

Unlike in hole 1, there was an aragonite peak match in one of the sediment samples. The 

aragonite may have been from small shell fragments that were not able to be removed 

during sample preparation. The presence of calcite shows likely shell dissolution, and the 

quartz indicates a siliciclastic deposition zone. 

 
Sample  Depth from Datum (cm) Type Notes 
16 0-10 nodule montmorillonite, quartz, and 

calcite 
17 10-20 nodule quartz and calcite 
21 30-42 sediment calcite and quartz 
22 0-10 sediment calcite, quartz, and aragonite  

Table 75. The mineral matches of the nodules and sediment from 41JF47-2 determined 
via Rietveld analysis in X’Pert Highscore. 
 
 
 The XRD curves of the two nodules were quite similar. The curve of sample 16 is 

shown (Figure 84). Interestingly, this curve indicates the presence of the clay 

montmorillonite. The curve of sample 17 does not show montmorillonite, only quartz and 

calcite. In the nodule descriptions from Chapter 7: Hand Sample Data and Interpretation, 

plant matter and shell fragments were visible within the nodules. The fragments could 
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likely explain the presence of carbonate, but they would be composed primarily of calcite 

as shown by the results previously listed. As such, it is likely that there is some 

cementation occurring. However, no cement was visible via petrographic methods. On 

the whole, however, as plant matter was visible, it is more likely that these nodules are 

composed primarily of desiccating plant matter and very fine-grained quartz grains. 

 

 
Figure 84. The XRD curve for sample 16. Calcite peaks are denoted by red, quartz by 
green, and montmorillonite by blue. The XRD curve of the other nodule found within the 
midden, sample 17, is quite similar. 
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temperatures, additional time is likely necessary for this phase transition, and that length 
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of time has not been achieved. XRD results from the sediment and nodules indicating that 

there is some dissolution and reprecipitation occurring within this hole. They also 

indicate a predominately siliciclastic environment. 

8.3.3. Midden 41JF47 – Summary and Interpretation 

 Overall, there does not appear to have been enough time for any change from 

aragonite to calcite to have occurred within the shells. The values measured are all within 

the error of the instrument (±5%), so any changes on a minute scale are not able to be 

determined. The results from the nodule and sediment analysis indicate that the 

conditions within the midden have allowed for a small amount of dissolution and 

reprecipitation, but there has not been extensive cementation. Any nodules seem to be 

held together by desiccating and humified organic matter, not calcite precipitation. 

8.4. Kneupper Midden 

 Shells were collected from the surface of the Kneupper Midden and from four 

excavated sampling holes. The only species buried within this midden was R. cuneata. 

No nodules were discovered. For this midden, shells and sediment samples were analyzed 

from within each hole and from the surface via XRD. 

8.4.1. Surface (Kneupper-S) 

 The calcite and aragonite values for one shell and sediment from the surface of 

the midden were determined via XRD. The shell was of the species R. cuneata. Sediment 

was simply picked up off the ground surface and collected with the shell. 

8.4.1.1. Surface – Shells 

 The calcite and aragonite peak values for the R. cuneata shell collected from the 

surface of the Kneupper Midden were determined via XRD. The percentages of aragonite 
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and calcite and their differences from the modern standard were then calculated (Table 

76). The difference was only 0.49%, so, if there was any alteration, it was not within the 

detectable limits of the machine. As such, it must be concluded that no alteration from 

aragonite to calcite occurred. 

 
Sample Depth from 

Datum (cm) 
Species %-Calcite Diff. from 

Standard 
%-Aragonite Diff. from 

Standard 
39 0 R. cuneata 0.2 -0.5 99.8 0.5 

Table 76. The calcite and aragonite percentages and their differences from the modern R. 
cuneata standard for the surface shell of the Kneupper Midden. 
 
 
8.4.1.2. Surface – Precipitates, Nodules, Concretions, and Sediment 

 One sediment sample from the surface of the Kneupper Midden was analyzed. 

Rietveld analysis indicated the presence of calcite, quartz, and aragonite (Table 77). The 

shells within the Kneupper Midden are predominantly aragonite both at the time of their 

creation and at the time of their sampling from the midden for this study. The aragonite 

could thus be from fragments not removed during preparation of the sediment. The 

presence of calcite is, again, most likely due to dissolution of the R. cuneata shells and 

the reprecipitation of the more stable form of the carbonate within the predominantly 

siliciclastic sediment. 

 
 
Sample Depth from 

Datum (cm) 
Type Notes 

40 0 sediment calcite, quartz, and aragonite  
Table 77. The minerals determined from Rietveld analysis in X’Pert Highscore as being 
present within the surface sediment from the Kneupper Midden. 
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8.4.1.3. Surface – Summary and Interpretation 

 The previously listed results indicate that neither the temperature nor the time 

necessary for conversion of aragonite to calcite have been reached at the surface of the 

Kneupper Midden. Sediment results indicate the presence of quartz, calcite, and 

aragonite. The quartz indicates that the environment surrounding the midden is 

siliciclastic. The presence of calcite is likely due to the dissolution of aragonitic shell 

material and its reprecipitation within the surrounding sediment. 

8.4.2. Hole 1 (Kneupper-1) 

 Shells were only discovered at one depth interval within hole 1 of the Kneupper 

Midden: 17 cm. The mineralogical composition of a sample of sediment and a singular 

shell from this depth interval were determined via XRD. This hole was located 

approximately 300 cm from the construction on this property. 

8.4.2.1. Hole 1 – Shells 

 One shell from 17 cm depth was analyzed in this study for its calcite and 

aragonite makeup. The R. cuneata was determined to differ from the standard by -0.71% 

for calcite percentage (Table 78). As decreasing calcite values are not possible, this 

decrease must be attributed to the error possible with this analytical method of ±5%. 

Therefore, no mineralogical alteration occurred within this hole. 

 
 
Sample Depth from 

Datum (cm) 
Species %-Calcite Diff. from 

Standard 
%-Aragonite Diff. from 

Standard 
41 17 R. cuneata 0.0 -0.7 100.0 0.7 

Table 78. The calcite and aragonite percentages for the R. cuneata shell from hole 1 of 
the Kneupper Midden. The difference between the measured values and that of the 
modern R. cuneata standard is also listed. 
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8.4.2.2. Hole 1 – Precipitates, Nodules, and Concretions 

 One sample of sediment from hole 1 of the Kneupper Midden was analyzed. 

Rietveld analysis within X’Pert Highscore detected only one mineral: quartz (Table 79). 

This result indicates that, if there was any dissolution and reprecipitation, it was not 

within detectable limits of the machine. It also shows that the predominant mineral within 

the sediment surrounding this midden is quartz. 

 
Sample Depth from Datum (cm) Type Notes 
42 17 sediment quartz 

Table 79. The mineral match for the sediment from hole 1 of the Kneupper Midden 
derived from Rietveld analysis within X’Pert Highscore. 
 
 
8.4.2.3.  Hole 1 – Summary and Interpretation 

 XRD analysis from hole 1 of the Kneupper Midden does not indicate any 

detectable diagenetic alteration. The shell analyzed from this hole shows aragonite and 

calcite values only 0.71% different from the standard. This similarity indicates that no 

mineral alteration has occurred. The results from analysis of the sediment from this hole 

indicates that there is also no carbonate precipitation in the sediment. 

8.4.3. Hole 2 (Kneupper-2) 

 Hole 2 of the Kneupper Midden was dug closer to the lattice than hole 1. Shells 

were found at three depths within this hole. Sediment and shells from all three depth 

intervals were assessed via XRD. 

8.4.3.1. Hole 2 – Shells 

 Three R. cuneata shells were found within Kneupper-2. They were uncovered at 

1, 7, and 17 cm (Table 80). At most, the shells deviated from the standard 0.7% for 
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calcite and aragonite percentages. It is unlikely that the shells were composed of 0% 

calcite, as the results indicate. This value was likely due to the error possible when 

evaluating via XRD. In hand sample observations, sample 17 was described as “chalky.” 

Despite the obvious physical alteration, there was no mineralogical variation in this 

sample. These results suggest that there is no large-scale diagenetic change of aragonite 

to calcite occurring within this hole.  

 
Sample Depth from 

Datum (cm) 
Species %-Calcite Diff. from 

Standard 
%-Aragonite Diff. from 

Standard 
43 1 R. cuneata 0.0 -0.7 100.0 0.7 
45 7 R. cuneata 0.1 -0.6 99.9 0.6 
47 17 R. cuneata 0.0 -0.7 100.0 0.7 

Table 80. The calcite and aragonite percentages for the R. cuneata shells from hole 2 of 
the Kneupper Midden. The differences from the standard are also listed. 
 
 
8.4.3.2. Hole 2 – Precipitates, Nodules, and Concretions 

 Three samples of sediment from the depths at which the shells were found were 

analyzed from hole 2 (Table 81). Rietveld analysis was used to determine which minerals 

were present within the tested materials. For the sediment at 1 cm, calcite and quartz 

were determined to be present. Aragonite was declared by the software to be “unmatched 

strong,” which indicates that the values determined via XRD were close to showing its 

presence. Aragonite and quartz have primary peak values that are very close, around 

26.2° 2θ for aragonite and 26.7° 2θ for quartz. As such, a high quartz value could 

potentially overwhelm a low value of aragonite. The large amount of quartz within this 

sample may have made it so the program could not fully separate the aragonite value. 

 The sediment analysis at 7 cm showed calcite, quartz, and aragonite within the 

sample, whereas that at 17 cm showed only quartz and aragonite. The presence of calcite 
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indicates dissolution and reprecipitation. It is, interestingly, only present within the top 

layers of the hole. The shell material within this hole was extremely sparse, and the 

sediment was siliciclastic. As such, a solution may have only remained supersaturated 

with regards to carbonate minerals for a relatively short distance vertically. The sediment 

could, theoretically, be so undersaturated in regards to calcite and aragonite that all of the 

material would precipitate out closer to its source. 

 
Sample Depth from 

Datum (cm) 
Type Notes 

44 1 sediment calcite, quartz, aragonite (unmatched strong – 
perhaps overwhelmed by quartz as peaks are so 
close) 

46 7 sediment calcite, quartz, aragonite 
48 17 sediment quartz, aragonite 

Table 81. The mineral matches for the sediment from hole 2 of the Kneupper Midden 
determined via Rietveld analysis within X’Pert Highscore. The designation of 
“unmatched strong” indicates that the results did not show conclusively that this mineral 
was present, but the values were close to signifying its presence. 
 
 
8.4.3.3.  Hole 2 – Summary and Interpretation 

 The shells from Kneupper-2 were not mineralogically altered enough to be within 

detectable limits of the XRD. The sediment, however, indicated that dissolution and 

reprecipitation of shell material was likely. The reprecipitation was likely to occur closer 

to the midden surface. This effect was perhaps due to the small volume of carbonate 

materials within siliciclastic sediment allowing for a solution saturated with regards to 

carbonate quickly being exhausted due to the undersaturation of the surrounding, 

primarily quartz environment. Evaporation could also play a factor in the location of 

reprecipitation within the midden. Water would be drawn back up to the surface via 

capillary pressure during evaporation after rainfall, causing the smaller amount of water 
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left within the pores to become supersaturated and precipitation to occur such as with 

caliche (Gouweleeuw et al., 1996). 

8.4.4. Hole 3 (Kneupper-3) 

 R. cuneata shells from five depths were uncovered within Kneupper-3. Hole 3 

was, therefore, the most voluminous sampled in terms of shell material. Sediment was 

also analyzed from all layers. There were no nodules or concretions discovered within 

this hole.   

8.4.4.1. Hole 3 – Shells 

 Shells were discovered within hole 3 of the Kneupper Midden from 2-4, 8-10, 11-

14, 14, and 20 cm (Table 82). XRD analysis revealed that the calcite and aragonite 

percentages for all of the shells varied at most 0.7% from the standard. These values 

allow for the declaration that there was not enough aragonite changing for calcite so as to 

be within detectable limits of the machine.  

  
Sample Depth from 

Datum (cm) 
Species %-Calcite Diff. from 

Standard 
%-Aragonite Diff. from 

Standard 
51 2-4 R. cuneata 0.1 -0.6 99.9 0.6 
53 8-10 R. cuneata 0.0 -0.7 100.0 0.7 
55 11-14 R. cuneata 0.8 0.1 99.2 -0.1 
57 14 R. cuneata 0.0 -0.7 100.0 0.7 
59 20 R. cuneata 0.0 -0.7 100.0 0.7 

Table 82. The calcite and aragonite percentages for hole 3 from the Kneupper Midden. 
The difference between the measured values and that of the modern R. cuneata standard 
is also listed. 
 
 
8.4.4.2. Hole 3 – Precipitates, Nodules, and Concretions 

 Five samples of sediment, from each depth at which shells were uncovered, were 

analyzed via XRD for their mineralogy (Table 83). Every sample was composed of 
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quartz, calcite, and aragonite. Again, the declaration of “unmatched strong” of aragonite 

at 11-14 cm depth is probably due to the proximity of the aragonite and quartz peaks. The 

presence of calcite again suggests that there is likely dissolution and reprecipitation 

occurring in this area of the midden. 

 
Sample Depth from 

Datum (cm) 
Type Notes 

52 2-4 sediment calcite, quartz, aragonite 
54 8-10 sediment calcite, quartz, aragonite 
56 11-14 sediment calcite, quartz, aragonite (unmatched strong) 
58 14 sediment calcite, quartz, aragonite 
60 20 sediment calcite, quartz, aragonite 

Table 83. The mineral matches for the sediment from hole 3 of the Kneupper Midden 
determined via Rietveld analysis within X’Pert Highscore. The designation of 
“unmatched strong” indicates that the results did not show conclusively that this mineral 
was present, but the values were close to signifying its presence. 
 
 
8.4.4.3.  Hole 3 – Summary and Interpretation 

 The sediment from Kneupper-3 shows that this midden is in an environment 

where siliciclastic deposition dominates. The presence of aragonite within the sediment 

indicates that there are fragments from the shells mixed in with the soil and quartz grains. 

Calcite is the form of carbonate most likely to precipitate at surface and temperature 

pressures, and it is not a large constituent of the R. cuneata shells. As such, its presence 

indicates dissolution of a carbonate source, likely the shells, and its subsequent 

reprecipitation.  

8.4.5. Hole 4 (Kneupper-4) 

 Kneupper-4 was dug farther away from the house than Kneupper-3. There were 

only two depths at which shells were found within this hole: 3-6 cm and 9.5 cm. No 
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sediment was gathered from this hole at the time of sample collection, so no XRD 

analysis could be performed. 

8.4.5.1. Hole 4 – Shells 

 The mineralogical content of two R. cuneata shells from Kneupper-4 were 

determined via XRD. The values of the standard R. cuneata were 99.3% aragonite and 

0.7% calcite. The two shells from hole 4 of the Kneupper Midden varied with statistical 

significance, i.e., a value greater than approximately 5%, from this standard (Table 84). 

The shell sample collected from 3-6 cm varied the most, with an increase of 9.55% 

calcite. The shell collected at 9.5 cm varied the least. It was close to the error of the XRD 

of ±5%, but it seems unlikely that a value so close to the upper limits of the error would 

be entirely erroneous. As such, it should be considered to be valid in terms of evidence of 

phase alteration from aragonite to calcite. Both of these samples were described as 

chalky. Thus, despite a lack of change in the sample from Kneupper-2, perhaps that 

physical observation could be an indicator that mineralogical variation may be occurring. 

 
Sample Depth from 

Datum (cm) 
Species %-Calcite Diff. from 

Standard 
%-Aragonite Diff. from 

Standard 
49 3-6 R. cuneata 10.3 9.5 89.7 -9.5 
50 9.5 R. cuneata 95.1 94.4 4.9 -94.4 

Table 84. The calcite and aragonite percentages for the R. cuneata shells from hole 4 of 
the Kneupper Midden. The difference between the measured values and that of the 
modern R. cuneata standard is also listed.  
 
 
8.4.5.2. Hole 4 – Summary and Interpretation 

 There was phase alteration from aragonite to calcite within the shells of 

Kneupper-4. There appeared to be a trend of more alteration with depth, but a trend from 
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only two points should not be considered as conclusive evidence. There was no sediment 

analyzed from hole 4. 

8.4.6. Kneupper Midden – Summary and Interpretation 

 The XRD results for the Kneupper Midden indicate that phase alteration of the R. 

cuneata shells occurred in only one hole: hole 4. This result is interesting, as hole 4 was 

one of the farthest away from any building on the site. Construction would have likely 

increased exposure to meteoric waters and air by reducing sediment coverage. Holes 1-4 

appeared quite similar; each hole had obvious organic matter and bioturbation in the form 

of plant roots. There were no outward differences between any of the holes, the elevation 

and depths of shells collected were similar in each. Thus, further research would need to 

be performed to be able to speculate why phase alteration occurred in only one hole 

sampled within this midden. 

The sediment from Kneupper Midden shows that this midden was formed in an 

environment where siliciclastic deposition dominates, not unexpected given the fluvial 

environment in which the midden is located and its positioning along the Gulf Coast of 

Texas. The XRD results indicate the presence of aragonite in much of the sediment, 

which implies that there are likely shell fragments within the sediment. The presence of 

fragments indicates physical diagenetic alteration. The presence of calcite within the 

sediment suggests a strong likelihood of the dissolution of shell materials and 

reprecipitation within the surrounding sediment. 

8.5. Pineland (8LL33) 

 The concretions received from the Northwest Pasture of midden 8LL33 at the 

Pineland Site Complex were categorized into several samples. The matrix of these 
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samples was collected via air drill. The powder was then analyzed via XRD. No shells 

were able to be separated from the hardened matrix material, but the shell from one 

sample was also powdered via air drill and analyzed.  

8.5.1. Pineland – Precipitates, Nodules, and Concretions 

 One sample of shell material from the Pineland Site Complex was prepared with 

an air drill and analyzed via XRD. The shells could not be separated from the indurated 

matrix in order to be identified. As such, it was determined that analysis of each 

individual shell would be necessary to determine the proper phase ratios. Population 

studies had already been performed within this midden, see deFrance and Walker (2013), 

so this level of analysis was deemed to be unnecessary. Sample 30, the one shell sample 

analyzed, indicated a shell composition of primarily aragonite. The species within this 

midden vary considerably, however. Work by deFrance and Walker (2013) indicated that, 

in addition to aragonitic organisms, shellfish composed of predominantly calcite are also 

present within the midden. 

Matrix samples 29, 31, and 32 were created via air drill and analyzed via XRD. 

The three samples create similar XRD curves, and thus only the curve for sample 31 is 

displayed (Figure 85). There is a small amount of aragonite and calcite, likely due to the 

shell material that was not able to be separated during sample preparation. The quartz is 

likely due to very fine grains present within the matrix. The black matrix material was not 

able to be identified, however. As XRD analysis only determines the presence of 

minerals, organic matter would not create any peaks. This result, along with the visible 

roots noted from hand sample observation seems to support the supposition that the 
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hardened concretions from the Pineland Site Complex were not created due to mineral 

cementation but due to the desiccation and humification of organic matter. 

 

 
Figure 85. An XRD analysis of an air drilled sample of concretion from the Pineland Site 
Complex. X’Pert Highscore indicated a match for quartz (blue lines indicate peaks), 
aragonite (green), and calcite (red) via Rietveld analysis. 
 
 
8.5.2. Pineland – Summary and Interpretation 

 Individual shell analysis was not able to be extensively performed for this 

midden. The one shell tested indicated a composition made up primarily of aragonite. 

This result implies that, if any phase alteration has taken place, it has not allowed for the 

total alteration of aragonite to calcite.    

 The nature of the hardened concretions was also able to be further elucidated with 

the XRD analysis. Along with plant matter visible with the naked eye, a lack of any 
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minerals other than quartz, calcite, and aragonite indicates that these concretions are 

likely made up of very fine-grained quartz grains, calcite, and aragonite shell material, 

and plant matter. The hardened nature of these samples is likely due to desiccation and 

humification. 

8.6. Historic Spanish Point – Chapel Midden/Shell Ridge 

 Three holes were dug into the Chapel Midden/Shell Ridge in order to gather 

samples and make observations: HSP-1, HSP-2, and HSP-3. There was no sediment 

gathered from any of the holes, and only HSP-1 had a nodule and a precipitate. HSP-2 

and HSP-3 were located only a short distance from each other and proximal to the 

intersection of the two portions of the midden: the Chapel Midden and the Shell Ridge. 

HSP-1 was dug closer to the center of the Chapel Midden section.  

8.6.1. Hole 1 (HSP-1) 

 Hole 1 at Historic Spanish Point was dug to a depth of 126 cm. It was densely 

packed with an abundance of shellfish valves and shell fragments. There was also a 

nodule discovered, along with a rust-colored precipitate on one of the shells – M. 

campechiensis sample 73.   

8.6.1.1. HSP-1 – Shells 

 Four different shellfish species were analyzed via XRD to determine their calcite 

and aragonite percentages: C. virginica, M. campechiensis, S. pugilis, and A. irradians 

(Table 85). Whereas the C. virginica had modern standards against which a comparison 

could be made, the A. irradians, S. pugilis and M. campechiensis did not. Therefore, they 

had to be compared against one another within the hole. There was only one S. pugilis 

sampled, however, so its results could not be assessed. 
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Sample Depth from 

Datum (cm) 
Species %-

Calcite 
Diff. from 
Standard 

%-
Aragonite 

Diff. from 
Standard 

11 0-19 C. virginica 94.6 0.1 5.4 -0.1 
61 0-19 M. campechiensis 1.3 NS 98.7 NS 
62 19-36 M. campechiensis 0.3 NS 99.7 NS 
63 36-58 S. pugilis 0.8 NS 99.2 NS 
64 58-72 M. campechiensis 10.2 NS 89.8 NS 
68 82-92 M. campechiensis 0.4 NS 99.6 NS 
69 82-92 A. irradians 89.8 NS 10.2 NS 
70 92-100 M. campechiensis 0.4 NS 99.6 NS 
71 92-100 A. irradians 91.3 NS 8.4 NS 
73 100-113 M. campechiensis 0.0 NS 100.0 NS 
74 113-126 A. irradians 85.0 NS 14.4 NS 
90A 58-72 C. virginica 93.4 -1.1 6.6 1.1 
91A 113-126 C. virginica 94.9 0.4 5.1 -0.4 
91B 113-126 C. virginica 94.0 -0.5 6.0 0.5 
92 0-19 C. virginica 92.2 -2.3 7.8 2.3 

Table 85. The calcite and aragonite percentages for the shells from hole 1 at Historic 
Spanish Point. The differences between the measured values and modern standards are 
also listed. The acronym NS indicates that there is no standard for that species. 
 
 

The C. virginica are clearly not altered beyond the ±5% error. The other species 

able to be used for comparison within this hole are A. irradians and M. campechiensis.  

The A. irradians all appeared to have substantially the same values; therefore, it is 

unlikely that they were altered.  

In regards to the M. campechiensis, it appears that there was some mineralogical 

change. Sample 73 was described as chalky and measured as 100% aragonite. This 

percentage is likely artificially high due to instrumentation limitations, but it clearly 

demonstrates that this shell has not undergone phase alteration. Sample 64 of M. 

campechiensis displayed quite different percentages than the others from the hole. This 

deviation is clear when the percent calcite values are plotted against average depth 

(Figure 86). This particular shell was composed of 8.87% more calcite than the shell with 
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the next highest levels. These results indicate that there is aragonite to calcite diagenesis 

occurring within this hole. 

 
Figure 86. Graph showing the actual calcite percentages of M. campechiensis versus 
average depth for HSP-1. Note the individual deviant value, which measured a 10.2% 
calcite composition. 
 
 
8.6.1.2. HSP-1 – Precipitates, Nodules, and Concretions 
 
 There was one nodule and one precipitate found within HSP-1 (Table 86). The 

nodule was discovered among the shells. The precipitate was found coating a M. 

campechiensis shell. It was air drilled off of the shell in order to be analyzed. 

 
Sample Depth from 

Datum (cm) 
Type Notes 

14 58-72 nodule quartz 
72 100-113 precipitate brown coating on M. campechiensis shell 73 – 

quartz and aragonite 
Table 86. The mineral matches of the nodule and precipitate from HSP-1 determined via 
Rietveld analysis in X’Pert Highscore. 
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 The nodule from HSP-1 was analyzed via XRD to determine its mineral 

composition. Rietveld analysis indicated that only one mineral was present within this 

nodule – quartz (Figure 87). There is clearly other material making up this nodule, but the 

XRD indicates that it is not mineralogical in nature. Again, these results indicate that the 

nodule is likely made up of indurated organic matter and very fine-grained quartz grains. 

 
Figure 87. The XRD results for the nodule (sample 14) found in HSP-1. Rietveld analysis 
detected only one mineral: quartz, the peaks of which are indicated by the green lines. 
 
 
 The XRD results for the coating on shell 17 were much more difficult to discern 

(Figure 88). Rietveld analysis indicated aragonite in the sample, which was unsurprising 

due to its proximity to a M. campechiensis shell. Although care was taken to avoid shell 

material when air drilling the sample, small amounts of shell were undoubtedly also 
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included in the powdering. The presence of quartz is intriguing, as that would indicate 

that perhaps the coating is actually a quartz precipitate or there were very fine-grained 

quartz grains cemented by the coating. The color of the coating, a rust red, indicates that 

there was likely some oxidation of iron. Unfortunately, the XRD results do not allow for 

a conclusive identification of this material. 

 

 
Figure 88. The XRD results for the brown coating (sample 72) found on a M. 
campechiensis shell within in HSP-1. Rietveld analysis detected small amounts of quartz 
(green lines) and aragonite (blue lines). The red lines show where the calcite peaks would 
be if they were present. They were included to demonstrate the lack of calcite peaks.  
 
 
8.6.1.3.  HSP-1 – Summary and Interpretation 

 There is one shell that was mineralogically altered within this hole. The 

diagenetic changes seemed to be specific to certain species, as a singular M. 
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campechiensis shell was more calcitic than the others. The one nodule present was likely 

due to the hardening of organic matter and was not created via mineralogical 

cementation.  

The coating discovered on one of the shells was unable to be fully identified. It 

may have been a quartz precipitate, but its selective presentation is unable to be 

explained. During sampling, pottery discovered within this hole was dated to 

approximately 400 C.E. Thus, the conditions within this hole were able to produce 

extensive diagenetic changes within the 1,600 years of its existence, although only in a 

single sample. 

8.6.2. Hole 2 (HSP-2) 

Hole 2 at Historic Spanish Point was dug to 140 cm depth, and it measured 31 cm 

in width at its greatest dimensions. Shells were stacked directly atop on another, and the 

interstitial voids were filled with sediment and shell fragments. There were no nodules 

discovered within this hole. No sediment was collected for analysis. 

8.6.2.1. HSP-2 – Shells 

 Five species of shells were analyzed with XRD for this study: S. pugilis, M. 

campechiensis, A. irradians, A. gibbus, and C. virginica (Table 87). There were no 

obvious mineralogical variations within any species in this hole. The C. virginica shells 

did not vary over 5% from the standards, and the other species were within close 

approximation of each other when they were analyzed at any depth. 
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Sample Depth from 
Datum (cm) 

Species %-
Calcite 

Diff. from 
Standard 

%-
Aragonite 

Diff. from 
Standard 

75 24-46 S. pugilis 0.6 NS 99.4 NS 
76 24-46 M. campechiensis 0.2 NS 99.8 NS 
77A 46-60 A. irradians 88.1 NS 11.9 NS 
77B 46-60 A. gibbus 89.0 NS 11.0 NS 
78 100-120 M. campechiensis 0.3 NS 99.7 NS 
93 0-24 C. virginica 94.1 -0.37 5.9 0.37 
94 60-80 C. virginica 93.7 -0.85 6.3 0.85 
95 120-140 C. virginica 94.3 -0.21 5.7 0.21 

Table 87. The calcite and aragonite percentages for the shells from HSP-2. The 
differences between the measured values and modern standards are also listed. The 
acronym NS indicates that there is no standard for that species. 
 
 
8.6.2.2. HSP-2 – Summary and Interpretation 

 There was no conversion of aragonite to calcite within HSP-2. The minor 

differences between calcite percentages of the C. virginica standard and the shells of the 

same species within HSP-2 were plotted against the average depth. Burial depth did not 

appear to have any control on whether or not diagenesis occurred.  

8.6.3. Hole 3 (HSP-3) 

 Hole 3 at Historic Spanish Point measured 91 cm in height and 35 cm across 

when excavations for this study were completed. There was a large volume of shells 

within this hole. They were all in direct contact with one another, and many species were 

intermixed. No sediment was collected from this hole, and there were no nodules 

discovered during sampling. 

8.6.3.1. HSP-3 – Shells 

 Shells of the species C. virginica, A. irradians, S. pugilis, Busycon spp., and M. 

campechiensis were assessed via XRD (Table 88). Despite concerns regarding whether or 

not already cemented oysters would skew the XRD analysis, such as with samples 6 and 
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7, there did not appear to be any effect. The two samples in question were measured as 

quite close to the modern standard. For those species that had modern standards against 

which to be compared, the differences were below a 5% variation. For those that did not 

have a modern analogue, values were relatively constant throughout the entire hole depth. 

These indicate that there were not any diagenetic effects in regards to mineral changes 

within HSP-3.  

 
Sample Depth from 

Datum (cm) 
Species %-

Calcite 
Diff. from 
Standard 

%-
Aragonite 

Diff. from 
Standard 

6 81-91 C. virginica 94.1 -0.4 5.9 0.4 
7 61-71 C. virginica 91.9 -2.6 8.1 2.6 
9 31-41 C. virginica 93.7 -0.8 6.3 0.8 
10 1-11 C. virginica 94.2 -0.3 5.8 0.3 
79 81-91 A. irradians 87.4 NS 12.6 NS 
80 71-81 S. pugilis 2.9 NS 97.1 NS 
81 61-71 Busycon spp. 1.4 1.2 98.6 -1.2 
82 51-61 M. campechiensis 0.4 NS 99.6 NS 
83 41-51 M. campechiensis 0.3 NS 99.7 NS 
84 31-41 Busycon spp. 1.1 0.9 98.9 -0.9 
85 31-41 M. campechiensis 0.2 NS 99.8 NS 
86 21-31 A. irradians 88.9 NS 11.1 NS 
87 21-31 M. campechiensis 0.4 NS 99.6 NS 
88 11-21 Busycon spp. 0.9 0.7 99.1 -0.7 
89 0-11 S. pugilis 1.1 NS 98.9 NS 

Table 88. The calcite and aragonite percentages for the shells from hole 3 at Historic 
Spanish Point. The differences between the measured values and modern standards are 
also listed. The acronym NS indicates that there is no standard for that species. 
 
 

There are a multitude of reasons why no diagenesis may have occurred within this 

hole. Perhaps water circulation was not pervasive throughout. The opposite may have 

also taken place. Water could have moved too quickly through the midden, which would 

not provide enough time for a solution to be in contact with the shells at the temperatures 
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and pressures of shallow burial. Regardless of the cause, there was no change from 

aragonite to calcite of the shells within hole 3. 

8.6.4. Chapel Midden/Shell Ridge – Summary and Interpretation 

 A single shell of the species M. campechiensis the only shell throughout all three 

midden holes that had a change in the percentages of aragonite and calcite composition of 

the shell. This shell was from HSP-1. As the Chapel Midden/Shell Ridge grew from east 

to west over time, that hole was at the apex of the oldest portion of the midden.  

 There was one nodule assessed from this midden, as well as one precipitate. The 

characteristics of the nodule seem to confirm that the induration of the matrix is actually 

due to the desiccation of humification of organic matter and not cementation. The 

precipitate on the M. campechiensis shell is quite intriguing. Its mineralogy needs to be 

further examined, but it appears to be quartz cemented by iron oxide. Thus, the results 

from this midden indicate that mineralogical variation and cementation can occur, albeit 

on a very small scale. 

8.7. Historic Spanish Point – Hill Cottage Midden 

 The Hill Cottage Midden, with a probable age range of 2,500 B.C.E.-500 B.C.E., 

is the oldest of all the middens sampled. There were two excavations dug into this 

midden: the trench and the fire pit. The trench was a remnant from a previous excavation 

by Bullen and Bullen (1976), whereas the fire pit was first uncovered in 2012. 

8.7.1. Trench (HSP-T) 

 With maximum dimensions of 102 cm wide x 207 cm deep, the trench of the Hill 

Cottage Midden was the largest excavation performed in this study. Shells densely 

populated this portion of the midden. There were many layers of shells directly stacked 
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atop one another. In Bullen and Bullen’s (1976, p. 6) study, they noted the presence of 

heat-cemented shells and ash lenses down to a depth of approximately 122 cm. 

8.7.1.1. HSP-T – Shells 

 A total of twenty-two shells from the trench were crushed and analyzed via XRD 

(Table 89). Several shells from two species within the trench showed a diagenetically 

increased amount of calcite. For S. pugilis, the maximum percentage of calcite measured 

was 5.4%. The minimum for this species was 0.8%. The difference between the two is 

4.6%, which is reasonably close to a value of statistical viability. As such, it is likely that 

this value indicates an actual increase in the amount of calcite and is not simply due to 

instrument limitations. There were two Busycon spp. shells within the trench. Those 

shells measured with an increase of 9.6% and 9.7% calcite from the modern standard. As 

such, values of calcite within this excavation have been increased by diagenetic processes 

within the midden. 
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Sample Depth from 
Datum (cm) 

Species %-
Calcite 

Diff. from 
Standard 

%-
Aragonite 

Diff. from 
Standard 

120 190-207 Busycon spp. 9.9 9.7 90.1 -9.7 
121 190-207 C. virginica 90.2 -4.3 9.8 4.28 
122 183-190 A. irradians 89.8 NS 10.2 NS 
123 169-183 A. irradians 87.2 NS 12.8 NS 
124 159-169 C. virginica 95.1 0.6 4.9 -0.6 
125 149-159 S. pugilis 1.7 NS 98.3 NS 
126 135-149 S. pugilis 2.2 NS 97.8 NS 
127 123-135 A. gibbus 90.7 NS 9.3 NS 
128 115-123 S. pugilis 1.0 NS 99.0 NS 
129 115-123 C. virginica 93.3 -1.2 6.7 1.2 
130 102-115 S. pugilis 5.4 NS 94.6 NS 
131 87-102 M. campechiensis 0.9 NS 99.1 NS 
132 77-87 M. campechiensis 6.9 NS 93.1 NS 
134 67-77 C. virginica 94.1 -0.4 5.9 0.41 
135 67-77 M. campechiensis 5.7 NS 94.3 NS 
136 57-67 Busycon spp. 9.9 9.7 90.1 -9.7 
137 47-57 C. virginica 94.6 0.1 5.4 -0.1 
138 31-47 M. campechiensis 0.8 NS 99.2 NS 
139 17-31 M. campechiensis 0.6 NS 99.4 NS 
140 7-17 C. virginica 94.0 -0.5 6.0 0.5 
143 NA, 

slump 
S. pugilis 

0.8 NS 99.2 NS 
144 NA, 

slump 
A. irradians 

87.3 NS 12.7 NS 
Table 89. The calcite and aragonite percentages for the shells from the trench at Historic 
Spanish Point. The differences between the measured values and modern standards are 
also listed. The acronym NS indicates that there is no standard for that species. 
 

8.7.1.2. HSP-T – Precipitates, Nodules, and Concretions 

 Two nodules and one concretion were collected from the trench (Table 90). The 

first nodule, sample 133, was picked out of the sample bag during shell cleaning in the 

laboratory. Sample 141 is composed of the unknown block of material that lay from 53.5-

62 cm within the trench. It was orange in color and fizzed when HCl was added. The 

final concretion was collected from the slump. The main component of this concretion 

was a dark grey matrix, and it had numerous shells and shell fragments hardened within. 
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Sample Depth from 

Datum (cm) 
Type Notes 

133 67-77 nodule calcite, quartz, and aragonite 
141 53.5-62 nodule ankerite, quartz, and calcite 
142 NA, slump concretion calcite, quartz, and aragonite (unmatched strong) 

Table 90. The mineral matches for the two nodules and one concretion from the trench of 
the Kneupper Midden determined via Rietveld analysis within X’Pert Highscore. The 
designation of “unmatched strong” indicates that the results did not show conclusively 
that this mineral was present, but the values were close to signifying its presence. 
 
 
 The XRD curve for the first nodule indicates the presence of calcite (Figure 89). 

The main peak can be seen at 29.6°. This calcite could be from the various shell 

fragments visible within the nodule. The curve also demonstrates the presence of quartz. 

The existence of this mineral within is not surprising, as the midden was built in a 

primarily siliciclastic zone of deposition. There are likely very fine quartz grains 

interposed within. Finally, there is also aragonite present. The aragonite does not have as 

strong a signal as the first two minerals and appears to be caused by the presence of the 

shell fragments. These three minerals cannot account for the whole of the nodule. There 

was also darkened grey matrix. This matrix is likely plant matter that has been altered due 

to processes within the midden. Due to the presence of more than two phases appearing 

within the XRD results, the exact percentages of each component was not determined. 
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Figure 89. The XRD curve for the nodule (sample 133) discovered from the trench at 
Historic Spanish Point. The results indicate a composition that is composed of calcite 
(red), quartz (green), and aragonite (blue). 
 
 
 The XRD curve for the large block of unknown material within the trench 

indicates a composition made up primarily of ankerite (Figure 90). The mineral formula 

of ankerite is Ca(Mg,Fe)(CO3)2 (Nesse, 2004). It is part of a solid solution series that 

ranges from dolomite [CaMg(CO3)2] to ferrodolomite [CaFe(CO3)2]. Natural ankerite 

may contain upwards of 75% ferrodolomite, and 20% CaFe(CO3)2 is the arbitrary 

dividing line between ankerite and dolomite (Nesse, 2004).  

This sample was dark orange, almost brown, in hand sample. Ankerite can be as 

light so as to be white or colorless, and it is with increasing iron content that ankerite 

becomes darker (Nesse, 2004). Thus, it is obvious that there is a source of iron proximal 
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to this midden, likely one of the freshwater springs that the indigenous people used 

during their time living at this site. 

 The formation of ankerite can occur within various diagenetic environments and a 

range of burial conditions (Krajewski and Wozny, 2009). Primarily, it indicates the 

presence of pore waters that dissolved carbonates, clay minerals, and iron oxide and the 

subsequent breakdown of organic carbon, usually in the form of kerogen (Krajewski and 

Wozny, 2009). In sum, the shells, organic matter, and meteoric waters present within the 

midden were all necessary for the diagenetic formation of this mineral.  

 

 
Figure 90. The XRD curve for the nodule (sample 141) discovered in the trench at 
Historic Spanish Point. The results indicate a composition that is composed of ankerite 
(purple), quartz (green), and calcite (red). 
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 Sample 142 was a portion of the light grey, hardened matrix with shells 

interspersed found within the slump. Rietveld analysis of the XRD results revealed the 

minerals quartz and calcite (Figure 91). Aragonite may also be present, but it was only 

given a designation of unmatched strong. Thus, the matrix material of this concretion was 

not fully elucidated by the XRD. It did not appear to have any plant matter within, and it 

had a different appearance than the other nodules. It is, therefore, likely not humified 

organic matter. It may, in fact, be ash and the heat-cemented shells described by Bullen 

and Bullen (1976). Ash is not a mineral, and it would not appear within an XRD curve. 

 

 
Figure 91. The XRD curve for the nodule (sample 142) discovered in the trench at 
Historic Spanish Point. The results indicate a composition that is composed of calcite 
(red), quartz (green), and aragonite (blue – unmatched strong). 
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8.7.1.3.  HSP-T – Summary and Interpretation 

 The trench at Historic Spanish Point was extensively diagenetically altered. There 

was a nodule composed of shell material and organic matter, but there was also a large 

block of precipitated ankerite. This precipitate, in particular, likely formed due to the 

dissolution of the surrounding carbonate materials into meteoric and pore waters, the 

presence of iron-oxide from the nearby springs, and the breakdown of organic carbon 

from the organic matter within the midden.  

In addition, there was a light grey concretion with shells. This concretion was 

likely due to predepositional conditions, as the shells were likely cemented together by 

heat and ash. There were also several shells within the trench that were altered such that a 

portion of the aragonite within had converted to calcite. The presence of these altered 

shells corroborates the presupposition of water circulation.  

8.7.2. Fire Pit (HSP-FP) 

 Sampling of the fire pit at Historic Spanish Point was divided into three areas: 

left, center, and right. The center was mostly composed of the actual fire pit, and the 

surrounding areas possessed mainly stacked shells. The excavated surface of the entire 

face at the fire pit was 42 cm deep and 95 cm wide. 

8.7.2.1. HSP-FP – Shells 

 Twenty-four shells were excavated from within the fire pit. Of those shells, one 

appears to have erroneous values in regards to its mineralogy (Table 91). A specimen of 

A. gibbus had a percent calcite value of 82.9%. Normal values for A. gibbus, such as 

found within HSP-T, are usually around 90%. Thus, this lowered value would indicate 

that the amount of calcite within the shell actually decreased, which is not chemically 
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reasonable. This lowered value could perhaps be attributed to specimen variation and 

machine error, which provides for a range of ±5%. With this range factored in, the calcite 

percentage could be as low as 85%. The additional difference beyond that is only 2.07%, 

which could easily be accounted for if one considers that living organisms created these 

shells and may have slightly different regulation capabilities. No other shells have values 

indicating that their mineralogical content was altered. 
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Sample Depth from 
Datum (cm) 

Species %-
Calcite 

Diff. from 
Standard 

%-
Aragonite 

Diff. from 
Standard 

96 32-42  L C. virginica 92.7 -1.8 7.3 1.8 
97 32-42  L A. gibbus 82.9 NS 17.1 NS 
98 23-32  L M. campechiensis 0.7 NS 99.3 NS 
99 23-32  L C. virginica 95.1 0.6 4.9 -0.6 
100 14-23  L C. virginica 94.5 0.0 5.5 0.0 
101 14-23  L A. irradians 88.1 NS 11.9 NS 
102 2-14   L C. virginica 95.1 0.6 4.9 -0.6 
103 2-14  L M. campechiensis 0.3 NS 99.7 NS 
104 32-42  C C. virginica 94.2 -0.3 5.8 0.3 
105 23-32  C M. campechiensis 0.2 NS 99.8 NS 
106 23-32  C C. virginica 94.8 0.3 5.2 -0.3 
107 11-23  C C. virginica 95.1 0.6 4.9 -0.6 
108 11-23  C S. pugilis 0.5 NS 99.5 NS 
109 2-11  C A. irradians 88.7 NS 11.3 NS 
110 2-11  C C. virginica 95.1 0.6 4.9 -0.6 
111 32-42  R S. pugilis 1.8 NS 98.2 NS 
112 32-42  R C. virginica 94.8 0.3 5.2 -0.3 
113 23-32  R C. virginica 94.6 0.1 5.4 -0.1 
114 23-32  R M. campechiensis 0.6 NS 99.4 NS 
115 18-23  R S. pugilis 1.3 NS 98.7 NS 
116 18-23  R C. virginica 94.7 0.2 5.3 -0.2 
117 12-18  R C. virginica 94.6 0.1 5.4 -0.1 
118 2-12  R C. virginica 93.5 -1.0 6.5 1.0 
119 2-12  R M. campechiensis 0.3 NS 99.7 NS 

Table 91. The calcite and aragonite percentages for the shells from the fire pit at Historic 
Spanish Point. The differences between the measured values and modern standards are 
also listed. The acronym NS indicates that there is no standard for that species. 
 
 
8.7.2.2. HSP-FP – Summary and Interpretation 

 Despite being found in the oldest midden sampled in this study, the fire pit 

exhibited no mineralogical shell variation. Perhaps this lack of change is due to the fact 

that the fire pit is so far from the shoreline, approximately 14.83 m laterally and 4.23 m in 

elevation, so it was less likely to have been submerged or affected by marine waters. No 

sediment or nodules were discovered within this excavation. 
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8.7.3. Hill Cottage Midden – Summary and Interpretation 

 Of the two excavations within the Hill Cottage Midden, one, the trench, showed 

extensive diagenesis, whereas the other, the fire pit, did not. The trench had several 

diagenetically altered shells and several concretions. There was a large volume of 

ankerite precipitation also present. The fire pit, on the other hand, possessed no altered 

shells, and there were no nodules or concretions present. 

 Proximity to the ocean could explain why extensive diagenesis occurred in one 

area of the midden but not in the other. The trench is located more proximal to the 

shoreline than the fire pit. There is a dug canal leading directly from the sampled trench 

face to the shoreline, the marine waters from which, in storms, may then travel directly 

up and to the sampled face. The fire pit, however, was located more than four meters 

above the shoreline, and the water would have to travel up a graded slope in order to gain 

access to that portion of the midden. 

8.8. Historic Spanish Point – Beach Concretions (HSP-B) 

 The concretions at the beach of Historic Spanish Point appeared as one large mass 

atop the quartz sand proximal to the Chapel Midden portion of the Shell Ridge/Chapel 

Midden. This red material was thoroughly bored by insects, which were still present at 

the time of collection. In addition, there was an abundance of shells, likely fallen from the 

slightly elevated midden directly adjacent, included within the matrix. 

8.8.1. HSP-B – Precipitates, Nodules, and Concretions 

 Samples of the concretions from the beach were air drilled in the laboratory 

(Table 92). Attempts were made to avoid shell material. Two samples in total were 

analyzed. 
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Sample Type Notes 
12 concretion quartz 
13 concretion quartz 

Table 92. The mineral matches of the concretions from the beach determined via Rietveld 
analysis in X’Pert Highscore. 
 
 

The XRD curves for both samples were similar in appearance (Figure 92). The 

only mineral identified via Rietveld analysis was quartz. The quartz grains were likely 

included in the matrix due to the depositional area of the beach, which was composed of 

very fine-grained quartz sand. There were no other peaks that were readily apparent. The 

rest of the XRD curve appeared as background. 

 

 

 
Figure 92. The XRD curve for sample 12 taken from the beach at Historic Spanish Point. 
The only mineral detectable within the concretion is quartz. The XRD curve of the other 
concretion, sample 13, is quite similar. 
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8.8.2. HSP-B – Summary and Interpretation 

 Based upon the XRD curve for the concretions from the beach, it is likely that 

these concretions are made up of humified organic matter that has been stained due to the 

precipitation of iron oxide. The iron likely comes from the runoff of a fresh water spring, 

the source of which can be traced directly from the deposits on the beach.  

Interestingly, the curator of Historic Spanish Point at the time of the excavations 

for this study stated that it appeared as if the concretions at the beach were getting larger 

through time. One theory for the seeming increase in material on the beach is that it is 

actually being exposed due to beach erosion. With the closing of Midnight Pass in 

December of 1983, sediment distribution within the bay, along with salinity and 

circulation currents, were drastically altered (Morrill and Herbert, 1990). Thus, it is likely 

that the quartz sand is not being replenished on the beach, which is exposing formerly 

buried concretions. New material is not being formed; it is simply being exposed. 

8.9. Comparison of All Middens 

 No evidence for the mineralogical alteration of shells was uncovered from midden 

41JF47. There was, however, evidence of shell dissolution and reprecipitation, as there 

was calcite present in nodules of desiccated organic matter. The appearance of the 

organic matter in thin section is described in Chapter 9: Petrographic Data and 

Interpretation. The environment surrounding this midden was siliciclastic. 

 The Kneupper Midden was shown to be extensively altered diagenetically. 

Aragonite had converted to calcite in every shell from one of the holes in the Kneupper 

Midden. Additionally, evidence of likely shell dissolution and calcite precipitation was 



 232 

discovered. The nodule analyzed from this sample showed that there was likely alteration 

of organic matter, in the form of desiccation and humification, within this hole.  

 Only one shell was analyzed from the Pineland Site Complex samples. The results 

of the XRD analysis of this shell revealed a mineralogy of primarily aragonite. This 

outcome shows that if any change of aragonite to calcite had occurred, it was not enough 

to completely change the shell mineralogy. The XRD analysis from this site served 

mainly to elucidate that the matrix of the concretions from midden 8LL33 was humified 

plant matter that was hardened and desiccated. 

 The Chapel Midden/Shell Ridge at Historic Spanish Point showed minimal shell 

alteration. Aragonite had converted to calcite, but in only one shell sampled within the 

entire midden. Analysis of the one nodule found from the midden indicated that the 

structure of organic matter had been changed. An unidentifiable coating on one of the 

shells, likely quartz cemented by iron oxide, showed that conditions were suitable for 

dissolution and reprecipitation within this midden. 

 The Hill Cottage Midden had the most diagenetic changes between other 

middens. The mineralogy of several shells was diagenetically altered within this midden. 

Additionally, a large block of ankerite was discovered. This precipitate indicates that 

temperatures in the midden may be higher than expected, despite the shallow burial 

depth, and that water circulation is occurring. The light grey shell concretions are most 

likely those that are heated within ash, as described by Bullen and Bullen (1976). 

 The beach deposits at Historic Spanish Point were quite intriguing. Their 

composition was not readily apparent in hand sample observation, and they were shown 

to contain only quartz mineralogically. The XRD results helped show that they were 
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likely composed of shells that had fallen from the nearby Chapel Midden and hardened 

organic matter. 

 In the case of mineralogical variation at surface temperatures and pressures, the 

biggest factor seemed to be time. The shells of the Hill Cottage Midden was the most 

diagenetically altered, and it was the oldest midden sampled. The second largest 

contributing element seemed to be volume of shell material. The Kneupper Midden is not 

nearly as old as the Hill Cottage Midden, but it was almost as altered. The reason for this 

is likely the lack of buffering due to a low volume of shell material and the lack of 

buffering from the surrounding siliciclastic sediment. 
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CHAPTER 9: PETROGRAPHIC DATA AND INTERPRETATION 
 
 
9.1. Introduction 

 The purpose of the petrographic analysis within this study was to view shell 

alteration on a microscopic scale. Diagenesis of carbonates commonly involves 

dissolution and reprecipitation, as well as fracturing. Any dissolution of shells and 

fractures would be quite obvious after impregnation of a blue epoxy. Unfortunately, when 

the thin sections were created for this study, the technician included quartz and feldspar 

grains in the epoxy. These grains directly abutted the shell material and obscured any 

precipitates along the edges of shells. Thus, observation and interpretation of these edges 

could not be performed.  

 Shells from several layers within each midden were collected, epoxied together, 

and made into individual slides. The only species present within the middens at Sea Rim 

State Park and the Kneupper Midden were R. cuneata. In the Historic Spanish Point 

middens, C. virginica shells were chosen due to their ubiquitous presence in an attempt to 

place a control on species variation. When C. virginica shells had not been collected from 

within a specific layer, another species was chosen. Three thin sections were created from 

the modern specimens collected of these species in order to have a standard for 

comparison. 

 Collected nodules and concretions were also made into thin sections. The purpose 

of their creation was to enable observation of microscopic structures within the matrix of 

these materials. The question of whether or not these concretions, with the exception of 
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the concretions from HSP-T, were composed of desiccated and humified organic matter 

was able to be confirmed.  

9.2. Galveston Island and Follets Island – Shells 

 Three modern shells collected from Galveston and Follets islands were made into 

thin sections. These slides were then utilized as standards against which the midden shells 

could be compared. Any changes beyond what was seen within the modern analogues 

were considered to be evidence of diagenetic alteration within the midden. One 

exception, however, is in regards to fracturing. As discussed previously, the modern 

shells are likely to be more fractured than the midden shells. The shells collected from the 

beaches of Galveston Island and Follets Island were from organisms that died prior to 

their collection. Thus, the shells were subjected to the full extent of water currents and 

were likely extensively fractured during this process. The midden shells, however, were 

harvested prior to the death of the organism within, and were thus not battered due to 

currents and waves. Therefore, any fracturing that occurred to the midden shells likely 

took place within the midden.  

9.2.1. Galveston Island and Follets Island – Standard Shells 

 The R. cuneata standard collected from Galveston and Follets islands were 

extremely fractured (Figure 93). There were numerous fractures, and the edges were quite 

abraded. The dark brown color present within the shell is likely organic matter.  
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Figure 93. Photomicrographs of modern R. cuneata from Galveston and Follets islands. 
Each image above is of the same shell, but images A, B, and C show different portions of 
the shell. “PPL” indicates that the photomicrograph was taken in plane-polarized light, 
and “XPL” indicates that it was taken in cross-polarized light. The black arrows indicate 
fractures. 
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 The C. virginica standard had high birefringence (Figure 94). Numerous fractures 

were evident throughout the shell. There was not any dark brown coloration within this 

shell. 

 The “zebra pattern” typical of many mollusk shells is quite clear within the 

Busycon spp. standard (Figure 95). Mollusk shells show a sweeping extinction with 

curved lines of blacked out crystals.  

 There were many fractures within this shell. An odd area of striping, indicated by 

the black arrow in Figure 95B. This area may due to a extinction of altered portions of the 

shell. The layering of mollusk shells described in previous chapters is also quite obvious 

within these views.  
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Figure 94. Photomicrographs of modern C. virginica from Galveston and Follets islands. 
Each image above is of the same shell, but images A, B, and C show different portions of 
the shell. “PPL” indicates that the photomicrograph was taken in plane-polarized light, 
and “XPL” indicates that it was taken in cross-polarized light. The black arrows indicate 
fractures. 
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Figure 95. Photomicrographs of modern Busycon spp. from Galveston and Follets 
islands. Figures A and B show different portions of the same shell. In image A, the black 
arrow indicates fractures. In image B, the red arrows point to one of the grains that was 
included in the epoxy when creating the thin section, and the black arrow shows an area 
of extinction. “PPL” indicates that the photomicrograph was taken in plane-polarized 
light, and “XPL” indicates that it was taken in cross-polarized light. 
 

9.3. Sea Rim State Park – Midden 41JF47 

 Midden 41JF47 was located within Sea Rim State Park approximately 5.7 km 

from the coastline of the Gulf of Mexico. Two holes were dug into this midden. Hole 1 

was dug in its center and apex, whereas hole 2 was dug adjacent to the edge of the 

midden. 

9.3.1. Hole 1 (41JF47-1) 

 Hole 1 was located approximately 60 m from a brackish lake that lay to the south 
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of the midden. The surface of 41JF47 was located approximately 1 m above sea level. 

The hole was dug to a depth of 55 cm, where the water table was breached. 

 The only shells uncovered from within hole 1 of midden 41JF47 were of the 

species R. cuneata. The shells from the top two layers had an obvious hematite coloration 

of rust red in reflected light, whereas the shell from the lowermost layer of the midden 

did not (Figures 96-98). Shells from all three layers were extensively fractured. 

The thin sections created from 41JF47-1 showed physical and chemical 

alterations. The shells, themselves, were fractured throughout, irrespective of depth. 

Shells from the top two layers showed a red color with reflected light, indicating the 

presence of iron oxide. The fracturing indicates that stresses within the midden reached 

high enough levels to break the shells, whereas the iron oxidation shows that there was 

water circulation within the area supplying free O2. 

The shell from 1-3 (Figure 97) demonstrates a tooth-like pattern in the area 

adjacent to the black arrow. Whereas this pattern could likely be original shell 

ultrastructure, it could also be a function of diagenesis. Water within the vadose zone, the 

area from which all of these shells were sampled, is likely to be undersaturated with 

respect to CaCO3; thus, dissolution rather than precipitation is likely to occur (Longman, 

1981). This area could represent evidence of dissolution.  
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Figure 96. Photomicrographs of R. cuneata from 41JF47-1-1. “R” indicates a view in 
reflected light. The red arrow shows iron oxidation. The black arrows indicate fractures. 
“R” designates a view in reflected light. “PPL” indicates that the photomicrograph was 
taken in plane-polarized light, and “XPL” indicates that it was taken in cross-polarized 
light. 
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Figure 97. Photomicrographs of R. cuneata from 41JF47-1-3. “R” indicates a view in 
reflected light. The red arrow shows iron oxidation. The black arrows indicate fractures. 
“R” designates a view in reflected light. “PPL” indicates that the photomicrograph was 
taken in plane-polarized light, and “XPL” indicates that it was taken in cross-polarized 
light. 
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Figure 98. Photomicrographs of R. cuneata from 41JF47-1-6. “R” indicates a view in 
reflected light. The red arrow shows iron oxidation. The black arrows indicate fractures. 
“R” designates a view in reflected light. “PPL” indicates that the photomicrograph was 
taken in plane-polarized light, and “XPL” indicates that it was taken in cross-polarized 
light. 
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9.3.2. Hole 2 (41JF47-2) 

 The surface of hole 41JF47-2 was approximately 13 cm below that of 41JF47-1. It 

was dug to a depth of 42 cm, at which point the water table was reached. Shells from two 

layers within this midden were made into thin sections, and the one nodule discovered 

from this midden was also cut into a thin section. 

 The R. cuneata shells from within this hole had several fractures (Figures 99 and 

100). There was not an abundance of fractures, but those that were present were laterally 

continuous throughout the shell. The shell from the bottommost layer sampled showed an 

obvious rust-red color, indicating the presence of iron oxide. 

 There is also an area of brown discoloration, designated by yellow arrows within 

Figure 99 in the R. cuneata shell from sample layer 2-1. It did not show any distinct 

coloring in reflected light, indicating that this alteration was likely not due to iron oxide 

staining. Several studies in the past have linked shell discoloration with extent of 

degradation. Kolbe et al. (2011, p. 682) studied 1033 brachiopod specimens and 

discovered that darker coloring of shells could possibly indicate a greater period within 

“taphonomically active zones,” i.e., longer time, or time spent in environments with 

chemical concentrations of pore waters and sediment more likely to induce changes, i.e., 

faster rate. They measured a large variance of trace elemental compositions, particularly 

sulphur, between light and dark shells. As such, it is likely that the dark coloring of the 

shell within this study indicates that alteration after deposition, or diagenetic changes, has 

taken place. 
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Figure 99. Photomicrographs of R. cuneata from 41JF47-2-1. The black arrows indicate 
fractures, and the yellow arrows show zones of alteration. “R” designates a view in 
reflected light. “PPL” indicates that the photomicrograph was taken in plane-polarized 
light, and “XPL” indicates that it was taken in cross-polarized light. 
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Figure 100. Photomicrographs of R. cuneata from 41JF47-2-4. The black arrows indicate 
fractures, and the red arrow shows iron oxide. “R” designates a view in reflected light. 
“PPL” indicates that the photomicrograph was taken in plane-polarized light, and “XPL” 
indicates that it was taken in cross-polarized light. 
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 There was one nodule discovered within 41JF47-2. The presence of quartz, as 

indicated by the XRD results, is apparent within the thin section (Figure 101). The quartz 

is composed of very fine silt-sized grains, which is why they were not readily apparent in 

hand sample observations. There are no obvious structures within, and it extinguishes in 

cross-polarized light. These characteristics are typical of humified organic matter, as 

described by Balbo et al. (2010). 

 The shells and nodule from hole 2 of the Sea Rim Midden indicate that physical 

and chemical diagenesis are occurring within this portion of the midden. The shells are 

fractured, and several of them, along with many of the grains within the nodule, are 

oxidized. The carbonate fragments, likely shell material, within the nodule display 

evidence of being partially dissolved. This dissolution is exhibited by the presence of the 

blue epoxy around the edges of the affected shell fragment (indicated by the yellow arrow 

in Figure 101). Despite the existence of a three-dimensional framework that could 

support this shell piece at an unseen point, it is unlikely that the organic matter 

surrounding the shell would have left such a void surrounding the shell. The large amount 

pore space present, indicated by blue epoxy, throughout this slide also was likely not 

present at the time of deposition. Such large pores are generally not supportable within 

unconsolidated material, and these “oversized pores” suggest the presence of dissolution. 

The dissolved CaCO3 was likely transported in an aqueous solution down through the 

midden to the phreatic zone after the organic matter was already humified, which would 

allow for the void space to remain. This thin section analysis confirms that this nodule is 

made of humified organic matter, very fine silt-sized quartz grains, and shell fragments. 
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Figure 101. Photomicrographs of the same view of the nodule uncovered from 0-10 cm 
of 41JF47-2. “R” designates a view in reflected light. “PPL” indicates that the 
photomicrograph was taken in plane-polarized light, and “XPL” indicates that it was 
taken in cross-polarized light. The red arrows show oxidized grains stained by iron. The 
yellow arrows point to a partially dissolved carbonate grain, and the black arrows show 
quartz grains. The brown matrix, which appears dark in plane-polarized light and black in 
cross-polarizers, seems to be humified organic matter. 
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9.3.3. Midden 41JF47 – Summary and Interpretation 

 Shells within midden 41JF47 are physically and chemically altered. They are 

fractured, and several of them show signs of oxidation. A nodule discovered within one 

of the holes in this midden provides further evidence of alteration. The nodule was likely 

“cemented” together via humified organic matter. Shell fragments within this midden 

show evidence of partial dissolution, e.g., void space surrounding shells and pore spaces 

that would have been too large to support the allochems prior to the hardening of the 

matrix.  

 These diagenetic effects indicate that there was enough stress exerted upon the 

midden for shells within to break. As modern methods of disarticulating shell valves do 

not create extensive damage, it was assumed that these fractures were not created during 

preparation for consumption of the organism within. There was also likely the circulation 

of meteoric water throughout this midden. Iron oxide and dissolution require a solution in 

which to occur, therefore, a solution had to be allowing for the exchange of ions within 

the midden. 

9.4. Kneupper Midden 

 The Kneupper Midden is located in a fluvial environment. It lies approximately 

17.5 km from the Gulf of Mexico, but the excavations dug at the site are located roughly 

63 m to the southwest of the San Bernard River. All excavations were dug at 

approximately 4 m of elevation. The only shellfish species found within the Kneupper 

Midden was R. cuneata. 

 The photomicrographs created of shells from the Kneupper Midden indicate no 

alteration other than fracturing. As such, the focus of this section is on the singular 
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nodule uncovered at 9.5 cm depth in hole 4, which possessed iron oxide staining and 

extensive dissolution. The nodule exhibited a high level of porosity, as seen by the 

abundant blue color in the plane-polarized light view of the slide (Figure 102). This 

profusion of pore space, along with the characteristic appearance of several of the 

carbonate grains, is the evidence of dissolution. The grains, one of which is indicated by 

the yellow arrow in Figure 102, show a mottled texture with a blue tinge appearing (the 

presence of epoxy in intragranular secondary porosity). There are also numerous 

oversized pores, several of which contain only slight remains of grain boundaries. The 

cause of the apparent selectivity of dissolution is not readily clear. It may be that the shell 

ultrastructure of the more affected grains had a greater degree of fineness to the crystals. 

Smaller crystals would allow for more surface area compared to the total volume to be 

exposed to altering fluids. Additionally, hematite reflectance was visible in reflected 

light, indicating oxidation of grains.  

There are an abundance of fine silt-sized to medium silt-sized quartz grains, 

which would elucidate the XRD findings of quartz. The dark brown matter that makes up 

the matrix, as seen in PPL, appears completely extinct in XPL. This effect is 

characteristic of organic matter. 
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Figure 102. Photomicrographs of the same view of the nodule uncovered from 9.5 cm 
within hole 4 of the Kneupper Midden in various light. “R” indicates a view in reflected 
light; “PPL” is plane-polarized light, and “XPL” is cross-polarized light. The red arrows 
show oxidized grains. The yellow arrows point to a partially dissolved carbonate grain, 
and the green arrow shows likely pellets of organic matter. The purple arrows indicate 
sites from which grains were plucked. 
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9.4.1. Kneupper Midden – Summary and Interpretation 

 The thin sections from the Kneupper Midden validated previous observations: the 

midden shells were extremely fractured via diagenetic alteration within the midden, and 

nodules were composed primarily of quartz grains in a matrix of humified organic matter. 

The nodule within this midden presented evidence of both dissolution and iron oxidation, 

both chemical changes. The high level of alteration within this midden is most likely due 

to the sparsity of shells within. The small volume of carbonate material within the 

Kneupper Midden provided no buffering of physical or chemical stresses. 

9.5. Pineland (8LL33) 

 Midden 8LL33 is located at the Pineland Site Complex, which is located on the 

shore of the Pine Island Sound. The analysis for this work consisted of thin sections 

created from concreted midden material that was sent from the collections of the Florida 

Museum of Natural History. They were exhumed from their position 1.5 m below the 

present-day land surface, which lies at sea level in this area. 

 Several of these concretions were cut with a table saw and ground down into thin 

sections. The most notable material within these slides is a pervasive, dark brown matrix 

(Figure 103). This matrix completely extinguishes in XPL. The brown coloring in PPL 

and complete extinction in XPL is characteristic of organic matter. 

 Also present within the concretions are very fine-grained to fine-grained quartz 

sand grains. The presence of these grains explains why XRD analysis indicated a quartz 

mineralogy for these masses. The aragonite peaks from the XRD were likely sourced 

from the shell fragments, also visible within the thin section. These shell fragments are 

partially dissolved. They appear mottled (see yellow arrow in Figure 103), a 
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characteristic caused by their intragranular secondary porosity. An overall blue coloration 

can also be seen within obviously grain-shaped holes. This coloring is caused by the blue 

epoxy that filled in void space created by the dissolution. The organic material 

surrounding these holes is not likely to have solidified in the angular manner present. It is 

more likely that a grain previously existed in the space and was later removed. There also 

appears to be faint outlines of grains remaining on the hole boundaries; their interior was 

likely dissolved.  

There is clearly extensive pedodiagenesis taking place within midden 8LL33, as 

evidenced by the concreted nature of this pile. Shell dissolution is evidence of water 

circulation. Unfortunately, the shells themselves were not able to be tested, so further 

work could be performed in that regard.  
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Figure 103. Photomicrographs of various views (A-C) of the concretions from the 
midden at the Pineland Site Complex. The red arrows point to quartz grains. The green 
arrows point to aggregates of humified organic matter, and the yellow arrows indicate a 
partially dissolved carbonate shell remnant. “PPL” indicates that the image was taken in 
plane-polarized light, and “XPL” indicates that it was taken in cross-polarized light. 
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9.6. Historic Spanish Point – Chapel Midden/Shell Ridge 

 Samples were collected for thin section analysis from three pits dug into the 

Chapel Midden/Shell Ridge. Thin sections were created from several shells found in 

various layers within the midden and also from one nodule. The material was deposited 

within this midden a maximum of 2,300 years ago. 

9.6.1. Hole 1 (HSP-1) 

 Thin sections for HSP-1 were created from three C. virginica shells found at 

various depths within the midden (Figures 104-106). The shells, themselves, appeared 

quite altered. The primary form of alteration within the shells from HSP-1-1 and HSP-1-9 

was fracturing along what appeared to be the shell ultrastructure, or the small-scale 

features of the shell. These fractures were primarily parallel to the long axis of the shell. 

The shell within HSP-1-5 was also fractured, and it had large, brown patches of 

discoloration (Figures 105 and 107). These areas appeared to be a dull brown in plane-

polarized light. In crossed-polarized light, a high birefringence appeared in patches where 

the discoloration was not as prominent. The darker brown areas stayed a darker color, 

close to being fully extinct, despite stage rotation. As discussed previously, this brown 

area is likely an area of high alteration. Additionally, this layer of the midden could have 

also been more highly altered due to water circulation patterns.  

The abundance of borings (shown by the purple arrows within Figures 105 and 

106) within this midden may have made the shells within more susceptible to chemical 

changes. These borings are oriented perpendicular to shell surfaces. They range in size 

from approximately 1 mm to slightly larger than 2 mm. As evident in Figures 105 and 

106, they are present throughout the shells, with no apparent selectivity in location. The 
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edges of these borings are overall smooth, with some angular protrusions. The areas 

around these borings appear to have been strongly altered, as evidenced by the darker 

brown areas in the C. virginica shell from 1-5 (Figure 105 and 107) and the parallel lines 

of dissolution in the shell from 1-9 (Figure 106).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 257 

 
 
 

 
Figure 104. Photomicrographs of C. virginica from HSP-1-1. The black arrows indicate 
fractures. The red arrows point to quartz grains that were included in the epoxy when 
creating the thin section. “PPL” indicates that the photomicrograph was taken in plane-
polarized light, and “XPL” indicates that it was taken in cross-polarized light. 
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Figure 105. Photomicrographs of C. virginica from HSP-1-5. The black arrows indicate 
fractures, and the purple arrows show borings. In HSP-1-5, the red box shows an area of 
discoloration (see Figure 107 for further discussion and a close up). “PPL” indicates that 
the photomicrograph was taken in plane-polarized light, and “XPL” indicates that it was 
taken in cross-polarized light. 
 
 
 
 



 259 

 
 
 
 

 
Figure 106. Photomicrographs of C. virginica from HSP-1-9. The black arrows indicate 
fractures, and the purple arrows show borings. “PPL” indicates that the photomicrograph 
was taken in plane-polarized light, and “XPL” indicates that it was taken in cross-
polarized light. 
 
 
 



 260 

 

 
Figure 107. A close-up of the alteration present in the C. virginica from HSP-1-5. The red 
box shows the area of the photomicrograph that is magnified. The black box shows the 
brown discoloration. “PPL” indicates that the photomicrograph was taken in plane-
polarized light, and “XPL” indicates that it was taken in cross-polarized light. 
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One nodule was sampled from HSP-1. The thin section from this nodule showed 

spots of likely plucked grains, which may or may not have been created during the thin 

section creation (Figure 108). If they are not an artifact of the development of the thin 

section, then the large pores could be evidence of dissolution. Also present within the 

nodules are partially dissolved carbonate shell fragments. The dissolution does not appear 

to have any preferential orientation, but a large amount of blue epoxy is visible in patches 

within the shell fragment boundaries. “Plucked grains,” or those that were torn out during 

the grinding performed when creating thin sections, would not have blue epoxy within. 

Thus, these grains had to have been removed by other processes – likely due to the 

chemical alteration of shell fragments. Pieces of bone and various sand-sized quartz 

grains are also present. There is a small amount of oxidation evident in reflected light. 

The matrix of the nodule appears brown in PPL, and goes completely extinct in XPL. 

Again, these qualities indicate that it is likely made up of altered organic matter. 

Thin sections created from HSP-1 provide further evidence of diagenesis within 

the Chapel Midden/Shell Ridge. Dissolution and iron oxidation provide evidence that 

chemical alterations are taking place within this shell accumulation. Extensive fracturing 

was also visible within these thin sections. Thus, there were diagenetic processes acting 

upon the materials within this midden. 
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Figure 108. Photomicrographs of the same view of the nodule uncovered from 58-72 cm 
within HSP-1 in various light. “R” indicates a view in reflected light; “PPL” is plane-
polarized light, and “XPL” is cross-polarized light. The red arrow shows an oxidized 
grain. The yellow arrows point to partially dissolved carbonate shell fragments, and the 
green arrow shows the former site of a plucked grain. The white arrow points to a bone 
fragment, and the purple arrow indicates a quartz grain. The brown matrix, which appears 
dark in plane-polarized light and black in cross-polarizers, seems to be humified organic 
matter. 
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9.6.2. Hole 2 (HSP-2) 

 There were no nodules uncovered within HSP-2. Thin sections were created from 

several C. virginica shells that were sampled from three different depths within this hole 

(Figures 109-111). Two of the shells showed evidence of boring (purple arrows in 

Figures 109 and 110). These borings were more oblique to the shell surface and much 

smaller than those found within HSP-1. The borings from HSP-2 are less than 0.5 mm in 

width and 1 mm in length. The edges of these borings are quite smooth, except for almost 

feather-like wisps of shell that appear to be caused by dissolution of selective layers of 

ultrastructure along their edges. The fracturing within these shells appeared in a different 

pattern than in other shells. It exists mainly parallel to the long axis of the shell but had 

smaller tendrils radiating off at various angles from the main fracture. They also appear 

to be roughly parallel to the shell ultrastructure in the zones where they exist. The shells 

also appeared to be a light brown color, as compared to the off-white color of the modern 

standard. 

 The shells from within this hole also display areas of dark brown discoloration. 

Upon careful inspection, particularly of the shell within HSP-2-1, a light blue color can 

be seen in patches through the dark area. The blue is due to the epoxy being visible. Thus, 

dissolution of the shell material has likely occurred within these regions. The dissolution 

occurred in subparallel lines, which was perhaps due to preferential alterations within 

certain orientations of the shell ultrastructure. 
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Figure 109. Photomicrographs of C. virginica from HSP-2-1. “PPL” indicates that the 
photomicrograph was taken in plane-polarized light, and “XPL” indicates that it was 
taken in cross-polarized light. The black arrows indicate fractures, and the purple arrows 
point to borings. The red boxes show areas of brown discoloration. 
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Figure 110. Photomicrographs of C. virginica from HSP-2-4. “PPL” indicates that the 
photomicrograph was taken in plane-polarized light, and “XPL” indicates that it was 
taken in cross-polarized light. The purple arrows point to borings. The red boxes show 
areas of brown discoloration. 
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Figure 111. Photomicrographs of C. virginica from HSP-2-7. “PPL” indicates that the 
photomicrograph was taken in plane-polarized light, and “XPL” indicates that it was 
taken in cross-polarized light. The black arrows indicate fractures. 
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9.6.3. Hole 3 (HSP-3) 

 The shells made into thin sections from HSP-3 were actually three different 

species: Busycon spp., C. virginica, and S. pugilis. The three shells were from three 

different layers: HSP-3-9, 3-5, and 3-1. The Busycon spp. and C. virginica shells were 

fractured, whereas the S. pugilis shell appeared to be relatively solid (Figures 112-114). 

 

 
Figure 112. Photomicrographs of S. pugilis HSP-3-9. The black arrows indicate fractures. 
“PPL” indicates that the photomicrograph was taken in plane-polarized light, and “XPL” 
indicates that it was taken in cross-polarized light. 
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Figure 113. Photomicrographs of C. virginica from HSP-3-5. The black arrows indicate 
fractures. “PPL” indicates that the photomicrograph was taken in plane-polarized light, 
and “XPL” indicates that it was taken in cross-polarized light. 
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Figure 114. Photomicrographs of Busycon spp. from HSP-3-1. The red arrows indicate 
several of the feldspar grains that were added with the epoxy during the creation of the 
thin section. “PPL” indicates that the photomicrograph was taken in plane-polarized light, 
and “XPL” indicates that it was taken in cross-polarized light. 
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9.6.4. Chapel Midden/Shell Ridge – Summary and Interpretation 

 The thin sections from the Chapel Midden/Shell Ridge reaffirmed earlier 

observations. Shells from each level within the midden were fractured, and there were 

patches of alteration in the form of discoloration. There did not appear to be an overall 

trend in terms of decreasing or increasing amounts of diagenesis with depth. 

 The slide of a nodule further elucidated the XRD results and hand sample 

observations. Within the nodule, there were various sand-sized quartz grains and shell 

fragments along with pieces of bone. In PPL, the matrix appeared to be a dark brown 

color. In XPL, it appeared completely black irrespective of the rotation angle of the stage. 

As such, this nodule was composed of a matrix of hardened organic matter with midden 

constituents such as shell fragments interspersed within. It also contained quartz grains 

from the surrounding environment.  

9.7. Historic Spanish Point – Hill Cottage Midden 

 The Hill Cottage Midden formed between 2,500 B.C.E-500 B.C.E. That time 

range indicates that the materials within the midden could have been subjected to 

diagenetic processes for approximately 4,500 years. There were two vertical surfaces 

sampled within this midden: the trench and the fire pit. The trench was a reexcavation of 

previous work by Bullen and Bullen (1976). The fire pit, however, was discovered in 

2012 during construction work at Historic Spanish Point. 

9.7.1. Trench (HSP-T) 

 The photomicrographs created of shells from the trench at Historic Spanish Point 

indicate no alteration other than fracturing. As such, the focus of this section is on an 

ankerite precipitate and the uncovered slump concretions. Photomicrographs of the 
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ankerite precipitate show very fine silt-sized to fine silt-sized quartz grains within an 

orange material making up the majority of this thin section (Figure 115). Whereas it 

commonly appears colorless in PPL in thin section, the ankerite within this section is a 

darker orange-brown. This coloring indicates a weathering or alteration of iron-rich 

samples due to the existence of iron oxides or hydroxide (Nesse, 2004, p. 269). The 

presence of these grains explains why XRD results indicated the occurrence of quartz. 

The high birefringence (0.182-0.202) of ankerite is visible around the iron oxide staining 

(Nesse, 2004, p. 269). 

 Thin sections were also made of the slump concretions discovered within the 

trench (Figure 116). Unlike with the other nodules discovered within this study, the 

matrix of the concretions did not go completely extinct in XPL. This characteristic 

indicates that the matrix is likely not organic matter. It may be ash of fire-pit origin, as 

described by Bullen and Bullen (1976).  

The shell fragments within the trench slump concretions are the source of the 

calcite and aragonite indicated as present by the XRD analysis. The species of these 

shellfish was not identified from these thin sections, so it is unknown whether the shells 

were originally aragonite or calcite. The shell fragments within these concretions are 

angular with a bimodal distribution in shell size, ranging from approximately 0.1 to 0.75 

mm to as large as a centimeter. Both large and small shell pieces have been partially 

dissolved. The dissolution is quite evident by the large shell fragment within image A of 

Figure 116. Large swaths of blue epoxy are shown within the boundaries of what once 

must have been a whole shell. Dissolution of the elongate shell fragment within image A 

of Figure 116 appears to run parallel to the long axis of the shell and also exists along the 
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edges of the shell. Within image B of Figure 116, there is no preferential orientation of 

the dissolution. Blue epoxy is visible throughout the shell pieces, to the extent that many 

of them go completely extinct in XPL, a characteristic of the epoxy.  

 

 
Figure 115. Photomicrographs of the ankerite nodule found between 53.5-62 cm in the 
trench. The three images are of the same view in different types of light: reflected (R), 
plane-polarized light (PPL), and cross-polarized light (XPL). The black arrow is pointing 
to a perfect rhombohedron, typical of cleavage in ankerite. The high birefringence 
(0.182-0.202) of ankerite can be seen underneath the iron staining in the top right-hand 
corner of the image (green arrow) (Nesse, 2004, p. 269). The purple arrow is indicating 
an area of the mount where oxidation of iron is causing a reddish-brown appearance. The 
red arrow points to quartz grains that were not added in the epoxy. 
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Figure 116. Images A and B are photomicrographs of the concretions from the trench 
slump. The yellow arrows are pointing to partially dissolved shell fragments, whereas the 
red arrow is pointing to quartz grains that were not added in the epoxy. “PPL” indicates 
that the photomicrograph was taken in plane-polarized light, and “XPL” indicates that it 
was taken in cross-polarized light. 
 
 
9.7.2. Fire Pit (HSP-FP) 
 
 Sampling of the fire pit was separated into three regions of the surface: left, 

center, and right. The central portion was composed primarily of the actual fire pit, itself, 

the presence of which was inferred from the presence of coal and oily residue within the 

midden materials. There was an abundance of different species present within the fire pit, 

dominated by the presence of C. virginica. 
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 As with sampling, the photomicrographs of the fire pit were separated into left, 

center, and right (Figures 117-119). The majority of the shells from this excavation were 

fractured. Several of the C. virginica shells possessed numerous borings. One such shell 

is shown from HSP-FP-5 in Figure 118. There is an abundance of smooth, circular holes 

approximately 0.2-0.3 mm in size within the white patch of this C. virginica. These 

borings are oriented primarily perpendicular to the shell, whereas there are two that have 

a more oblique orientation. The borings existing only within the shells supports earlier 

thought that these likely occurred prior to deposition within the midden.  

The shells from sampling designations 4, 5, and 13 also show evidence of 

chemical diagenesis (Figures 118 and 119). They have patches that appear dark brown in 

PPL and go extinct in XPL. Based on Kolbe al al.’s (2011) study, these areas are 

probably due to exposure to meteoric or pore waters that had chemical compositions 

likely to induce mineral variation or dissolution.  

In the shells from HSP-FP-5 and HSP-FP-13, light blue epoxy can be seen 

showing through the darker brown coloring (Figures 118 and 119), indicating likely 

dissolution that occurred in these areas. The dissolution within the shell from area 13 

appears to be in a stippled pattern. The partial dissolution of the shells within these layers 

further corroborates the supposition that the brown discoloration likely occurred due to 

exposure to chemically distinct waters moving within the midden. A solution would be 

required to remove, i.e., dissolve, the shell material as is shown within the 

photomicrographs. 
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Figure 117. Photomicrographs of the shells from the left side of the fire pit in the Hill 
Cottage Midden. The numbers in the top left-hand corner indicate which sample bag of 
the fire pit they are from, i.e., HSP-FP-#. Both shells shown are C. virginica. The images 
on the left were plane-polarized light (PPL), and the images on the right were taken in 
cross-polarized light (XPL). The quartz and feldspar grains (shown by red arrows) were 
added in with the epoxy. Fractures are indicated by black arrows. The yellow arrows 
point to areas of dissolution and discoloration.  
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Figure 118. Photomicrographs of the shells from the center of the fire pit in the Hill 
Cottage Midden. The numbers in the top left-hand corner indicate which sample bag of 
the fire pit they are from, i.e., HSP-FP-#. Both shells shown are C. virginica. The images 
on the left were plane-polarized light (PPL), and the images on the right were taken in 
cross-polarized light (XPL). The quartz and feldspar grains (shown by red arrows) were 
added in with the epoxy. Fractures are indicated by black arrows. The yellow arrows 
point to areas of dissolution and discoloration. The purple arrow points out borings that 
occurred prior to shell deposition within the midden.  
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Figure 119. Photomicrographs of the shells from the right side of the fire pit in the Hill 
Cottage Midden shown in plane-polarized light. The numbers in the top left-hand corner 
indicate which sample bag of the fire pit they are from, i.e., HSP-FP-#. The shell from 
HSP-FP-13 is C. virginica; the shell from HSP-FP-9 is S. pugilis. The images on the left 
were plane-polarized light (PPL), and the images on the right were taken in cross-
polarized light (XPL). The quartz and feldspar grains (shown by red arrows) were added 
in with the epoxy. Fractures are indicated by black arrows. The yellow arrows point to 
areas of dissolution and discoloration. 
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9.7.3. Hill Cottage Midden – Summary and Interpretation 

 Thin sections from the Hill Cottage Midden exhibited the pervasive diagenesis 

inherent to this shell accumulation. The majority of the shells from this midden were 

fractured, which indicates the existence of physical diagenetic alteration. There were also 

numerous signs of chemical diagenesis, e.g., dissolution and discoloration, that were 

likely caused by exposure to meteoric waters. 

 The ankerite precipitate was able to be better understood through the use of the 

thin section. It was confirmed that the orange color of this precipitate was due to a high 

iron content. Additionally, the nature of the concretions from the slump of the Hill 

Cottage Midden was elucidated. Bullen and Bullen (1976) had described a layer of heat-

cemented shells surrounded by ash. These concretions appear to have been generated 

from that layer. 

9.8. Historic Spanish Point – Beach Concretions (HSP-B) 

 The concretions at the beach were located adjacent to the Chapel Midden/Shell 

Ridge. It appeared as if shells from the Chapel Midden were incorporated within an 

indurated matrix of unknown origin. The matrix, itself, was a rust-orange color. 

Numerous insects could be seen boring into the concretion, which was located within the 

intertidal zone. 

 The thin sections from the beach samples show a magnified view of the extensive 

borings (Figures 120 and 121). These borings range in size from less than 0.1 mm to 

greater than 1 mm. Some of the borings are spherical; others are more angular, as seen 

within the larger shell fragment at the bottom of Figure 121. Many of the borings appear 

perpendicular to shell surfaces, but others run parallel to the shells. The borings do not 
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appear to have a preferential orientation in regards to any particular material within these 

concretions, an indication that perhaps they were created after deposition and 

solidification of these materials. This supposition is further corroborated by observations 

of many insects burrowing within these concretions at the time of their sampling.  

The XRD results for these concretions indicated the presence of only one mineral: 

quartz. The source of the quartz is readily apparent in the very fine sand-sized to fine 

sand-sized grains pervasive throughout the slide. Interestingly, the shell fragments did not 

register within the XRD. The shell pieces are extremely altered. They are bored and 

appear partially dissolved.  

The assumption of shell dissolution is due to the large amount of space between 

the matrix and the shell, and it is also based upon the irregular shape and size of holes 

within the shells. The large amount of blue epoxy visible within the boundaries of the 

shells indicates a large amount of pore space. A small amount of this pore space may be 

primary, but it does not appear as if all of it was. It is unlikely that the concretion formed 

with this much of a gap between the shell and the matrix. It is more likely that the matrix 

was in direct contact with the edge of the shell at the time of deposition. Additionally, the 

pore spaces are “oversized,” meaning that they are much larger than was likely to have 

formed originally. Some of the missing material may have been removed via boring, but 

there are also larger, more irregular areas of missing shell. 

 The matrix itself appears to be a dark orange color in PPL. A rust color in 

reflected light shows that the matrix material is stained with oxidized iron. As it goes 

completely extinct in XPL and did not register as a mineral in the XRD, the matrix is 

likely desiccated and humified plant matter such as described by Balbo et al. (2010).  
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Figure 120. Photomicrographs of one view of the concretions from the beach at Historic 
Spanish Point. “R” indicates a view in reflected light. “PPL” indicates that the 
photomicrograph was taken in plane-polarized light, and “XPL” indicates that it was 
taken in cross-polarized light. The red arrows point to oxidized matrix material. The 
green arrows point to quartz grains, and the yellow arrows indicate a partially dissolved 
and bored carbonate shell remnant. The purple arrows point to borings. 
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Figure 121. Photomicrographs of a different view of the concretions from the beach at 
Historic Spanish Point. “R” indicates a view in reflected light. “PPL” indicates that the 
photomicrograph was taken in plane-polarized light, and “XPL” indicates that it was 
taken in cross-polarized light. The red arrows point to oxidized matrix material. The 
green arrows point to quartz grains, and the yellow arrows indicate a partially dissolved 
and bored carbonate shell remnant. The purple arrows point to borings. 



 282 

9.9. Summary of Thin Section Results 

 The thin section observations within this study mainly provided confirmation of 

earlier suppositions regarding the nodules, i.e., that they were primarily composed of 

plant matter. They also explained the presence of the quartz indicated by many of the 

XRD results. There were numerous quartz grains present, as the environment surrounding 

each of the middens was dominated primarily by siliciclastic deposition. These results 

elucidated XRD and hand sample observations for midden 8LL33 from the Pineland Site 

Complex and the beach concretions at Historic Spanish Point. 

In regards to the shells, themselves, physical diagenesis was obvious as fracturing 

was ubiquitous throughout each midden. Shell breakage, such as described within the 

hand sample observations, was seen on a microscopic scale. There was also clear 

evidence of chemical alterations. Many shells had areas of dissolution, as evidenced by 

blue epoxy being present within the boundaries of shell fragments. There was also shell 

discoloration present. Meteoric waters allowing for the exchange of ions likely caused 

this discoloration. 

The thin section work appeared to indicate that the most diagenetically altered 

shell pile was the Hill Cottage Midden. Midden 41JF47 and the Chapel Midden/Shell 

Ridge were also quite altered. Diagenesis within the Kneupper Midden appeared to be 

restricted to fracturing.  
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CHAPTER 10: SUMMARY AND CONCLUSIONS 
 
 
10.1. Sea Rim State Park – Midden 41JF47 

 Located 5.7 km from the shoreline of the siliciclastic region of the Gulf of 

Mexico, midden 41JF47 lay within the confines of Sea Rim State Park. The midden was 

bordered to its south by a saline lake and to the west by a bayou. It was inaccessible by 

land, and its surface was at only 1 m of elevation. Thus, the midden has likely become 

inundated with brackish or marine water during storm events. Sea-level fluctuations have 

never covered this midden, leaving it otherwise subaerially exposed for the duration of its 

existence. 

 The midden was oval in shape – approximately 26 m long and 10 m wide. 

Vegetation was sparse on the midden itself, but it was dense around the edges. The only 

shellfish species present within this midden was R. cuneata, indicating that the 

environment at the time of the midden’s creation was likely estuarine, as it is today. 

Pottery found during excavations for this work indicate that the Atakapan likely 

constructed this midden between 100 B.C.E.-1,000 C.E, meaning that it is a maximum of 

2,100 years old. 

 Two holes were dug into this midden to make observations and collect samples 

for analysis. Hand sample descriptions indicated minimal to moderate alteration in terms 

of whole shell fracturing, whereas numerous shell fragments were also found within the 

midden layers. A small amount of color bleaching indicated chemical alterations had 

taken place within the midden. XRD analysis of shells from this hole showed no 

alteration of aragonite to calcite.  
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Analysis via XRD showed the presence of calcite, the presence of which suggests 

dissolution of primary, aragonitic shell material and reprecipitation of this more stable 

phase. All of the shells within the midden 41JF47 are of the species R. cuneata, which 

has around 99.3% aragonite at the time of its creation. Despite that fact, the XRD results 

of nodules from this hole indicated the presence of quartz and calcite, with only one 

testing positive for aragonite. As such, the calcite was likely sourced from the dissolution 

of the shell aragonite, and the reprecipitation of calcite. 

Thin section work focused on the shells from this site showed iron oxides and 

confirmed fracturing. XRD results and thin section analyses indicated that nodules from 

this site were composed of desiccated and humified plant matter with very fine silt-sized 

quartz grains and shell matter bound within. Montmorillonite also appeared within the 

XRD results for this midden. 

 These results validate that there was likely water circulation occurring within the 

midden, allowing chemical alterations in the form of color bleaching and iron staining. 

Whereas there were numerous fragments within, the midden also contained an abundance 

of whole, minutely fractured shells. These fragmented pieces likely absorbed the majority 

of the physical stresses within the midden. The bulk volume of carbonates within this 

midden is likely to have protected the majority of the shells from extensive alteration, 

both chemical and physical. 

10.2. Kneupper Midden 

 The Kneupper Midden is located at the top of a river terrace that lies at 4 m 

elevation above sea level in Brazoria, Texas. This town is located in a region dominated 

by siliciclastic deposition approximately 17.5 km from the Gulf of Mexico. The San 
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Bernard River lies 63 m to the midden’s northeast. The river and the midden are 

separated by two river terraces, each approximately 1 m in height.  

Sea level has never risen so as to submerge this midden, but the San Bernard is 

prone to extreme flooding events. Since 1913, there have been at least 13 large floods 

where the river has overstepped its banks. Thus, this midden has remained subaerially 

exposed except during storm events throughout its existence. 

 The full extent of this midden has never been documented. It appears to be 

extremely diminutive, in terms of volume, lateral and vertical extent, and density. These 

small dimensions indicate that, unlike the other middens in this study, the Kneupper 

Midden was likely developed in sporadic periods of occupation.  

Pottery sherds discovered by the owner of this property were reported to be Goose 

Creek ceramics. Thus, this midden was likely created by the Karankawa at some point 

after 500 C.E. This date means that the midden has existed for, at most, 1,500 years. 

Hand sample observations, XRD analysis, and thin sections were created from the 

shells, nodules, and sediment discovered within the four holes excavated from this 

midden. All of the shells were quite fractured, and many had a chalky appearance. Thin 

sections of shells from this midden show extensive fracturing. Slides created of the 

nodules from this midden show fine silt-sized to medium silt-sized quartz grains 

imbedded with shell fragments in desiccated organic matter.   

XRD results showed several interesting results. They indicated that several of the 

shells from this midden were mineralogically altered, i.e., the aragonite within them had 

been converted to calcite. Sedimentary analysis indicated that there was likely 

recrystallization occurring within the midden. This assumption stems from the presence 
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of calcite within nodules, despite the primarily aragonitic composition of the R. cuneata 

shells within. The recrystallization of aragonite to calcite also indicates dissolution and 

reprecipitation on a microscopic scale. Large-scale precipitation is not likely to have 

occurred due to the middens presence within the vadose zone, which, on the whole, tends 

to foster undersaturated solutions (Longman, 1981) 

 In sum, this midden is extensively altered both physically and chemically. These 

results are in line with the nature of this midden. It is extremely sparse in terms of shell 

material. Thus, there is not a thick enough outer shell layer to buffer interior shells from 

any stresses or alteration. In addition, carbonate shells within this midden are surrounded 

by siliciclastic sediment, which also provides no chemical buffer. 

 The exaggerated effects may also have to do with periodic river flooding, but it 

seems as if the other middens within the study were also close enough to the coastline to 

be episodically covered by storm waters. Thus, it is the sparse amount of carbonate 

materials, and not these flooding events, which is likely to be the main cause of the 

differences in diagenetic extent between this midden and the others. 

10.3. Pineland (8LL33) 

 Located within the wetlands on the northern tip of Pine Island, the Northwest 

Pasture portion of midden 8LL33 is directly adjacent to the Pine Island Sound. This 

midden is one of several located within the Pineland Site Complex, the construction of 

which was begun by the Calusa in approximately 50 C.E.  

 There were no ongoing excavations at Pineland at the time of this study; 

therefore, several concreted masses were sent from the archives of the Florida Museum of 

Natural History for study. These samples had been previously dated to approximately 200 
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C.E., or roughly 1,800 years ago. The mound from which they were sampled lies 

approximately 1.5 meters below the present-day midden surface, which is at sea level at 

this location. 

 Hand sample observation of these concretions showed bored, hardened masses 

with a dark grey matrix binding shell material. Fibrous material, likely plant matter, was 

visible within the mass. The matrix was air drilled and analyzed via XRD, which revealed 

a quartz mineralogy. Thin section work elucidated this matter, as very fine-grained to 

fine-grained quartz sand grains were seen to be contained along with shell fragments and 

some bone in a matrix of desiccated and humified plant matter. Thus, it was not 

carbonate cementation that bound these shells, but the alteration of organic constituents. 

10.4. Historic Spanish Point – Chapel Midden/Shell Ridge 

 The Chapel Midden/Shell Ridge is a midden structure that is part of the Palmer 

Site 8So2. The Palmer Site is now a museum and architectural landmark site known as 

Historic Spanish Point located in Osprey, Florida. Historic Spanish Point is located in a 

predominantly siliciclastic environment directly on Little Sarasota Bay. At its highest 

point, this site is situated approximately 3 m above sea level.  

The Chapel Midden/Shell Ridge portion of this complex was built by the 

Manasota between 300 B.C.E.-1,100 C.E. (Murphy, 2013). Thus, this midden is a 

maximum of 2,300 years old. The Chapel Midden and Shell Ridge were initially 

classified as two separate middens. Recent work has demonstrated that the Chapel 

Midden portion is actually the beginning of this shell pile, and the Shell Ridge is merely a 

westward continuation of the initial construction.  
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Three holes pits were dug into the Chapel Midden/Shell Ridge in order to make 

observations and collect samples for analysis. These pits were actually reexcavations of 

previous work by Bullen and Bullen (1976) that was completed in 1959. The samples 

taken were assessed via hand sample observations, XRD, and thin section creation. 

Hand sample appraisal indicated that the midden is likely moderately physically 

and chemically altered. Bleaching of shells was present, and, whereas fractures did exist, 

whole shells were not significantly fractured. Fragments observed within the holes while 

sampling indicates that those shells that broke absorbed the brunt of the physical stresses, 

whereas other whole shells were left relatively unaffected physically.  

With XRD analysis, a faint trend can be seen in regards to greater diagenesis with 

increasing depth. Only a singular shell, however, out of the many sampled rated with 

altered values of aragonite and calcite. There was no obvious recrystallization in terms of 

crystal size shown within the thin sections; these results were obtained solely from XRD. 

With the thin sections, extensive change in terms of the coloration of the shells was 

noted. As evidenced by Kolbe et al. (2011), this discoloration is likely due to chemical 

alteration. It could thus be the physical evidence of the mineralogical changes indicated 

by the XRD results. Many fractures were also visible, indicating physical diagenesis.  

Assessment of the nodule collected from this midden was overall similar to the 

other middens analyzed. The thin section of this nodule corroborated supposition that it 

was composed of organic matter binding various sand-sized quartz grains and partially 

dissolved shell fragments. The dissolution of the shell fragments did not appear within 

any preferential orientation. Blue epoxy was intermittently visible within the boundaries 
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of shell pieces. The precipitate discovered within this midden was likely quartz cement 

stained by the presence of iron oxide. 

This midden is, overall, not ubiquitously physically and chemically changed, but 

there is evidence of diagenetic alteration. Bleached shells, partially dissolved shell 

fragments within the singular nodule, color variation in shells, and aragonite-calcite 

phase change show evidence of chemical variation. An abundance of shell fragments 

within each hole dug and moderate fracturing of the remaining whole shells provide 

confirmation of processes resulting in physical alteration. Thus, the environment within 

this midden is conducive to creating diagenetic processes. 

10.5. Historic Spanish Point – Hill Cottage Midden 

 The Hill Cottage Midden, like the Chapel Midden/Shell Ridge, is located in 

Historic Spanish Point. It was built during an earlier occupation of the site than the other 

midden, and it has been dated to between 2,500 B.C.E-500 B.C.E. As such, its maximum 

age is 4,500 years old. For the duration of that time, it has been subaerially exposed. The 

environment surrounding this midden is predominantly siliciclastic. 

 Two excavations were dug into the Hill Cottage Midden to gather samples. One, 

the trench, had been previously dug by Bullen and Bullen (1976) in 1959. The other was 

unearthed in 2012 during the early stages of a modern construction on the site. It was 

named the fire pit, due to the remnants of a prehistoric cooking fire, e.g., charcoal and 

oily residue, discovered within. 

  The majority of shells from this midden were moderately to severely fractured, a 

finding seen in both hand sample and thin section observation. XRD analysis indicated 

that the aragonite of several shells within this pile had been altered to calcite, likely 
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within areas of discoloration, as the ratios determined from this pile were quite distinct 

from that of the modern samples collected. Many of the shells exhibited color bleaching, 

and the thin sections showed partial dissolution of the shells. This dissolution appeared to 

be restricted to the areas of brown discoloration. In one of the shells it appeared in a 

stippled pattern, but in the majority their appeared to be no preferential alteration pattern. 

 One of the nodules discovered in the trench was created in the manner similar to 

the nodules of the other middens. It was composed primarily of humified organic matter 

binding quartz grains and shell fragments. Presence of the mineral calcite within this 

nodule indicates the presence of at least small amounts of cementation. The cementation 

did not exist in large enough amounts to be visible via thin section. The concretion found 

within the slump of the trench, however, was not created in this manner. It was likely 

composed of heat-cemented shells and ash, as described by Bullen and Bullen (1976). 

 The final discovery within the Hill Cottage Midden was a relatively large amount 

of ankerite precipitate. Ankerite is more often found within mesodiagenetic conditions, so 

its presence indicates that temperatures within the midden likely reach higher levels than 

would be assumed for its shallow burial depth. Additionally, it is strong evidence for 

extensive diagenesis within the midden.  

10.6. Historic Spanish Point – Beach 

 Several unknown masses from the beach at Historic Spanish Point were sampled 

and brought back to the laboratory for analysis. Not much was known about these 

concretions at the time of their collection. They were situated adjacent to the Chapel 

Midden section of the Chapel Midden/Shell Ridge, and shells that had fallen from the 
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midden were caught in the mass of the concretion. They sat atop quartz beach sand, and 

were located within the intertidal zone. 

 These red, bored masses were shown via XRD to contain only one mineral: 

quartz. The thin sections created from these concretions further elucidated these results, 

as they showed dissolving and bored shell fragments along with fine-grained to coarse-

grained quartz sand grains. The heavily bored, reddish-brown matrix did not appear 

within XRD, because it was not composed of a mineral. It reflected a rust-red color and 

went completely extinct in XPL, indicating that it was likely oxidized, humified, and 

desiccated organic matter. 

10.7. Comparison of All Middens 

 Studies of diagenesis generally attempt to determine extent of alteration and the 

time over which the changes took place. It is generally assumed that the amount of 

diagenesis within a system is controlled by the length of time that system existed in a 

particular environment. The results of this study, however, indicate that other factors may 

also contribute. No consistent trend was found with burial depth, but the volume of 

carbonate material within a midden and the density of carbonate packing seems to be 

equally as important to the extent of midden diagenesis as the length of time that it has 

been subjected to diagenetic processes.  

All of the middens within this study were located in similar environments. They 

were all within several kilometers of the Gulf of Mexico, subaerially exposed for the 

duration of their existence, and created in siliciclastically dominated areas of deposition. 

Despite their similar environments, two middens within this study that were more altered 

than the others: the Kneupper Midden and the Hill Cottage Midden. The Hill Cottage 
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Midden, at 4,500 years, was the oldest of all the middens studied. Thus, it being more 

extensively altered would not be unexpected. The Kneupper Midden, however, was only 

1,500 years old. It was the youngest of all the middens sampled, and, yet, it was among 

the most affected both physically and chemically.  

Midden 41JF47 possessed a lower volume of shell material than those middens at 

Historic Spanish Point. It was, however, as densely packed as the Chapel Midden/Shell 

Ridge and the Hill Cottage Midden. Its diagenetic alteration levels were comparable to 

the Chapel Midden/Shell Ridge, and the two were roughly the same age.  

The nature of midden 8LL33 at the Pineland Site Complex was extensively 

altered, but it seemed as if those changes were governed more by pedodiagenetic changes 

than by carbonate dynamics. The shells did not appear to be altered so much as the 

matrix. The samples studied from this midden were only 1,800 years old. 

 Andrus (2011) stated that subaerially exposed middens generally retain excellent 

preservation for a number of reasons. Acidic waters are buffered by large amounts of 

carbonate shells, which are sheltered from physical alteration due to the density of their 

layering. Additionally, greater pile depth focuses erosion on surface shells (Andrus, 

2011). Whereas all shells were, at one time, at the surface of the midden and thus 

exposed to the same processes, it is presumed that the greater amount of time spent 

buried within the midden, as compared to the time at the surface, allows for this variance 

in the focus of stress.  Ultimately, a greater length of time would be able to overcome the 

preservation qualities afforded by large volumes of material and high-density packing. 

The greater amount of diagenesis within the Hill Cottage Midden appears to be due to 

age. 
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 The extent of diagenesis within the Kneupper Midden was not due to its age. It 

was the youngest of all the middens sampled, but one of the most altered. The reason for 

the amount of change within this midden is due to its nature. The Kneupper Midden, 

unlike the others, was created by only occasional habitation. Shells were not thickly 

packed, and the lateral and vertical extent of the midden was not extensive. As they were 

surrounded by siliciclastic sediment, the carbonate materials within had no buffer zone 

from meteoric waters. Thus, whereas age and the volume and density of carbonate 

materials seem to control on the amount of diagenesis within middens, the density and 

volume of the materials seems to be able to supersede time as the controlling factor of 

diagenesis in some sites. 
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