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ABSTRACT OF THESIS 

 

 

Documentation and Technical Study of Torqua Cave 

by 

Thomas W. McClintock 

 

 

Master of Archaeological and Ethnographic Materials Conservation 

University of California, Los Angeles 

Professor Ioanna Kakoulli, Chair 

 

This study represents original documentation, condition assessment and technical 

analysis of Torqua Cave, a significant rock art site on Santa Catalina Island located off the coast 

of Southern California. Documentation techniques include the use of Dstretch®, an image 

enhancement technique that assisted in the revelation of roughly 60 previously unrecognized 

images and markings, and the production of a three-dimensional model using Agisoft Photoscan, 

which has assisted in visualizing the shelter in ways previously impossible due to restrictions of 

the terrain. The local environment, including temperature and relative humidity of Torqua Cave 

was monitored for a total of five months and data were compared to a nearby weather station to 

assess potential correlations. Scientific analysis to investigate the state of conservation of the 

pictographs and rock support was performed using primarily non-invasive techniques such as 

portable X-ray fluorescence and fiber optic reflectance spectroscopy, which were complemented 
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by X-ray diffraction analysis of a few microsamples. Gypsum and calcium oxalates could be 

identified as the primary contributors to the various weathering patterns. Based on the interests 

of stakeholders, recommendations are made for the preservation of the site including future 

monitoring and environmental survey. 
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1. Introduction 

 

Throughout the world, cultures have expressed themselves by leaving marks on the 

landscape in the form of engravings, painted images and stone arrangements, collectively known 

as rock art (Anati 1994, Chippindale and Taçon 1998, Whitley 2001, Clottes 2002). These 

features are the earliest known visual expression of values, whether ceremonial, territorial or 

cosmological, and, to the best of our knowledge, represents the dawn of our species’ aesthetic 

sensibility. The international recognition and public interest in this material are reflected in the 

31 sites containing rock art on the UNESCO World Heritage list (UNESCO 2015). 

This increase in awareness is especially true in countries where the tradition of rock art is 

more widely celebrated. In Australia, for example, certain regions feature an incredible density 

of rock art sites, where some aboriginal source communities maintain strong connections to the 

stories their ancestors were painting, and in some cases continue this tradition themselves. The 

caves of Spain and southern France feature some of the most widely recognized rock paintings 

including naturalistic representations of the contemporary megafauna. These caves have been 

dated to as old as ~34,000 years before present, surpassed only recently by dates from paintings 

on the Indonesian island of Sulawesi of 40,000 years before present (Tacon et al. 2015).  

By comparison, the preservation and management of rock art sites in the United States 

has historically faced significant challenges, due in part to the lack of indigenous consultation 

and relative absence of specialized professionals. The consideration of rock art studies as a sub-

discipline of a variety of fields including Native American studies, archaeology, conservation, 

geology and tourism management has resulted in a less than cohesive national approach to 

preservation and presentation. Until the late 20th century, the lack of chronometric techniques 
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made it difficult to interpret rock art sites as part of the archaeological record. With increasing 

regard for the significance of these sites by land managers in the 1960’s and 70’s, and the 

implementation of the Native American Graves Protection and Repatriation Act (NAGPRA) 

regarding sites on federal land, greater emphasis was put on a collaborative approach between 

government, researchers and native communities (D'Innocenzo 1997, Yablon 2004, Werden 

2008).  

The process is still imperfect. Rock art researchers and land managers are gradually 

recognizing that procedural inclusion of native communities meant only to satisfy due diligence 

is no longer sufficient, and that greater consideration of the impact of this research and for whom 

it is being conducted is necessary (Kit 1996). In many cases, the public is unaware that the 

cultures that created these images may live on in their descendent communities. However, 

around the world these communities are making their voices heard, demanding greater control 

over the narrative of presenting rock art and access to the material for research (Fish 2005, 

Gillette et al. 2014). 

Compounding these challenges, the resources devoted to these areas of research are often 

scant, and the protection of rock art sites is typically not a priority for land managers. Of course, 

there are examples of large-scale projects focused on some of the most magnificent sites, such as 

the cave paintings of southern Europe or, locally, at Painted Rock, Santa Barbara County. 

However, there are hundreds of thousands of more modest sites (roughly five thousand in 

California alone)(Whitley 2000) that are not so fortunate to have this level of interest and 

funding available yet are equally at risk. Legislation regarding the protection of sacred sites in 

this country is still inadequate, especially for those on private land, and the implementation of 
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long-term monitoring programs is lacking.  This results in a lack of continuity, follow-through 

and ongoing protection. 

This study is focused on the site of Torqua Cave, located on Santa Catalina Island, 

Southern California. The source community, the Gabrielino/Tongva, was concerned that Torqua 

Cave had never received any form of systematic documentation or condition assessment. A 

recent proposal by the Catalina Island Conservancy (CIC), the current landowners of 88% of 

Santa Catalina Island including Torqua Cave, planned the development of additional trails 

throughout the island’s interior. This has introduced the potential for increased visitation and risk 

of anthropogenic damage, and highlighted the pressing demand for this work to be performed. 

Dr. Jo McDonald and Dr. Peter Veth, rock art researchers at the University of Western 

Australia, wrote that “it is fundamentally important in rock art research to know what you are 

looking at…” (McDonald and Veth 2012). This statement represents the foundation of this study, 

because without a clear understanding of the physical fabric of cultural heritage sites, including 

the distribution of paintings and weathering products, recommendations regarding preservation 

and management will inevitably be misinformed (Matero 1993). In this respect, a scientific study 

of this sacred site is meant to empower the source community by presenting a tool with which to 

monitor the site’s condition and control the future narrative of their cultural patrimony. 

Through engagement with the various stakeholder parties, including the 

Gabrielino/Tongva community, the CIC and the resident island community, the goals of this 

study are to: a) assess the site’s religious and social significance; b) conduct thorough 

documentation of the site to record and study the pictographs as well as to establish a current 

condition baseline against which future monitoring can be compared to assess rate of changes; 

and c) conduct technical analysis of the physical fabric of the site and its environment, including 
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identification of painting materials employed, the rock substrate, alteration products and 

weathering mechanisms. The final section will offer recommendations regarding monitoring and 

management to protect the site from future harm.  

2. General context of the research 

 

2.1 The Gabrielino/Tongva and Santa Catalina Island 
 

The ancestors of the Gabrielino/Tongva are believed to have arrived in the Los Angeles 

basin of Southern California roughly 8000 years ago, based on archaeological evidence from the 

Palos Verdes peninsula (Frazier 2000) and radiocarbon dates from Santa Catalina Island (Teeter 

2013). Their traditional territory extended from the Channel Islands on the west to the eastern 

end of the San Gabriel Mountains, and from present day Ventura County to Orange County, an 

area of roughly 4,000 square miles. The Tongva are known to have established extensive trade 

networks throughout their territory and with neighbors such as the Chumash of present-day Santa 

Barbara County, notably transferring marine and lithic resources from the Channel Islands to the 

mainland (McCawley 1996). 

After initial Spanish contact in the mid 16th century, colonization of the Tongva began in 

1771 with the construction of the San Gabriel and San Fernando Missions. Their division into 

Gabrielino/Tongva and Fernandino/Tongva, dictated by their assignment to these missions, 

remains to this day. Over the next 130 years, the Gabrielino/Tongva population dwindled 

significantly through a combination of disease, abuse and disruption of traditional ways of life. 

After nearly a century of political struggle, the State of California officially recognized the 

Gabrielino/Tongva tribe in 1994, although there are no rights associated with this 



5  

acknowledgment (Oropeza 2008). As of the 2010 U.S. Census, 2,903 members of the 

Gabrielino/Tongva community were self-identified (U.S. Census Bureau 2010). 

Santa Catalina Island (Figure 1), also 

known as Pimungna in the 

Gabrielino/Tongva language, is one of four 

southern Channel islands they inhabited 

(McCawley 1996). The Island Tongva were 

influential in Southern California not only 

for their access to the highest quality 

soapstone, but equally for their shamans, 

who were believed to be especially powerful 

(McCawley 1996). From a peak of an 

estimated 3000 people on Pimungna (Teeter 2013), the native population gradually dwindled 

following initial Spanish contact and colonization. By 1830, at which point the island was under 

Mexican jurisdiction, it is presumed no native inhabitants were left on the island. Santa Catalina 

Island was undergoing gradual repopulation by Europeans and Mexicans, and was sold by the 

Mexican governor into private ownership, changing hands several times before being bought by 

the Banning family who founded the Santa Catalina Island Company in 1896. Due to financial 

hardship, the Bannings were forced to sell the island to William Wrigley, Jr., who had a vision 

for the island as a tourist destination (Wlodarski 2010). 

The first three-quarters of the 20th century were devoted to development on Santa 

Catalina Island. A fleet of ships began carrying tourists regularly from the mainland to the main 

town of Avalon and roads were built throughout the interior to improve transportation. In 1972, 

 

Figure 1. Santa Catalina Island, known as Pimungna to 
the indigenous community, is one of four southern 
Channel Islands that were inhabited by the 
Gabrielino/Tongva. 

Tom McClintock
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the Wrigley and Offield families established the Catalina Island Conservancy, a private non-

profit land trust dedicated to preserving the land as an undeveloped preserve (Catalina Island 

Conservancy, 2016). In 1974, the Island Company granted a 50-year conservation easement to 

Los Angeles County on 41,000 acres of the island. In return for a “substantially reduced market 

value tax assessment,” the Santa Catalina Island Company retained the right to use, regulate and 

develop the land provided they preserve the open space character of the island (SCIC v. LAC 

1981). 

 

2.2 Description of Torqua cave 
 

Among the ~2000 archaeological sites on Santa Catalina Island, three are known to 

contain pictographs and two which feature petroglyphs, not including cupule sites (Martinez, 

personal communication, 2016). Three rock art sites are known on other Channel Islands, 

notably the “Cave of the Whales” on San Nicolas Island (Conti et al. 1999, Knight 2001). This 

suggests that Santa Catalina Island may have a significantly higher density of rock art locations. 

Torqua Cave (Figure 2) is the most extensive of these, featuring dozens of red pictographs and 

dense archaeological midden (Porcasi 2014) (Fig. 3). While it is an increasingly challenged 

assertion (Bednarik 2003, Lewis-Williams 2012) that most sites are shamanic in origin (Lewis-

Williams et al. 1988, Whitley 1994, Whitley 2001), oral history supports the view that this is a 

shaman’s cave (Hudson 1979, Alvitre 2015). To the contemporary Tongva/Gabrielino 

community, the rock art sites of Torqua Cave and elsewhere throughout the Channel Islands are 

not only evidence of their ancestors’ presence; they continue to connect with them as places of 

power (Alvitre, personal communication, 2015). 



7  

 

Torqua Cave was first identified in 

writing by Charles Holder in 1910 (Holder 

and Cabrillo 1910). Located three quarters of 

a mile from the southwestern coast at an 

elevation of 115 meters above sea level, the 

site is accessed by a steep 0.5 kilometer hike 

from an unmarked turnout along a use trail. 

Consisting of a 24 meter long, 4-8 meter tall 

rock shelter oriented northwest to southeast 

with an overhang of 45-60°, the path to the shelter’s entrance is somewhat disguised by low 

brush and cacti. Unlike other scattered stone outcrops in the immediate vicinity of the shelter, 

Torqua Cave features a level platform beneath the shelter extending several meters before the 

steep, cactus filled slope drops to the southwest.  

 
Figure 2. Torqua Cave, as seen from the approach trail.  

 

 
Figure 3.	Torqua Cave features dozens of red 
pictographs. Dense archaeological midden 
(insert) is an indication of how long this site 
had been used.  
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Torqua Cave features dozens of 

monochrome painted images (pictographs) and 

markings, all in red, which range in size from 

~4 to 50 cm. Although there are several 

figurative images, most of the painted elements 

consist of abstract hash marks or are otherwise 

unidentifiable. Some images are painted solid, 

while others consist of outlines of varying 

thickness from very fine to finger-width. The 

style of some of the more complex images can 

be described as curvilinear abstract (Quist 

1978), although many are depictions that do not 

relate to any other regional style. Although many paintings at Torqua Cave are unique (Quist 

1978), particular pictographs, such as the ‘sun burst,’ anthropomorphs or ‘aquatic motifs’ 

(Hudson and Conti 1981) compare to those found at other sites, particularly Chumash, though 

these paintings tend to be polychromatic (Figure 4). 

The paintings’ state of preservation at Torqua Cave is inconsistent. Where a few are quite 

vivid, many are extremely faint, and others are affected by various surface alterations. Erosion of 

the bedrock has formed a large cavity in the center of the shelter, revealing the dark-grey color of 

the unaltered bedrock. Surface deposits of a variety of colors and morphologies appear 

throughout the site, in some cases obscuring the pictographs underneath. 

 

  

 

Figure 4. 	 Some pictographs at Torqua Cave are 
recognizable, such as the ‘sunburst (top left), or an 
anthropomorph (top right), although the style of many 
paintings are unique to this site.  
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2.3 Geology 
 

Santa Catalina Island is one of several exposed ridge crests in the California continental 

borderland geomorphic province that displays an extremely complex geology. The island itself 

consists primarily of a Mesozoic metamorphic basement complex that is intruded and overlain 

by Miocene igneous rocks, and also contains scattered deposits of sedimentary rocks (Platt 

1975). 

The Catalina schist, part of the Mesozoic metamorphic complex, dominates the 

northwestern half of the island and exposed regions are scattered throughout the southern 

portion. This formation comprises the blueschist, greenschist and amphibolite schist 

metamorphic facies and includes lithologies which are all derived from mafic igneous and 

sedimentary rocks (Rowland 1984). Torqua Cave exists almost directly on the border of a thrust 

fault between blueschist on the lower plate and greenschist above (Platt 1975). 

 

3. Overview of Research 

 

My research at Torqua Cave began in the summer of 2014 during participation in the 

Pimu/Catalina Island Archaeology Project (PCIAP) field school, an annual event focusing on the 

teaching and practice of the fundamentals of indigenous archaeology. The values of indigenous 

archaeology, principally the generation of knowledge by, with and for the source community 

(Nicholas 2008), are reflected in the work presented here. Through ongoing consultation with the 

Gabrielino/Tongva community, documentation and condition assessment of this sacred site were 

highlighted as priorities in order to establish a baseline of the site’s condition against which 

future assessments could be compared to monitor change or deterioration. 
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Methods of documenting rock art have improved dramatically in the past several decades. 

Because weathered pictographs and petroglyphs can be difficult to see by the naked eye, the 

subject was often be modified to be visible in a photograph. Several of these “enhancements”, 

including saturating the surface with water and outlining the subject in chalk, were at one point 

common practice for rock art researchers (Heizer and Baumhoff 1997). These techniques can 

damage the rock surface through physical and chemical contact and impair future attempts at 

dating. Fortunately, these have largely fallen out of favor (Francis et al. 1993, Tratebas et al. 

2004).  

The problem of photographing significantly faded pictographs, such as those at Torqua 

Cave, persists. The original attempts to record these paintings in the 1970’s demonstrate that 

hand-sketches, while non-invasive, can produce misleading representations of the pictographs 

(Quist 1978, Meighan 2000). While one cannot criticize these researchers’ methods as sketching 

a site is a useful tool for organizing its layout and image distribution, especially in cases of 

complex groups of superimposed paintings, it is clear that they are inadequate at sufficiently 

documenting condition (Figure 5).  

Successful but limited attempts have been made to improve the legibility of pictographs 

using infrared photography (Fredlund and Sundstrom 2007) and polarized light photography 

(Henderson 2002). Since the development of digital image editing software, rock art researchers 

have been experimenting with post-capture processing techniques to improve the visibility of 

pictographs, including color enhancement (Gillespie et al. 1986, Buchner et al. 2000, Clogg et al. 

2000, Mark and Billo 2002, McNiven et al. 2004, Brady 2007, Brady and Gunn 2012); principle 

components analysis (Cerrillo-Cuenca et al. 2014, Cerrillo-Cuenca and Sepúlveda 2015) and 

other techniques (Cai 2011, Hollmann and Crause 2011, Mudge et al. 2012). Many of the 
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algorithms used in these post-capture enhancement techniques are synthesized in the highly 

efficient, user-friendly program DStretch®, released in 2005 (Harman 2005, Le Quellec et al. 

2013, Caldwell and Botzojorns 2014, Tan et al. 2014, Robinson et al. 2015), which is employed 

in this study. From these enhanced photographs, various methods of producing digital tracings 

are possible, which will be useful to facilitate their comparison to the broader corpus of rock art 

painting styles. 

A significant challenge to documenting Torqua Cave, and subsequently assessing the 

impact of its morphology on the site’s condition, is that it cannot be photographed in its entirety. 

The production of an interactive digital three-dimensional model has the ability to overcome this 

challenge by allowing site visualization from any angle or distance, which also assists the 

researcher in interpreting features that cannot be easily captured in traditional, 2-dimensional 

photography. Production of these models has previously been accomplished with laser scanning 

despite drawbacks such as cost, availability of equipment and expertise required for use in the 

field. An increasingly prevalent technique in the field of rock art research and archaeology is 

Structure from Motion (SFM) photogrammetry, a process of model generation using exclusively 

digital photographs (Ogleby 1995, Plets et al. 2012, Koutsoudis et al. 2013, Lerma et al. 2013, 

 

Figure 5. Comparison of the original drawings from Quist (A) and Meighan (B) to a recent image of the same 
pictograph (C).  
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Koutsoudis et al. 2014, Marcone 2014 et al. 2015). Indeed, the production of a 3D model has 

greatly assisted in remotely investigating the characteristics mentioned above during the course 

of this research. 

Producing a condition assessment and identifying potential sources of risk at any cultural 

heritage site depends on the accurate characterization of the physical materials present including 

the substrate, pigments and alteration products, as well as environmental conditions, which in 

turn inform interpretations of the physical and chemical processes that led to site’s current state 

of preservation. Depending on their composition and formation processes, crusts and deposits 

can have either a positive or negative impact on the stability of the painted surfaces (Watchman 

1990, Watchman 1991, Russ et al. 1996, Russ et al. 1999, Vázquez-Calvo et al. 2012). Active 

salt crystallization and dissolution cycles, as well as subflorescence of less soluble salts can 

further lead to exfoliation of the rock surface (Watchman 1987, Scott et al. 2002, Meiklejohn et 

al. 2009).  

Employing multiple imaging and analytical techniques enables the accurate reading of 

the site and the identification of materials’ elemental, molecular and crystallographic 

characteristics, which form the basis for interpreting condition. Preliminary elemental 

characterizations using portable X-ray fluorescence (pXRF) spectroscopy are supported using 

fiber optic reflectance spectroscopy (FORS), which provides information regarding a material’s 

molecular structure, and X-ray diffraction (XRD), an analytical technique primarily used for 

phase identification of a crystalline material. 

  

  



13  

4. Methodology 

 

4.1 Consultation 
 

Consultation was conducted with several members of the Gabrielino/Tongva community 

in order to assess both the significance of the site and the impact this research would have on the 

source community. An Institutional Review Board was conducted to ensure compliance with the 

University of California, Los Angeles’s standards for ethical research. 

Initial approval to conduct this work was sought from Cindi Alvitre, a Tongva elder, most 

likely descendent of the Island Tongva, and longtime Santa Catalina Island resident. While on 

site during the PCIAP field seasons of 2014 and 2015, consultation took place with project co-

directors Desiree Martinez (Gabrielino/Tongva) and Wendy Teeter regarding the focus of this 

report and the issues related to site management. Several conversations took place with John 

Mack, Chief Conservation and Education Officer of the CIC, on their plans for future land 

management and policy development for protection of cultural sites and archaeological remains. 

Island residents were consulted informally to assess their attitudes regarding local land 

management, tourism and Torqua Cave in particular. 
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4.2 Documentation 
 

4.2.1 Digital Imaging 
 

Digital photography represents the backbone of any documentation process and much of 

the work represented here was dependent on high quality and thorough photographic imaging. 

Over the course of four site visits, digital photographs were taken with a Nikon D7100 DSLR 

camera, which features 24.1 million effective pixels and has a sensor size of 

23.5 mm x 15.6 mm. Two lenses were used, depending on the demands of the target, including 

an AF-S DX Nikkor 35mm f/1.8 and an AF-S DX Nikkor 18-140mm f/3.5-5.6.  

 

4.2.2 Image Visualization and Digital Tracing 
 

The processing procedures employed to reveal hidden or faded images were iteratively 

refined during the course of this research as priorities evolved and familiarity with the programs 

involved was developed. The goal of the image visualization process was not only to identify 

previously unrecognized pictographs, but also to establish standard procedures for creating 

reproducible digital tracings. 

DStretch® (Harman 2005) was used to create false color images of a representative 

selection of pictographs under a variety of parameters. Digital tracings of false color images 

produced using either manual paint tool or automatic color channel isolation in Adobe Photoshop 

were compared and evaluated. These could then be exported independent of the background rock 

or reintegrated into the original image for more natural appearing enhanced visibility.  
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4.2.3 3D Modeling from Digital Images 
 

3D model generation using Agisoft Photoscan is based on the detection of common 

features in a batch of partially overlapping digital photographs, a process commonly known as 

Structure from Motion, which orients these common points in three-dimensional space as a 

sparse point cloud. In the second stage of processing, a dense point cloud is generated which 

dictates the model’s surface geometry. From this dense cloud, the points are triangulated and the 

space between them filled and colored, forming a polygonal mesh that represents the 3D model. 

Adding a texture based on the content of the source photographs is an optional final step, 

although it was not performed in this study due to limitations of the computer’s graphics card on 

which this model was processed. 

Image acquisition was performed based on the process described in the Photoscan user’s 

manual (Agisoft 2012). Specifically, adjacent photographs should overlap by at least 60% and be 

taken as close to nadir (where the camera lens is parallel to the surface of the subject) as 

possible. Although ideally photographs should be taken with a consistent focal length and 

distance from the subject, the Nikkor 18-140mm zoom lens was used in this study in order to 

capture the upper regions of Torqua Cave’s panels at similar resolution to the lower sections. 

Prior to processing, all photographs were reviewed to correct their exposure, omit those that were 

blurry, and to mask any unwanted features such as sky or background. 

Photography was conducted during two separate site visits. The first set of images, 

consisting of roughly 1000 photographs, was processed on low quality to identify any gaps in the 

model. The second visit was dedicated to photographing the areas that needed to be filled, as 

well as the shelter floor to supplement the final model with more complete context, totaling an 

additional 200 photographs. 
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4.3 Materials Characterization 
 

4.3.1 Optical Microscopy 
 

An Olympus BX51 was used for petrographic analysis and visual assessment of micro-

samples. A 2 cm x 4 cm thin section was prepared from a sample of spalled bedrock1 taken from 

the floor of Torqua Cave’s shelter for analysis under polarized light. 

 

4.3.2 Portable X-ray Fluorescence (pXRF) Spectroscopy 
 

A Bruker Tracer III-SD portable XRF (pXRF) with a silicone drift detector (SDD) was 

used, and all measurements were taken at 40 kV, 11 mA for 120 seconds, without a filter or 

vacuum. A total of 82 measurements were taken across the surface of the cave, focusing on areas 

displaying visual characteristics of interest that are contributing to the condition or appearance of 

the rock face. Reference measurements of the sound bedrock were taken at several representative 

locations across the site to account for the inherent heterogeneity of the substrate. 

 

4.3.3 Fiber Optics Reflectance Spectroscopy (FORS) 
 

Fiber optics reflectance spectroscopy (FORS) provides information on the composition of 

materials and their molecular structure through the analysis of electronic processes, primarily in 

the ultra-violet and visible spectral ranges, as well as of the overtones and combination modes 

                                                
1 This sample was taken following consultation with Cindi Alvitre, a Tongva elder, and with the permission of the 
CIC. 
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related to molecular vibrations in the near infrared. Measurements were carried out with a 

Fieldspec® 3 spectrometer (ASD Inc.) covering a spectral range from 350 to 2500 nm and 

equipped with a high intensity contact probe (spot size: ~1 cm). In this configuration, the 

instrument operates in reflectance mode with a spectral resolution of 3 nm at 700 nm and 10 nm 

at 1400/2100 nm. Measurements were calibrated with a white Spectralon (PTFE) standard. 

A total of 70 measurements were taken using FORS with particular focus on the various 

surface colorations, images, crusts and efflorescences. Because of its near infrared capabilities, 

the presence of organic materials (Werden 2008) and moisture can also be detected and 

analyzed. 

 

4.3.4 X-Ray Diffraction (XRD) 
 

A total of five micro-samples were taken for analysis by X-ray diffraction (XRD), a 

technique that enables the identification of crystalline substances. Three samples that were taken 

prior to the initiation of this study, one with pigmented surface, were analyzed, as were two 

additional samples of mineral deposits taken after identifying areas of interest2. These samples 

include a representative range of surface deposits, crusts and subflorescences found on the 

different panels. 

XRD analysis was performed using a Rigaku R-Axis Spider X-Ray diffractometer. 

Measurements were recorded at 50 kV/40 mA using a Cu-Kα target for 900 seconds. XRD data 

was processed and matched against reference spectra from the International Center for 

Diffraction Data (ICDD) files using the JADE v8.2 software from Materials Data Inc. 

                                                
2 All samples were taken following consultation with Cindi Alvitre, a Tongva elder, under the supervision of Wendy 
Teeter, who has an archaeological permit for Santa Catalina Island, and with the permission of the CIC. 
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4.3.5 Environmental Monitoring 
 

The environment of Torqua Cave was monitored using a HOBO datalogger to record 

local temperature and relative humidity (RH). The datalogger was disguised in a painted 

ethafoam and tyvek housing resembling the adjacent rock face to reduce the chances of theft or 

tampering, was placed on a shelf three meters high. This dataset is compared to the publically 

available temperature and RH measured by the CIC’s weather station at Hayfield (Middle 

Ranch), located about 2.5 km to the east and 50 m lower than Torqua Cave. Readings were taken 

every 30 minutes beginning March 28, 2015 and ending August 8, 2015.  

 

5. Results and Discussion 

 

5.1 Designation of Panels 
 

 During the first site visit with the PCIAP in 2014, panel numbers were assigned to the 

pictographs based on the criteria described by Whitley (Whitley 2001). There are two schools of 

thought when organizing the documentation of a site, commonly referred to as “lumpers and 

“splitters.” In general, the former believe that a site is more easily organized when the number of 

individual panels assigned to a site is kept to a minimum, while the latter tends to divide a site 

into a greater number of panels in the interests of analyzing features at a smaller scale. 

  For assessing condition, rather than analyzing distribution of and relationship between 

individual pictographs, a “lumper” approach tends to be more appropriate because panels can be 
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organized by characteristics that are more closely related to their weathering state, such as 

average aspect, angle and solar exposure. This approach was adopted in the interests of making 

comments regarding distribution of weathering features applicable to more general areas. 

Additionally, because a significant element of the future monitoring process at Torqua Cave is as 

a teaching tool for archaeologists in training (who may or may not have any experience working 

with rock art sites), a “lumper” approach is likely to be more easily navigated. 

 Torqua Cave was initially divided into five separate panels, numbered in order as one 

enters the shelter from the southeast. A sixth panel was added during a later visit, as an 

additional pictograph was located on a completely separate rock face to the northwest of the 

main shelter (Fig. 6). 

 

 
Figure 6. 	Pictographs of Torqua Cave were organized into six distinct panels, numbered in the order in which they 
are encountered as one enters the site.  
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5.2 Pictograph Visualization and Digital Tracing 
 

The first step of preparing the condition assessment for Torqua Cave was to map the 

presence of paintings throughout the site. It was clear upon initial inspection that there were a 

number of pictographs that had been overlooked in the reports of Meighan and Quist, perhaps 

because the paintings were not considered sufficiently refined or too degraded to warrant 

documentation, or they were misinterpreted as naturally occurring patches of oxidized iron 

inclusions of the bedrock. Photographs were taken of all visible pictographs, including those 

identified by Meighan and Quist and the additional pictographs recognized after initial 

inspection. Once back in the lab, these photographs were processed with DStretch®.  

DStretch® provides eight preset color enhancements, each tailored for particular 

commonly occurring pigments (Fig. 7). The YRE enhancement was chosen for its high contrast 

between the substrate and pigment, and because only red paintings are present, all image files 

could be batch processed using this preset (Fig. 8). 

This initial round of photography targeted roughly 40 individual pictographs, including 

those previously recorded, although once the images were enhanced many turned out to extend 

outside the camera’s field of view. A number of obscured pictographs not visible with the naked 

eye were revealed only after enhancement of the photographs. Only then, it became apparent that 

there could be a significant number of pictographs that had totally escaped recognition, even 

after several days of close inspection for traces of pigment, and that a more systematic parallel 

photography of the site would be necessary for comprehensive documentation.
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The capability of DStretch® to reveal hidden pictographs in sufficient detail depends 

greatly on high-resolution photographs that are captured at relatively close range. Therefore, an 

approach was adopted to achieve total photographic coverage of Torqua Cave’s surface. This 

consisted of systematic shooting from the top of the panel downwards, as close to nadir as 

possible, at a range of roughly 1.5 m using a 35 mm lens. These images were batch processed in 

DStretch® using the YRE matrix to identify all potential locations of pigment. These locations 

were then inspected more closely to differentiate pigment from natural iron oxide deposits, and 

were subsequently re-photographed to center the pictograph in the field of view. This approach 

resulted in the identification of more than 80 individual paintings, greatly increasing the number 

 

Figure 8. 	A pictograph on panel 3 (left) is enhanced using the YRE matrix in DStretch® (right). This enhancement 
was chosen initially for it’s comparatively high contrast and good legibility  
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from what was first recognized during this study (40) or those originally drawn by Meighan (19) 

and Quist (21). 

After identifying the presence of these paintings, the question arose of how best to 

represent them. These enhanced images, false-color by nature, are considered by some to be 

unsuitable for publication because they lead to their own form of misinterpretation. For example, 

in some cases, an enhancement in DStretch® can result in colors that could conceivably be 

interpreted as the true appearance of a rock face if not properly labeled.  

 A B C 
Figure 9. “Aquatic motif” pictograph located on panel 2. A: real view, B: Enhanced using DStretch® (YRE matrix), 
C: Digital tracing using the Photoshop paint tool.  

Initially, the solution was to produce an exportable digital tracing from the enhanced 

image as a separate layer in Photoshop using the paint tool (Figure 9). The benefits of having 

high-resolution images were both the improved enhancement results and the ability to zoom in 

sufficiently to produce a tracing at a nearly granular scale. The goal of these tracings was to 

represent the image in its current condition, so that subsequent recordings could identify 

alterations, such as granular disintegration or flaking. This approach was largely successful, 

resulting in accurate representation of areas of loss and fidelity to the coarse edges of many 

images. 
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However, complications arose when approaching the tracings of certain images, 

especially those that had been affected by pigment loss, development of crusts/deposits (Fig. 10). 

In these cases, it was almost impossible to avoid imparting a certain degree of subjectivity or  

bias into the production of manual digital tracings. For example, how to represent areas that 

appear fainter under enhancement or where to draw an edge of a degraded painting whose 

boundary under enhancement are difficult to determine. These issues raise doubts on the ability 

of a single-tone paint tool to capture important details.  

 A B C 

Figure 10. DStretch® enhancement in the YRE matrix reveals a pictograph of an aquatic mammal. The digital 
tracing using Photoshop’s paint tool does not accurately convey the pictograph’s weathered condition.  A: real view, 
B: Enhanced using DStretch® (YRE matrix), C: Digital tracing using Photoshop paint tool.  

To standardize the process of digital tracing, and reduce the level of subjectivity between 

the results, processing in Photoshop was explored based on previous work (Hollmann and Crause 

2011, Cerrillo-Cuenca and Sepúlveda 2015, Le Quellec et al. 2015). By isolating the color 

channels associated with pigment under DStretch® enhancement, all pixels corresponding to this 

color channel can be selected and isolated from the rest of the image. After removing extraneous 
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‘noise’ from the area surrounding the painting, the resulting automatic digital tracing can be 

exported as a stand-alone image, or overlaid on the original, un-enhanced image. For this method 

of tracing, the YRD preset was selected as an alternative because it facilitated more accurate 

isolation of pixels associated with the red pigment (Fig. 11).  

Visualization of the pictographs’ distribution 

throughout the site was achieved by overlaying the 

manual tracings onto the panel photographs. The 

layer with the tracings was exported to the 

photograph, positioned, rotated and distorted to 

match the angle of the rock surface, and cross-

referenced for placement accuracy using visual cues 

of the surrounding rock surface (Figure 12). 

When presenting the results of these two 

digital tracing methods to stakeholders, there was 

general agreement that both had advantages and 

disadvantages. The manual digital tracings certainly 

project a more “readable” pictograph in some cases, 

although the automatic tracings have greater fidelity to nuances in condition. From a 

documentation perspective, the ability to automate the digital tracing removed a great degree of 

bias from the process, ensuring consistent results across the entire set of pictographs. This can 

result in some pictographs being less easily interpreted, although objectively it is a better 

representation of their actual condition. 

 A B 

 
  C  D 
Figure 11. A pictograph found on panel 2 is 
enhanced using the YRD matrix in DStretch®. 
A: real view, B: enhanced using DStretch® 
(YRD matrix), C: automatic digital tracing 
overlaid on real view, D: isolated digital tracing  
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Figure 12. Pictograph tracings overlaid onto overall photographs of panel 2 to visualize the distribution of painted 
figures.  

 

5.3 Three-Dimensional Model Generation 
 

Three-dimensional modeling is becoming an increasingly popular technique for site 

documentation (Koutsoudis et al. 2013). Based entirely on digital photographs, the only 

equipment required for model generation based on Structure from Motion is a digital camera and 

a computer with sufficient processing power. Despite the technique’s relative simplicity 

compared to other 3D modeling approaches, there are several challenges to modeling a large site 

such as Torqua Cave. However, the difficulties did not preclude the generation of a useful model, 

but rather highlighted how the approach can be improved to save time in the field and in the lab. 

As digital photographs represent the building blocks of a 3D model, it is important that 

they satisfy several general criteria to ensure the software’s ability to use them successfully. 

Most critical is the amount of overlap between adjacent photographs. Without sufficient overlap, 
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the modeling software will not be able to correlate the required clusters of pixels between two 

photographs for alignment resulting in holes in the model. Ideally, these photographs are taken at 

a consistent distance to the subject, and at an angle as close to nadir as possible. At Torqua Cave, 

meeting these latter two criteria was hampered by the limited space from which to photograph 

the shelter’s surface. 

It was believed that these difficulties could be compensated for by producing a larger set 

of photographs than would otherwise be necessary under ideal conditions. While this ensured 

total coverage of the entire site and some surrounding context, producing a model from roughly 

1200 photographs at the desired level of quality and resolution proved too much for the limited 

processing power of the available computer. The first two steps of processing, initial alignment 

of the photographs and generation of a geometry determining dense cloud, were possible at 

“medium” quality, after removing several hundred extraneous photographs from the set (Figure 

13). 

A small section from panel 2 was selected to assess the capabilities of Photoscan to 

generate high-resolution models of areas of interest. In Figure 14, results of various levels of 

detail are compared. When viewed as a dense cloud, high quality yields some improvement in 

sharpness and pictograph legibility. The main advantage of a high quality dense cloud is in the 

improvement in the model’s spatial resolution. This is most clearly demonstrated after mesh 

generation, where comparison between the meshes produced in any level of quality are 

significantly improved when sourced from a high quality dense cloud over one of medium 

quality. The difference in quality between a high- and medium-quality mesh generated from a 

high dense cloud is more subtle, although there is a noticeable improvement in some features’ 

sharpness.  
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It is clear that the generation of a high quality dense cloud will yield significantly 

improved results. From a high quality dense cloud, the increase in processing time required for 

high quality mesh generation is negligible. However, because it is the rate-determining step, 

 
A 

 
B 

 
Figure 13.  A three-dimensional model enables overall visualization of Torqua Cave for the first time (A). The 
model also allows for assessment of morphological characteristics, as is demonstrated in (B) showing the shelter as 
one enters from the east. 
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generation of large model, such as for Torqua Cave, with a high quality dense cloud may not be 

possible with available resources. In this case, generation of a medium (or even low) quality 

dense cloud and mesh for overall observation, followed by selection of areas of interest to be 

processed in much higher quality, provided a useful tool for site assessment. 

There are inherent difficulties of photographing Torqua Cave for the purpose of building 

a three-dimensional model, primarily stemming from the limited room available in front of the 

shelter. The limited field of view, even with an 18 mm lens, required many more photographs be 

taken than would otherwise be necessary. This enlarged set of images in turn limited the 

production of a higher quality overall model. Additionally, when only photographing from 

ground level, there will inevitably be unavoidable gaps in the model where the top of certain 

features, such as shelves, are not visible. These difficulties could easily be overcome if a drone 

were used for site photography. Using a drone would, for example, allow for photographs to be 

taken from greater distances, reducing the total number of photographs necessary and thereby the 

demand for processing power. While a greater number of photographs does increase software’s 

ability to correlate pixel clusters between adjacent photographs, thereby improving their 

alignment, it is not clear whether this translates directly into a higher number of points generated 

in the dense point cloud, which would lead to improvement in spatial resolution. Aerial could 

also be taken from angles closer to nadir, reducing distortion at the upper limits of the shelter. 

Although one was not available at the time of this study, drones are becoming increasingly 

available and a recommended follow up to this study would be to re-create the model of Torqua 

Cave with a combination of aerial and close-range photography.  
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Figure 14. A section from panel 2 is processed at various levels of quality for comparison. It is clear that mesh 
generation from a high-quality dense cloud yields significantly improved results in terms of model sharpness, one 
indicator of which is the number of triangular faces comprising the mesh. (images represent a section of about 30 x 
20 cm)  
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5.4 Characterization of the substrate 
 

 

Figure 15. Deformation and schistosity of the dark-grey bedrock with mineral veins of various orientations and 
weathering-induced surface exfoliations.  

The shelter of Torqua Cave is formed by an overhang of exposed bedrock, running 

southeast to northwest, which is roughly 24 m long and 4-8 m. The morphology of the shelter 

features many instances of deformation reflecting the tectonic and associated metamorphic 

events that have affected the rock formation. The bedrock shows multiple changes of grain 

direction, numerous mineral veins with various orientations as well as a pronounced schistosity 

along which the weathering-induced exfoliation is clearly visible (Fig. 15). The shape of the 

large cavity in the center of the site appears to correspond to a zone of intense deformation and 

fracture, where the direction of the foliation follows the contours of the cavity’s walls. A large 
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cohesive slab of bedrock has spalled off in the rear of this cavity indicating failure along a 

preferential plane, which is almost parallel to the shelter floor (Figure 16).  

A hand sample of spalled bedrock was taken 

from the shelter floor. A scan of its thin section in 

transmitted light shows a pale green matrix with up to 

0.5 mm white inclusions and very small dark inclusions 

(Figure 17). The primary minerals identified with 

optical microscopy are amphibole, chlorite, plagioclase 

feldspar, garnet and opaque phases (probably iron 

oxides), with veins of quartz. Accessory minerals 

include titanite, rutile and epidote 

(Figure 18). This lithology points 

towards a garnet amphibolite 

metamorphic rock which probably 

belongs to the tectonic blocks dispersed 

along the Greenschist-Blueschist thrust 

fault (Platt, 1975), an attribution also 

consistent with the location of Torqua 

cave. 

 

Figure 16. Multiple changes in rock layer’s 
direction are visible in the central cavity, and 
a large slab has spalled off where the plane of 
failure is almost parallel to the shelter’s floor.  

 

Figure 17. 	Scans of the thin section in transmitted light (left) 
and cross-polarized light (right). The base of each picture is 
2cm.  
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Figure 18. Thin section viewed in transmitted light showing amphibole (Am), chlorite (Ch), feldspar (F), garnet (Ga) 
and opaque minerals (likely iron oxides) (Op).  

 

 5.5 Nature of the Pigment 
 

All remaining pictographs at Torqua Cave are red, suggesting the use of red ochre, one of 

the most commonly employed pigments throughout world rock art. Non-invasive FORS readings 

were taken of most visible pictographs, consistently showing the characteristic spectral profile of 

hematite (Fe2O3) with absorptions due to electronic processes affecting Fe3+. In particular, the 

strong absorption below 550 nm is related to charge transfers and is responsible for the red color, 

as well as the broad absorptions at about 650 and 866 nm associated with crystal field effects 

(Figure 19). Also noticeable is the higher reflectance of the red pictograph in panel 1 (Fig. 20) 

caused by the encapsulation of the pigment in a white crust. Goethite (FeO(OH)) was identified 

in a FORS readings from a pictograph on panel 4, indicating the potential use of yellow ochre as 

well, although a signal for goethite also appeared in readings of bedrock from panels 4 and 5. 
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Figure 19. FORS spectra (400 to 1000 nm) of red pictographs with absorption 
features characteristic of hematite.  

These results for the presence of iron oxides in the pigments were supported by XRF 

analysis that consistently showed higher counts for iron on the pictographs when compared to the 

adjacent bedrock. However, as pXRF analyzes the bulk material to a depth greater than the 

relatively thin pigment layer, high counts of iron present 

in the heterogeneous substrate can lead to ambiguous 

results. Several representative spectra can be found in 

Appendix I. XRD was performed on a micro-sample of 

flaking pigment taken from a weathered pictograph on 

panel 1, confirming the presence of hematite (Appendix 

II). 

Red ochre has been used extensively by 

indigenous groups throughout California, although the 

preparation of this pigment can vary widely (Scott and 

 

Figure 20. 	The overall reflectance for 
the red pigment of this pictograph on 
panel 1 was higher, due to its 
encapsulation in a white crust.  
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Hyder 1993). The confirmation of the use of red ochre does not negate the possibility that other 

pigments were used. Hematite is often absorbed by the bedrock more thoroughly than, say, 

kaolinite or carbon black, resulting in greater image permanence despite weathering. 

 

5.6 Environmental Monitoring 
 

 The local climate of Torqua Cave was studied between the months of March and August 

2015 to assess its contribution to the shelter’s current state of condition. This data is compared to 

recordings taken during the same period 

from a CIC weather station located at 

Middle Ranch in order to determine 

whether the microclimate created by 

Torqua Cave’s physical characteristics 

is markedly different from 

environmental conditions nearby.  

 Daily maximum and minimum 

temperature and relative humidity (RH) 

for the month of April from both 

locations are plotted in Figure 21. There 

appears to be good correlation between 

the two datasets, with the temperature at 

Torqua Cave generally several degrees 

warmer than Middle Ranch. While the 

 

Figure 21. Daily maximum and minimum  temperature (top) 
and RH of Torqua Cave (TC) compared to the Middle Ranch 
weather station (CIC) for the month of April.  The blue curves 
are not distinctively different shades  
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minimum RH is similar for both locations, the maximum RH at Torqua cave is typically 10-15% 

lower, perhaps due to its greater exposure to wind. 

Temperature and RH at Torqua Cave from 3-5 April are plotted in Figure 22, the three-

day period that featured the greatest fluctuation in both temperature and RH. Maximum and 

minimum RH on 4 April were 66% and 24%, respectively, equaling a 42% change in 3 hours. 

The highest RH recorded at Torqua Cave occurred on 15 May at 87%, and the lowest was 

recorded on 17 April at 21%. Fluctuations in RH gradually trend lower for the remainder of the 

recording period. The greatest diurnal temperature fluctuation at Torqua Cave occured on April 

2, from 30°C to 17°C, equaling 13°C.  

The environmental monitoring that took place over the course of five months in the 

spring and summer of 2015 provide useful insights into the conditions at Torqua Cave. Further 

monitoring during the winter and fall would be beneficial for future research for a more 

comprehensive understanding of Torqua Cave’s microclimate. 

 

 

Figure 22. Temperature and RH at Torqua Cave from April 3-5 show the most 
extreme fluctuations during the period recorded.  
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5.7 Degradation and Surface Weathering 
 

5.7.1 Description of Weathering Features 
 

Weathering features on the surface of Torqua Cave are primarily constituted by deposits 

and crusts that come in a range of colors, morphologies and thicknesses, with some degree of 

overlap between them. The main features are briefly described and exemplified in Table 1. Many 

of them appear related to the percolation of water from within the rock, where they are 

concentrated below cracks, fissures and seeps. Streaking patterns are visible originating from the 

shelter’s upper lip above panels 4, 5 and 6, although the primary alteration associated with these 

streaks is a superficial discoloration rather than the formation of distinct crusts. Indeed, the only 

areas of Torqua Cave’s surface that do not show any alteration to the surface are found above 

panels 2 and 3, where the protuberance of the upper lip directs the flow of water to either side. 
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Table 1. A visual summary and description of the primary weathering features observed at 
Torqua Cave. 

 

 
 
Globular deposits: This deposit is characterized 
by its morphology, appearing as a thick, globular 
crust. It often occurs in areas associated with the 
presence of moisture, such as beneath an active 
seep, or in the recess of a dormant seep or other 
cavity in the rock surface. This deposit occurs 
mostly as a dark grey to black crust, although in 
one case there is a white deposit with identical 
morphology (seen here). 

 
Cleavage parting/exfoliation: Occuring 
throughout the main shelter cavity, this is 
the primary form of active deterioration. 
Associated with the schistosity of the 
substrate, a white material is seen in 
veinlets oriented parallel to the foliated 
rock layers. Similar in appearance to 
exfoliation, cleavage parting is a more 
appropriate description, as exfoliation is 
typically attributed to weathering patterns 
of mineralogically isotropic rocks. 

 

 

 
Thick white crust: This crust appears primarily 
on panels 1, 2 and 3, and is quite widely 
distributed. Although it ranges in color from white 
to light grey to light brown, and seems to merge 
and blend with other forms of crusts or deposits, it 
is often associated with the presence of water 
running over the rock surface. On panel 1 for 
example, water streaks throughout the crust are 
visible, and on panel 3 it is found beneath the 
seeps, while not above. 
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White veil: Only clearly visible on panel 2, 
this deposit is very thin, with the substrate 
visible underneath. It appears to 
encapsulate the pigment of the pictographs 
associated with it, which has resulted in 
pigment loss where the deposit is flaking or 
detached (seen here). This thin white veil 
appears directly beneath a long horizontal 
crack in the substrate, indicating its 
relationship to the presence of water. 

 

 

 
 
 
Brown/yellow crust: This crust appears scattered 
throughout the site, sometimes as large areas (seen 
here) and often as isolated patches. It ranges in 
color from light to dark brown to yellow, and is 
typically ~1mm thick. Often, the isolated patches 
of this crust are associated with the planes of the 
substrate’s schistosity. 

 
 
Thin black layer: This black/dark grey 
deposit primarily occurs scattered in the 
main shelter cavity. It is very thin and 
conforms well to the surface of the rock, 
giving it the appearance of soot. In some 
cases it is visible extending beneath layers 
of foliating rock. It does not appear to be 
associated or overlapping with other crusts 
or deposits, and is consistent in color. 
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5.7.2 Characterization of Weathering Products 
 

Gypsum 
 

Gypsum (CaSO4
.2H2O) was identified as a component of multiple surface alterations 

with a variety of colors and morphologies. The most extensive of these is related to the cleavage 

parting ccurring widely between panels 2 and 3 within the main shelter cavity. White layers are 

found between the foliating planes of the substrate, which are occurring in the direction of 

schistosity (Table 1). These areas are very brittle, and active loss is occurring. FORS readings 

taken of an exposed patch of the white layer show characteristic absorptions at 1446 nm, 1750 

nm and 1942 nm for gypsum (Figure 23), which is supported by XRD of a micro-sample from 

one of these veinlets (Appendix II). 

 

Figure 23. FORS spectra of the white veinlets and flakes in the foliation planes 
showing the profile of gypsum with characteristic absorptions due to the overtones 
and combination modes of gypsum’s structural water. Additional absorptions can be 
attributed to the rock constitutive minerals.  
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Table 2. Characterization of weathering and alteration products. pXRF results refer to element 
counts compared to bedrock. 

 
 XRF FORS XRD 

Black globular deposit 
é P, S, K, Ca 
ê Si, Ti, Mn, Fe 

Traces of gypsum 

Weddellite 
Quartz 
Calcite 

Gypsum 

White globular deposit 
é P, K, Ca 
ê Si, Ti, Mn, Fe 

Traces of oxalates  

Veins associated with 
cleavage parting 

 
 Bedrock, gypsum 

Gypsum 
Polyhalite 

Thick white crust 
é P, K, Ca 
ê Si, Ti, Fe 

Oxalates 

Weddellite 
Whewellite 

Quartz 
Fluorapatite 

White veil 
é S, P, K, Ca 
ê Si, Ti, Fe 

Oxalates, bedrock  

Brown crust  Gypsum  

Thin black layer 
é S, Cl, Ca 
ê Si, Ti, Mn, Fe 

Traces of gypsum  

Weathered rock 
adjacent to spalling 

é Cl, K 
ê Ca, Fe 

More water, traces of 
goethite/limonite, 
clays 

 

 

A number of patches of a thick brown crust are scattered across several panels, which are 

usually associated with the direction of schistosity and show signs of detachment or flaking from 

the substrate (Table 1). FORS readings from a number of these patches, taken from panels 2, 3, 4 

and 5 all show the presence of gypsum. Their consistent morphology and association with the 

natural grain direction of the rock leads to the interpretation that they could be of the same origin 

as the white veinlets described above that are associated with the active cleavage parting. 

Therefore, these patches of gypsum are not truly crusts, although that is how they appear locally.  
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FORS readings of the dark globular deposits (Table 1), typically found underneath active 

seeps such as on panel 3 and in 

cavities related to dormant 

seeps on panel 2, show traces 

of gypsum as well. This 

characterization is supported 

by XRF comparisons to 

bedrock, which show elevated 

counts for sulfur (Fig. 24), as 

well as by XRD, which in 

addition also shows the presence 

of calcium oxalates and calcite 

(Figure 25). 

The thin black layers 

(Table 1) found on panels 2 and 

4 also contain traces of gypsum, 

demonstrated by FORS, and 

potentially calcium carbonate or 

calcite, as for the globular 

deposit. These layers must be 

differentiated from the thick dark deposits described above. Similar to the brown gypsum crusts 

(or rather remnant veinlets), these thin black layers conform well to direction of the rock’s 

schistosity, and where exfoliation is occurring, they are clearly visible beneath and between the 

 

Figure 24. Comparison of XRF spectra for the black globular deposit 
(r3_3) against bedrock shows elevated counts for sulfur and calcium. 

 

Figure 25. XRD of a dark globular deposit on panel 2 shows 
primarily gypsum (Gy), as well as weddellite (We), calcite (Ca) and 
traces of quartz (Qu).  
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foliated layers. The dark color could be related to the embedding of particles of a variety of 

origins, such as mineral dust, iron oxides and iron oxyhydroxides, organic pollutants or black 

fungi (Steiger 2003). 

Gypsum is one of the most ubiquitous minerals found near Earth’s surface, and its 

contribution to the deterioration of cultural heritage monuments and sites is well known (Charola 

et al. 2007). There are several potential explanations for the formation of gypsum as a result of 

weathering and alteration. The formation of gypsum in the presence of calcium carbonate and 

atmospheric sulfur dioxide is common and well-documented (Steiger 2003). Discoloration of 

gypsum crusts can occur via their absorption of various particulate matters, such as iron oxides 

or iron oxyhydroxides, organic pollutants, and eolian dust, or due to the presence of black fungi 

(Nord and Ericsson 1993, Steiger 2003, Steiger et al. 2011). The presence of calcite veins formed 

during the substrate’s metamorphism, as well as cavities resembling where these veins once 

occured, suggests a source for the dissolved calcium ions required for gypsum formation. 

Observed cleavage parting induced by gypsum precipitation is consistent with the hypothesis that 

corresponding ions have accumulated in subsurface veinlets corresponding to the direction of the 

substrate’s schistosity, although there are likely multiple contributing mechanisms occurring 

over various timescales. The brown and yellow coloration of remnant gypsum veinlets is likely 

due to a combination of particulates deposited by water transported from within the substrate or 

from above the shelter. Due to the lack of significant levels of organic pollutants in the local 

atmosphere, the uniform thin black layer containing traces of gypsum likely owes its color to the 

presence of microbiological activity (Steiger 2003). 
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Oxalates 
 

FORS readings taken of a thick white crust (Table 1) from panels 2, 3, and 4 show 

characteristic absorptions at 1957 nm and 2000 nm, related to the structural water in calcium 

oxalates (Figure 26). Another deposit with the appearance of a thin white veil (Table 1), which 

encapsulates the two large “sea mammal” pictographs at the top of panel 2, shows similar 

absorption patterns with minor signals corresponding to the bedrock. Comparison of XRF 

measurements taken at both these locations against bedrock show higher counts for calcium, as 

well as for phosphorus, although the signal for phosphorous could be underestimated due to its 

low atomic (Z) number (Fig. 27). XRD of a micro-sample of the white crust taken from panel 2 

shows diffraction patterns for two calcium oxalates, the whewellite (CaC2O4
.H2O) and weddellite 

(CaC2O4
.2H2O), as well as quartz and fluorapatite (Ca5(PO4)3F). The presence of phosphorous 

associated with oxalate crusts in the form of fluorapatite is discussed in depth by Vázquez-Calvo 

et al. (2012), who attributes it to the presence of calcium phosphates as a substratum that is 

favorable to the development of microbiological activity, which are responsible for oxalate crust 

formation. 

XRD of the black globular deposit on panel 2 shows the presence of weddellite (Fig. 25), 

although these results may not be directly applicable to globular deposits found elsewhere, such 

as beneath the seep on panel, where FORS identifies traces of oxalates for the white deposit only. 

Comparison of XRF measurements of both white and black globular deposits taken at this 

location, depicted in the photograph in Table 1, show elevated levels of sulfur for the black 

deposit, where FORS also identifies traces of gypsum.  
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Figure 26. Second derivative FORS spectra (absorptions appear as positive peaks) of the 
white crust on panel 2 compared to a pure whewellite reference.  

 

Figure 27. Comparison of XRF spectra for the thin white veil (r2_10) and bedrock shows elevated counts 
for phosphorous and calcium 
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The presence of calcium oxalates on rock surfaces was once considered a rarity, although 

they are now recognized to be common components of rock accretions (Russ et al. 1996). 

Although the formation mechanism of these oxalate crusts was once a source of controversy, 

with proposals ranging from purposeful applications of oxalic acid or casein to preserve stone 

surfaces to the natural deposition of organic compounds by aerosol or as runoff. Currently, the 

most widely accepted theory is that they are the mineralized remains of crustose lichens (Pinna 

1993, Russ et al. 1996). The disparity in appearance between the dark globular deposit on panel 

2 and the relatively smooth white deposit containing both weddellite and whewellite suggest 

different formation mechanisms (Russ et al. 1996). 

Oxalate crusts were once believed to have a deleterious effect on the condition of painted 

rock surfaces, although it appears that in most cases where paintings and oxalates are found 

together the pigment is trapped within the crust’s matrix (Russ et al. 1999). While the visibility 

of some pictographs is affected, notably for those beneath the seep on panel 3 and the “sea 

mammal” paintings at the top of panel 2, oxalate crusts are relatively stable, and the oxalate 

layers encasing the pigment could demonstrate potential for radiocarbon dating (Watchman 

1991, Aubert 2012) or investigation of paleo-climatic conditions (Watchman et al. 2005). 

 

Surface weathering 
 

Panels 4, 5 and 6 feature a reddish brown surface that has spalled off in several locations, 

revealing the dark grey bedrock underneath (Figure 28). FORS readings of the freshly exposed 

rock show absorptions related to chlorite (2253, 2300 and 2350 nm) and amphibole (2298, 2321 
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and 2392 nm) group minerals, consistent with the thin section petrography analysis. FORS 

performed on the weathered reddish brown surface suggest the presence of clays associated with 

iron oxyhydroxides.  

The reddish brown surface is not 

uniform in color; rather there are patches 

of light- and dark-colored areas 

throughout these panels. FORS 

measurements indicate higher moisture in 

the dark areas. The accumulation of a 

fine layer of particulate matter can create 

a micro porous structure, promoting 

retention of water in select areas that 

could favor preferential weathering 

through fluctuations of temperature and 

relative humidity. The solar exposure of the three most northwestern panels could favor 

thermally induced mechanical damage, such as the spalling, enhanced in this area by the 

schistosity oriented mostly parallel to the surface. 

 

5.8 Sources of Risk and Proposals for Monitoring 
 

As is the case for most rock art sites, whose integrity depends largely on maintenance of 

a natural setting and where intervention to their physical fabric is not as common as for built 

heritage sites, the primary source of risk is anthropogenic. Especially at remote sites where 

constant monitoring and surveillance is not feasible, the possibility of damage by graffiti, for 

 

Figure 28. Surface spalls occurring on panel 4 could be 
related to the accumulation of a fine layer of clays and oxi-
hydroxides, where moisture retention and fluctuations in 
temperature can lead to preferential weathering  
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example, could be catastrophic. Indeed, several minor instances of incised graffiti were identified 

(Fig. 29), although they do not appear recent. The environmental conditions related to physical 

and chemical weathering at Torqua Cave are an important factor, and their further 

characterization could lead to a better understanding of these processes. For example, direct 

observation of Torqua Cave during rainfall would inform the impact of water transfer on the 

formation of crusts and deposits, and a more focused investigation into panel-specific 

temperature and RH would elaborate on their differences in weathering patterns. 

Gabrielino/Tongva community members have expressed interest in quantifying the 

number of visitors to Torqua Cave. Over the course of roughly a dozen days spent at the site over 

the course of two years, there was a moderate increase in the chance of encountering visitors. 

Although they were almost exclusively island residents, these visitors often had guests. The 

sample pool of these observations is too small to draw any conclusions about a significant 

increase in visitation, although the proposal by the CIC to develop new trails throughout the 

island’s interior, including the use-trail 

that is the access to Torqua Cave, 

warrants further study regarding the 

public’s visitation patterns. 

Future collaboration with the 

PCIAP has the potential to offer what 

many other significant sites lack, which 

is an ongoing commitment to site 

monitoring. It is a tool both for 

educating emerging archaeologists 

 

Figure 29. One of several examples of scratched graffiti, 
located on panel 5. 
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during the field school about the significance of sacred sites and the process of site 

documentation, as well as a means to track potential impacts. Through the process of training 

students in the fundamentals of photography and site management, the results will represent a 

meaningful contribution to preservation. 

 

6. Conclusions and Perspectives 

 

Torqua Cave is a deeply significant site to the Gabrielino/Tongva community, a place of 

power that connects them to the ancestors that lived on the island. Conducted in collaboration 

with stakeholders and the PCIAP, this study represents the first step towards the preservation of a 

unique culturally sensitive heritage site, and benefits the field of rock art preservation through 

contribution to the understanding of the nature of physical and chemical weathering patterns.  

A baseline condition assessment of Torqua Cave has been completed. Innovative 

methods of documentation have contributed to thorough visual record to which future research 

can be compared. The site is now known to exhibit 84 individual paintings and markings, 

including roughly 60 that were previously unrecognized. A three-dimensional model was 

generated that contributed to the assessment of morphological characteristics, and has enabled 

overall site visualization, which was previously impossible. A standardized method of 

performing automatic digital tracings has been proposed, the results of which are compared to 

conventional digital approaches. 

Scientific analysis was performed on the site’s pictographs, rock substrate and weathering 

features using combined non-invasive and micro-analytical and optical techniques including 

pXRF, FORS, polarized light microscopy and XRD. The main mineral deposits affecting the 
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current condition of Torqua Cave were characterized as a combination of gypsum and calcium 

oxalates, and the distribution of their various morphologies was identified. The presence of 

calcium oxalates yields potential for radiocarbon dating of certain pictographs associated with 

these crusts, which would further develop our understanding of the island’s occupation and 

elaborate on the chronological distribution of rock art in Southern California. 

The benefit of further research and monitoring would be significant. Tracking human 

visitation to assess the potential of anthropogenic impact should be considered a priority, as this 

represents the most immediate concern. A long-term environmental survey would contribute to a 

better definition of the local microclimate and conservation priorities for Torqua Cave and 

similar sites. Through continued collaboration between the indigenous community, the 

Pimu/Catalina Island Archaeological Project and the Catalina Island Conservancy, the integrity 

of this unique site can be maintained for future generations.  
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7. Appendices 

Appendix I. XRF Results for Pigment 
 
 

 

Appendix I-A. Comparison of pXRF spectra for a pictograph on panel 1 and adjacent bedrock 
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Appendix I-B. Comparison of pXRF spectra for a pictograph on panel 2 and adjacent bedrock  
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Appendix I-C. Comparison of pXRF spectra for a pictograph on panel 2 and adjacent bedrock  
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Appendix I-D. Comparison of pXRF spectra for a pictograph on panel 5 and adjacent bedrock  
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Appendix II. XRD Results 

 

 
 

Appendix II-A. XRD spectra for a sample containing pigment from a flaking pictograph on panel 
1. Results show the presence of hematite (He), whewellite (Wh), weddellite (We) and quartz 
(Qu). 
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Appendix II-B. XRD spectra for a sample from the white veinlets, found between foliating layers 
associated with cleavage parting. Results show the presence of polyhalite (P) and gypsum (Gy). 
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Appendix II-C. XRD spectra for a sample of the black globular deposit found in a small cavity 
on panel 2. Results show presence of gypsum (Gy), weddellite (We), calcite (Ca) and quartz 

(Qu). 
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Appendix II-D. XRD spectra for a sample of the thick white crust found on panel 2. Results 
show the presence of whewellite (Wh) and quartz (Qu). 
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Appendix II-E. XRD spectra for a sample of a thick white crust found on panel 2. Results show 
the presence of fluorapatite (Fl), quartz (Qu), whewellite (Wh) and weddellite (We). 

 



60  

Appendix III. Additional Photographs of Weathering Features 
 

Appendix III-A. An example of the black globular deposit found on panel 3 (top) and a close up 
view (bottom). Based on the results of FORS and XRD, this deposit is known to contain traces of 
gypsum and weddellite. 
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Appendix III-B. An example of exposed white veinlets associated with the cleavage parting 
found of panel 3 (top) and a close-up photograph. Identified as primarily gypsum, its presence is 
likely due to a combination of multiple factors over various time scales. 
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Appendix III-C. Two examples, one from panel 2 (top) and another from panel 1 (bottom) of the 
thick white crust identified as primarily calcium oxalates whewellite and weddellite, as well as 
flourapatite and quartz. 
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Appendix III-D. The only distinct example of the thin white veil occurs on panel 2, where is 
appears to encapsulate the pigment of several pictographs. This veil is identified by FORS as a 
calcium oxalate. 
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Appendix III-E. Two examples of the brown crust, one from a cavity on panel 5 (top) and 
another on from panel 2. Identified as containing gypsum by FORS, it is hypothesized that this 
“crust” is related to the veinlets observed between foliating layers associated with cleavage 
parting. The discoloration is likely due to prolonged exposure and absorption of particulate 
mater. 
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