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Phenomenology and 3D GIS for Studying Cave Art
[bookmark: _Toc159619012]Introduction 
 It is now clear to rock art researchers of the American Southeast that precontact Indigenous rock art was not created in random locations, but rather in specific contexts across entire landscapes (Sabo 2008:279; Simek et al. 2013:431; Diaz-Granados et al. 2018). The act of drawing or engraving images onto the earth itself is interpreted as an intentional modification of the landscape that reinforced the artists’ cosmological views of the universe. Caves too were important places in which the spatial structuring of rock art took place. Across multiple Southeastern cave art sites, Simek and Cressler (2008:186-188) observed similar patterns wherein specific types of imagery were reserved for different areas within the caves. These patterns suggest that one’s experience of the cave was integral to the placement of different types of images. This is because caves are a complex type of space, many of which consist of winding passageways, areas of complete darkness, variable acoustics, and many other factors that produce a strong effect on one’s senses. In the Southeast, where many Indigenous peoples view caves and rock surfaces as portals to another spiritual world (Sabo and Simek 2018:27), such perception-based factors are necessary for understanding why certain types of cave art appear where they do. 
One such cave art site, where experience and perception appear to have played a role in rock art creation, is 12th Unnamed Cave, Tennessee. Twelfth Unnamed Cave contains over three hundred known petroglyphs of various motifs that are spread throughout its morphologically complex interior. The cave itself consists of several passageways of differing volume, visibility, and sound, all of which might have influenced the artists’ decisions of where to create certain types of imagery. Given the sheer quantity of images inside the cave, there is much to be learned by studying their locations and taking their context into account. This dissertation therefore seeks to examine the spatial distribution of rock art within 12th Unnamed Cave, the goal being to identify locational patterns of different motifs, their relationship with perception-based variables, and how the cave was experienced by those who created the art. 
Traditionally, studies of rock art locational patterning have used a two-dimensional perspective that examines the artwork from a “bird’s-eye” view. Under this approach, artwork is treated as if it exists on a flat plane, often devoid of its physical context. While it is possible to record the coordinates for every rock art image within a cave, these numbers alone will not inform whether the art resides on a low-hanging ceiling, in close proximity to a striking cave formation, or within a chamber where specific types of sounds are audible. If 12th Unnamed Cave’s rock art were analyzed with traditional 2D methods, without considering the artwork’s context, then certain perception-based factors would be missed. Geographic information systems (GIS) have been useful for integrating such perception-based factors across broader landscapes, however 2D GIS techniques have several limitations when applied inside caves. For example, Moyes (2002:9) provides a scenario where artifacts in separate, vertically overlapping cave tunnels are interpreted by GIS software as being close together, when in reality they exist in two separate areas. Caves with complex internal morphology thus pose serious problems for spatial analyses that rely on a 2D perspective.
	To counteract these limitations, this dissertation adopts a three-dimensional approach that incorporates photogrammetry and 3D GIS techniques to study 12th Unnamed Cave’s rock art in a more accurate manner. Here, photogrammetry is defined as the science and technique of using overlapping images to produce and evaluate 3D geometric reconstructions of objects or scenes (Redweik 2013:133). For photogrammetry to work, the subject must be photographed from multiple positions and angles so that some photographs capture the same area as other photographs, thus producing “overlap.” This overlap allows a variety of specialized software to triangulate depth and orthogonally project the subject onto a three-dimensional plane. From here, the 3D model can be incorporated into GIS software for further analysis and scale-accurate measurements. Doing so in 12th Unnamed Cave allows for a variety of analyses that are difficult to replicate using 2D methodologies, but also impractical to carry out in person. These analyses include measurements of distance around corners, volumetric calculations for different cave chambers, and line-of-sight analysis to determine which petroglyphs are highly visible. The 3D model also provides a useful backdrop on which other variables, such as sound and acoustics, can be studied. Importantly, 3D modeling adds necessary context to the study of rock art within caves, allowing one to analyze all rock art locations simultaneously in a digitized environment where the real-world locations of each image are easily observed.
In adopting a 3D GIS-based approach to 12th Unnamed Cave, this dissertation will address the following research questions:
1. What are the benefits of photogrammetric and 3D GIS-based methods for the study of perception and experience within cave art sites?
2. Where do specific types of motifs tend to appear within 12th Unnamed Cave, and how do the observable spatial patterns relate to one’s experience of being in the cave?
3. How does the distribution of rock art within 12th Unnamed Cave reflect the cosmological views of those who made the artwork? 
[bookmark: _Toc159619013]Rock Art and the Landscape
In order to address the above questions, it is first necessary to contextualize rock art as an embedded part of the landscape. Here, the landscape is defined as “the arena in which and through which memory, identity, social order, and transformation are constructed, played out, re-invented, and changed” (Ashmore and Knapp 1999:10). In other words, the landscape indeed consists of the physical environments in which we inhabit, both built and natural, but also includes the thoughts, memories, and significance we place on these environments. Landscapes thus exist by virtue of being perceived and are the product of recursive interaction between people and their surroundings (Bender 1993:3). Just as people affect the landscape, the landscape also affects people. 
Prior to the post-processual movement in archaeology, landscapes were viewed as a static backdrop on which human activity took place (Knapp and Ashmore 1999:7). The “settlement archaeologists” explained site and artifact spatial patterns in terms of their environmental or economic sensibilities. Distributions of archaeological sites across a region could be empirically tested and interpreted in terms of their elevation, slope, distance to water, and other “utilitarian” variables (see Brandt et al. 1992; Kvamme 1992; 1995). Post-processualists later challenged these objectivist approaches to knowledge, arguing that archaeologists should move past environmentally deterministic perspectives and instead adopt a more complex interpretation of landscape that considers agency, gender, religion, perception, and other “soft” variables. 
Rock art is particularly well-suited for a landscape approach because, unlike many other forms of material culture, its position is fixed (Chippindale and Nash 2004:1; Taçon 1999:33, Sabo and Simek 2018:1). When images are formed onto the walls of escarpments, rockshelters, or caves, they cannot be moved except for under extreme circumstances. In selecting a location for rock art, a person must therefore consider the context in which they want the art to appear, for its position cannot be changed later. Place is therefore an inherent property of rock art that must be considered in its interpretation (Sabo and Simek 2018:1). For this reason, many rock art researchers who adopt the landscape approach tend to view rock art locations as non-random and, in North America especially, reflective of the cosmological views of those who created the art. As discussed by Sabo and Simek (2018:5-22), several Indigenous cultures across North America materialize their cosmological views onto the physical landscape through village organization, architecture, and rock art. Material culture, and especially rock art, are used to form “maps” on the physical world that reinforce the structure of the cosmos. For example, in the Arkansas River Valley, many “otherworldly” rock art motifs are found north of the Arkansas River while naturalistic motifs are on the south side of the river, a pattern that Sabo (2008:291) interpreted as a reflection of Osage village organization and their understanding of the cosmos’ structure. In this way, material properties of the landscape that naturally align with Osage cosmology, namely the divide between north and south and the Arkansas River as a permeable boundary between the two, were enhanced by adding symbols that contribute to their meaning. Hence, the physical landscape and the cultural significance placed on the physical landscape build off each other. The natural symbolism afforded by the physical landscape enhances the significance of the rock art, while the symbolism of the rock art enhances the significance of the physical landscape.
Perhaps one of the most influential legacies of landscape archaeology, and a major theoretical perspective adopted in this dissertation, is phenomenology, which emphasizes bodily experience as the mechanism through which human beings relate to the landscape. Popularized by Tilley (1994), phenomenology posits that the one shared aspect across time and culture is the human body and the constraints imposed on it by the environment. As Tilley (1994) states, “the body has no existence apart from the world, so the world can only be understood through experience and engagement with it.” In practice, this means archaeologists should strive to physically experience sites or features in-person and then consider their influence on the senses. Phenomenology therefore leads archaeologists to examine past people as social beings whose beliefs and feelings guide many of their activities, rather than reactive beings who primarily respond to ecological or economic stimuli. People are complex and make decisions based on a variety of criteria. Locations for certain activities can be selected based on the sights, sounds, or feelings afforded by said location. If one were to only consider the environmental or economic variables behind site locations, as typical of settlement archaeology, then many factors considered culturally important by those who formed the site would be missed. 
In the formative years of phenomenological archaeology, the approach was primarily applied to prehistoric megaliths in Europe. Many studies interpreted the shapes and locations of monuments as a reflection of the surrounding physical terrain and that one’s perception of these monuments varied based on where one stood in relation to them (Tilley 1993, 1994; Bradley 1998a, 1998b; Thomas 1993) Over time, phenomenology became a valuable theoretical perspective for rock art research. In this way, rock art is interpreted as part of a cultural landscape, produced and constructed through human experience of a place (Arsenault 2004a:72). To demonstrate the applications of phenomenology to rock art, Arsenault (2004b:304-307) examined Algonkian rock art sites of the Canadian Shield and observed that pools of water and the wet rock escarpments themselves produced a noticeable luminous effect when sunrays reflected off these surfaces. These visual displays, combined with the amplified acoustics of these spaces, might have been perceived as manifestations of the supernatural, thus making the site a suitable location for rock art. 
From the time archaeology was introduced to phenomenology, there have been several critiques of the approach. Some of these critiques focused on the lack of empiricism, especially in earlier phenomenological studies. Fleming (2005:925) for example, argued that the results of Tilley’s phenomenological studies were difficult to substantiate and almost impossible to disprove. What is more, phenomenology seemingly introduces an endless number of variables to account for, as any facet of human experience is potentially important for interpreting a site (Johnson 2012:276). Other critiques have considered the biases of archaeologists themselves. Numerous scholars have questioned whether an archaeologist today can truly grasp the perceptions and experiences of different cultures from past time periods (Barrett and Ko 2009; Brück 2005; Smith and Blundell 2004). Early phenomenological archaeologists, who were generally white and raised in Western-normative culture, inherently conceptualized the landscape differently than many of the non-Western cultures they studied. In their analysis of South African rock art, Smith and Blundell (2004) attempted to use phenomenology to explain the locations of San rock art and found that many of the variables they deemed important, such as aspect and viewshed, did not explain the rock art distribution. Rather than placing rock art in areas with wide panoramic views, the San emphasize smaller features in the landscape, like bushes, stumps, and rock piles (Smith and Blundell 2004:248). While this study may complicate the application of phenomenology in some cases, it does reveal how descendant communities, many of whom carry their own culturally-situated understandings of the landscape, can aid in interpreting archaeological sites. One way archaeologists can therefore circumvent this shortcoming of phenomenology is by incorporating Indigenous ontologies into their research design through collaboration with descendant communities (Jones 2017). 
In the American Southeast, phenomenology is important, and sometimes necessary, for the study of cave art. This is because many Indigenous peoples in the region view caves and other rock surfaces as portals to another spiritual world; by interacting with these portals, one could potentially connect or enter the other world (Carroll et al. 2019:533; Sabo and Simek 2018:27). Rock art creation was thus an experiential act, one influenced by the artists’ perceptions of their surroundings and a manifestation of how they understood the physical and cosmological world. Those who created rock art in 12th Unnamed Cave were doing so with the enculturated viewpoint that they were entering the underworld. Perception of constricted cave passageways, sounds of dripping and rushing water, and the raw experience of being underground would have likely influenced these individuals as they navigated a different world and selected locations on which to engrave certain images. 
[bookmark: _Toc159619014]The Role of GIS and 3D Modeling
Because the landscape approach is pertinent to the study of rock art locations, GIS have been an appealing tool for many who wish to spatially analyze their distributions across sites or entire regions. Early practitioners of GIS-based landscape archaeology attempted to integrate GIS into studies of human perception. Some notable examples include Wheatly’s (1993) use of least-cost surface models to determine which Neolithic monuments in England convey a sense of seclusion, Gaffney et al.’s (1995) viewshed analysis of Bronze Age rock art in Croatia that examined which sites were likely experienced on a daily basis, and Llobera’s (1996) GIS study of “affordances” to examine how people perceived topographically prominent features in the landscape. These studies were generally carried out to demonstrate that one could account for human perception with GIS, and that doing so allowed for the “soft” social variables to be empirically tested. 
Yet, the application of Cartesian, cartographic measurements prompted a strong response from landscape archaeologists who argued that GIS applications were imposing a Western perspective on the landscape that may not reflect how people in the past actually experienced it. As Thomas (1993:25) argued, modern techniques of distribution mapping, aerial photography, and GIS “imply a considerable distance between subject and object, and they all present a picture of past landscapes which the inhabitant would hardly recognize.” Cost-surface models and viewsheds are still interpreted by a Western observer with their own historically-situated understanding of the landscape. While a cost-surface model may reveal hypothetical paths of movement across the terrain, and while a viewshed analysis may determine what can be seen from a given location, neither of these methods can themselves reveal how an individual perceived or engaged with the landscape, as such feelings are a product of one’s cultural upbringing (see Gillings 2012; Rennell et al. 2012; Paliou 2013). 
	The division between landscape archaeology and GIS seemingly boiled down to misunderstandings from both parties. GIS, in its formative years, was not built to handle social variables in the same ways as the environmental variables for which it was purposefully designed (Popa and Knitter 2016:1286; Richards 2017:512). On the other hand, early landscape archaeologists never truly claimed to be empiricist, but were instead interested in the subjective qualities of the landscape (Johnson 2012:272). In short, landscape archaeologists claimed that GIS offered methods but no theory, while GIS archaeologists claimed that landscape archaeologists offered theory but no methods. What is more, both sides seem to have reached the same conclusion. Those using GIS to address perception often claimed that their approaches were meant to be heuristic and that their results could be compared to observations in the field. Meanwhile, many landscape archaeologists and phenomenologists also claimed their methods were heuristic, some even going as far as to suggest that they too could be tested with spatial techniques.
	This back-and-forth led to what Rennell et al. (2012) call a “reflexive” use of GIS and landscape, where one can be used to inform and corroborate the other. In other words, observations one makes in the field can be used to inform their GIS methodologies and vice-versa. Herein lies the value of merging 3D modeling with GIS. When both are combined, the reflexive approach becomes a powerful technique. Three-dimensional models may allow for different perspectives on archaeological sites or lead to observations of patterns that are difficult to comprehend in person. Upon returning to the site, one can then pay closer attention to the observed patterns to evaluate their influence on the senses. One of the first applications of a reflexive 3D approach to archaeology was Gillings and Goodrick’s (1996) analysis of visibility among different archaeological sites in Northumberland. Upon forming virtual reality reconstructions of Hadrian’s Wall and a pastoralist farmhouse, they were able to confirm that 3D environments more effectively capture what a person can see from these locations, more so than the digital elevation models available for the region. In recent years, other studies have emerged that demonstrate the utility of merging 3D models with GIS to address visibility, accessibility, seclusion, and other perception-based variables (see Intxaurbe et al. 2020; Landeschi et al. 2016; Richards-Risetto 2017; Stewart 2019). Importantly, digitized 3D environments allows for interpretations of how people interacted with the landscape which can be tested in person.
A 3D GIS approach to archaeological sites thus serves as a bridge between landscape phenomenology theory and data-driven spatial analytical methods (Richards-Rissetto 2017). Whereas traditional 2D methodologies may present a static view of the landscape inconsistent with how people actually experienced it, performing GIS on 3D models allow for a more realistic, “humanized” interpretation of how people perceived the landscape. This is the perspective adopted in this dissertation. In producing a 3D photogrammetric model of 12th Unnamed Cave, it is possible to study the artwork in a reflexive manner. Certain perception-based factors, such as visibility and sound for example, are difficult to quantify in person but undoubtedly affect one’s senses as they navigate the cave. However, with the help of GIS, these sensory variables can be quantified and used to better understand the spatial patterning of the cave’s rock art. 
[bookmark: _Toc159619015]Chapter Organization
This chapter explained why a 3D GIS approach, in tandem with landscape phenomenology theory, is well-suited for the study of cave art. For 12th Unnamed Cave, which consists of complex internal morphology and affords varying degrees of visibility and acoustics, a 3D GIS approach will allow for a better understanding of the cave’s rock art distribution compared to traditional 2D methodologies. The following chapters will provide additional context about 12th Unnamed Cave itself, the methods used to produce a 3D cave model, the analyses performed on the model and their results, and explanations for these results.
Chapter 2 provides an overview of 12th Unnamed Cave as an archaeological site and discusses the past research conducted inside and outside the cave. The different passageways that make up the cave’s interior are also discussed in order to highlight the ways in which volume, light, and other properties vary across space. This chapter also reviews the different types of rock art motifs found within and describes them accordingly. 
	Chapter 3 explains the methods involved in creating a 3D GIS-based map of 12th Unnamed Cave’s interior. Here, the surveying techniques and photogrammetric process are discussed, allowing for a reproducible workflow to create similar products for other types of sites. 
	Chapter 4 begins the spatial analysis of 12th Unnamed Cave’s rock art, as measured in the photogrammetric model. The general locational patterns of different motif types are explored to demonstrate that each passageway contains different types of imagery. This chapter also examines the relationship between rock art locations and two points of interest in the cave: the entrance and the side passageway stream. Statistical methods used to compare different motif types are introduced in this chapter, however the same methods are also used in later chapters. 
	Chapter 5 primarily focuses on phenomenological factors related to visibility. In this chapter, line-of-sight analysis is conducted within the 3D cave model to examine the visual prominence of different motif types, as well as the petroglyphs’ intervisibility within different passageways. These results are compared with volumetric measurements of each chamber to determine which types of rock art were prioritized for open vs. constricted locations and, potentially, how the art was meant to be perceived by the artist or an observer.
	Chapter 6 introduces another essential phenomenological variable for understanding the cave’s rock art: sound. The methods used to measure ambient noise and chamber acoustics are explained in this chapter. While not strictly related to photogrammetry, data recorded in the field are integrated into the cave’s GIS database and used to examine how rock art location selection was tied to the different sounds audible from each location and noise produced from the artists themselves.
Chapter 7 concludes this dissertation by interpreting the patterns identified in the earlier chapters. Phenomenological variables, both experienced in the field and quantified in GIS, are considered together in relation to the cave’s rock art. Ultimately, this chapter argues that the artists selected locations for rock art based on what they could feel and perceive from a given location. The phenomenology of 12th Unnamed Cave itself was used to convey a cosmological model of rebirth and world renewal, the meaning of which was enhanced by adding specific types of rock art at different locations within.



[bookmark: _Toc420995896][bookmark: _Toc422997483][bookmark: _Toc159619016]Chapter Two:
The Archaeology and Rock Art of 12th Unnamed Cave	
[bookmark: _Toc159619017]12th Unnamed Cave and its Context
Twelfth Unnamed Cave is located within the central Cumberland Plateau of Tennessee, just north of the Caney Fork River. The region surrounding the cave has varied topography, ranging from highly elevated clifftops to low river bottoms. Most significant is the limestone karst that underlies the Cumberland Plateau, the dissolution of which led to the formation of numerous cave systems in which Indigenous peoples created artwork. At least twenty-one other cave art sites are currently documented within a thirty-mile radius of 12th Unnamed Cave, some of which contain artwork that is quite similar in style. Many others are documented throughout the Cumberland Plateau and adjacent regions, making 12th Unnamed Cave part of a broader network of Southeastern cave art sites.
Residing in a sinkhole that opens into the Monteagle Limestone beneath, the cave collects runoff from the surrounding slopes and contains a small stream in one of the interior chambers that drains into the Caney Fork River outside (Simek et al. 2008:1). What is perhaps most notable about the cave is the large quantity of rock art contained within, of which two types are represented: petroglyphs and mud glyphs. Petroglyphs, or images engraved in the limestone walls, are by far the dominant type with at least 328 examples known to exist on the cave’s walls and ceiling. Petroglyphs are typically clustered together into panels, defined here as a grouping of rock art that occupies a discrete space separate from other groupings of rock art. Mud glyphs, the other type of rock art, are produced by drawing into mud veneers on cave walls or ceilings, or through the use of blunt tools on mud banks (Muller 1986:41; Simek and Cressler 2008:171). Whereas petroglyphs are abundant in the cave, mud glyphs are far less common and can only be found on a low-hanging ceiling in the cave’s deepest section. 
The cave’s chronological context lies at the boundary of two major archaeological periods in the American Southeast: the Woodland Period (1200 BC – AD 1000) and the Mississippian Period (AD 1000 – 1500). The Woodland Period is generally characterized by a shift toward sedentism, as made possible through early agricultural practices and the widespread adoption of pottery (Jefferies 2004:115). Woodland Period cultures were highly ceremonial and engaged in elaborate mortuary rituals, often through the formation of earthen burial mounds (Hall 1997:17-23; Lepper 2004), as well as other rituals that appear shamanic in nature (Seeman 2004:61; Wright and Gokee 2020:93). The Mississippian Period is characterized by “chiefdom-level” societies ruled by an elite few and sustained by maize agriculture (Anderson and Sassaman 2011:152-153). Like people of the Woodland Period before, Mississippian cultures also engaged in elaborate ceremonial behavior that emphasized key iconography and symbols found throughout much of the Southeast (Waring and Holder 1945), some of which are found in 12th Unnamed Cave and discussed in further detail below. 
	Rock art exists in a variety of locations throughout the 12th Unnamed Cave’s complex interior. Each section, or “passageway,” has certain characteristics that distinguish it from the rest of the cave system. The “main passageway” is the first area encountered upon entering the cave and stretches about 50 meters from the entrance to the cave’s mid-point. This section is spacious, with an estimated 1.8 to 2.7 meters between the ground and the ceiling in most areas, thus allowing a person to walk upright from one end to the other. Three rock art panels exist in the main passageway, the first of which (Panel 1) is located on the left wall of the entryway, facing in. The next panel (Panel 2) rests on a narrow section of wall about half-way through the main passageway, just over a natural “shelf-like” wall of limestone. The main passageway’s final panel (Panel 3) is located on a large wall in the cave’s voluminous mid-point. The area in which Panel 3 is located represents the beginning of 12th Unnamed Cave’s dark-zone, as no external light is perceptible from this location.  
	Within the cave’s entryway, an open cavity provides access to two separate areas. This cavity consists of a large, overhanging limestone formation with a rock fall on the other side. Climbing over the rock fall leads to the “upper passageway,” a north-south oriented tunnel with 0.8 to 1.5 meters of clearance between the ground and ceiling. About 15 meters into the upper passageway are two more rock art panels (Panels 4 and 5), which rest over a shallow fissure that connects to a deeper part of the cave. Beyond these panels, the upper passageway continues northward, eventually leading to a separate entrance. No rock art images are currently known to exist between panels 4 and 5 and this separate entrance. 
	Should one crouch under the entryway’s overhang and head east, they will find themselves in the “side passageway,” a 60-meter-long series of meandering tunnels with many features that distinguish it from the rest of the cave. These tunnels are relatively narrow and vary in terms of clearance, measuring anywhere from 0.6 meters in the shallowest section to 3 meters in the tallest. As one makes their way through this passageway, they will notice additional rock art panels (Panels 9 and 15) on the walls and ceiling. At the center of the side passageway is the aforementioned stream that flows out of a small vestibule before disappearing beneath a wall on the opposite side of the chamber. Above and around this stream are more rock art panels (Panels 10, 16, 17, and 18). The stream serves as a sort of “crossroads” where one can again travel in multiple directions. Heading north requires one to crawl up a short slope, eventually leading to a small, shallow room where more rock art panels can be found (Panels 6, 7, and 8), one of which is engraved into a column-like feature in the middle of the room. At the back of this room is a low-hanging space that, should one crawl underneath, leads back to the upper passageway just below panels 4 and 5. Continuing east from the stream leads to more rock art panels (Panels 11, 12, 13, and 14), but also to another low overhang that, upon crawling underneath, opens back to the main passageway about where Panel 3 is located. Altogether, the side passageway covers a length of about 60 meters-worth of tunnels that connect to the main and upper passageways at various points.
	The final section of 12th Unnamed Cave is the “extended passageway,” a 60-meter-long pathway that begins at the far end of the main passageway (where Panel 3 is located) and extends eastward. A majority of the extended passageway is shallow with an average clearance of 1.2 meters between the ground and ceiling. No rock art is currently identified in this area. Beneath the extended passageway is another level that is difficult to access and traverse. Though attempts have been made to identify rock art in this area, not have yet to be found. However, at the deepest section of the extended passageway is a voluminous chamber where one can once again stand freely. A panel of mud glyphs occupy a large section of this room’s ceiling, however they appear to have hardened in the time since their original creation. A large pit is located in the center of this mud glyph-containing room where water percolates. At certain times of the year, the sound of flowing water is audible from within this pit, however it is otherwise inaccessible. This room is therefore the farthest section from the cave’s entrance. 
As one can see, the interior of 12th Unnamed Cave is complex. Each passageway is different, some of which are only traversable through crouching or crawling while others are more open. The side passageway twists in multiple directions and connects with the main passageway at two points, as well as the upper passageway at one point. External light provides visibility in the entryway of the main passageway, but offers little to no visual aid beyond this area. Ambient sounds also change over space with varying amounts of water drippage from the ceiling to the loud flow of water in the side passageway. To fully grasp why certain types of rock art were reserved for different areas within the cave, it is necessary that these phenomenological factors be taken into consideration. Building a digitized 3D map of the cave certainly provides means through which perception can be quantified, however this map would not be possible without the decades of research and survey that precede it.
[bookmark: _Toc159619018]Previous Archaeological Research of 12th Unnamed Cave
Twelfth Unnamed Cave was first recorded as a cave art site in 1961 by Thomas Barr during a regional survey of Tennessee caves. In his book, Caves of Tennessee, Barr (1961:508) described the size of the cave and the presence of “an unusual display of petroglyphs on the south wall of the main passage.” The wall referenced by Barr in this statement appears to be Panel 3 and the glyphs he observed include several meandering lines and geometric shapes. Since its recognition as a cave art site, numerous surveys have been conducted inside and outside the cave. Initial interest was in the cave’s chronology, as understood through the petroglyphs’ iconography and, later, radiocarbon dates. 
In 1986, Bart Henson suggested the artwork was created during the Mississippian Period. According to Henson (1986:93-94), “projectile points and ceramic sherds from an occupation midden inside the cave suggest Mississippian Period association for the glyphs, although many glyphs are not particularly typical of this cultural period.” Henson also posited the existence of an incised horned serpent motif in the upper passageway as further evidence that the glyphs are Mississippian in origin. While several motifs within the cave certainly are representative of Mississippian Period iconography, Henson was correct in noting that many glyphs are not typical of the Mississippian Period. Numerous petroglyphs depict naturalistic imagery, such as birds in flight, turtles, and serpents, that have been more closely associated with iconography of the Woodland Period (see Brown 1997:473; Hudson 1984:4; Seeman 2004:65).
Research in the following decade would further refine the chronology of the cave’s artwork. In 1999, Jan Simek and the University of Tennessee Cave Archaeology Research Team (CART) began fieldwork at the cave to identify undisturbed archaeological deposits and document every individual petroglyph (see Simek et al. 2008). They observed heavy disturbance at the site caused by looting activity and suggested that at one point it likely contained significantly more archaeological materials. Limited test excavations were carried out near rock art panels deeper within the cave, while sediment cores were collected outside the sinkhole entrance. Artifacts recovered from this survey included several lithic flakes and cores, ceramic sherds, carbonized nutshells, and a variety of unidentified faunal specimens. Simek et al. (2008:2) noted the sand-tempered ceramics and several PPK types were diagnostic of the Late Woodland Period. 
Additionally, eleven charcoal samples were recovered and used to produce AMS radiocarbon age determinations for the cave. Of these charcoal samples one dated to the Historical Period (160 ± 60 BP), another dated to the Mississippian Period (590 ± 80 BP), and the other nine dated to the Late to Terminal Woodland Period with calibrated dates of 1400 – 940 ± 40 BP and a mean of 1150 – 1050 BP (or approximately AD 800 – 900) (Simek and Cressler 2015:14; Simek et al. 2013:435). One of the test units excavated in the cave’s interior revealed three distinct, charcoal-containing layers with Late Woodland radiocarbon age determinations (1330 – 1290 ± 40 BP), each separated by a thin, sterile layer (Simek et al. 2008:3). The intermittent nature of these charcoal-laden strata, combined with the radiocarbon age determinations, suggest that 12th Unnamed cave was visited repeatedly during the Late Woodland and Early Mississippian Periods.
From 2000 to 2003, Simek and CART conducted a formal survey of the cave’s rock art, the purpose being to document how many individual petroglyphs exist within the cave, where each petroglyph is located, and what each petroglyph depicts. A total station was used to record the local coordinates for each petroglyph in the cave, with the motif type stored for each shot. Unfortunately, the total station malfunctioned in the later phase of this survey, which prevented all petroglyphs from being recorded. By the end of the survey, 246 individual petroglyphs were recorded, which was 82 glyphs short of what is now known to be the cave’s full rock art inventory. The total station data were used to form a database of the 246 petroglyphs that included their XYZ-coordinates within a local grid network, the type of motif represented by each petroglyph, and photographs of select petroglyphs taken by Alan Cressler. As a part of this survey, Simek and CART produced a 2D overview map of the cave itself with the locations of rock art panels marked throughout (Figure 2.1). This survey was the last major period of fieldwork conducted inside the cave prior to this dissertation.
Since then, 12th Unnamed Cave has been intermittently referenced in other studies that place it in the context of other cave art sites across Eastern North America. Simek et al. (2004:167) observed that 14th Unnamed Cave, which is located in the Greenbrier region of West Virginia, contains geometric box and line petroglyphs unlike other rock art sites in the state, but are similar to those of dark-zone cave art sites in
[image: ]
[bookmark: _Toc159618805]Figure 2.1. The 2D overview map of 12th Unnamed Cave, adapted from Simek et al. (2008) (used with permission).


Tennessee, such as Mud Glyph Cave, 7th Unnamed Cave, and 12th Unnamed Cave. Simek and Cressler (2010:288-289) later discussed the similarities between 12th Unnamed Cave and 7th and 38th Unnamed Caves, both of which are located nearby, have evidence for Late Woodland and Early Mississippian utilization, and contain similar box anthropomorphs, rectilinear shape imagery, and a “toothy mouth” motif. Simek and Cressler (2015:14-16) also compared 12th Unnamed Cave with Picture Cave in Missouri. Both sites contain similarly large quantities of rock art, however Picture Cave consists of pictographs as opposed to 12th Unnamed Cave’s petroglyphs. Shared motifs between both sites include similarly rendered turkeys, box-shaped anthropomorphs, and two Mississippian Period cosmological figures: the horned serpent and the birdman. 
Clearly, 12th Unnamed Cave’s artwork does not exist in isolation. While its imagery draws parallels with other cave art sites, it also appears to have been incorporated into a larger cosmological landscape formed from other rock art sites in the region. In their landscape study of rock art spatial patterns across Tennessee, Simek et al. (2013:443) observed differences in the elevations of open-air rock art and dark-zone cave art sites and argued that open-air rock art sites were “stacked” above cave art sites at higher elevations in a manner that reflects the Mississippian understanding of the cosmos. Briefly, Mississippian peoples believed in a tiered universe with three different worlds: a “Beneath World” of water and darkness where souls go after death, a “Middle World” of earth where humans live, and an “Upper World” of air that encloses the earth (Hudson 1984:11-12; Lankford 2007a:15). Under Simek et al.’s (2013) model, caves like 12th Unnamed Cave, which reside at lower elevations within the region and often contain imagery representative of Beneath World themes, are spatially separated from open-air rock art sites that reside at higher elevations and tend to contain Upper World imagery. Twelfth Unnamed Cave is thus part of a greater cosmogram throughout the Cumberland Plateau where caves serve as physical manifestations of the Beath World, an association made clearer upon examining the artwork within. 
[bookmark: _Toc159619019]The Rock Art Imagery of 12th Unnamed Cave
Twelfth Unnamed Cave’s petroglyphs depict a variety of motifs and include geometric shapes, naturalistic imagery, and cosmological beings. Photographs of the petroglyphs discussed in this section can be found in Appendix A. Geometric shapes are among the most prevalent motif type in the cave and can be subdivided into six broad groups: lines, cross-hatches, squares or rectangles, circles, and triangles. Lines often consist of parallel engravings of similar length, though some line petroglyphs consist of multiple segments that branch off in different directions (Figure A.1). Line petroglyphs are distinct from cross-hatching, which is here considered a separate category. Whereas line engravings are somewhat parallel with little to no overlap, cross-hatch glyphs consist of intersecting lines that sometimes lack an obvious border (Figure A.2). 
Numerous rectilinear shapes are also present, some of which are more square or box-like while others are closer to rectangles (Figure A.3). Some boxes are simple and lack additional details inside or outside the shape. Others include parallel lines or cross-hatching within the border. Perhaps the most unique form of rectilinear shapes are the “winged boxes” that appear frequently within the cave. Unlike other box glyphs, winged boxes have several, semi-parallel lines that extend outward and at a downward angle from the left and right-side borders (Figure A.4). Like other box petroglyphs, winged boxes often have additional details engraved within the shape, such as zig-zag lines or cross-hatching. Some winged boxes also include additional features that extend from the top and bottom borders. What these winged boxes are meant to represent is currently unclear, however they are stylistically similar to petroglyphs found in the nearby 7th and 38th Unnamed Caves and interpreted by Simek and Cressler (2010:288-289) as possibly depicting fringed textiles. Similarly shaped box motifs are also found farther ways, such as in Mud Glyph Cave (Muller 1986:61) and 14th Unnamed Cave, West Virginia (Simek et al. 2004:168).
Circles are not as frequent as other geometric shapes, however they too take different forms. Some circles are relatively simple and consist only of an outline (Figure A.5), though others are “winged” in the same manner as the winged boxes discussed above. There is at least one example of a concentric circle, or a circle within another circle (Figure A.6). Concentric circles are a common motif in Southeastern Indigenous art and are broadly interpreted as portal symbols between different parts of the cosmos (King et al. 2018:145). In their examination of rock art in the Arkansas River Valley, Sabo et al. (2015:262) connect concentric circles with the portal symbols of contemporary Indigenous artists who “intended to convey the idea of a passageway connecting the seen and unseen realms of American Indian religious belief.” As mentioned in the previous chapter, many Indigenous peoples of Eastern North America view rock surfaces as permeable boundaries between this world and other spiritual worlds (Carroll et al. 2019:533; Sabo and Simek 2018:27). Concentric circles, either drawn or engraved on cave walls, are thus a physical representation of this portal symbolism. 
Twelfth Unnamed Cave also contains several “naturalistic” motifs that depict people, animals, or other natural phenomena. Starting with the people, or anthropomorphs, two types are represented. Some anthropomorphs have realistic body proportions and accurately portray the human body. A few of these naturalistic anthropomorphs bear headdresses and appear to hold certain objects in their hands. Anthropomorphs are also depicted with different poses, some of which have extended arms and others appear to be running. Diaz-Granados and Duncan (2000:48) consider the possibility that anthropomorphs with raised arms and elaborate headgear represent shamans, an association that might explain some of the anthropomorphic figures in 12th Unnamed Cave. Figure A.7, for example, depicts an anthropomorph in profile view with outstretched hands, an exposed phallus, and bearing a detailed headdress. 
Other anthropomorphs are less realistic in their form and instead have square-shaped torsos. These types of anthropomorphs, which Simek and Cressler (2015:14) refer to as “box people,” tend to have cross-hatching within the body and thin appendages typically represented by single lines (Figure A.8). Some box people have frill-like lines extending from the appendages, features that Simek and Cressler (2015:14) suggested might represent wings. Other cave art sites have similarly depicted box anthropomorphs, such as 7th and 38th Unnamed Caves, both of which are in the same county as 12th Unnamed Cave, but also Picture Cave, Missouri (Simek and Cressler 2010:288-289, 2015:14-16).
Among the zoomorphic figures within 12th Unnamed Cave, birds are by far the most common. Birds are always depicted in profile view and with outstretched wings, likely indicating flight (Figure A.9). Most bird petroglyphs also happen to be relatively small, measuring only a few centimeters in size. Some birds have long necks and fan-shaped tailfeathers, features that Simek and Cressler 2015:14-15) argue are indicative of turkeys. In the context of Southeastern cave art, birds are somewhat of an anomaly. Simek et al. (2013:437) observe that birds are among the most frequent type of animal depicted in dark-zone cave art, which is surprising given their life in the air and association with the Mississippian Upper World. Birds, however, carry varied symbolism depending on which species is represented, however many are also associated with death (Hudson 1976:129-130). Turkeys, in this case, are symbols of warfare for the Cherokee (Hudson 1976:130) and possibly represent vessels for the spirits of deceased warriors (Simek and Cressler 2023:219). Additionally, at least two bat petroglyphs are present in the cave. As shown in Figure A.10, this specific bat petroglyph is engraved with ears sticking up from its head and large, draping wings that suggest flight. 
There are at least two quadrupeds currently documented in the cave, however the exact species of these animals is unclear (Figure A.11). Possibly, these quadrupeds represent dogs, which are among the most common type of quadrupedal animal found in Tennessee cave art (Simek et al. 2018:188). Clear examples are found in 60th Unnamed Cave, where dogs are painted in black and displayed with erect ears, forked paws, and tails that curve over their backs (Simek et al. 2013:438). Dogs play an important role in the cosmology of many Southeastern Indigenous peoples, as they accompany the souls of the dead on their journey in the Beneath World (Simek et al. 2013:443). Given this view, while the quadruped figures in 12th Unnamed Cave may not clearly depict dogs, their representation is certainly not implausible.
Other zoomorphs depict reptiles, specifically snakes and turtles. In Mississippian cosmology, reptilian creatures are commonly associated with the Beneath World (Lankford 2004:214). For snakes and turtles, whose lifecycles revolve around both land and water, there is an added symbolism of crossing the boundary between the Middle World and the Beneath World. Such liminality can be interpreted as both a source of power and danger (Dowd 2011:88). For rock art sites, snakes are a common motif in Tennessee caves and rarely manifest in open-air contexts (Simek et al. 2018:188). Given the connections between caves and the Mississippian Beneath World, the abundance of snakes depicted in cave art sites is significant. There are six snake petroglyphs documented in 12th Unnamed Cave. Most appear to be portrayed in profile view with meandering bodies, though some are possibly depicted as if viewed from above (Figure A.12). One snake has additional features that connect it with a mythological creature, but this petroglyph is discussed in more detail below. At least three turtles are engraved on the cave’s walls. Turtles are always depicted in plan view, as if one were looking down on them. In Figure A.13, for example, a circular shape represents the turtle’s shell, while the legs, tail, and head stick out in different directions. 
The last zoomorphic motif is that of a wasp or, potentially, a mud dauber (Figure A.14). This petroglyph has a semi-ovular body and wings that extend backward from its dorsal side. A series of parallel lines are engraved beneath the body to represent legs, some of which on the front side appear to be bent forward like a wasp in flight. A stinger protrudes from the back end of the body, while the large head faces forward. Upon closer inspection, the head appears to be connected to the body by a short line, giving the petroglyph a segmented appearance akin to a mud dauber. At least one other Southeastern cave art site depicts a wasp. At 19th Unnamed Cave, Alabama, a wasp mud glyph is clearly represented in the mud veneer of the cave’s ceiling (Simek et al. 2022:665). In both cases, wasps are portrayed in profile view and likely in flight.
There are a few possible interpretations for 12th Unnamed Cave’s wasp-like figure, two of which are derived from Mooney’s (1902) ethnographic accounts of the Cherokee, as told by his informant, Swimmer. The first of these interpretations is that the petroglyph depicts a mythical wasp in Cherokee folklore named U'lag‘û. According to Mooney (1902:260), U'lag‘û was a giant yellow-jacket that nested in a cave and “would snap up children from their play and carry them away.” This story is important in that it directly connects wasps with caves. The second interpretation is that the wasp depicts the Earth Diver, a figure central to many Indigenous creation narratives. In his discussion of insect imagery within Southeastern cave art sites, Simek (2022:161-163) suggested that certain insects, such as wasps, mud daubers, and water beetles, possibly relate to the Earth Diver creation narrative. The Cherokee version tells of a water beetle who dived under the primordial water and carried mud to the surface to form the earth (Mooney 1902:239). Given the connection between caves and the watery Beneath World of Mississippian cosmology, the presence of certain insects, in this case a wasp, perhaps reflect creation-related symbolism. 
Finally, there are motifs that depict prominent figures in Mississippian Period cosmology. These beings appear both in Mississippian iconography and in the oral traditions of Indigenous peoples throughout Eastern North America. One such figure is the horned serpent, which also happens to be the largest petroglyph in the cave (Figure A.15). The body of the horned serpent glyph is about two meters long and depicted in an undulating motion. Several stripes are engraved along the length of the body to suggest a banding pattern and a large rattle is present at the tail end. Notably, a small pair of antlers rest atop the serpent’s head. This petroglyph is closely associated with the great serpent, a powerful figure in Mississippian cosmology that is occasionally depicted with wings on its back. A similar image can be found in Mud Glyph Cave, Tennessee, albeit in mud glyph form (Muller 1986:51). 
Many Indigenous oral traditions and myths recount the great serpent. Among the Cherokee, for example, the horned snake is referred to as the Uktena (Lankford 2007b:114). In his 1889 documentation of Cherokee folklore, Herman ten Kate (1889:55) states, “In ancient times, there lived great snakes, glittering as the sun, and having two horns on the head. To see one of these snakes was certain death. They possessed such power of fascination that whoever tried to make his escape, ran toward the snake and was devoured.” It is noteworthy that ten Kate (1889:55) also described the horned snake as being striped, much like the petroglyph in 12th Unnamed Cave. Horned serpents also manifest in Muscogee tradition. In his ethnography of the Creek, Swanton (1928:492-494) describes the tie snake that “lives in water and has horns like the stag.” The description of the horns as being stag-like is apt since the horns on 12th Unnamed Cave’s snake petroglyph are branching, much like those of a stag. 
Another Mississippian cosmological figure present in 12th Unnamed Cave is the birdman, or falcon warrior, who is etched on a wall deep within the side passageway (Figure A.16). This birdman petroglyph is composed of an ovular body and two slightly bent legs that possibly indicate a dance. Both arms display a series of vertical, parallel lines that drape downward and suggest feathers. A beak protrudes from the figure’s face while engravings above the head depict either a crest or some type of headdress.
Birdman imagery has been documented at several cave art sites, including Mud Glyph Cave, Tennessee (Muller 1986:53), 11th Unnamed Cave, Tennessee (Simek et al. 2001:144), and Picture Cave, Missouri (Brown and Muller 2015:120). Where 12th Unnamed Cave’s birdman petroglyph differs, however, is that it lacks any indication of violence. In Mississippian artwork, birdman images are commonly depicted with a mace or severed head grasped in the hands, traits that represent the birdman’s prowess as a warrior (Brown 2007:87-88). Although the birdman is frequently associated with combat, there are other relevant themes as well. In reviewing the numerous examples of birdman images on copper plates and shell gorgets, Brown (2007:96) connected the birdman with the Morning Star narrative of Dhegihan-speaking peoples and interpreted the figure as a symbol for “contest and combat, life and death, and assurance of longevity in one’s descendants.” The connections between life and descendants are likely important here. Simek et al. (2012:205) note that 12th Unnamed Cave’s birdman appears to be a blend or offspring of two nearby petroglyphs, one being a bird with similarly posed wings and the other an anthropomorph with an exposed phallus and similar head regalia (see Figure A.7). Given this association and the lack of weaponry, the birdman’s symbolism for life and rebirth appears to be emphasized in this context, a connection that will be explored later on in this dissertation.
The final Mississippian cosmological figure present in the cave is the Old-Woman-Who-Never-Dies, or “Old Woman.” Among Dhegihan-Siouan speaking peoples, the Old Woman is connected with the earth and agriculture (Diaz-Granados and Duncan 2004:194). For the Osage, the Old Woman gives birth to the sun and her children every morning, then receives them back into her body at night (Duncan 2011:29). In 12th Unnamed Cave, the Old Woman is presented in a birthing scene that involves herself, her offspring, and another anthropomorph standing immediately to her right (Figure A.17). Here, the Old Woman is portrayed as a box person with a series of concentric circles within her torso rather than the cross-hatching typical of many other box people petroglyphs in the cave. Two thin lines on the side of her head possibly indicate hair. Between her legs is a smaller anthropomorph with a filled-in body that Simek et al. (2008:5) interpret as a child being born from the woman. If the above interpretation of the birdman as the offspring of two other petroglyphs is accurate, then this makes another instance where the creation of new life is portrayed in the cave.
There are a few reasons to assume this petroglyph is more than a general representation of a woman giving birth and depicts the Old Woman specifically. First, the connection between birthing scenes and the Old Woman has already been made at other rock art sites, albeit in the Ozarks region. Duncan and Diaz-Granados (2018b:70) interpreted the birthing scene petroglyphs at Maddin Creek and Three Hills Creek, Missouri as representing the Old Woman, an argument derived from the Osage connections between the Old Woman and giving birth. Second, within the woman’s torso is a series of concentric circles which, as explained earlier, could be interpreted as portal symbols. According to Dhegihan tradition, the Old Woman receives those who have died into her body, which is also the earth, and returns them to life (Duncan and Diaz-Granados 2018b:62). The act of being reborn thus requires one to cross a portal between the realm of the living and the realm of the dead. Finally, the physical context in which the birthing scene glyph appears within the cave is evidence itself. The Old Woman is closely associated with the Birdman, Great Serpent, and birds (Duncan and Diaz-Granados 2018:72-73), all of which are depicted as petroglyphs within close proximity of the birthing scene glyph. The cosmological placement of the Old Woman in the watery underworld is also important, however these locational factors will be elaborated upon later in this dissertation. 
The final rock art “motif” type is the mud glyph panel at the back of the extended passageway. The mud glyphs of 12th Unnamed Cave consist of a series of meandering lines across the cave’s ceiling that cover an area of about eight square meters (Figure A.18). The exact form of these mud glyphs is somewhat ambiguous, however the style of the lines themselves are similar to the “digital tracings” found in 19th Unnamed Cave, Alabama, wherein the artists used their fingertips to produce multiple parallel lines in the mud veneer (Cressler et al. 1999:38). While these mud glyphs are difficult to interpret, the fact that they are the only type of rock art known to exist in this area of the cave is certainly noteworthy.
As one can see, 12th Unnamed Cave’s rock art is as varied and complex as the cave system itself. Importantly, many of the images discussed above are symbolic, conveying a certain idea or theme. Given the multiple passageways within the cave itself, each having a distinct phenomenology from the others, and the abundance of petroglyphs that convey portals or symbols of life and death, it is worth investigating the relationship between these images and their locations within the cave. The next chapter discusses the process of producing a 3D map of the cave’s interior, which is ultimately used to explore this relationship through GIS.

[bookmark: _Toc159619020]Chapter Three:
Photogrammetry and the Making of a 3D Map
[bookmark: _Toc159619021]Photogrammetry and Cave Art
In recent years, photogrammetry has become a popular technique for the study and documentation of rock art. Photogrammetry is commonly used for conservation purposes since it can form accurate, three-dimensional representations of sites and rock art panels (Alexander et al. 2015; Davis et al. 2017; Jalandoni and May 2020). However, recent studies have also demonstrated its analytical potential. In comparing 3D photogrammetric models of rock art with their real-world counterparts, Jalandoni et al. (2018) were able to show that measurements conducted within the digital 3D environment were consistent with those taken physically at the site. Given the accuracy of photogrammetric models, the technique can be used to study rock art in ways that are difficult to accomplish through traditional means. Examples include Plisson and Zotkina’s (2015) use of high-resolution photogrammetry for identifying the tools used to produce different types of engravings, Jalandoni and Kottermair’s (2018) microtopographical approach to 3D rock art models that revealed the relief of different petroglyphs, and Simek et al’s (2022) photogrammetric modeling of 19th Unnamed Cave’s ceiling which helped to identify mud glyph images that are impossible to view at their full extent in person.
While there are now several studies that apply an analytical use of photogrammetry on rock art panels or individual images, such methods are less commonly applied across entire cave art sites. When done, however, 3D cave models show much promise studying the artwork within. One of the earlier studies that incorporated 3D modeling to cave art was conducted by Lerma et al. (2010), who adopted terrestrial laser scanning and photogrammetry as methods for producing an accurate, digital surface model of a Paleolithic cave art site in Spain. With a scale-accurate 3D model, they were able to measure the volume of different cave chambers and study the cave itself at from points of view that cannot be achieved in person. More recently, Intxaurbe et al. (2020) also used terrestrial laser scanning to form a 3D model of Atxurra Cave in Spain, which allowed them to measure the visibility of the cave’s rock art under different lighting conditions. In the American Southeast, photogrammetric cave models are being produced by the Ancient Art Archive for documentary purposes. By producing a 3D model of Devilstep Hollow Cave, Tennessee, it was possible to simulate the artificial lighting conditions produced by burning cane stalks on the cave’s ceiling (Ancient Art Archive 2022). 
The relative lack of studies that apply photogrammetric modeling across entire cave systems is understandable given the difficulty involved with producing such models. Because of the natural darkness of caves, artificial light sources are required for photography. Even with external flashes and light panels, uneven lighting within individual photographs can potentially reduce the amount of overlap identified by any given photogrammetry software. Furthermore, many caves consist of rock surfaces that are homogenous in color and texture, which make it difficult for the software to identify exactly where photographs overlap. Factor in the moisture present on many cave surfaces, which often produce reflections when the camera’s flash activates (see Bartoš et al. 2023), and one can expect for many of their photographs to be unusable in photogrammetry workflow, or at least require significant manual alignment. 
Another compounding factor is the sheer complexity of many larger cave systems. Winding passageways may require additional photographs from several angles and distances to ensure they tie in with the rest of the cave model. For tighter spaces that require shimmying or crawling, one may find it difficult to physically maneuver the camera or photograph areas at a wide enough angle to produce overlap with other images. Subjectively, caves can also be uncomfortable places to collect photographs for modeling purposes. In certain caves, especially those with low clearance, one should expect to crouch or crawl for prolonged periods while taking photographs, sometimes on jagged rocks or standing water. Given these factors, caves can be intimidating places for photogrammetric modeling. While there is still much to be learned about the best practices in forming 3D cave models, their potential for a more dynamic study of cave art is certainly intriguing.
To make a 3D map of 12th Unnamed Cave, two different datasets were joined: the exact 3D coordinates for every individual rock art image within the cave and the 3D model of the cave’s interior. The following sections discuss the methods used to produce these two datasets and combine them into an integrated GIS interface. While the methods adopted in this study rely on similar techniques to that of other studies, the rest of this chapter aims to provide an understandable, reproducible workflow for producing “3D maps” of cave art sites, while also explaining some of the strengths and limitations of the workflow used for 12th Unnamed Cave. 
[bookmark: _Toc159619022]Rock Art Location Survey
As mentioned in the previous chapter, Simek and CART carried out a survey that documented most of 12th Unnamed Cave’s rock art. Using a total station, they were able to acquire precise coordinates for most of the cave’s petroglyphs, but were ultimately unable to complete the survey. Fortunately, the control points used in this original survey were clearly marked on obvious rock formations, while photographs of these control points made them easier to relocate by future researchers. To complete the inventory of rock art, another total station survey was carried out to record the remaining petroglyphs. This survey was accomplished with a Nikon NPL-322+ 2” total station mounted on a mining tripod. To ensure that all total station shots were collected on the same coordinate grid as the original survey, a resection was performed that used the known coordinates of control points from the original survey, as relocated from the reference photographs. When the resection was complete, the total station was able to triangulate its position with an estimated error of less than one centimeter.  
	Rock art locations were collected by holding a 25-millimeter diameter prism at the geometric center of an image and facing toward the total station. The total station was then used to record the XYZ-coordinates of the rock art image, while the motif type was recorded alongside each shot. This process was repeated for every known rock art image that was not recorded during the original survey. For the mud glyphs in the back of the extended passageway, the coordinates were recorded differently. Because the mud glyphs consist of a large series of meandering lines with no discrete images, the total station was used to record the approximate border of the mud glyphs rather than the geometric center. By the end of this survey, an additional 82 petroglyph locations were added to the dataset, resulting in a final total of 328 petroglyphs plus the single panel of mud glyphs. The coordinates and motif type for each petroglyph are recorded in Table B.1 in Appendix B. In this table, the numbers listed under the “Glyph” column are used to identify individual petroglyphs and were assigned based on the order in which they were recorded in the total station. The “Motif Category” column lists which motif each petroglyph belongs to, as discussed in the following chapter, for the purposes of statistical comparison later. Callouts are used to mark when a motif represents a specific character or theme, such as the birdman and horned serpent. The “Easting,” “Northing,” and “Elevation” columns represent the X, Y, and Z-coordinates respectively, as recorded in the total station. One will note this table includes additional columns from measurements conducted in later chapters and will therefore be referenced again periodically throughout this dissertation. 
[bookmark: _Toc159619023]Photographic Methods
To construct a 3D model of 12th Unnamed Cave, photographs of the cave’s interior were collected over the course of multiple fieldwork sessions. These photographs were taken with a Canon EOS 6D Mark II DSLR camera, using a 24-105-millimeter wide-angle lens and Godox TT685c mounted flash. All photographs were collected at a 24-millimeter focal length which allowed for more area to be captured in a single photograph, therefore reducing the total number of photographs required to make the 3D model and allowing for more overlap between each image. The camera itself was set to shoot in manual mode, with a shutter speed of 1/125 second, aperture size of f/11, and ISO of 800 with the “Highlight Tone Priority” setting enabled to reduce the effects of overexposed highlights in the photographs. These settings were chosen because they provided optimal photographic quality in low-light settings, while still allowing for a deeper depth of field. Photos were collected in RAW and JPEG format, though only the RAW photos were ultimately used to produce the 3D model. External lighting was provided by the mounted flash, which was set in ETTL mode to automatically determine the appropriate amount of light to emit, as well as two mobile light panels that helped to fill out the lighting for each camera shot. 
Prior to the photography, a series of 24 coded targets were placed throughout the cave. These targets are specifically manufactured to be detected by Agisoft Metashape during the post-processing phase and are embedded in the subsequent 3D model. If the distance between two targets is known, one can log the number into the reference pane of Metashape to properly scale the model to its real-world counterpart. In 12th Unnamed Cave, targets were placed in pairs within different sections of the cave. The distance between each pair of targets was then measured with a Bosch Blaze Pro laser measure, which has an estimated error of ±1.59 mm. Target pairs were evenly spread throughout the cave’s interior to maintain proper scaling throughout the entire model. For the most part, targets pairs were placed on opposite walls of a passageway, but facing each other so that the laser measure could be pointed at the exact center of the corresponding targets (Figure 3.1). Targets were also placed in locations that would not block any rock art, which tended to be closer to the floor of each wall but occasionally on natural rock ledges that were devoid of any rock art imagery. 
With the camera settings established and the targets in place, photography commenced. Different sections of the cave were treated as individual “rooms” with their own walls, floors, and ceilings. For cave walls, photographs were taken from the opposite side of the room while facing the wall. From any given position, photographs were taken at multiple angles. First, the camera was angled slightly upward to capture the top portion of the wall where it joins the ceiling. The camera was then angled downward until it was parallel with the ground, where another photograph of the wall was taken head-on. The camera was then angled downward one last time to capture the lower part of the wall where it meets the ground surface. While still standing in the same spot, the camera was then oriented to the left and right and this top-down photographic approach was repeated to capture the wall at oblique angles. This photographic process was repeated at different positions while moving along the length of the wall to ensure sufficient overlap between the images. Figure 3.2 provides a diagram of the photographic process for cave walls and Figure 3.3 shows what the process looks like in reality. Once a wall was complete, the opposite wall within the room was photographed through the same process. To photograph the floor and ceiling, a similar process was carried out. However, the camera 
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[bookmark: _Toc159618806]Figure 3.1. Diagram of target placement in the cave prior to photography.





[image: A red and blue lines on a black background

Description automatically generated]
[bookmark: _Toc159618807]Figure 3.2. Diagram of the general positioning and movement of the camera while photographing cave walls.
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[bookmark: _Toc159618808]Figure 3.3. Photography in 12th Unnamed Cave (Photo credit: Katherine Parker).

was held closer to the ground and angled upward to photograph the ceiling, while the floor was photographed by holding the camera higher and pointing it downward. This pattern of photography was applied throughout the cave, ultimately producing a total of 6,293 photographs.
Photographs were collected with approximately 60-80% overlap, the percentage of which varied by location. In the more voluminous chambers where one’s movement is not restricted, higher overlap was achieved. However, in the tighter, cramped spaces, photographic overlap tended to be lower since it was physically difficult to maneuver the camera and take photographs at varied angles. Some sections of the cave were not photographed at all, and therefore do not appear in the final model. These sections include two passageways that do not contain rock art but meander away from the main and upper passageways. It was determined that photographing these sections was impractical for the scope of this dissertation, the photography of which would drastically prolong the modeling process. Additionally, a narrow “crawl-space” that connects the upper and side passageways was not photographed. This section has very little room between the ground and ceiling, making it difficult to maneuver the camera and achieve the necessary overlap between photographs for modeling purposes, and is therefore not present in the final model. 
[bookmark: _Toc159619024]Processing the Model
After all photographs were taken, the RAW image files were imported into RawTherapee v5.8 for editing. To decrease the contrast between overexposed and underexposed parts of each image, the “Highlights” and “Shadows” tools were each assigned a value of 50. This adjustment evened out the lighting conditions for every photograph and helped preserve the texture cave surfaces. Some photographs were also cropped to remove equipment that was accidentally left in frame. Photographs that were heavily out of focus or too grainy from suspended cave sediment were removed entirely. After editing, a total of 5,873photographs were saved in TIFF format for use in the modeling process.
	Photographs were then uploaded into Agisoft Metashape v2.0.1 for modeling. Rather than uploading all photographs together to form one single model of the entire cave, photographs were uploaded in smaller quantities to create individual “chunks” for each of the cave’s passageways. This was deemed a practical approach, since producing a singular model of the entire cave all at once is computationally intensive, while working in smaller chunks allows for faster loading times. Four chunks were made during the modeling process, one for each passageway. Chunk 1 covered the main passageway, Chunk 2 covered the side passageway, Chunk 3 covered the upper passageway, and Chunk 4 covered the extended passageway. 
	In Metashape, each chunk was formed through the same general workflow. Once photographs were uploaded, the “Detect Markers” tool was used to automatically identify any coded targets that were present in the photographs. In cases where the tool failed to correctly identify a target, a marker was manually assigned. After all targets were identified, three (primary tools?) were used to construct the models. In order of usage, these included the “Align Photos” tool, the “Build Mesh” tool, and the “Build Texture” tool. The parameters used for each of these tools are listed in Tables 3.1-3.3.
The “Align Photos” tool was used to generate the tie points for the model (see Table 3.1). Manual markers were used to correctly align photographs that projected incorrectly, as well as photographs that failed to align at all. Markers were also placed on the control points from the total station survey so that these points would be visible on the final product. After these adjustments were made, the “Optimize Cameras” tool was run to improve the accuracy of all estimated camera positions and ensure proper model geometry. The photo alignment process also generated depth maps for each photograph, which allowed for the triangulation of different model surfaces in later steps. 
From here, the “Build Mesh” tool was used on each chunk to construct 3D meshes (see Table 3.2). This process created shaded models for each chunk, all of which consisted of a large number of polygons (or “faces” as they are called in Metashape). In order to improve the functionality of the final model and make it easier to manipulate later in GIS, each chunk was decimated to remove unnecessary faces and reduce the model’s overall memory consumption. This was accomplished with the “Decimate Mesh” tool. Chunk 1 was decimated from 102,000,000 to 3,000,000 faces, Chunk 2 was decimated from 148,000,000 to 3,000,000 faces, Chunk 3 was decimated from 137,000,000 to 300,000 faces, and Chunk 4 was decimated from 107,000,000 to 3,000,000 faces. After the chunks were decimated, suspended faces that resulted from improper modeling were removed through the “Gradual Selection” tool with the criterion 
	[bookmark: _Toc159618591]Table 3.1. Parameters used in the “Align Photos” dialog box

	Tool Parameter
	Setting

	Accuracy
	Very High

	Generic preselection
	Enabled

	Key point limit
	240,000

	Tie point limit
	10,000

	Exclude stationary tie points
	Enabled

	Guided image matching
	Disabled

	Adaptive camera model fitting
	Disabled






	[bookmark: _Toc159618592]Table 3.2. Parameters used in the “Build Mesh” dialog box

	Tool Parameter
	Setting

	Source data
	Depth maps

	Surface type
	Arbitrary (3D)

	Quality
	High

	Face count
	High

	Interpolation
	Enabled

	Depth filtering
	Mild

	Calculate vertex colors
	Enabled






	[bookmark: _Toc159618593]Table 3.3. Parameters used in the “Build Texture” dialog box

	Tool Parameter
	Setting

	Texture type
	Diffuse map

	Source data
	Images

	Mapping mode
	Generic

	Blending mode
	Mosaic

	Texture size/count
	8192 x 1

	Enable hole filling
	Enabled

	Enable ghosting filter
	Disabled



set to “Connected component size.” Next, the “Smooth Mesh” tool was used to remove irregular noise and unevenness from portions of the cave model’s walls. A smoothing value of 2.5 was used, with the “fix borders” and “preserve edges” options enabled. The final edit made to the shaded model involved closing any holes that appeared in the model. Using the “Close Holes” tool, a value of 5 was determined to be appropriate since it covered the small holes in the mesh, but not the real cave openings and crevasses that exist in the model. 
	The next step was adding the texture to each chunk, which was done by running the “Build Texture” tool (see Table 3.3). Upon completion of this tool, each chunk received a photo-realistic interior mesh that closely resembled the physical textures and colors of the actual cave. The three chunks were then aligned and merged using the “Align Chunks” and “Merge Chunks” tools respectively. Since all three chunks shared several photographs, a camera-based alignment method was selected in the “Align Chunks” dialog box. Once the merge was complete, the result was a full 3D model of 12th Unnamed Cave’s interior.
[bookmark: _Toc159619025]Forming the 3D Map
With both the rock art coordinates and 3D model in hand, the next step was to merge both datasets together by putting them on the same coordinate plane. To do this, the model was first scaled based on known measurements between target pairs throughout the cave. These measurements were logged in the references pane of Metashape, resulting in a residual error of 0.1145m. All measurements performed on the 3D model were now equivalent to measurements taken on the real cave system. The coordinate system for the model was then established by adding the known coordinates for control points recorded in the model. Since markers were manually added on each control point during the photo alignment process, the known x, y, and z coordinates for each control point marker could be logged in the references pane using the exact values recorded by the total station. This produced a scale-accurate model that aligned with the total station survey data, which was saved and exported as an OBJ file.
	The 3D model and rock art point data were then merged in Esri’s ArcGIS Pro v2.8 using a workflow similar to that of other archaeologists, such as Dell’Unto and Landeschi (2022:67-68) and Opitz and Nowlin (2012:47-48). In ArcGIS Pro, a new scene was formed to allow for visualization and manipulation of the 3D data. The cave model was added to the scene via the “Import 3D Files” tool available through the 3D Analyst toolbox. The rock art coordinates were then added through the “XY Point Data” option in the “Add Data” menu, using the total station survey data as the input. This tool used the easting, northing, and elevation values, as recorded by the total station survey, to create a point layer where each point represented the exact location of a petroglyph in 3D space. Because the 3D model was previously referenced onto the same coordinate plane as the total station data, the rock art points appeared in approximately the correct location. However, upon close inspection of the rock art points, it appeared that some were placed just outside the boundary of the cave model rather than within. To fix this, the editing tools available in the “Edit” tab of ArcGIS were used to manually adjust the locations of these points and “pull” them to the inside of the model. These adjustments were minimal and typically involved moving individual points no more than a few centimeters horizontally to position them just inside the cave model, as if they were resting on the rock surface of the cave’s walls. This manual adjustment was necessary to ensure the geoprocessing operations performed in GIS would work properly. After these edits were complete, the result was a 3D map of 12th Unnamed Cave with points that represent the locations of known rock art images. Figure 3.4 depicts the 3D model from above and with the ceiling removed to allow for visibility inside. 
	The 3D photogrammetric map does an effective job at replicating the morphology of 12th Unnamed Cave’s interior. Viewing the model as a whole, or from the “outside,” reveals the exact shape of the cave system, thus providing a more accurate map of the cave than allowed by traditional 2D surveying methods. A comparison between the overhead view of the 3D model (Figure 3.5) and Simek et al.’s (2008) 2D map of the cave (see Figure 2.1) demonstrates the level of precision allowed by photogrammetry and GIS. Of course, the portrayal of 3D space from above, as shown in Figures 3.4 and 3.5, reproduces many of the shortcomings evident in 2D mapping. To fully appreciate the utility of a 3D map, it is necessary to look inside the model. 
Figures C.1-C.10 in Appendix C display different spaces within the 3D cave model and include points that represent rock art locations. Photogrammetry was able to replicate surface textures and accurately preserve the overall shape of the cave’s walls, floor, and ceiling, even after significant decimation of the model’s total face count. Specifically, Figures C.1-C.3 show the main passageway of the model, Figures C.4-C.7 show different sections of the side passageway, Figure C.8 shows the rock art panel in the upper passageway, and Figures C.9 and
[image: A close-up of a map
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[bookmark: _Toc159618809]Figure 3.4. An overhead view of the 3D cave map with the ceiling removed for visibility. (Note that because the map is 3D and contains varied depth, no scale bar is included in this map.)


C.10 show the extended passageway. 
Overall, modeling of the cave’s walls produced the best results. Few irregularities were found in the 3D mesh and all wall sections that contain rock art panels modeled properly. The cave’s floor and ceiling are generally correct, however these surfaces are less consistent in terms of their appearance and posed a few issues during the modeling process. Objects and scenes that are homogenous in color and texture are difficult to model through photogrammetry because the software is unable to find overlap between the photographs. Because many sections of 12th Unnamed Cave’s floor and ceiling consist of flat surfaces with little variation in color or shape, Metashape interpreted depth incorrectly in some areas, producing pit-like depressions and uneven surfaces on the 3D mesh. Using Figure C.1 as an example, one can see how the left-hand wall has a variety of color and texture differences across the surface. Closer to the ceiling, the wall is grey but transitions to light brown towards the bottom. Several wet spots on the wall produce darker stains that produce additional contrast on the wall’s surface. Compare the modeling of the main passageway’s walls with the floor and ceiling in Figures C.1-C.3, and one will see a few spots where the surface “sinks in” to the 3D model. This issue was less pronounced in the side passageway, which has a more geologically varied floor and ceiling. The rugged ceiling in Figure C.5 and the craggy floor in Figure C.6, are good examples of how surfaces with greater variation and contrast produce fewer holes and incorrectly projected 3D meshes when performing photogrammetry. 
While these projection errors might affect the 3D model’s aesthetic quality, its general form is accurate for GIS analysis. Because the model was scaled using real-world coordinates, measurements conducted inside the 3D map are accurate to those performed in the real cave. As a result, it is possible to utilize the various tools available in ArcGIS Pro to computationally analyze the rock art distribution within the model. In the following chapters, this 3D GIS map of 12th Unnamed Cave is used to understand the spatial patterning of different rock art motifs and their relationship with different perception-based variables.
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