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Much of prehistory can be traced by the impacts of
human activity upon the environment. The use of remote
sensing technology offers the archeologist the
opportunity to detect these impacts which are often
invisible to the naked-eye. New advances in remote
sensing instrumentation, digital image processing, and
statistical analyses can be employed in the testing of
archeological hypotheses. This thesis applies advanced
remote sensing technology to two study areas: Chaco
Canyon, New Mexico and Arenal, Costa Rica. Each study
area represents diverse environmental and cultural
conditions. Prehistoric Anasazi roads have been
successfully mapped in Chaco Canyon and a system of
prehistoric footpaths has been mapped in Costa Rica using
sophisticated remote sensing technology. In both cases
these transportation and communication routes have been
useful in understanding prehistoric adaptation and social

integration.
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CHAPTER 1
INTRODUCTION

Remote sensing technology represents one of the
most significant breakthroughs in the history of
archeology. It is radically affecting the way
archeologists conduct field reconnaissance and
excavation. It is also being incorporated into research
designs of multidisciplinary projects that are concerned
with the study of ancient societies in their
environmental context. Archeology was one of the first
disciplines to recognize the importance of remote sensing
at the turn of the century, yet the potential of this
technology has yet to be completely realized.

Remote sensing is the science and art of detecting
and recording objects or phenomena from a distance
through devices that are sensitive to various bands of
the electromagnetic spectrum. This can be achieved at
different levels, by instruments mounted on satellites,
the space shuttle, aircraft, tethered balleons, or even
on the ground. Data collected and recorded by these

devices must be verified on the ground or by excavation.



By interpreting the imagery at one place, it is often
possible to understand the same phenomena in other areas.

The overall goal of this research investigation
was to demonstrate the utility of remote sensing in
detecting the activity and impact of prehistoric
societies on the environment. The specific objectives in
achieving this goal were: 1) to demonstrate how
archeological information can be extracted from remotely
sensed data; 2) to characterize those remote sensing data
sources which hold potential for archeological
investigations under different environmental conditions;
3) to isolate the appropriate analytical techniques for
computer-implemented analysis of remotely sensed data;
and 4) to demonstrate the value of remote sensing in
providing information to the archeologist in a rapid,
non-destructive, and cost-effective manner.

In order to demonstrate the application of remote
sensing technology to archeological research, two study
areas were selected which represented diverse
environmental, temporal, and cultural conditions. These
study areas were used to test several hypotheses that
resolve investigative questions through the use of remote
sensing. The prehistoric populations, archeological
features, and environmental regions examined in this

investigation were 1) the Anasazi roadways in the semi-
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arid region of Chaco Canyon, New Mexico (A.D.1-1350; and,
2) the Arenal peoples prehistoric footpaths and site
locations in the tropical rainforest of Costa Rica ( 500
B.C. - A.D. 1200).

The research discussed in this paper represents a
pioneering effort in a field that is expanding rapidly.
The untapped potential of photographic and digital remote
sensing, combined with developments in computer hardware
and software, offer the discipline of archeology an
opportunity to discover information and resolve
controversies that have remained unanswered. With the
commercialization of space, construction of the space
station, and competition from foreign nations in
satellite technology, remote sensing can become a

fundamental component of future archeological research.

BACKGROUND

Much of human history can be traced through the
impacts of human actions upon the environment. Research
concerning the interaction between cultural and physical
systems and knowledge of the regional context has been
crucial in understanding man-land relationships by

anthropologists for a long time (Adams and Nissen 1972;



Adams 198i; Binford 1962; Butzer 1982; Clarke 1977;
Steward 1955; Willey 1953; Wiseman 1978). The
archeologist must locate and reconstruct the ancient
landscape, the resources available for exploitation,
occupational settlements, campsites, manufacturing
centers, and other features of cultural activity (e.q.
Butzer 1980; Flannery 1976; MacNeish 1975; Redman 1982;
Sheets 1983). Traditionally this information has been
collected by ground survey, often requiring large field
teams and several seasons of activity. The archeological
rescarch of large regions could take many decades of
endeavor and a fortune in cost (Wiseman 1983). To reduce
labor and cost, several sampling strategies were
developed that would hopefully attain productive research
objectives through accurate statistical techniques
(Mueller 1975; Plog, Plog, and Waite 1982). These
strategies, however, vary from region to region and have
resulted in non-systematic, uncomparable, and non-
intensive resource inventories.

To date, a systematic methodological inventory of
cultural resources and archeological features has never
been accomplished. Each archeological project approaches
the problem in a different way. The variation in data
acquisition methods, levels of approach, and site
definition vary from researcher to researcher. In

addition, climatic factors, time of year, and vegetation



conditions can contribute to the resultant inventory.
Even the most intensive inventories miss archeological
phenomena which cannot be seen from ground level. Remote
sensing can be used as a methodological procedure for
detecting, inventorying, and prioritizing surface and
shallow~depth archeological information in a rapid,
accurate, and quantified manner. Archeological survey is
being radically altered by remote sensing and‘is now
allowing archeologists the opportunity to create research
designs with a geographic scope larger than ever before

envisioned.

ACCELERATING LAND-USE CHANGES

It is ironic that the use of satellite and
airborne remote sensing technology which has such
potential for archeological research is also indirectly
contributing to the destruction of archeological sites.
The commercial use of remote sensing, for instance, has
sometimes contributed to the flooding or deforestation of
large areas. The ability to quickly map both renewable
and non-renewable resources on a large scale has
generated industrial competition. In the wake of the

search for new mineral deposits, productive forest
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stands, rich agricultural areas, and recreational lands,
archeological sites are being destroyed at a phenomenal
rate. These accelerating land use changes, coupled with
a rapid rise in the vandalism and looting of cultural
resources, have placed traditional archeological survey
and feature detection techniques at an enormous
disadvantage.

Although cultural resources are protected on
public lands in the United States by state and federal
regulations (e.g. Executive Order 11593), the enforcement
of this legislation is ineffective due to the limited
funding levels and complex logistical problems. Even
though the laws of foreign countries are generally more
protective of cultural resources, they experience even
greater detection and enforcement problems than those
encountered in the U.S. Even on well-protected sites,
the cost of survey and excavation are skyrocketing while
the funding levels for archeological research is
decreasing. In short, contemporary archeological
methodologies are often unable to keep pace with the
growing destruction of archeological sites.

An example of archeological destruction can be
seen along the Usumacinta River Valley between Mexico and

Guatemala (Stuart 1988). Commercial agencies using
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Landsat remote sensing technology have located productive
stands of forests. As a result these areas have
experienced rapid deforestation and burning. The Maya
archeological sites within these areas are generally
built of limestone. The sites are subsequently destroyed
as the heat fragments and pulverizes the limestone blocks
while the rains quickly erode them.
THE POTENTIAL OF REMOTE SENSING FOR ARCHEOLOGICAL
RESEARCH

A remotely sensed methodology which produces a
systematic and intensive approach to survey and feature
detection, would contribute to offsetting the problems
currently faced in archeological reconnaissance.
Investigators would be able to analyze large regions,
prioritize areas for research, and select optimum areas
for extensive excavation. The ability to achieve these
objectives has arrived, for the use of remote sensing has
come of age for archeology. In a decade it has grown
from an esoteric speciality practiced by a few scientists
to a capability that is beginning to be applied by dozens
of researchers in archeology throughout the worild.

Remote sensing data can be recorded in either an



optical or digital format. An example of an optical
format is black and white aerial photography. In this
format the images are exposed onto film and processed
chemically. In the digital format, which originated in
the mid 1960's, the images are recorded numerically and
are processed electronically using a computer. There are
advantages and disadvantages to both techniques, yet the
recent trend has seen increasing use of digital methods,
as new sensor instrumentation and more advanced computers
are developed. The use of black and white photography at
the turn of the century, however, opened the door for
archeologists to see information which could not be seen
from ground level and provided the impetus for adapting

the digital imagery of the space age.

CONTEMPORARY HUMAN IMPACTS

One of the major contemporary ecological and
environmental concerns is the solution of problems
created by the confrontation of people with nature as a
result of their technological advancements (Lulla and
Mausel 1983). The destruction of wildlands,
disappearance of wildlife species, climatic change,
world-wide pollution, and degredation in environmental

quality have aroused national and international concerns.



To address these issues, the non-destructive techniques
of remote sensing are being¢ used to monitor the man-made
changes to the atmosphere, oceans, and landscape. The
monitoring of the landscape includes urban development,
surface strip mines, forest fires, agricultural
development, desertification, biological and botanical
habitats, industrial development, transportation systems,
irrigation, pollution, erosion, and weather (Richason
1983).

Remote sensing has emerged as one of the most
useful techniques in addressing contemporary
environmental issues. It has established itself as a
tool that can provide a major source of data to
scientists, managers, legislators, administrators, and
decision makers at international levels. The techniques
employed in data acquisition and data analysis are well
documented. A growing number of international
conferences on remote sensing are held each year and
sponsored by such agencies as the United Nations
Environmental Program (UNEP). As Lavigne (1977) states,
"the extent of habitat destruction by man now becomes
ignorance by choice."

Archeology has access to the techniques that have

been developed by other disciplines that monitor man-land
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changes. In addition, archeology should play an active
role in the growing conservation ethics that are
concerned with the preservation of non-renewable
resources. The protection and preservation of cultural
resources as well as the rural cultural landscape is an
important issue for all anthropologists. The analytical
remote sensing techniques that have been developed for
contemporary man-land relationships can also be employed

in identifying human impacts upon prehistoric landscapes.

RESULTS OF PROPOSED RESEARCH

As stated previously, the overall goal of this
project was to demonstrate the use of remote sensing in
detecting and understanding the impact of prehistoric
societies upon their environments. Hypotheses were
tested at two environmentally and culturally distinct
areas: Chaco Canyon, New Mexico and Arenal, Costa Rica.
Remote sensing analysis was incorporated into the
respective research designs to locate and map prehistoric
archeological features. In order to demonstrate the
utility of remote sensing in archeological research, it
was necessary to discuss the basic principles of remote
sensing (Chapter 3) as well as the basic analytical

techniques used in computer analysis. Following this
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discussion, each study area (Chapters 4 and 5) was
investigated using a combination of aerial and color
infrared photography, satellite imagery, digital aiborne

sensor imagery, and GIS technology.

CHACG CANYON

The interpretation that cChaco Canyon was the
center of an extensive and complex roadway system has
gradually evolved over the last 20 years. Chaco Canyon
achieved its peak during the Anasazi occupation in the
Classic Bonito Phase at 1020-1220 AD. Chaco canyon,
located in the San Juan Basin of northwest New Mexico, is
an erosional formation created by the Chaco Wash and
represents an area of extensive chronological development
(Ebert and Hitchcock 1975). The Chaco roadway systen is
generally associated with the Classic Bonito Phase (BLM
1983).

In 1971, archeologists noticed what appeared to be
a network of prehistoric roadways in aerial photographs
acquired by Charles Lindbergh and A.V. Kidder in 1929.
These features were indicated by changes in vegetation.
Grazing practices increased in the 1940's, however, and

recent aerial photography has not been as successful in
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recording the roadways. Although it is difficult to
locate the roads from ground level, their existence can
be verified through their association with stairways,
causeways, ramps, roadcuts, and walls (Bureau of Land
Management 1983). Through erosion, compaction and
occasional vegetational differences, the roadways have
survived as faint lines, often invisible to the human
eye.

Although they have a widespread distribution, the
purpose(s) of the roadways remains a mystery. A major
characteristic of the roadways is their linearity which
stands in sharp contrast to the meandering courses of
modern roadways. The prehistoric roads are generally 9
meters wide and run in straight lines regardless of
topographic features and the surrounding terrain. 1In
addition, they tie together a number of similar cultural
manifestations called "outlier" sites. Despite all
previous research, the extent of the Chacoan roadway
system remains unknown. This is due to the limitations
in viewing the roadways as well as the expense in
conducting traditional ground survey. As a result, the
mapping of this rcadway system is an important step
toward understanding a complex, regionally based cultural

development.



are:

13

The hypotheses that were tested in Chaco Canyorni

if the prehistoric roads had an economic function

then:

1.

they took the "path of least resistance"
as they traveled from one place to
another, resulting in curving or
meandering patterns in areas of
difficult terrain;

they incorporated greater constructional
effort in making travel easier at
difficult places, i.e. areas of steep
slope, than in areas of flat or level
relief;

they by-passed and avoided areas of high
topographic relief;

and, they provided linkage to Chaco
Canyon for the storage and
redistribution of goods.

Conversely, if the prehistoric roads served a

religious function, then:

1.

they will connect to a major center of
ritual activity (Chaco Canyon) where
they will be associated with religious
features such as shrines, kivas, great
houses, and ceremonial ceramic breakage;

and, they will incorporate elevated
areas of topogaphic relief into their
course such as pinnacles, mesa tops, or
other observational areas, and they will
be associated with ritualistic concepts
such as directional symbolism,
orientation, and astronomy; i.e., they
continue on their predetermined course
in spite of topographic obstacles.
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In order to test these hypotheses, it was
necessary to examine the archeological evidence from
Chaco Canyon and to use remote sensing techniques for the
mapping of the prehistoric roadways. Locating the roads
from ground level is extremely difficult and natural and
man-made activities upon the landscape have destroyed
many remnants of the roadway systen. Many of the roads
that were seen in photography in the 1930's are not
visible in the photography of the 1980's. In order to
understand the function of the Chaccan road network it
was first necessary to map the leocation of the roads.
New techniques in remote sensing assisted in this
process.

Recent studies have revised many past
interpretations regarding the role of Chaco Canyon in
Anasazi society. Through survey and excavation of the
roadway system as well as the excavation of great houses,
trash middens, and great kivas, new information was
available regarding the relationships between these
features and the prehistoric roadway system. In
addition, ethnographic information from Pueblo sources
surrounding this area, was examined to gain an insight

regarding the purpose for the Anasazi roads.



This investigation combined remote sensing,
archeology, and ethnographic research to test hypotheses
and subsequently determine the purpose for the
prehistoric roads that run across the Chacoan desert.
achieve an understanding of the Chacoan roadway system,
it was essential to map the prehistoric roads, to
determine their physical characteristics and
associations, to establish the dates for their
construction and use, and to determine the sites and
resources upon the landscape that are connected to the
roads. By examining this information an interpretation

for the Chacoan roadway system has been established.

ARENAL, COSTA RICA

The history of archeological remote sensing
applications has demonstrated success in arid and semi-
arid environments, yet the application to tropical
rainforests is practically non-existent. The wet
climatic conditions, severe cloud cover, burial by
volcanic ash layers, and complicated patterns of heavy
vegetation are major obstacles for conventional remote
sensing analysis. These problems are apparent in data

acquisition, data analysis, logistics, and subsequent

To
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field verification. This investigation demonstrates,
however, that a successful archeological remote sensing
study can be completed in the tropics if a combination of
remote sensing instrumentation, advanced image analysis,
and GIS application is employed in the research strategy
and ground verification. Since these techniques proved
successful in Costa Rica, it is probable that they can be
applied successfully in other relatively unexplored areas
such as the Amazon, eastern Peru, west Africa, and
southeast Asia.

Arenal Volcano in northwest Costa Rica has erupted
explosively at least nine times during the past 3000
Years (Melson 1978). In burying archeological features,
these numerous explosions have served to establish a
chronology of human interaction with the surrounding
landscape. The area has proven to be an excellent
natural laboratory for the study of prehistoric
settlement, adaptation, activity, and resource
exploitation. The area is located between two major
ecological zones, each of which possesses inherent
advantages and disadvantages. Although this volcanically
active area contains certain liabilities, the long-term
advantages appear to outweigh the short-term risks. The
fertile tephra (airfall ash) produced by weathering of

Volcan Arenal are conducive to botanical growth while
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volcanic raw materials can be used in lithic and ceramic
technology. Another volcanic material--laja, was used
for tomb and wall construction in the cemeteries (Sheets
and Sever n.d.). The influence of volcanic activity upon
prehistoric adaptation has only recently been intensively
studied (Lange 1978; Snarskis 1981; sSheets 1983,1984,
n.d.).

Multidisciplinary research has been conducted in
the Arenal area under a cooperative agreement between the
National Science Foundation (NSF), National Gecgraphic
Society (NGS), and the National Aeronautics and Space
Administration (NASA). Under the direction of Payson
Sheets (University of Colorado), the PROYECTO
PREHISTORICO ARENAL has operated under the theoretical
framework of paleoecology, as it attempts to determine
the relationship of prehistoric culturail sequences with
the dynamics of the surrounding landscape. A total of 62
archeological sites have been discovered consisting of
village sites, graveyards, and some lithic manufacturing
areas. Field excavation and laboratory analysis have
been conducted with such data as lithics, ceramics,
pollen, raw materials, and traded-materials. The
objective was to understand the chronological development
of the society's self sufficiency as well as its

relationships with neighboring societies. An outcome of
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the project's research has been the development of a
methodology for detecting prehistoric footpaths.

It is proposed that prehistoric footpaths can be
used to help understand a culture's religious, economic,
political, and social organization. People negotiate the
surrounding terrain for a variety of reasons including:
transportation, communication, and ritual. In following
these footpaths, the researcher can gain an insight into
the nature and purpose of prehistoric human activity.

The hypotheses that were tested in the Arenal area

are:

1. If the linear patterns in the remotely
sensed data are prehistoric footpaths,
then they will demonstrate relationships
that are of a cultural origin.
Specifically, the paths will reveal a
linkage system between resources,
villages, and other cultural areas.
They will connect with each other, with
springs, cemeteries, manufacturing
areas, storage areas, and natural
resources.

Conversely, if the linear patterns are
attributable to natural processes, they
will not demonstrate any cultural
relationships. Specifically, they will
be reflective of the ongoing geological
or erosional processes that continue to
occur in the area today.

2. If the adaptive strategy to the
rainforest environment was similar
throughout all phases of occupation,
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then the archeological remains will be
similar through time. Specifically, if
the ceramic and lithic traditions are
similar through time, then the
characteristics of site location will be
similar through time. These
characteristics include elevation,
slope, soil, aspect, distance to water,
and life zones.

Conversely, if there was a change in the
adaptive strategy to the rainforest
environment, then there will be a change
in the archeological materials.
Specifically, if the ceramic and lithic
traditions change in order to adjust to
a new adaptive strategy (i.e. hunting
and gathering to agriculture), then the
variables of site location will also
change.

The hypotheses were tested using the information
that comes from remote sensing analysis, field survey,
and excavation. The first hypothesis investigated the
location of prehistoric paths using aerial photography
and digital airborne sensor data. The projected path
locations were verified through survey and excavation.
In this regard some of the techniques were similar to
those employed at Chaco Canyon. The pathway network was
analyzed to determine the mitigating factors responsible
for its arrangement.

The testing of the second hypothesis was assisted
by the construction of a Geographic Information System

(GIS). The GIS combined several layers of ancillary
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information with satellite data. These ancillary layers
consisted of such information as rainfall, site location,
distance from water, elevation, slope, aspect, soil type,
and life zones. The GIS was queried to determine those
factors that the prehistoric sites share in common. The
village site locations were compared throughout all
phases of occupation to determine if there was a
significant variation in site attributes from one phase
to another. It was predicted that if a significant
difference in site characteristics were determined, then
this would be reflected in the ceramic and lithic data.

The available remotely sensed data over the Arenal
area included:

1) Four bands of MSS satellite data (April 1984);

2) Seven bands of TM satellite data (April 1985);

3) Hasselblad color aerial photography (October
1984; April 1985).

4. Lidar (laser profiler) data (October 1984);

5. L-band 30 and 10 meter radar data; four
polarizations(March 1985);

6. CIR photography (October 1984; March 1984; Feb.
1988);

7. TIMS 5 meter resolution (Feb. 1988).
Also included in the data inventory were digitized

1:50,000 scale topographic maps of ancillary information
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such as soils, elevation, slope, aspect, precipitation,
life zones, etc., which were used as input into a GIs.
From this composite database of information, and in
conjuction with the field and laboratory results
conducted since 1984, a new insight was gained regarding
prehistoric adaptation and social integration in a

tropical rainforest environment.

DATA ANALYSIS/COMPUTER FACILITIES

Digital image analysis was conducted at the Earth
Resources Laboratory located at the Stennis Space Center,
SSC, Mississippi. Data analysis was conducted on a
Perkin-Elmer 3242 main frame computer using the Earth
Resources Laboratory Applications Software (ELAS). ELAS
is a FORTRAN-based software system designed for advanced
remote sensing analysis. Some of the extensive hardware
facilities include: 16 mb of solid state four way
interleaved main frame memory, 5.8 gigabytes of random
access disc storage, floating point array processor,
pulse code modulated (PCM) front end for reading and
decommutating aircraft data, two 800/1600 and two 6250
BPI tape drives, 22 terminals, 512 X 512 32 bit Comtal

image display processors, four line printers, one Eikonix
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model 78/99 automated digitizing system and one Versatec

model 8222A plotter.

SUMMARY/SIGNIFICANCE OF THE RESEARCH

People have left a permanent record of their
actions upon the environment which often can be seen
through remote sensing technology. While remote sensing
has been used by archeologists since the turn of the
century, generally in the form of aerial photography, it
is only recently that attempts have been made to use the
sophisticated digital airborne/satellite technology of
the last two decades. As cultural features are destroyed
at an unprecendented pace as we enter the 1990's, the use
of remote sensing technology becomes more crucial, and
pPerhaps even mandatory, for the future of anthropological
research.

Alteration of the surface environment by cultural
activity has been occurring for thousands of years. The
degree of this modification is often related to the level
of cultural development. The adaptive strategies of
hunter-gatherers has less impact upon the environment
than the agricultural practices of industrialized

nations, yet both cultural impacts are apparent on both
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landscapes. The spatial dimensions of these changes are
also detectable, ranging from surface mining to backyard
swimming pools in contemporary societies, or raised-~
fields systems to individual burial mounds in prehistoric
societies. Despite the rapid changes that are taking
place upon the earth's surface in the 1980's, the rural
landscape is the principal scene registered today on most
remotely sensed images and records the contemporary and
prehistoric impacts within it. 1In addition, the
repetitive acquisition of remote sensing technology with
Landsat satellites since 1972 has created an archive for
future investigations.

There is great diversity in the ways past human
activities have altered the landscape. The major
processes center around the extraction and deposition of
materials. The construction of earthworks, stone
structures, raised fields, irrigation systens,
transportation routes, and cemeteries, as well as
agricultural and quarrying activities have often left a
physical "fingerprint" which can be detected through
remote sensing. No matter which analytical technique is
used to detect this change, the nature of the change
remains the same: human adaptation to the natural and

cultural environment.
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Prehistoric alterations may manifest themselves as
differences in soil moisture or composition, vegetation,
or shadow patterns. They may take the form of straight
or curved lines, geometric pattarns, or anomalous shapes
that contrast with the natural environment. They may be
readily apparent in the imagery or require sophisticated
computer-implemented analyses. They may be detected in
individual regions of the electromagnetic spectrum, (i.e.
ultraviolet, visible, infrared, thermal-infrared, and
microwave), or they may require multispectral
combinations. If an archeologist understands the
dynamics and mechanics of remote sensing, he can detect
the impact of prehistoric societies upon the ancient
landscape.

The rapid acceleration of remote sensing
technology and computer hardware/software capability,
however, has created some concern about the realistic
limits of its anthropological and archeological
applications. Using the most advanced remote sensing
data available, as well as the most proven
mathematical/statistical techniques, this study has
demonstrated the potential of remote sensing technology
in two diverse, environmental and cultural areas: Chaco
Canyon, New Mexico and Arenal, Costa Rica. It is hoped
that this generalist approach will provide the necessary

fundamentals which can serve as a baseline for other
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researchers as they incorporate remote sensing technology
into more complex and regionally oriented research

designs.



CHAPTER 2

HISTORY OF REMOTE SENSING IN ARCHEOLOGICAL RESEARCH

EARLY DEVELOPMENTS
Some 5000 to 6000 years of history are known
through surviving written records, but this
represents less than one percent of the time human
beings have existed on earth. Knowledge of the
greatest part of human heritage can only be
obtained by the discovery and careful excavation
of sites and ancient cultures. Archeological
photographs serve as tools of discovery and as

scientific records of the process and product of
such investigations.

The Encyclopedia of Photography, 1984

The development of remote sensing in archeology
can be traced to the evolution and overlap of three
fields: photography, aviation, and archeology.
Photography can be traced back to 1839 when Louis J.M.
Daguerre, William Talbot, and Nicephore Niepce, invented
a4 process for creating portraits called daguerreotypy.
Later in the same year a French physicist, D.F. Arago,
lectured to the French Academy in which he discussed the

potential applications of this process (Deuel 1969).
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While the use of aerial photography was first
proposed during the next year in 1840, it was not until
1848 that the first aerial photograph was taken from a
balloon above Bievre, France, by Gaswvard Felix
Tournachon. At this time dageurreotypy had evolved to
the art of photography as new lenses and plates of silver
chloride were developed. The first aerial photcgraph in
the Americas was taken by James Wallace Black in 1850
from a balloon 1,197 feet above Boston (Avery 1968).

Aviation developed significantly during the
American Civil War when Union and Confederate balloon
corps were formed to scout military maneuvers. General
McClellan is said to have employed balloon photography to
record Confederate positions in Virginia (Avery 1968).
Contrary to popular belief, however, there is no evidence
which demonstrates that either side ever acquired aerial
photographs (Newhall 1969). Kite aerial platforms were
emplocyed during the 1880's, but were ineffective due to
their instability and limitations in weight-~bearing.
Simultaneously, however, Major Elsdale of the British
Royal Engineers Balloon Establishment had developed a
successful technique for self-releasing cameras in
unmanned balloons to photograph the English countryside

(Deuel 1969).
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Archeology was developing into a scientific
discipline by the turn of the century as emphasis shifted
from the prehistoric art objects themselves to the
economic and social systems of the people who had created
the objects (Willey and Sabloff 1980). During the
1890's, for instance, the English General Pitt-Rivers
urged archeologists to become more systematic in their
study of ancient cultures and even suggested the use of
aerial photographs (Deuel 1969). It is from these
simultaneous developments in photography, aviation, and
archeology that archeological remote sensing
reconnaissance originated.

The first remote sensing application in archeology
occurred in 1891 when a British archeologist, Lieutenant
C.F. Close, used a camera attached to an unmanned balloon
to photograph the ancient ruins near Agra, India (Deuel
1969) . The event, however, went unnoticed in the
scientific community due to the poor quality of the
photography that resulted and the fact that it was not
published.

In 1907, a British engineer named J.E. Capper
presented two photographs to the British Society of
Antiquarians. These photographs were of the ancient

megalithic structure of Stonehenge taken from an unmanned
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balloon. The photographs were published later in the
same year in Archaeologia (Capper 1907). The photographs
originally had been taken by Lieutenant P.H. Sharpe in
1906 of the English countryside and incidentally included
Stonehenge. While the photographs did not reveal any new
information that could not be seen from ground level,
they created a large amount of excitement due to the
perspective they provided (Deuel 1969). For the first
time scholars could see all of Stonehenge, which covers
over 2 acres, at once. 1In short, the significance of the
event was not in the information that was provided within
the photographs, but the realization of the potential of
aerial photography for archeologyf

The first intentional application of aerial
photography to archeological research occurred in 1908.
Italian army engineers photographed the ancient Romans
ruins of the port of Ostia (Deuel 1969). Sir Henry
Wellcome, an amateur English archeologist, used cameras
and box kites to photograph and document his excavations
in the Anglo-Egyptian Sudan between 1911-1914 (Ebert and
Lyons 1983). And finally, Sir Leonard Wooley, T.E.
Lawrence, and Captain S.F. Newcombe used an aircraft for
archeological reconnaissance during the 1914 Sinai

expedition (Garnett 1938; Knightley and Simpson 1971).
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The airplane was first used as a camera platform
in 1909 when Wilbur Wright, working with Italian Naval
Officers, took an aerial motion picture over Italy
(Ambrosia and Whiteford 1983). The airplane provided
greater stability and control in acquiring photographic
information. World War I accelerated the development of
sophisticated camera systems, sensitive films, and
photographic techniques by the English, French, and
Germans (Rowe 1953). Perhaps more significant for
archeology, however, was the use of archeologists as
pilots, map makers, aerial observers, and photographers.
Archeology and remote sensing were developing
simultaneously and archeologists, who had used remote
sensing to the greatest extent, were the foremost experts
in aerial photography. They were also prime candidates
for military drafts and reconnaissance positions during
World War I (Carstens et al. 1983; Deuel 1969).

Like archeologists, army pilots and military
personnel were also an important part of the early
development of aerial photography. The interaction
between them became more intense during World War I, but
exchange between archeologists and military personnel had
existed prior to the War. Even Capper's (1907) original
article in Archaeologia was entitled, "PHOTOGRAPHS OF
STONEHENGE, AS SEEN FROM A WAR BALLOON."
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ARCHEOLOGICAL RECONNAISSANCE IN EUROPE
Several documented examples of military-

archeological reconnaissance during World War I are
known. British Lieutenant-Colonel G.A. Beazeley
conducted several flights over the Tigris~Euphrates plain
recording military and archeological information. Wwhile
on a foray into enemy territory during May of 1918,
Beazeley was shot down and captured. His experiences
were published after the war in the "Geographical
Journal" of 1919 and 1920 (Deuel 1969). O0.G.S. Crawford,
the foremost contributor to aerial archeology, was also
shot down by the Germans while photographing military and
archeological information. It was during his many months
in captivity that crawford pondered over the many
archeological questions that had aroused his interest
before and during the war (Deuel 1969). Finally, Oxford
archeologist, John L. Myres, directed the bombardment of
the house of German archeologist, Theodor Wiegand, at
Didyma from a plane. The purpose seems to have been to
divert the Allied fire to Wiegand®s house rather than the
adjacent Apollo temple where excavations were being

conducted (Watzinger 1944).
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The close association between archeoleogy and
aerial photography, which began for military purposes
during World War I, continued through World war II and
beyond. During World War IT, archeologists were again
drafted for military photographic interpretation due to
their scientific expertise in the area of aerial
pPhotography. Regretfully, the suspicions surrounding the
true objectives or hidden agendas of archeologists have
followed them across the Years into the 1980's as they
conduct satellite and aircraft remote sensing analysis in
foreign nations. While this is a frustrating situation,
it is one to which every archeologist should be sensitive
when conducting remote sensing research.

Schorr (1974) states that British archeologists
working as photointerpreters during World War I noticed a
number of unique properties in the aerial photographs
that could be used for site discovery and survey. These
properties were described as “features of long-
obliterated structures in the terrain, soil formations,
and vegetative cover...that are either invisible or
easily overlooked in surface reconnaissance.% They also
stated that "some features, invisible to the eye at any
angle, may be recorded for study by the use of special

combinations of films and light filters, and overlapping
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pPhotographs produce stereoscopic vision so that even the
slightest undulation produced by surface remains may be
accurately measured and described."

The end of World War I began the peacetime
applications of aerial pPhotography in several disciplines
including archeology. It also initiated a debate in
archeology as to whether the British, French, or Germans
had been first to establish the use of aerial archeology.
What can be stated with certainty is that Wiegand, who
had been excavating at Miletus, was in charge of a
special unit which was tasked to identify historical
monuments using aerial photography in the Near East in
order to preserve and protect them throughout the War
(Wiegand 1920). This conservation activity was the first
known use of remote sensing in cultural resource
management. Later, British archeologists supplemented
and complemented the German research through surface

survey and scientific excavation (Beazeley 1919;1920).

0.G.S. CRAWFORD
The principal figure in the early history of
aerial archeological research is the English scientist,

0.G.S. Crawford (Figure 2-1). Crawford had served as a
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Figure 2-1. oOsbert Guy Stanhope Crawford (1886-1957) who
laid down the basic principles that govern

aerial archeology. From (Deuel 1969:78).
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member of the Royal Flying Corps of England in France and
Belguim during World war I. Beginning in 1922 crawford
dedicated the remainder of his life toward the
application of remote sensing to archeology and cultural
resource management. The discipline of archeology, as
well as all of aerial photography in general, has been |
indebted to Crawford's efforts ever since. crawford
established the scientific basis for the interpretation
of aerial photography. Educated in geography,
archeology, photography, and map making, Crawford
discovered that archeological research could be enhanced
through understanding the geographic relationships
between a culture and the surrounding environment.

While others had recognized that human activity
leaves lasting fingerprints upon the earth's surface
which can be seen from the air, Crawford was the first to
grasp the real importance of the subject. The basis for
his aerial archeological interpretation centers around
ground signatures which he identifies as shadow marks,
crop marks, and soil marks. Crawford also identified the
factors which affected aerial photography such as sun
angle, lighting, time of day, season, meteorological
conditions, atmospheric pressure, camera angle, film
type, and skill of the pilot, photographer, and

interpreter. 1In addition he emphasized the need that
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ground truth information be correlated with aerial
photography in order to achieve scientific success (Deuel
1969). These same factors are pPresent even in the most
advanced digital satellite technology of the 1980's.

Crawford published the results of his projects
extensively in Anti uity, an archeological journal that
he founded and edited until his death in 1957. His
energetic work demonstrated that aerial reconnaissance
could make archeological fieldwork more economical,
assist in environmental site reconstructions, and locate
cultural features which were not visible from ground
level. With assistance from Alexander Keiller, he
produced a classic in archeological remote sensing

research with his Wessex From The Air (1928). This book

emphasized that aerial research should be used to
establish scientific techniques for archeological
research rather than be used merely to produce visually
spectacular results. 1In this era of high orbital
satellite technology and sophisticated computer
intelligence it is important that we continue to adhere

to Crawford's proven wisdom.
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DEVELOPMENTS IN THE U.S.

American interests in aerial archeological
reconnaissance lagged behind the dynamic developments in
Europe. The first American application of archeological
remote sensing research was conducted under the direction
of David I. Bushnell (1922) at Cahokia mounds near St.
Louis, Missouri, in 1921 by Army pilots H.R. Wells and
A.C. McKinley (Rowe 1953). A few months later, this
flight was followed by another over Cahokia by Lieutenant
George Goddard and Sergeant Ramey (Goddard 1969; Hall
1968) in conjunction with Warren King Moorehead's
excavations (1922, 1928) at the site. Unfortunately,
however, the published sources at the time indicate that
none of the investigators were aware of what the others
were doing (Fowler 1977). This lack of communication
lessened not only the archeological interpretations but
also the development of aerial photographic techniques.
In the American Southwest, Army pilots also acquired
photography over the Gila and Salt Rivers in the late
twenties for the study of prehistoric canals by the
Smithsonian Institution (Deuel 1969).

It was Charles Lindbergh who demonstrated the
potential use of aerial reconnaissance to American

archeologists. While employed by Pan American Airways to
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establish new air routes in the Caribbean, Lindbergh
acquired aerial photographs of Middle American sites such
as Tikal, Tulum, and Chichen Itza. These photographs
also revealed poorly known sites such as Coba, Rio Bec,
and Yaxha as well as a complex of unknown associated
features such as mounds, causeways, and temples.

In the summer of 1929, Lindbergh and his wife
Anne Morrow acquired photography of certain northern
portions of New Mexico and Arizona (Figures 2-2 and 2-3).
They flew these photographic missions in conjunction with
Harvard archeologist A.V. Kidder who was conducting
excavations at Pecos. Lindbergh recorded "hunting for
marks of early civilization.... From the air we could see
dimly but definitely the square or rectangular lines on
the earth that marked where walls had stood..." (Fagan
1985). The oblique photos revealed a number of
previously unknown Anasazi pueblos and archeological
features such as the cliff houses under the rimrocks of
Canyon de Chelley and Canyon del Muerto (Deuel 1969).
The Chaco Canyon photos recorded prehistoric roadways
which were not noticed in the pPhotography until 1971, and
which are the basis for the thermal imaging analysis in
Chaco Canyon discussea in Chapter 4. From the archive of
over 100 photographs, Kidder was able to recognize the

relationship between settlements and topographical



Figure 2-2. Colonel Charles and Anne Morrow Lindbergh
examining aerial photographs of a cliff
dwelling in the American Southwest in 1929.

From (Deuel 1969:238).

Aerial photograph taken by Charles Lindbergh
in 1929 showing Pueblo Bonito in the canyon

Figure 2-3.
bottom and the North Mesa in the background.
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features. Kidder reported:

Some of the photographs...show clearly the

relation that existed in ancient times between

water supply, land available for farming, and
easily defensible house sites, matters which are
of great importance to scientists as they try to
picture the conditions under which prehistoric

peoples lived (Deuel 1969).

In October of the same year (1929) the Lindberghs
teamed up again with Kidder to conduct aerial
reconnaissance in Yucatan. They were joined by Dr.
Oliver H. Ricketson, an expert on the Peten area. Kidder
actually flew with Lindbergh for hundreds of miles
recording the location of known and unknown sites in his
meticulous notes. Suprisingly, however, very little
Photography was gathered. The results of this expedition
are recorded in "An Archeological Reconnaissance by Air
In Central America" (Ricketson and Kidder 1930). Kidder
did, however, attain an insight that would have made an
important contribution to remote sensing had it been
followed up in a scientific manner. Kidder was able to
find sites by discriminating different vegetation
species. He noticed, for instance, that sapote trees
grew in greater profusion near ancient mounds. From the
air Kidder could distinguish different trees and brush
which were indicators of archeological features. As is

discussed later in this chapter, this technique was

eventually employed by W. Frank Miller in 1972 and is the
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basis for much archeological feature detection in digital
remote sensing analysis.

The pioneering flights of Lindbergh and Kidder
were followed by hundreds of flights. During the 1930's
aerial photography was being used by archeologists from
universities, museums, and institutions all over the
world. Dache M. Reeves, of the U.S. Army Air Service,
photographed earth-work sites in the Ohio and Mississippi
Valleys, including Marksville, Louisiana, Newark, Ohio,
and Cahokia, Illinois (Reeves 1936). These photographs
are in the archives of the U.S. National Museum. In one
of the first American salvage projects, Smithsonian
Institution River Basin Surveys Program photographers
recorded sites in the Missouri Basin in response to dam
construction which subsequently flooded large tracts of
land (Ebert and Lyons 1983).

Aerial photography was especially valuable in
areas where ground conditions precluded adequate survey
by foot such as the tropical forests and highland
deserts. Lt. George R. Johnson recorded many Peruvian
archeological sites while working with the Peruvian Naval
Service (Johnson and Platt 1930). The Shippee-Johnson
expedition (Figure 2-4) that followed shortly thereafter

discovered the "Great Wall of Peru" (Figure 2~5) in a
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Figure 2-4. Robert Shippee and Lieutenant George Johnson
who led an eight-month aerial survey of Peru
in 1931. From (Deuel 1969:239).

Figure 2-5. A section of the "Great Wall" of Peru which

is of pre-Inca origin and runs through the
Andean foothills for over 40 miles. From
(Deuel 1969:240).
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coastal desert environment near Chimbote from the air

(Shippee 1933).

DEVELOPMENTS FROM 1939-~1972

World War II brought on greater developments in
aerial photography. Infrared film was developed to
detect camouflaged targets which had been made to look
like natural vegetation. This development is significant
since it was the first effort to see information slightly
beyond the range of human vision. Color infrared film
(CIR) was not used in archeological research until the
1950's, when Bernard Ediene demonstrated its capability
in Normandy, France to detect buried Roman features that
were not discernible on black and white photography
(Ediene 1956). Cameron (1958) also demonstrated the
advantages of CIR over conventional photography at a
number of archeological sites in Nova Scotia. He was
able, for instance, to show that a reconstructed wall was
incorrectly located (Tartaglia 1977).

After World wWar II, many countries, particularly
the United States, used aerial photography for the
topographic photogrammetric mapping of large regions

(Ebert and Lyons 1983). The photography was generally
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acquired in 9" X 9" overlapping sheets that could be used
for stereoscopic viewing. The photography was
inexpensively available to the general public and
archeologists have employed it in their research around
the world for years. Even today, this photography can be
a valuable low-cost tool for archeological research.

Elmer Harp, who successfully employed both black
and white and CIR photography for detecting archeological
sites in the Arctic, concluded that while CIR produced
higher resolution, contrast, and detail, it did not
provide him with any significant new information (Harp
1958; 1968; 1977). This is not surprising since CIR is
sensitive to changes in vegetation and seasonality can
affect its use. In North Carolina, the use of CIR
photography successfully located a former Indian trail,
drainage channel, village, and cemetery (Wray 1971),
while in Arizona CIR Photography located previously
unknown prehistoric agricultural fields near Sunset
Crater (Schaber and Gumerman 1969; Tartaglia 1977). As
will be discussed later, CIR photography acquired in 1984
was essential in the detection of prehistoric footpaths
in the tropical regions of Costa Rica (Sheets and Sever
n.d.).

An excellent example of the utility of CIR
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photography is best demonstrated in the Tehuacan Valley.
Here, Kent Flannery collected detailed information for
reconstructing the microenvironments (Flannery 1968).
These zones were mapped in a short period of time by
Gumerman and Neely (1972). The research revealed that
CIR can be as important in recognizing and mapping
ecological zones as in the detection of archeological
features; hence encouraging multidisciplinary ecological
research.

Since World War II, a broad range of aerial
applications in archeology have transpired throughout the
world. While it is impractical to list them all I will
simply present some of the highlights. A classic
application was performed by Gordon Willey (1953) in the
Viru Valley of northern coastal Peru. Employing a
Peruvian Air Force photographic mosaic, Willey was able
to identify many archeological features and reconstruct a
story of changing settlement patterns over thousands of
Years (Willey 1959). Middle Age sites in Europe have
also been successfully detected and analyzed (Bowen 1962;
Schellart 1962; Chevallier 1962; St. Joseph 1966).
Strandberg (1974) demonstrated the application of remote
sensing to historical archeology. Numerous studies have
addressed the topic of prehistoric roads in Chaco Canyon

(Lyons 1976; Lyons and Avery 1977; Lyons and Hitchcock
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1977; Lyons and Ebert 1978; Lyons and Mathien 1980;
Obenauf 1980; Lister and Lister 1981; and the Bureau of
Land Management 1983;1987).

Perhaps the major thrust of archeological remote
sensing research during the sixties and seventies was
applied to raised field systems. These agricultural
features, with their associated causeways, were
originally discovered in Bolivia and Colombia (Parsons
and Denevan 1967). These features are often difficult to
perceive from ground level and can only be appreciated
from aerial reconnaissance. Raised field systems have
also been detected in Yucatan as well as in Belize
(Turner 1974). Similar features have been located in the
Valley of Mexico, the Sabana de Bogota in Colombia, and
along Lake Titicaca in Peru (Ebert and Lyons 1983).
Broadbent (1968) has discussed the striking similarities
of the arrangement and design of both the highland and

lowland systens.

ARCHEOLOGY ENTERS THE SPACE AGE
The launch of NASA's first Landsat satellite on
July 23, 1972, signalled the beginning of a new digital

era in archeological remote sensing research. The
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sensors onboard the satellite provided photographic-like
prints in four spectral bands which could also be
electronically processed to produce false-color
composites. The chemical process of optical photography
was now replaced with the computer-generated images of
digital data. This digital process was originally
created for space and planetary exploration by NASA in
the mid 1960's. Even with the launch of Landsat 1, very
few people realized the potential of this new technology.
In retrospect, it has changed the nature of remote
sensing analysis. While the disciplines of geography,
geology, forestry, agriculture, soil science, and
hydrology have pursued its capability intensively, only a
few pioneering works have been attempted in archeology.
Nevertheless, it is a tool which is quickly expanding
into archeological research designs as better spatial
resolution and less expensive computer capability becomes
available.

The theoretical framework, regional analyses, and
ecological approaches within which the new remote sensing
methodology could be applied had been evolving in the
discipline of archeology for some time. Certainly the
"new archeology" Binford (1964) and the use of statistics
(Thomas 1969) opened new doors for archeological research

and set the stage for the adoption of remote sensing
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technology. New concepts in archeology such as
"interaction spheres" (Caldwell 1964) and systems theory
(Flannery 1968) could take immediate advantage of the new
technology if it performed to expectation. The visionary
research and new approaches to the study of ancient human
interaction with the natural environment could profit
from the new technology by conducting analyses in a
rapid, accurate, and cost-effective manner. MacNeish's
studies in the origin of maize (1958,1975) could take
advantage of the same data that Flannery (1968,1973)
might use in his studies of systems and the dietary
implications of hunting and farming in the Tehuacan
Valley. 1In short, there was an evolution going on in
archeology in the recovery, documentation, analysis, and
interpretation of data, and archeology was developing new
approaches and acquiring additional skills to test
hypotheses that initially seemed almost presumptuous in
scope.

The potential of satellite technology for
archeological and ethnographic research was immediately
presented in 1972 (Lyons, Inglis, and Hitchcock). It was
forecasted that the new space technology would provide
information both on human activities upon the landscape
as well as the nature of the environmental background.

The authors postulated that "space-derived data held
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great potential for temporal and regional studies because
of their quantitative, synoptic, and repetitive nature®
(Lyons and Ebert 1983).

A number of archeological and ethnographic
applications of satellite technology were initiated in
the 1970's. Many of these projects were not completed;
others had varying degrees of success. There were a
number of factors which contributed to this situation.
First, remote sensing itself was in its infancy. The
statistical and computer processes which were being
developed for digital analysis under the NASA program
were in a basic research mode. Few archeologists or
ethnographers had the mathematical background or training
to understand the nature of digital analysis. The 80-
meter spatial limitations of the satellite were
inadequate for archeologists who were making rapid
advancements in the application of aerial photography and
hand~held photographs taken by astronauts in space.
Ethnographers were frustrated by the inability to acquire
cloud free data over their study area or acquire funding
to perform the necessary large-scale ground truth
activities. And the NASA program concentrated its
funding toward applications in agriculture, forestry, and
geography. In fact, most university remote sensing

laboratories today are affiliated with the geography
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departments. Archeology programs which allocated their
limited funds in the new technology saw little return for
their investment. The collective effect of these and
many more contributing factors resulted in making
anthropological researchers skeptical of the new
technology. As shall be shown, however, this skepticism
is being replaced with a new confidence and enthusiasm as
a result of the recent advancements in remote sensing
technology as well as a new commitment by the
anthropological community.

One of the first successful applications of
Landsat technology in anthropological research was the
pioneering work of Priscilla Reining (1973; 1974a; 1974b;
1978). Reining demonstrated that Landsat, aerial
photography, fieldwork, and sampling strategies could be
combined to produce information regarding carrying
capacity, population density, land use, resources, cCrop
stress, agricultural potential, and exchange. Her study
areas included the agrarian systems of the Niger and
Upper Volta as well as the population and migration
practices of the Sonrai in West Africa. The same type of
research was conducted for the Dogon in Mali during the
Sahelian drought by Rosalie Fanale (1974) . cultural and
human ecology research that used Landsat was successfuly

applied in Kenya by Francis Conant (1976; Conant and Cary
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1977) . Anthropology will forever be indebted to these
researchers for their vision and enthusiasm in the
application of digital remote sensing analysis.

Archeology, meanwhile, was encountering major
problems in the application of Landsat imagery. Most of
the features of interest, ie. prehistoric roads, canals,
campsites, structures, and walls, simply were too small
to be detected in the Landsat imagery. While airborne
sensors were available for overflights, the cost was
often prohibitive. Even when airborne imagery was
acquired, the limitations of the sensor sensitiviy,
computer hardware/software, and data analysis expertise
of the investigator precluded successful results. While
Landsat data were sufficient for large-scale regional
analysis, archeologists, in general, turned back to
photography. A notable exception, however, was the Chaco

Canyon Remote Sensing Center.

THE CHACO CENTER

The Chaco Center was a joint research project of
the National Park Service and the University of New
Mexico. For approximately a decade, this center was

instrumental in encouraging remote sensing research in



both optical and digital formats. Through the

integration of many projects which addressed non-
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destructive methods of archeological exploration, survey,

and analysis, a framework was developed for future

research. Many of the unheralded accomplishments of this

center include: optical-digital comparison,
identification of spectral and spatial scanner

capabilities, atmospheric correction requirements,

pPhotogrammetric mapping, data rectification, ground based

instrumentation, and estimates of operational costs. The

results of this Center served as a baseline for other

remote sensing projects. As will be seen, the thermal

analysis of prehistoric roadways in Chaco Canyon by NASA

was inspired by the Center's research (Lyons and Avery
1977). The vision of this Center cannot be overlooked,
as the researchers there were ahead of their time.
Unfortunately, the limitiations of the remote sensing
instruments that were available to them did not provide
the spectacular results that would have made a dramatic

impact on archeology.

AERIAL SURVEY TECHNIQUES
An important approach to archeological remote

sensing analysis was conducted by W. Frank Miller. In
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1972, Miller developed an aerial survey technique, based
on an environmental model inspired by Holdridge (1966),
that discriminated Early Woodland/Early Mississippian
settlements in humid, forested regions. Thirteen terrain
and landform hypotheses, and eleven supplementary soil
and vegetative hypotheses served as the basis for this
model (Miller 1981). Testing of this model resulted in
the prediction and identification of 52 of 62 possible
site locations for an accuracy of 84%.

In another study, Miller modified the model to
predict the location of three extinct historical towns
along the Tombigbee River in Mississippi which were
occupied between 1834-1856. These three towns, Barton,
Colbert, and Vinton, were successfully detected by noting
the effects of human activity upon the environment. The
major modifications were found to be the geometric
arrangement of old-growth hardwood and cedar trees,
linear arrangements indicating roads or house approaches,
and the existence of specific ornamentals which were
introduced into the environment. Miller demonstrated,
for example, that pine and sweetgum, which normally
account for 6.8% of the natural stand, changed to 62% of
the modified stand, clearly indicating the effects of
historic land clearing. Miller was able to identify a

number of historic features such as single house
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locations, roads, fence lines, and historic agricultural
fields. Both the prehistoric and historic studies are
documented in his "Remote Sensing Techniques in
Historical Site Discrimination® (Miller 1981).

Both of Miller's projects called for a combination
of photography and digital data. Unfortunately, NASA was
unable to gather the digital data and thus Miller's
results are based solely on black and white and CIR
photography. Nevertheless, Miller was in fact finding
archeological sites through "signatures" upon the
environment. Digital data would have only served to
enhance the results of his research. Miller, a forester,
was approaching site discrimination differently than were
archeologists who were using Crawford's approach in
finding soil marks, crop marks, and shadow marks in the
optical and digital data. Miller was employing the same
technique first discovered by Kidder in 1930 and,
unfortunately, used by looters of sites for many decades,
whereby vegetation species (such as Ramon tree
concentrations as site indicators) are used as
discriminants of archeological features. Eventually,
both approaches would be employed in remote sensing
analysis. Yet, the importance of Miller's research can
be appreciated when compared to the following one

conducted in Western Kentucky.
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THE JACKSON PURCHASE PROJECT

This project demonstrated an effective method for
locating archeological sites in aerial photography using
techniques similar to those employed by Crawford. A
discussion of the procedure was published in the article,
"Using Remote Sensing In A Predictive Archaeological
Model: The Jackson Purchase Region, Kentucky" (Carstens
et al. 1982). The study showed that aerial photecgraphy
could improve the accuracy attained through traditional
archeological ground survey. Whiie Miller's studies
centered upon the identification of geomorphic regions
and vegetation patterns, this study addressed site-~
specific identificaton. As a result of the success of
the Kentucky project, I contracted part of my NASA
archeological funds to the same research team to conduct
similar research over the lower Ohio River and middle
Mississippi River valleys of western Kentucky in 1982.
Thematic Mapper Simulator (TMS) aircraft data were
acquired on April 11, 1982 at 10 and 30 meter
resolutions. The primary purpose of the project was to
identify spectral signatures in the digital data such as
mounds, earthworks, and villages that were distinctly
archeological. Although the CIR photography was once

again successful, no distinct archeological signatures
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were developed in the digital data due to the compiexity
of land cover and land-use patterns (Mid-America Remote
Sensing Center 1983). As outlined in the report,
several factors in data acquisition and data analysis
precluded successful signature detection for

archeological features.

AERIAL PHOTOGRAPHY AND DIGITAL IMAGERY

An important application of remote sensing
technology is Aulis Lind's (1981) "Applications of
Aircraft and Satellite Data for the Study of Archaeology
and Environment, Mekong Delta, Vitenam." Using the large
volume of aerial pPhotography gathered from the Vietnam
conflict, Lind was able to detect ancient canals and
settlements. She used Landsat data in conjunction with
the aerial photography to understand the pattern of
geomorphic changes of the delta environment as they
related to archeological features. A similar
environmental and lithological approach was used in Egypt
by E.M. shazly (1983). 1In his "Space Borne Imagery
Interpretation of Mega Features Related to Egyptian
Archeology", Shazly interpreted 4 bands of Landsat MSs
data to isolate drainage systems, water points, playas,

plateau surfaces, etc. He used this data to demonstrate
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that the alternation of pluvial and dry periods was an
important factor in both prehistoric and contemporary
technological and socio-political development.

Archeologists continued to use aerial photography
for site-specific analysis while satellite imagery was
relegated to large scale analysis. This can be further
documented in the research conducted in France by Carole
Crumley and Scott Madry (1983). Archeologists continued
to be frustrated by the fact that they could make little
progress using satellite imagery alone. Nevertheless,
they continued to recognize the "potential" of satellite
imagery. E. Barisano and B. Helly (1985) reflect the
position of most archeologists conducting satellite
research in the conclusion of their "Remote Sensing and
Archaeological Research in Thessaly (Greece); New
Prospects in 'Archaeological! Landscape". 1In this paper
they end with the statement, "The results obtained, as
concerned handling of satellite images and aerial

photos...are still incomplete but full of promise."

RADAR DATA
While some archeologists labored with the spectral

and spatial limitations of the available satellite data,
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others investigated the use of airborne radar (microwave)
data. The microwave frequencies of radar systems have
some unique characteristics when compared to the spectral
frequencies of satellite systems. Radar is an active
system, i.e., it illuminates the surface with its own
energy, and it has a cloud penetration capability. 1In
addition, it has the potential of penetrating vegetation
when used at a steep incidence as well as detecting
vegetational topographic differences (Henderson and
Merchant 1983; Lillesand and Kiefer 1979) . These
differences are due to variations in soil composition and
moisture that can result from buried archeological
features. A buried wall, for instance, will often retard
surface vegetation growth while a refuse pit will
generally accelerate it. The disadvantage of radar
imagery is that it is extremely expensive and requires
sophisticated analysis when compared to satellite
imagery.

An application of NASA radar imagery for
archeology was reported in the Science article "Radar
Mapping, Archeology, and Ancient Maya Land Use" (Adams,
Brown, and Culbert 1981). Using several different radar
flights and aerial photography, this study concluded that
radar imagery had detected ancient canals that were once

used for intensive cultivation and that the Maya had
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practiced large-scale intensification in swamplands by
the Late Classic period. To say the least, this was
dramatic news for archeological remote sensing, and the
project attained notable publicity. Not only did the
project have respected anthropologists in Adams and
Culbert, it also had Brown who was a senior radar
scientist from the Jet Propulsion Laboratory in Pasadena,
California. The project has been referenced in
archeological proposals a number of times and facilitated
the funding of some of these proposals. There were,
however, some immediate disagreements with the Science
article which did not surface in the professional
literature. I first became aware of them in 1982 when
talking with personnel familiar with the project who were
not happy with the archeological interpretations. The
problem centers around the fact that image analysis is a
subjective process and can be heavily biased by the
disposition of the interpreter.

Only recently has the Science article been
criticized (Dahlin and Pope n.d.). Some of the factors
which seem to indicate that the Adams' radar patterns do
not represent canals include: 1) none of the patterns
have been verified through ground surveys, excavations,
or aerial‘photography, 2) the radar patterns are larger

in scale than the verified canals, 3) Dahlin and Pope
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were unable to duplicate the results using the image
enhancement techniques employed by Adams, 4) confirmed
canals are found only in freshwater habitats whereas the
published maps (Adams et al., 1981) show that they
transect many habitats including upland and off-shore
habitats, and 5) the spatial resolution of the airborne
radar is inadequate to map the small canals that comprise

the verified networks (Dahlin and Pope n.d.).

SHUTTLE IMAGING RADAR

A major development for radar applications in
archeological analysis occurred as a result of the
Shuttle Imaging Radar (SIR) flight on 12 November 1981 at
30 meter resolution (Elachi et al. 1982). This IL-band
radar system penetrated the sands of the Sudanese desert
to reveal subterranean river valleys. Potential
habitable zones were detected in the radar imagery and
revealed how savanna-like conditions gradually
deteriorated toward the current arid situation. Human
occupation was dated in this environment to 200,000 +
100,000 B.C. The SIR experiment aroused a genuine
excitement among earth scientists. A second SIR mission
was attempted in 1984 but achieved limited success due to

technical problems. A 10 meter SIR mission is scheduled
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for 1991 and will contain several archeological projects
funded by NASA. 1In 1984, I had secured funding to merge
Landsat and SIR data together in order to locate
geological strata conducive to finding early hominid
remains. The unfortunate death of my co-investigator,
Dr. Glynn Isaac, however, terminated the project.
Although the merge of radar and Landsat data has not been
conducted for archeological research to date, it
represents an important potential for archeological
research and should not be overlooked.

CONFERENCES ON REMOTE SENSING AND ANTHROPOLOGICAL
RESEARCH

As a result of several meetings between the
archeclogical community and NASA, a conference was heid
at the National Space Technology Laboratories, NSTL,
Mississippi on March 1 and 2, 1984. This conference was
funded by the National Science Foundation (NSF), NASA,
and the National Geographic Society (NGS). Twenty-two
leading archeologists working in the 0l1d and New World
who represented major anthropological institutions,
attended the conference to learn of the new advanced
remote sensing technology, computer development, and

predictive model capability. Participants identified the
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most immediate applications of the technology as well as
noted potential concerns and mis-use of the technology.
The results of the conference were published under the
title: Remote Sensing And Archaeology: Potential For The
Future (Sever and Wiseman 1985). An outcome of the
conference was the selection of a project that would
utilize the resources of NASA, NSF, and NGS. This
project, under the direction of Dr. Payson Sheets, was
concerned with human adaptation in the tropical forests
of Costa Rica and is the basis for the remote sensing
research in the Arenal area discussed below. The
importance of the 1984 conference, however, was that the
archeological community gathered together to learn of the
current capability, as well as the limitations, of the
new technology. Having this baseline understanding of
the state-of-the-art technology, the archeological
community could proceed with a realistic view of remote
sensing research.

As a result of the conference, there was a new
impteus in the application of remote sensing technology.
J. Wilson Myers, a conference participant who had twenty
Years experience in aerial photography, had success in
attaching a multispectral video camera system to a
tethered blimp (Myers et al. 1987). Digital data

gathered from a NASA learjet was employed in an
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archeological study along the Red River Valley (Bennett
et al. 1986). And the continued optimism of researchers
such as Jim Ebert, who was originally involved with the
Chaco Canyon Remote Sensing Center, remained evident when
10 meter French satellite (SPOT) data was used for a
cultural resource assessment at Bandelier National
Monument, New Mexico (Inglis et al. 1984).

Another signficant conference was held in April,
1987 in Boulder, Colorado on the cultural and ecological
applications of remote sensing technology. The goal of
the conference was to update ecologically-oriented
cultural anthropologists on current and future remote
sensing capabilities. The conference allowed the
participants to exchange information on their respective
research projects and plan future research collaboration.
The final report of the conference is published under the

title cultural And Ecological Applications Of Remote

Sensing (Shankman et al. 1987).

GEOGRAPHIC INFORMATION SYSTEM (GIs)
While satellite data were inadequate in detecting
archeological features the data were a perfect compliment

to the advances that were taking place in computerized
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data base development. A database can be defined as a
collection of interrelated information, usually stored on
magnetic tape or disk. When a database is constructed in
reference to a geographic area, it is called a geographic
information system (GIS). A GIS database can include
data about the position and attributes of geographié,
climatic, ecologic, geologic, edaphic, and cultural
features that have been coded as points, lines, areas, or
grid cells (pixels). Examples of ancillary data that can
be input into a GIS include: elevation, slope, aspect,
soil type, distance from water, population,
geomorphology, life zones, rainfall, wind direction, and
surface cover.

The advantage of a GIS is that it is readily
accessible (as opposed to a large number of maps) and can
be queried to provide information that is not readily
apparent in map form. Thus, relationships can be
established between such factors as archeological sites,
elevation, and soil type. In short, a GIS serves to
establish relationships and facilitate analysis in a
quick and cost-effective manner. A useful feature of a
GIS is its predictive modeling capabilities. In this era
of rapid remote sensing development, GIS technology will

play a major role in future archeological research.
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One of the first attempts to merge satellite
imagery with ancillary data in archeological research was
performed along the Appoquinimink River in New Castle
County, Delaware (Wells et al. 1981). This study
demonstrated that the combination of satellite data with
digital terrain data could effectively locate areas that
had a high probability of containing prehistoric sites.
This project was followed by a more advanced study which
used a logistic regression model in an environmental
database along the Delaware coastal plain. Once again,
the model was successful in the prediction of potential
site distribution as well as productive in the mapping of
large ecological and environmental zones (Eveleigh and
Custer 1985).

Berry (n.d.) deals with the ramifications of GIS
technology in "Sampling and Predictive Modeling on
Federal Lands." He addresses the expanding body of the
"gray literature" in archeology, including unrefereed
manuscripts and reports, and notes that predictive
modeling approaches are seldom submitted for peer review
and that innacurate and simplistic models are
nevertheless being employed in federal management
programs. Berry points out that the indiscriminant use
of these models contain certain liabilities the most

notable of which is the implementation of "write-off"
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policies which eliminate or minimize the need for field
work.

Michael Hoffman (1282) demonstrated that remote
sensing and archeological GIS information can be extended
into the contemporary setting by noting that modern
archeological research offers a unique temporal dimension
that is lacking in modern-day planning models. Perhaps
the most advanced and technically sophisticated
representation of GIS application developed to date can
be found in the paper: "The Archeologists Workbench:
Integrating GIS, Remote Sensing, EDA and Database
Management (Farley et al. 1988). Kohler and Parker
(1986) discuss the background, logic, and nature of
pPredictive models in "Predictive Models for

Archaeological Resource Location."

CONCLUSION

A history has been presented of some of the more
important research efforts in the development of remote
sensing for archeology, but certainly not all of them. A
major problem in a discussion of archeological remote
sensing is the fact that a number of research projects

remain unpublished and undocumented. This paper
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demonstrates the application of remote sensing in two
archeological areas using the most advanced NASA
technology available to date. The remote sensing
techniques that have been employed in this study will
change as remote sensing continues its evolutionary path
in becoming simpler, quicker, and more accurate.
However, the basic concepts of remote sensing will never
change. Remote sensing, despite the glamour and
excitement it currently enjoys, is only a tool; a tool
from which to generate data and test hypotheses for the

continued development of anthropological knowledge.



CHAPTER 3
FUNDAMENTALS OF REMOTE SENSING

Remote sensing in the broadest sense is the
measurement or acquisition of information of an object by
a recording device that is not in physical contact with
it. Data are recorded by devices which are sensitive to
various bands of the electromagnetic spectrum. The human
eye can be thought of as a remote sensor since the eye
allows us to gather information without physical contact.
Instruments such as glasses, telescopes, and camera
lenses have extended the range of human vision and
consequently enhanced our knowledge of our environment.
New remote sensing instrumentation now allows us to see
and record information that our unaided eyes cannot see.
Through the use of detectors this information is recorded
in various parts of the electromagnetic spectrum and by
the use of computers this information is brought back to
visible light (Table 3-1). A glossary of terms used in
remote sensing is listed in Appendix A.

All materials in the universe above absolute zero

(=273 degrees C) produce electromagnetic radiation in the
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form of energy waves. The electromagnetic spectrum is a
space~time continuum of electric and magnetic wavelengths
that extend from the short gamma waves at one end to the
long radio waves at the other end. The boundaries of the
electromagnetic spectrum are not known and may lie at
infinity. Aalthough the wavelengths within the
electromagnetic spectrum blend imperceptibly into each
other they have been arbitrarily divided into regions.
These regions are referred to as the ultraviolet,
visible, near infrared, thermal, and microwave portions
of the electromagnetic spectrum (Sever 1988).

One of the principal advantages of remote sensor
imagery is that it may be obtained simultaneously from
several portions of the spectrum that are not visible to
the human eye. Consequently, it is necessary that
investigators understand the basic principles and
characteristics by which various components of
electromagnetic energy operate. If an investigator is to
Successfully analyze remote sensing imagery, he must
understand the energy relationships of the
electromagnetic spectrum, the capabilities of different
sensors, the characteristics of different targets, the
mathematical and statistical basis of computerized image
analysis, and the interactions between sensors and

targets to electromagnetic energy.
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The detection, recording, analysis, and
interpretation of electromagnetic energy form the basis
of remote sensing (Figure 3-1). There is no single
instrument that can detect all the emissions within the
entire electromagnetic spectrum. In fact, not all
electromagnetic radiation reaches the earth's surface.
The energy that does reach the surface passes through
"atmospheric windows." These are wavelength ranges in
which radiation can pass through the atmosphere with
little attenuation. The windows in the optical portion
of the spectrum are: 0.3-2.5, 3.0-4.0, 4.2-5.0, and 7.0-
15.0 micrometers. Gamma rays and X-rays are generally
unavailable for remote sensing since they have
wavelengths up to 3.0 nanometers and are completely
absorbed by the upper atmosphere.

The atmosphere is an extremely complex medium.
The changes in the character of solar radiation as it
passes through the atmosphere affects the energy levels
that reach the sensor system. A complex process of
scattering, reflection, and absorption modifies the
amount of radiation reaching the earth. The ultraviolet
portion of the spectrum lies between 3.0 nanometers and
0.4 micrometers. Only the longer portion of the

ultraviolet band is transmitted through the atmosphere
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and can be detected through instrumentation. Atmospheric
scattering is high in these wavelengths and results in
poor resolution. Ultraviolet light is seldom used in
remote sensing field analysis and is generally restricted
to laboratory analysis.

Visible light occupies a narrow portion of the
spectrum between 0.4 to 0.77 micrometers. A large number
of remote sensing systems incorporate this portion of the
spectrum into their system. This allows the investigator
a point of reference to compare images recorded in the
non-visible portions of the spectrum. Currently, the
largest application of remote sensing research to date
has been in the visible range, particularly using black
and white aerial photography.

The reflected infrared band lies between 0.7 to
3.0 micrometers. This part of the spectrum is especially
useful in studies dealing with vegetation since it allows
greater definition (i.e. plant stress, insect
infestation, moisture composition) than visible light.
This area of the spectrum is useful in the detection of
archeological features through crop marks. The
photographic infrared is contained within the infrared
band between 0.7 and 0.9 micrometers. It is detectable

using film or digital sensors and is the longest



74
wavelength detectable on film.

Thermal infrared radiation ranges from 3 to 14
micrometers. Thermal sensors operate in this portion of
the spectrum from 3 to 5 micrometers, and from 8 to 14
micrometers. Radiant energy between 5 and 8 micrometers
is absorbed by the earth's atmosphere and does not reach
the earth's surface; thus, this region is not used in
thermal remote sensing studies. Since all matter emits
thermal infrared wavelengths both day and night, imagery
can be acquired during darkness and viewed on an image
display device. 1In the thermal wavelengths it is
possible to detect heat differences and material
differences between surface phenomena.

The microwave band is located between .1 to 200
centimeters and like thermal energy, is invisible to the
human eye. The long wavelengths of this region minimize
atmospheric effects and allow penetration through clouds,
fog, rain, snow, and under certain conditions, the ground
surface. The Shuttle Imaging Radar (SIR) was able to map
geologic features 2 meters below dry sand (Berlin et al.
1985:311-321) and it has been calculated that a sand
layer of up to 4 meters thick could enhance the radar
return signal (Elachi et al. 1984: 383-387). The Shuttle

Imaging Radar is attached to the bay area of the Space
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Shuttle (Figure 3-2) and records the return signals
through on-board computers. An example of SIR data can
be seen in Figure 3-3.

Microwave sensors work in both passive and active
modes. Radar is an active remote sensing system which
means that it sends out its own microwave signal and
measures the strength of the signal as it is reflected
from objects. Different radar bands use various
wavelengths of microwave radiation all of which exhibit
unique properties. Passive sensors, on the other hand,
receive only the emitted or reflected energy provided by
nature. Most research to date has centered upon the .1
to 30 centimeter portion of the radar frequencies and is
generally considered to be experimental. Currently,
microwave data are most useful when used in conjunction
with optical and thermal imagery. New research is
currently investigating regions between the 30 and 200
centimeter bandwidths. The use of the microwave region,
especially in the detection of cultural features, will
increase as more research is conducted to understand the

signal/environment relationship.



76

Figure 3-2.

‘Illustration of thé éhuttle Imaéing Radar
(SIR).

Figure 3-3. Shuttle Imaging Radar Image of the Sundanese
Desert showing microwave penetration of the
sand surface to reveal the underlying
geology.
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PHOTOGRAPHY

Photography is an analog technique, in which a
light sensitive chemical, through photons of light, is
exposed and forms a latent image. Chemical processing
transforms the latent image to one which is visible to
the human eye. While photography provides the greatest
capability in terms of versatility or high resolution of
detail, it nevertheless possesses certain limitations.
For instance, cameras can generally see only what the
human eye can see. 1In addition, camera systems must
acquire photography during clear weather in order to
produce an optimum product. Since cameras are not "real
time" systems a certain time factor is involved for
laberatory processing before the resultant images are
available for analysis. This time gap can extend from
several hours to several weeks, as is the case for those
made by space vehicles.

Four different types of film are commonly used in
remote sensing: black and white negative, color negative,
color positive, and color infrared positive. Each film
type has its particular attributes and chemical
processing techniques. It is crucial that an
investigator select a film type that is best suited for

recording his object(s) or feature(s) of interest.
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Black and white negative film is the prominent
medium in remote sensing. It is a simple, low-cost
technology which provides an excellent spatial resolution
that is sensitive to approximately the same range of
visible light as the human eye. Black and white film is
called panchromatic because it records an image in
variations of density of a single color, gray. The film
provides moderate to good tonal contrast, reasonable
exposure speed, and low graininess, thus making it useful
for enlargements. Most countries of the world have black
and white aerial photography in the standard 9" X on
negative format. This large format allows for
considerable enlargement of selected areas within the
negative before becoming too grainy.

Normal color photography (positive and negative
formats) is invaluable for aerial research since the
human eye can discriminate a far greater number of color
tones than gray scale tones. Since the human eye has
different sets of color receptors, different tones or
hues of each color can be perceived in the overlap areas.
Color film has three emulsion receptors in the form of
red, green, and blue. The combination of these three

layers forms the photographic image (Horder 1971).
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Color infrared (CIR) extends the visible range by
detecting wavelengths slightly beyond the red end of the
light spectrum. CIR film was initially employed during
World War II to differentiate objects that had been
artificially camouflaged. While there are a variety of
applications for CIR film, the most common uses have been
in the fields of agriculture and forestry. In many cases
stressed vegetation appears on CIR before it is visible
to the human eye. The three dye layers in the CIR film--
Yellow, magenta, and cyan produce a "false color" image
composed of blue, green, and red. The chlorophyllic
layers of live vegetation reflect strongly in the
infrared region and thus healthy vegetation appears as
red in CIR photography (Sever 1987). CIR photography is
useful in archeological research because vegetation
variations are sensitive to subsurface features such as
soils, moisture, buried walls, pits, and other man-made

disturbances.

PHOTOGRAPHIC INTERPRETATION

The development of skill and accuracy in
Photographic interpretation is an iterative process that
involves photographic qualities and ground verification.

Photographic interpretation is a mental process that
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involves inference, analogy, and logic. To be
successful, the interpreter must have a background
knowledge of the land surface, subsurface, and climatic
conditions of the study area.

Whether the photography is examined with the
unaided eye, a magnifying glass, or stereoscope, the
observer can begin to appreciate human/land
relationships. There are eight basic characteristics
which can assist the investigator in aerial photographic
interpretation: size, shape, tone, shadow, texture,
pattern, association, and color. If an archeologist
understands these characteristics he/she can discriminate
physical and cultural variables, determine the site type,
and probable site function. For further reading on
pPhotographic interpretation see Ambrosia and Whiteford's
"Aerial Photograph Interpretation in Remote Sensing" in
Remote Sensing of the Environment, edited by Benjamin F.
Richason (1983).

As shall be shown in the following chapters
photographic interpretation of archeological features was
the impetus for incorporating more sophisticated remote
sensing technology at both study areas. Many of the
controlling elements of human environments can be

identified from the study of photographic images. Three
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of the major indicators in aerial photography for buried
or obscured archeological features are plant (crop)
marks, soil marks, and shadow patterns.

Differences in the color, density, or height of
agricultural crops, grasslands, or vegetation can provide
a clue to buried features. Plant or crop marks respond
in either a positive or negative manner to subsurface
cultural conditions (Figure 3-4). If the subsoil retains
more moisture or has been enriched through the addition
of organic nutrients such as garbage, plant growth is
accelerated during early growth, matures more robustly,
and is visible under dry conditions. This stimulation of
plant growth is referred to as "positive" crop marks.

"Negative" crop marks appear when plant growth is
inhibited due to cultural activity that depletes
subsurface mositure and nutrients. The stunted plant
growth may be due to buried walls, stone-filled pits, or
non-organic house foundations. Positive crop marks are
often associated with subsoils composed of chalk or silt.
The kind of subsoil is less important in negative crop
marks since buried archeological materials commonly

inhibit the plant growth overhead.



Figure 3-4.

Example of
in positiv
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subsurface phenomena which result
e and negative crop marks.
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Soil marks are often the most easily distinguished
and useable source for locating cultural features. When
features such as trenches, pits, or depressions are
filled in the result is an anomalous soil profile.
Sometimes the soils are mixed in such a way that the
original subsoil appears at the surface. Other times the
depression is filled in with a mixture of subsurface
soils that beccme mottled through time and appear quite
different than the surrounding soil. In addition, areas
cleared by burning can change the soil by oxidation or by
exposure and erosion. The resultant variations in soil
color, texture, and moisture that are caused by
prehistoric activity can often be seen on aerial
photography; even when theée features are not visible
from ground level.

Shadow patterns occur on aerial photography when
the sun's rays fall obliquely on variable terrain
features. Such shadows can indicate walls, ditches,
worn-down mounds, roads, earthworks, irrigation systens,
and agricultural fields that are not noticeable from
ground survey. The most effective use of shadow pattern
techniques requires that the photography be acquired in
the early morning or late evening when shadows are most
prevalent. Since the sun's direction and elevation can

be crucial in creating shadow effects of cultural
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features, specific dates and times must be scheduled for
the aerial survey in order to obtain optimum results.
Exploratory flights may require that aerial imagery be
acquired at different times of the day. Shadow patterns
have been responsible for the detection of archeological
features such as ridged-field systems on the Yucatan
Peninsula and prehistoric roads in Chaco Canyon.

Strict specifications for the acquisition of
aerial photography are not universal because the focus of
interest varies for each investigator. 1In general,
however, vertical photographs are best used for the
mapping of known sites. Oblique photographs are more
suitable for the detection of crop marks or low-lying
topographic features. Drier seasons reveal greater soil
mark delineation since the loss of moisture by various
soils reveals greater tonal contrasts. "“Leaf-on"
conditions are best for the detection of crop marks while
"leaf-off" conditions are best for the detection of soil

marks and shadow patterns in humid regions.

DIGITAL DATA
In contrast to photography where images are

exposed onto film and processed chemically, remotely
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sensed images from scanner systems are recorded digitally
and processed electronically through the use of
computers. Multispectral digital images are the product
of remote sensing systems that measure spectrally and
spatially delimited electromagnetic radiation emitted or
reflected from the earth's surface (Kahle and Goetz
1983).

As the sun's radiation passes through the
atmosphere and strikes surface objects, those objects
emit or reflect radiation which passes back through the
atmosphere (Figure 3-5). This radiation then strikes the
optical/detector system of a given sensor which causes
the sensor to emit electrical pulses which are recorded.
In a typical multispectral, optical-mechanical scanner
system, the reflected and emitted energy from a small
area of the earth's surface is "seen" by a scanning
mirror and reflected through an optical system. The
incoming reflected energy is spectrally dispersed and
optically focused on various detectors that are sensitive
to various portions of the electromagnetic spectrum. The
size of the resolution element is determined by the
platform altitude since the sensor's instantaneous field
of view (IFOV) is the result of a fixed field stecp in the
optical system of the scanner. The smallest area that a

sScanner system can record is called a resolution element
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or picture element (pixel) and can vary dramatically
depending upon the sensor configuration (Sever 1988).

Resolution can be defined as "the ability of an
imaging system...to record detail in a distinguishable
manner (Estes and Simonett 1975). It is the ability of
an entire remote sensor system, including lens, antennae,
display, exposure, pProcessing, and other factors, to
render a sharply defined image. For purposes of the
research at hand, it is measured in square meters and
includes spectral, radiometric, spatial, and temporal
elements. Spectral resolution "refers to the dimension
and number of specific wavelength intervals in the
electromagnetic spectrum to which a sensor is sensitive"
(Jensen 1986). Radiometric resolution refers to a
sensor's sensitivity in detecting energy that strikes its
surface. Spatial resolution is simply the IFOV of a
sensor system while temporal resolution refers to how
often a sensor acquires data over a given location. 1In
the case of the Thematic Mapper satellite for instance
the same 30 meter area is recorded routinely every 16
days.

As the platform passes above the landscape (Figure
3-6) the ground surface is scanned in successive strips,

or scan lines, by the mirror. The rotational motion of
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Figure 3-5. Diagram of reflected energy into a remote
sensor systen.

e

Figure 3-6. Diagram of scanner operating principles
showing pixel and scan line acquisition of
land surface features into an optical
detection scanner system.
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the mirror allows the energy to be measured, one
resolution element at a time, for the complete scan line.
The forward motion of the platform, which is
perpendicular to the scan line, gathers successive strips
of the terrain surface. The rate of rotation of the
mirror is adjusted to the velocity of the sensor platform
so that adjoining scan lines do not overlap (Sever
1987;1988). If overlap does occur the repetitious scan
lines are removed through a process called decommutation.
This is a preprocessing technique that occurs when the
data are transferred from analog to digital format.

The energy received by the detector varies in
signal strength as the pixels of the landscape vary in
character. 1In an 8-bit system each pixel is assigned a
digital value between 0 and 255 by each detector. Thus,
if a hypothetical scanner system has 15 detectors, the
same resolution element on the ground is "seen" and
recorded in 15 different wavelength regions. The output
signals from the detectors are recorded on magnetic tape
and can be displayed on an image display device revealing
an image that looks somewhat like a photograph. Each of
the 15 different detectors therefore produces its own
image which is sensitive to a special region of the
electromagnetic spectrum. The resultant image is seen in

black and white but color images can be artificially
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produced by combining various components of gray-scale
information on the blue, red, and green guns of the image

display device.

DIGITAL ANALYSIS

The objective of digital image analysis is to
identify features or areas of interest in an image.
Consequently, numeric data are essential in obtaining
accurate quantitative information. Information can be
extracted from digital imagery by either visual
interpretation of the image or by digital analysis.
Images can be visually interpreted by applying the
conventional techniques used in photographic
interpretation. Digital analysis, however, involves
multivariate numerical techniques and computer machine
processing. Both visual interpretation and digital
techniques are employed in this study. These processes

are compared in Table 3-2.
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Single channel image analysis techniques enhance
an image to illustrate features within the data that are
of particular importance to the investigator. This is a
fairly routine process in which the pixels retain their
raw data values. Enhancement techniques such as sun-
angle correction, density slicing, band ratioing, edge
enhancement, artificial color assignment, and filtering
can be employed to isolate features of interest. Sun-~
angle correction removes the shadow effects in the data;
density-slicing converts continuous gray tone values into
a series of intervals that create a crisper image; band
ratioing divides the values of one band by another,
thereby creating a third image which accentuates
particular features within the data; edge enhancement
highlights borders and emphasizes transition in imagery;
artificial color assignment converts gray tone values
into color hues which create greater visual separation of
features within the data; and, filtering removes certain
spectral or spatial frequencies to highlight features in
the remaining image. These techniques can be used to
reduce atmospheric effects rendering a more distinct
image, or can be used to extract linear and curvilinear
patterns not readily apparent in the data.

Multichannel analysis can often provide more
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information by combining the attributes of several
different bands of data into one multispectral image
(Figure 3-7). The product of this digital classification
is a set of spectral classes. These classes group
locations that have statistically similar reflective
characteristics in the multiple channels imaged by the
sensor. Multichannel analysis is based on the fact that
a given pixel is registered spatially on the ground in
the matrices of all the other channels. The brightness
value of each pixel varies from channrel *tc channel and
pProduces a spectral signature. The spectral signatures
are statistically developed and combined into a one-
channel classified image. By assigning a different color
for each class, an image is produced that represents
different types of ground information such as water,
forest, agriculture, and urban areas. Multichannel
digital analysis can employ either a "supervised" or
"unsupervised" approach.

In the supervised approach, "the identity and
location of some of the land-cover types, such as urban,
agriculture, wetland, and forest, are known a priori
through a combination of field work, analysis of aerial
photography, maps, and personal experience (Heaslip

1975). 1In this approach the investigator selects



Figure 3-7.

Example of a classified image over Big
Thicket National Preserve showing land
surface composition.

93
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training samples that represent each landcover class that
he or she wants identified. "These areas are commonly
referred to as "training sites" because the spectral
characteristics of these known areas are used to "train"
the classification algorithm for eventual land cover
mapping of the remainder of the image" (Jensen 1986).

To produce an accurate classification, each training
sample must contain all the spectral variations within
each surface cover category. .

In the unsupervised approach the entire data set
is examined within the statistical parameters established
by the investigator (means, standard deviations,
covariance matrices, correlation matrices, threshold,
etc.). 1In this approach the computer systemialone
determines the groupings based on their numeric
properties. Spectral signatures are developed without
prior knowledge of the land cover types and the resultant
classes must be named and verified by ground truth
information.

The development of digital data in an image format
allows the investigator a visual representation of the
statistical analysis results. Equally important,
however, it provides the investigator with easy access to

the percentages, acreages, distances, and correlations of
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diverse features within the image (Sever 1988).

GEOGRAPHIC INFORMATION SYSTEMS (GIS)

Geographic information systems (GIS) are computer
programs designed to record, organize, analyze, and
display spatial or locational data (Hansen 1983;
Tomlinson 1984). Geographic Information Systems are
designed to handle large volumes of data such as soils,
topography, hydrology, meteorology, population, and
geclogy (Figure 3-8). The GIS efficiently store,
analyze, cross-reference, manipulate, and display various
types of data as specified by the investigator (Marble et
al., 1983). GIS data can be combined with remotely
sensed data to help the investigator understand, monitor,
and predict phenomena in a specified location. Aall
ancillary layers of information incorporated into a GiIs
must be accurately georeferenced and properly registered
with each other.

Geographic Information Systems describe objects
from the real world in terms of their location in a known
coordinate system, their attrib&fes that are unrelated to

their location (ie. soil type, rainfall), and both their
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Figure 3-8.

Diagram of a GIS showing examples
base layers.

of data
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spatial and temporal interrelations with each other. GIS
have three important components: computer hardware,
effective application software, and an efficient
organizational structure.

A GIS can be an efficient tool in archeological
research. The ability to register remotely sensed data
with digital terrain data, soils, rainfall, and hydrology
can allow the researcher the ability to predict the
potential locations of archeological sites.

Environmental factors influence the location,
distribution, and mode of human adaptation. The
interaction between culture and environment has created
settlement patterns that indicate a preference for
particular locations and situations within the
environment. These areas can be analyzed and mapped to
understand known site locations and predict additional
site locations (Sever 1988). A GIS has been constructed
for the Arenal study area in Costa Rica and is included

in the archeological research as shall be shown later.

SENSORS AND PLATFORMS
A sensor can be described as any device or

instrument that gathers energy, electromagnetic radiation
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or other, converts it into a signal and presents it in a
form suitable for obtaining information about the
environment. To gather information, however, a sensor is
mounted on a platform such as a satellite, airplane,
balloon, or ground sled. Satellite platforms are very
stable compared to airborne platforms which are

susceptible to the effects of wind turbulence.

MULTISPECTRAL DIGITAL SENSOR SYSTEMS

Since the launch of the first orbiting
multispectral scanner system in 1972, there have been a
major series of technological developments and data
analysis strategies. Multispectral sensor systems
include satellites, airborne sensors, shuttle radar and
photography, and ground based instrumentation such as
ground penetrating radar (GPR). The three most
successful satellite systems for surface mapping are the
Landsat Multispectral Sensor (MSS), Landsat Thematic
Mapper (TM), and SPOT. The SEASAT satellite was a radar
based instrument that received limited use and is no
longer operational. Shuttle based instrumentation such
as the Shuttle Imaging Radar (SIR) and the Large Format
Camera (LFC) were experimental sensors that flew on the

second Shuttle mission. These instruments have great
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potential for future studies. A number of aircraft
sensors have also been developed. The airborne sensors
involved in this study include the Thematic Mapper
Simulator (TMS), The Thermal Infrared Multispectral
Scanner (TIMS), the Calibrated Airborne Multispectral
Scanner (CAMS), and the Airborne Oceanographic Lidar

(AOL) .

LANDSAT

Landsat satellites are in a nearly polar, sun-
synchronous orbit at an altitude of 920 kilometers. They
circle the earth every 103.3 minutes (14 times a day),
with each successive path occurring 26 degrees to the
west. The Landsat paths are at azimuths of about 191
degrees measured from true north. After 252 orbits, or
every 18 days, Landsat passes over the same pPlace on
earth. The primary sensor onboard Landsat, the
Multispectral Scanner System (MSS), acquires data at 79-
meter resolution. Although the sensor's IFOV is 79 X 79
meters, there is a degree of overlap from one IFOV to the
next, effectively rendering a 59 X 79 meter element.
Landsats 1,2, and 3 also had a return beam vidicon (RBV)
system (no longer operational) which recorded a black and

white image at 25 meter resolution in the visible portion
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of the spectrum.
The MSS provides continuous coverage of a 185~
kilometer-wide section of the earth's surface. The MSS
measures reflected sunlight from objects on earth in four

bandwidths (Figure 3-9):

Band 1 0.5 to 0.6 micrometers (green)

Band 2 0.6 to 0.7 micrometers (red)

Band 3 0.7 to 0.8 micrometers (near-
infrared)

Band 4 0.8 to 1.1 micrometers (near-
infrared).

The area covered by a single Landsat frame (approximately
100 X 100 miles) would require over 1000 conventional 9"
X 9" pictures to image the same area using aerial
photography. Information such as geophysical data, which
was once too costly or impossible to acquire, can be
easily gathered from Landsat.

Landsats 1, 2, and 3 were launched between 1972
and 1978. The predicted lifespan of the lLandsat
satellites had been a year in space. Landsat 1, however,
operated for five and a half years before technical
problems shut it down in 1978. Landsat 2 was retired in

1982 and Landsat 3 in 1983.
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Figure 3-9. MSS raw data images in each bandwidth and

a false color composite made from three of
the images.



102

During their operational years the Landsat
satellites produced more useful data than any other earth
resource sensor (Jensen 1986:28). As researchers learned
more about digital analysis, however, it became clear
that improved spectral and spatial capabilities were
needed. In addition to the MSS placed on Landsats 4 and
5, an experimental sensor called the Thematic Mapper (TM)
was also placed onboard these satellites. Although the
TM on Landsat 4 is no longer operational, the TM on
Landsat 5 provided reliable data for several years. Like
most of the Landsat satellites, Landsat 5 has extended
beyond its designed life and only recently has begun
experiencing technical difficulties.

The TM offers improved spectral and spatial
resolution, geometric fidelity, and radiometric accuracy
(Sever 1988). The TM has 7 spectral bands that were
determined after years of analysis. The TM provides
access to new areas of the electromagnetic spectrum
resulting in greater spectral signature development. The
spatial resolution of the TM is 30 meters with the
exception of the thermal band (band 6) which is 120
meters.

A TM scene is equivalent to the same size MSS

scene. The TM satellites were placed in an orbit at 700
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kilometers and image the same location on the earth's
surface every 16 days. While the MSS is still used, most
researchers prefer TM data for their research analysis
due to its superior spectral and spatial capabilities.

Landsat 6 is currently being developed but a
launch date has not yet been set. The satellite will
carry the Enhanced Thematic Mapper (ETM) with a 15 meter
panchromatic in addition to the 7 bands of the Thematic
Mapper. The thermal band will be improved from 120 meter
resolution to 30 meter resolution. The ETM will also
have a wide field sensor (WiFS) which will provide low
resolution coverage if needed. Landsat 7 is scheduled
for launch in 1991 and will carry a multiband thermal

capability in its ETM design.

SPOT

In 1986 the French launched the Systeme Probatoire
d'Observation de la Terre-1 (SPOT). SPOT has three
multispectral bands at 0.5-0.59, 0.61-0.68, and 0.79-0.89
micrometers. The resolution of these three sensors is 20
meters. In addition, SPOT can also operate in the black
and white panchromatic mode (0.51-0.73 micrometers) at 10

meter resolution. The satellite has off-nadir viewing
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which allows data to be gathered over a study area
several times per week and can be used to develop
stereoscopic images. Consequently, the same area can be
acquired several times in a short time period compared to

the 16 day lapse of the TM.

RADAR

Radar (Radio Detection and Ranging) uses microwave
energy rather than light energy to image the earth's
surface. It is an active system that can be used day or
night. A number of systems use imaging radar. These
include the SEASAT satellite, the Shuttle Imaging Radar
(SIR), the L~band radar system at the AMES Research
Center, and Ground Penetrating Radar (GPR).

Radars operate by releasing short powerful bursts
of microwave energy at regular intervals in specified
directions. These pulses strike a target and are
reflected back to a receiving antenna. This returned
energy can be displayed as an image. The radar signal is
affected by surface roughness, angle of incidence, and
the polarization of the received signal. Microwave
sensors operate in one portion of the microwave region

and are identified by a letter code. These letters were
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developed during World War II and have remained part of

the remote sensing vocabulary:

Radar Frequency Band Wavelength
P 136-77 cm
UHF 100-30 cm
L 30-15 cnm
S 15-7.5 cm
c 7.5-3.75 cn
X 3.75-2.40 cm
Ku 2.40-1.67 cm
K 1.67-1.18 cm
Ka 1.18-0.75 cm

Radar data requires complicated analysis and is still in
the developmental stage. It is one of the most expensive
remote sensing approaches both in data acquisistion and
data processing. Airborne L-band radar was used in the

Arenal study in Costa Rica.

LARGE FORMAT CAMERA

The Large Format Camera (LFC) is a high resolution
camera that produces conventional, but superior quality,
negatives on 23 X 64 cm photographic plates. These
images can be treated as photography or they can be
digitized and analyzed as digital imagery. The LFC is a
two-way system with one part imaging the earth's surface

while the opposite part images in a 180 degree direction
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at the stars. 1In this way precise geometric fidelity is
achieved. LFC data is recorded in stereo pairs and
represents a source of detailed low-cost analysis. The
LFC was flown on the Challenger shuttle in 1984 and
imaged only small sections of the earth's surface. It is
scheduled to be flown on a future shuttle mission and may

eventually be installed on the Space Station.

ATIRBORNE SENSORS

Although the design of airborne sensors is
compatible to that of satellite platforms there are some
notable differences. Airborne platforms are susceptible
to cross winds and air turbulence. The roll, pitch, yaw,
and drift of the aircraft can cause distortions in the
imagery and must be corrected either by onboard
processing or at the data analysis laboratory. Different
angles of solar illumination and fluctuating atmospheric
conditions (temperature, pressure, and humidity) must
also be corrected to provide more reliable data.

The advantage of airborne sensors is that they are
much less expensive to construct than a satellite, they
can be flown at the discretion of the investigator, and

they offer improved spatial resolution. As opposed to
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the fixed spatial resolution of most satellite sensors,
an airborne sensor's spatial resolution is a function of
aircraft altitude and sensor optics. The swath width of
2 sensor is also a function of altitude. A major problem
is encountered, however, when trying to merge adjacent
swaths into a collective image of geometric accuracy.
Several airborne sensors were used in this study, each
achieving varying degrees of success. Specific
characteristics of these multispectral scanner systems
are listed in Table 3-3.

The TMS, TIMS, and CAMS were flown in a NASA
Learjet 23 (Figure 3-10). During daylight missions CIR
photography (Eastman 2443) was simultaneously acquired,
with 60% forward overlap for stereoscopic viewing and to
aid in digital analysis. An inertial navigation system
(INS) in the Learjet allowed for precise data acquisition
over the selected area. In Chaco Canyon the data was
acquired with a 10% side overlap in the eventuality that
the flight lines might need to be georeferenced together

for future research.
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TABLE 3-3

AIRBORNE
MULTISPECTRAL SCANNER
CHARACTERISTICS

BANDWIDTH T™MS TIMS CAMS
CH 0.46-0.52 8.2-8.6 .45;.52
CH 2 0.53-0.60 8.6-9.0 0.52-0.60
CH 3 0.63-0.69 9.0-9.2 0.60-0.63
CH 4 0.77-0.90 9.6-10.2 0.63-0.69
CH 5 1.53-1.73 10.3-11.0 0.69-0.76
CH 6 2.06-2.33 11.3-11.6 0.76-0.90
CH 7 10.43-12.33 n/a 1.55-1.75
CH 8 n/a n/a 2.08-2.35
CH 9 n/a n/a 10.5-12.5

IFovV 2.5 mrad 2.5 mrad 2.5 mrad
SCAN RATES 46.66 rps 7,7,8,7,12,25| 6-60 rps
FOV 86.61° 76.67° 100°

SOURCE: EARTH RESOURCES LABORATORY, SSC
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THEMATIC MAPPER SIMULATOR (TMS)

The TMS was the prototype of the TM satellite.
TMS data allowed investigators to understand data
characteristics and develop data analysis techniques
prior to the availability of the TM satellite systenm.
The TMS has seven bandwidths ranging from 0.46 to 12.33
micrometers (Table 3-3). With a 2.5 milliradian
aperture, the TMS was configured to produce a 30 meter
resolution at 12,000 meters above mean terrain elevation.
The basic optics consist of a rotating mirror and a 4
inch diameter Cassegrainian telescope which transmit
energy into the system to illuminate detectors which
simulate TM band frequencies. The TMS can also be flown

at lower altitudes to provide greater spatial resolution.

THERMAL INFRARED MULTISPECTRAL SCANNER (TIMS)

The TIMS is a six channel thermal infrared
multispectral scanner capable of measuring target
radiation in 400 nanometer intervals from 8.2 to 9.4
micrometers, and in 800 and 1000 nanometer intervals from
9.4 to 12.2 micrometers (Table 3-3). The 6 thermal bands
were originally designed for geological research. The

scanner has been improved through time and has been
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successful in vegetation research (Sader 1986), soil
research (Pelletier and Ochoa 1986), and archeology
(Sever and Wiseman 1984).

TIMS uniqueness lies not only in its thermal
infrared capability but also in its multispectral nature.
Each of the six bands measures thermal radiation as
temperature in degrees of centigrade. Emissivity of the
target is also a contributor to the measured return.
Emissivity is the ratio of radiant emission of a source
to that of a blackbody at the same temperature.
Emissivity is a function of the type of material and its
surface geometry. When atmospheric corrections are
applied for temperature, pressure, and humidity, TIMS can
achieve a sensitivity of less than a tenth of a degree
Centigrade (Palluconi and Meeks 1985:5). The scanner's
primary optics consist of a rotating mirror and the 7 1/2
inch diameter Newtonian telescope, but the design of the
spectrometer portion of the scanner is unique because of

the thermal infrared application. (NASA 1985).
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CALIBRATED AIRBORNE MULTISPECTRAL SCANNER (CAMS)

The CAMS (Figure 3-11) was designed and
constructed at the Stennis Space Center in 1987 to meet
the demands of investigators who requested that
calibration data be recorded in real time with their
mission data. The CAMS is a nine channel airborne
instrument that provides coverage from 0.45 to 12.5
micrometers (Table 3-3). Like the TIMS, the CAMS is a
calibrated instrument, but it is calibrated throughout
the visible, infrared, and thermal portions of the
spectrum.

The calibration system consists of high and low
temperature blackbodies for thermal data calibration and
an 8 inch integrating sphere illuminated by a 35-watt
tungsten-halogen lamp for the calibration of visible and
reflective infrared data. Additionally, CAMS has a
variable-speed 360 degree rotating mirror which
references the pixel below the aircraft with known
radiation values in each of the 9 bands. Scan speeds are
adjustable from 6 to 60 scans per secend, in one scan per
second increments. The CAMS remains an experimental

sensor as ongoing research is completed.
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Figure 3-10. NASA Learjet which was used in this
investigation to fly airborne scanner
systems over study areas in Chaco Canyon
and Costa Rica.

Figure 3-11. The Calibrated Airborne Multispectral
Scanner (CAMS).
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AIRBORNE OCEANOGRAPHIC LIDAR (AOL)

The potential of laser and lidar (light detection
and ranging) terrain profilers for topographic mapping
was realized in the late 1960's. Originally, the systems
were developed for plotting ocean wave profiles, oil
spills, and other oceanographic applications. It was
soon recognized that laser/lidar profilers had great
potential for forest canopy height measurement and other
applications. Since the AOL was involved in a tropical
forest study in Costa Rica under the direction of Dr.
Armond Joyce, it was decided to investigate the AoL's
archeological potential with research at Arenal, Costa
Rica.

The AOL profiling system was developed in 1977.
It is a conically scanning, pulsed laser system. The
system includes an Arco C-5000 pulsed nitrogen laser that
operates at an emission wavelength of 337.1 mm (Krabill
et al. 1980). The instrument is flown in an aircraft at
300 meters above terrain. Previous research had
indicated that 39% of the AOL's laser pulses could
penetrate the tree canopy to the surface in forests that
were 99% dense. The signal reflected to the aircraft
can be processed to produce ground level terrain as well
as the tree heights upon that terrain to an accuracy

sometimes less than 1 meter.
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SUMMARY/CONCLUSIONS

Remote sensing technology has evolved rapidly in
the last two descades and holds revolutionary potential
for the discipline of archeology. Although aerial
photography has been used in many research investigations
of the past, it is the application of multispectral
digital analysis that represents the greatest capability
for future research. Multispectral digital analysis
measures the relationships and interactions of
electromagnetic energy with the earth's surface. The
energy can be recorded by satellite, airborne, and ground
based sensors and analyzed through the combination of
computer hardware and software. The digital
representation of this information allows it to be
analyzed through advanced statistical processes.
Multispectral digital data can also be combined with a
variety of other computerized databases such as
geographic information systems and relational databases.
Through the use of remote sensing technology an
archeologist can view otherwise invisible, complex
multivariate relationships in the data and can see the
effects of prehistoric human activity upon the landscape.

Remote sensing is a tool which continues to
experience rapid development as a result of space

exploration in the earth and planetary sciences. New
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satellite systems, airborne scanners, and remote sensing
instruments that will be attached to the space station
are currently being developed and will be available in
the near future. Major research and development programs
are also concentrating upon new innovations in hardware
and software technology. The importance of remote
sensing and its potential for the future is recognized by
most scientific disciplines both in the United States and
abroad. Remote sensing technology will see increasing
application in the field of archeology as researchers
continue to expand their knowledge of multispectral
digital analysis in their search to answer questions

concerning prehistory.



CHAPTER 4
CHACO CANYON
INTRODUCTION

This chapter investigates the prehistoric roads in
Chaco Canyon that were built by the Anasazi between the
11th and 12th centuries. The objective of this research
is to determine the function of the roadway system and
how it related to the daily activities of the Anasazi.
In order to arrive at an interpretation of the roadway
system this chapter will examine the previous work
conducted in Chaco Canyon, the archeological evidence,
the characteristics of prehistoric roads, previous and
current remote sensing data, and the ethnographic
evidence. In order to understand the roadwvay system it
is first necessary to map the locations of the
prehistoric roads. This research will incorporate new
techniques in digital airborne remote sensing analysis to
verify past locations and to see if the technology can
determine the locations of previously unknown roadway
segments. By mapping the roadway system and examining
the archeological and ethnographic evidence it is

anticipated that the function of the roadway system will
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be realized.

ENVIRONMENTAL SETTING

Chaco Canyon is located in the northwest corner of
New Mexico at the center of the San Juan Basin (Figure 4-
1). As a structural subunit of the Colorado Plateau, the
San Juan Basin consists of an expanse of broad plains
that is dissected by mesas, steppes, and badlands.
Although Chaco Canyon is an erosional incised feature 20
miles long and no more than a mile wide, the rest of the
area is essentially canyonless (Figure 4-2). Thus, chaco
Canyon is physiographically unique. For more information
on the physiography of cChaco Canyon see Simons, Li, and
Associates (1982), and for further reading on the geology
of Chaco Canyon see Bryan (1954).

The Canyon is bisected by the Chaco River, a 100
mile long San Juan tributary, of which 15 to 20 miles
flows through the canyon. The river is actually}an
intermittent stream and is generally dry for most of the
Year, flowing only after a heavy rain. Rainfall is
sparse, ranging from 6 to 15 inches and falls during the
rainy season of July through August. The San Juan Basin
receives its rainfall from the northern Pacific in winter

and from the Gulf of Mexico and tropical Pacific in
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summer. The Chuska Mountains to the west and the Zuni
Mountains to the south of Chaco cause a rainshadow effect
by reducing rainfall. Temperatures are those of a
temperate region with annual mean temperatures ranging
from 47-60 degrees Fahrenheit, although daily
temperatures may fluctuate between 40 to 50 degrees
(Bryan 1954). The climate of the regicn has been
classified as varying between cold desert and steppe
(Brand, et al. 1937:45).

The Canyon Eggideast-west and is the only
significant area in the region which maintained
sufficient alluvial soil for large-scale farming (Vivian
and Mathews 1965). Inhabitants used run-off water from
the canyon walls for irrigation and grew a variety of
crops (Vivian 1970). The characteristic rocks of the
canyon are shale and sandstone, with the latter being
used extensively for building and construction. The
depth to bedrock is variable but generally averages 91
feet. The average depth to the water table is 41 feet as
it dips to the west 1 degree to 5 degrees (Ross 1978).
Cly's Canyon contains the largest reserve of surface
water from seeps occurring between lenses of carbonaceous
shales and overlying sandstone. Stairways, ceramic
debris from water storage jars, and a prehistoric road

leading to Pueblo Alto bear testimony to Cly's Canyon
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prehistoric importance to survival in the Chaco desert.

Despite the sparse vegetation in contemporary
times, it appears that prehistorically there was once
abundant timber in the area that could be used for
building and fuel. Likewise, it appears that floral and
faunal sources were initially sufficient enough to
support an early hunting and gathering population and
later supplement the diets of agricultural inhabitants

(Vivian and Mathews 1965:7).

PREHISTORIC ROADS IN CHACO CANYON

The discovery of prehistoric roads in chaco Canyon
initiated a number of investigations whose goal was to
explain the purpose and time of construction for these
Anasazi features. Many imaginative research designs were
developed to assist archeologists in attaining this goal.
These research trends included complete or partial
components in the detection, description, and
interpretation of the roadway system (Ware and Gummerman
1977; Ebert and Hitchcock 1980; Allan and Broster 1978;
Judge et al. 1981; Powers et al. 1983; Obenauf 1980; BLM
1983, 1987).
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Past field studies and aerial photographic
interpretations have produced a large corpus of
information on Chaco roads. Many interpretive results
have been presented regarding the function of the
prehistoric roads and how they related to the social,
political, and economic development in the Chaco Basin.
Various models were developed to explain the roads. Many
of these were economic redistribution models with some
emphasizing spatial analysis and others stressing
economics. In these interpretations the roads were used
for the transportation and redistribution of goods and
materials. Other models see the roadways as a
communication and signalling system. A few researchers
have postulated that the roads served a ritual function
that effected religious integration and stabilized social
interactions. Aand finally, others see the roads as being
multi-functional in scope, combining economic, social,
and religious components.

Most of the past research designs centered around
an economic interpretation suggesting that the roads were
used for the transportation and exchange of goods. One
of the most accepted interpretations that emerged after
many years of research was that chaco Canyon was a center
for redistribution and the roads connected Chaco Canyon

with "outlier" communities (Allan and Broster 1978; Judge
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et. al. 1981). Using the tenets of Judge's
redistribution system,'Drager (1976) proposed a
signalling communication system throughout the basin area
that was controlled from Chaco Canyon. Architectural
features and even hearths were found that would have been
critical to a visual communication systenm to support the
signalling system premise.

By the mid 1980's the redistribution theory seemed
to be the most accepted for explaining the purpose of the
roadway system as it linked Chaco Canyon to 50 or more
satellite communities. It was not known if these
outliers were absorbed into Chaco Canyocn through
incorporation or through colonization. Research by other
investigators (Powers et al. 1977; Toll et al. 1980;
Toll 1981) seemed to substantiate the redistribution
theory. Interpretations for the extent of the Chaco
roadway system, however, have varied and range from
localized exchange within and adjacent to the canyon
proper to regional exchange to the periphery of the San
Juan Basin and beyond. As Lekson et al. state:

We are just beginning to comprehend the extent of

the roads beyond the San Juan Basin....that the

roads probably extend as far north as the San Juan

Range in the Rocky Mountains and as far south as

the Mogollon Mountains. Although we are less

certain of their paths east and west, we believe
they may have extended as far east as the
turquoise mines near Santa Fe and as far west as

the Little Colorado River valley, perhaps even as
far as the Ssan Francisco peaks near Flagstaff
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(Lekson et al. 1988:106,108).

Recent evidence has cast doubt upon the
redistribution theory originally proposed by Judge
(Lekson et al. 1988; Roney 1989, personal communication).
Judge, himself, has been instrumental in this re-
evaluation (Lekson et al. 1988). As a result, the
function of the Chaco roadway system remains unclear.

The Chaco roadway phenamenon was first recognized by Neil
Judd (1954:;1964) who proposed that the roads were used
for localized resource exploitation. The fact that he
refers to these as "ceremonial highways" suggests that he
also suspected a religious purpose for the roadways (Judd
1954). This religious interpretation was seldom
incorporated into later research designs, but Obenauf
(1980) suggested that a roadway system would enhance
religious integration, particularly if Chaco Canyon was
viewed as a "ceremonial center" for the Chaco or San Juan
Basins. 1In light of all the past evidence it is time to
examine the possible religious (ideological) purpose for
the Chaco roads. Although the roads may have served a
multi-purpose function, i.e. transportation tc and from
agricultural fields, water sources, and exchange, it is
possible that religious or ceremonial factors may have
heavily influenced roadway construction. This

investigation will use remotely sensed data to help
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determine if the roads functioned predominantly for

economic or religious purposes.

HYPOTHESES TESTING

The hypotheses to be tested in Chaco Canyon are:

If the prehistoric roads had an economic function

then:
1'

they took the "path of least resistance"
as they traveled from one place to
another, resulting in curving or
meandering patterns in areas of
difficult terrain;

they incorporated greater constructional
effort in making travel easier at
difficult places, i.e. areas of steep
slope, than in areas of flat or level
relief;

they by-passed and avoided areas of high
topographic relief;

and, they provided linkage to Chaco
Canyon for the storage and
redistribution of goods.

Conversely, if the prehistoric roads served a

religious function then:

1.

they will connect to a major center of
ritual activity (Chaco Canyon) where
they will be associated with religious
features such as shrines, kivas, great
houses, and ceremonial ceramic breakage.

they will incorporate elevated areas of
topographic relief into their course
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such as pinnacles, mesa tops, or other
observational areas, and they will be
associated with ritualistic concepts
such as directional symbolism,
orientation, and astronomy; ie., they
continue on their predetermined course
in spite of topographic obstacles.

In order to understand the function of the Chacoan
road network it is first necessary to map the locations
of the roads. This has been a major problem throughout
all the investigations dealing with Chaco Canyon's
prehistoric roads. Locating and following the roads from
ground level is extremely difficult, expensive, and time-
consuming. As shall be shown, aerial photography and
remote sensing have contributed inestimably to this
process. In order to arrive at any understanding of the
Chacoan roadway system it is essential to know their
location, their physical characteristics as determined
from the archeological evidence, the time-frame for their

existence, and the areas that they connect in the context

of the surrounding landscape.

CULTURAL HISTORY
Chaco Canyon was a major area of prehistoric human

occupation and is one of the most important archeological



127
regions in North America. Human occupation of the canyon
extends back 12,000 years and remains a part of the
cultural heritage of several Native American groups: the
Pueblo, Navajo, Apache, and Ute. The area is a major
scientific and archeological resource since it contains a
relatively complete record of prehistoric occupation in
an area of well-defined ecological boundaries.

Paleo-Indian occupation extended from 10,000-5,500
B.C. with subsistence based upon the hunting of late
Pleistocene mega-fauna and the gathering of wild plants.
Archaic occupation dates from 5,500 B.C. to A.D. 450
(National Park Service 1980:2). As the mega~fauna became
extinct, Archaic subsistence was based upon small game
hunting and wild plant food collection. Populations
increased and seasonal occupations transpired as
evidenced by shallow pit houses, hearths, and grinding
implements. A great change in southwestern culture
occurred in response to the domestication of maize which
took place between 3400-1000 B.C. Between 10600 B.C. and
A.D. 1, the culture called the Anasazi (Navajo for
"ancient ones") began to develop in the San Juan Basin.
It is worth noting that archaic adaptive strategies may
have continued in some areas despite the development of

the Anasazi culture.
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Differing chronologies for Anasazi development
have been proposed by various investigators. Anasazi
development in Chaco Canyon is generally dated between
A.D. 450 and 1300 (Windes 1988).. The Anasazi culture is
marked by an emphasis on the exploitation of domestic
plants, particularly corn, beans, and squash. At this
time people became more stationary while individual
groups reduced their defined territory. Changes in
architecture took place as pit house villages developed
into spacious, multi~storied pueblos. It is projected
that corresponding changes occurred in social
organization. By Pueblo I times (A.D. 700-900) trends
toward more elaborate and complex architecture, farming
practices, social control, and trade were beginning to
emerge. Mexican contact as evidenced through trade items
such as copper bells, cloissonne work, macaws, and
pottery may have influenced development (Reyman 1971).

Eventually, the development resulted in the "Chaco
Phenomenon" whereby the occupants of Chaco Canyon may
have controlled the econonmic, social, and political
system of the entire San Juan Basin. This occurred
sometime between the Pueblo II and Pueblo IIT time
periods. Pueblo II or Classic Bonito dates from A.D.
1040 - 1100 while Pueblo III dates from A.D. 1140 - 1200

(Windes 1988). The architecture at this time is referred
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to as "Bonito-style" construction. It is during this
time that major engineering and architectural
accomplishments were realized including the Chaco roadway
system which is the focus of study for this chapter. 1In
addition, "great houses", ceremonial or administrative
centers, intensive irrigation systems, and hundreds of
small villages existed during the Pueblo II and Pueblo
IIT phases.

The nine Great Houses were the foremost
accomplishment of the Chaco culture and were constructed
between AD 900 to 1115 (Lekson et al. 1988) . These
structures are named Pueblo Alto, Hungo Pavie, Kin
Kletso, Chetro Ketl, Pueblo Bonito, Pueblo del Arroyo,
Una Vida, and Wijiji. Although difficult to date, the
Chaco roads seem to have been constructed in conjunction
with the great houses. The roads radiate out from the
great houses, across unpopulated areas of the Chaco
desert. Some of the roads appear to lead to "outlier"
sites on the canyon's periphery. The rapid and
monumental construction of great houses and roads came to
an abrupt halt in the 12th century. The reason(s) for
this collapse is/are not certain.

By 1300 A.D. most of the San Juan Basin was

abandoned. Although speculations of drought, warfare,
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political collapse, and social disorganization have been
offered, no reason for abandonment has been pPresented to
date. Around 1500 A.D. the Apache and Navajo entered the
empty San Juan Basin and began to repopulate the area.
Shortly thereafter, minor infiltrations by the Utes and
Puebloan cultures occurred. In addition to the sheep-
herding and hunting practices, the Navajo practiced
raiding and were even temporarily removed from the San
Juan Basin by the U. S. government. American pioneers
who were settling the region generally avoided the
occupied lands of the Navajo; this is why the prehistoric

ruins in Chaco Canyon were rediscovered relatively late.

DISCOVERY OF PREHISTORIC ROADS IN CHACO CANYON

One of the major problems in the discussion of
prehistoric roads, not only in Chaco Canyon but elsewhere
in archeology, has been the fact that these features were
only given limited attention by investigators. This fact

can be documented in Charles Trombold's Ancient Roads

(n.d.) and may be associated with a general tendency to
record site-specific information as opposed to the
complexity of regional analysis. Another reason appears
to be a bias on the part of the investigator. As

Trombold states:
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Although some data have accumulated on 0ld wWecrld
roads, comparatively little attention has been
paid to those of the New World. Part of this may
be due to a very early realization that
Precolumbian technological development was
markedly different from that of the 0ld World.
Thus in the history of technology relating to
transportation, most emphasis has been pPlaced on
the development of the wheel and innovations to
harness the energy of draft animals. Associated
with this is perhaps a feeling that roads are
synonymous with wheeled vehicles. Since vehicles
were not used in the New World before European
contact, it followed that the few known
Precolumbian roads would be of little real
significance, or curiosities at best. We are now
discovering that they were more widespread than
Previously realized and that in terms of
construction techniques and engineering of
comparable time periods, New World roads
frequently showed a marked superiority over their
0ld World counterparts (Trombold, n.d.).

In Chaco Canyon, for instance, Obenauf (1980a) records
that Edgar Hewett was aware of the roads and showed them
to his students during his excavations at Chetro Ketl.

Despite his familiarity with the roads, Hewett makes no

mention of them in his Chaco Canyon publications.

History of the Roads

References to the existence of aboriginal roads in
the Southwestern area can be found in many early reports

by Spanish chroniclers and American survey and military
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parties (Vivian 1983). Thompson, for instance, made the
following statement based on his observationz from 1572-
74:

Their trails are remarkable, extending as they do

in a straight line from one pueblo to another, and

even traced from ruin to ruin. These deeply-worn
paths, even on the rocks, passing without
swerving to right or left, over valley, plain, or
ascent of mesa--as though the trail was older than
the mesas, or before the canyons, gnawed into the
plateaus by erosion, had reached their pathway--

speak more powerfully than all else of how old a

people they are (Thompson 1879:322).

The first authentic map and account of the ruins
in Chaco Canyon was made in 1849 by a young first
lieutenant of the topographical engineers, James H.
Simpson. From a Mexican guide, Carravahal, Simpson
recorded and mapped the pueblos of Wijiji, Una Vida,
Hungo Pavie, Chetro Ketl, Pueblo Bonito, Pueblo del
Arroyo, and Penansco Blanco--names which have survived
until today. A Jemez Indian named Hosta, however,
convinced Simpson with the erroneous information that
these were the remains of the Aztecs under Montezuma and
that after living here for awhile, some of thenm dispersed
east along the Rio Grande while others headed south into
0ld Mexico. Despite his detailed observations and
meticulous accounts of the ruins and features in the

Chaco area, Simpson made no known mention of roadways.

From his account it is obvious that the canyon and the
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ruins appeared very similar in 1849 as they did to

Richard Wetherill in 1895.

The first one to record the existence of roads in

Chaco Canyon was S.J. Holsinger, an agent for the

Government Land Office who was sent to investigate the

homesteading claims of Richard and Marietta Wetherill.

Holsinger states:

.+..the remains of an ancient roadway...can be
traced from Chettro Kettle stairway to Alto ruins.
This road-way was 20 feet wide and walled up to a
grade with loose rock and filled with soil. It
commenced near the top of the stairway referred to
and followed a narrow shelving or terrace of this
rock westward, parallelling the canyon. It
followed this ledge for about a half mile to a
point where there are indistinct remains of a
broad flight of steps, twenty-one in number...It
is near this point where the first traces of the
groove is found and it follows this road-way to a
point where it crosses a wash and enters the sand
covered mesa where both disappear (Holsinger
1901:67-68) .

It appears that Holsinger's observations resulted

from conversations with the Wetherills. Forty-seven

Years later, Gordon Vivian recorded that in the course of

his conversations with Marietta Wetherill, she mentioned

that:

North of Alto in certain lights you can still see
what appears to (be) a wide roadway running down
to the Escavada. In the old days this was very
Clearly defined in the spring or early summer
because the vegetation on it was different from
any other and it could be traced clear to the San
Juan (Vivian 1948:3).
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Today this is called the Great North Road and will
be discussed in greater detail below. In the fall of
1983 I was able to successfully view portions of the
Great North Road at sunset, from Pueblo Alto,
particularly that on the north side of the Escavada.

This was at a time when the vegetation on the north mesa
was dead as opposed to vibrant spring vegetation
mentioned by Mrs. Wetherill. It should be mentioned that
none of the roads I viewed in 1983 were visible
throughout the day and that the north road was only
visible for a few lingering moments prior to sunset.

In the northern San Juan Basin near Aztec, New
Mexico, Earl H. Morris recorded that the stone used in
the construction of the Aztec site "was brought over a
broad road which is still visible, winding over hills and
across arroyos..." (Morris 1915:666). A photo of this
road appeared a year later with the caption: "Ancient
Road Near Aztec, N.M.: The road is perhaps thirty feet
wide, its sides being marked with pebbles and boulders.
It is very well defined and may be seen from the train
several miles away" (Wadleigh 1916:52). J. Walter
Fewkes was aware of the Aztec road when he referred to it
to support his explanation for a road segment he found

south of Chaco Canyon at Kin Ya'a. He mentioned that
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other such trails had been found in the State and that
they were probably used to haul building stone (Fewkes
1917:15).

Neil Judd was acutely aware of the roads in the
1950's and 1960's and indicated that he planned a future
publication on them, although this was never realized.
His first exposure to the roads seems to stem from his
work with Navajo informants in Chaco Canyon between 1921-
1927. During Judd's excavations, which were sponsored
by the National Geographic Society, a 95 year old Navajo
informant, Hostten Beyal, commented upon the roads. Judd

records:

When asked about the so-called "roads" on both the
north and south cliffs, Beyal remarked that they
wa2re not really roads, although they looked like
them. He says that they were built by the Chaco
people. One road led from Pueblo Pintado to
Pueblo Bonito and one to Penasco Blanco. Another
led from Pueblo Bonito to Kin-Yai; a third from
Kinbiniyol to Kin-Yai; still another from
Kinbiniyol to, or through, Coyote Canyon and on to
a point near Fort Defiance. On each of these
"roads" one could see until recently, cuts where
the road passed through small hills (Judd
1954:346).

I would like to draw attention to Beyal's
statement that "they were not really roads, although they
looked like them." I believe that this is an insightful

statement which demonstrates that our westernized concept

of "roads" may be misleading if directly applied to these
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features. For the purpose of this investigation in Chaco
Canyon I will use the term "road" in a broadened sense
rather than in the transportation sense of our modérn-day
usage.

Judd appears to have provided the information for
an article which appeared by an anonymous author in a
1928 article. The article states that:

The stairways are from 5 to 10 feet wide and some
of them have a 10-in. tread. The roads, if that
is what they were, vary in width from 15 to 20
ft., and are usually lined with boulders, which
were rolled to one side in the clearing process.
On sloping ground the lower side of the road was
built up, and where the mesa changes levels
abruptly, steps were cut in the rock (New Mexico
Highway Journal 1928:9).

Judd also notes that stairways are associated with all
the major ruins and that the roads connect to these

structures:

Jackson's stairway is one of the best, but what
was its purpose? The diverse "roads" are equally
beyond convincing explanation. There is the broad
pathway extending southeast from Pueblo Alto with
10-20-footwide hammer-battered steps at every
ledge and a pecked groove throughout much of its
length; there is the retaining wall edging a 30-
foot cliff at the end of the trail. There is
another step series across the canyon, irregular
and cramped, and a cleared path from rimrock
toward Tsin Kletsin. There is a magnificent
stairway overlooking Hungo Pavie and a conspicuous
"road" dug through a sand ridge south of the Gap.
Each was a prodigious undertaking of which the
Late Bonitans or their contemporaries were
thoroughly capable but each remains a mystery
(Judd 1964:142).
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Unfortunately it took over forty years for Judd to
publish his comments on the Chacoan roads. During that
time the focus of Chaco research centered upon the
Puebloes and shifted away from ancillary features such as
water control devices, roads, and outlier sites. For
instance, Brand states that in regard to the subject of
irrigation that there was "neither evidence or need for
such an assumption (Brand et al. 1937:114).

The subject of roads was resurrected when Gordon
Vivian discovered linearities on Soil Conservation
Service aerial photographs in the late 1940's. He also
studied aerial photographs taken by Charles Lindbergh in
1929 and even contracted for the acquisition of new
photography. Although he interpreted these features as
"canals", his son Gwinn Vivian, who took over the
project, determined in 1967 that many of the features
were in fact prehistoric roadways rather than canals. He
altered his research of the canal system and identified a
system of six "road systems." He described the roads as
containing:

-:-one or more of the following attributes: wide,

cleared, primary roads averaging nine meters in

width with edges of banked earth or low masonry

walls and bases of earth or bedrock...spur roads

averaging four and one-half meters in width with

edges and bases similar to primary roads;

stairways cut into native sandstone with squared

sides and widths up to nine meters...wide masonry
stairs at minor cliff edges, and masonry and earth
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ramps at major cliff edges. In some instances
roads were cut through low hills. Roadways also
were marked by relatively straight courses showing

occasional slight alteration in degree of
orientation (Vivian 1972:10,12).

Recent Research

As a result of the energy crisis of the 1970's,
archeological research expanded in Chaco Canyon. Chaco
Canyon held some of the richest coal and uranium deposits
in the U.S. and was also rich in oil and natural gas.
Although Chaco had been studied archeologically since the
turn of the century, “Little was known about the cultural
features away from the canyon proper, with the
prehistoric roads being the least understood of all.

Three major sponsors were to have a prominent
effect upon the Chaco roads investigation: the National
Park Service, Eastern New Mexico University, and the
Bureau of Land Management. All three sponsors included
in their objectives the detecting and mapping of the
prehistoric roads as well as the development of new
analytical techniques such as stereoscopic analysis. As
a result, new aerial photography was gathered and new
techniques were applied to the road study. An example of
this is recorded by Obenauf:

In April of 1972 the first of a series of flights
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was made over Chaco Canyon for the specific
purpose of locating prehistoric roads. The new
black-and-white photographs, fiown at a scale of
1:6000, proved useful in mapping the complex
network of roads within the Monument boundaries.

Experimentation with scale, however, showed that
the smaller scale imagery, such as the USGS

imagery at 1:32000 was better suited for locating
and mapping the roads (Obenauf 1980a:41).

The Bureau of Land Management (BIM) was charged
with the task of mitigating economic development in
conjunction with cultural resource protection. The BLIM
Chaco Roads Project used a multidisciplinary approach to
the study of the roads and was conducted in two phases.
The results of this project (Phase I:1983 and Phase
II:1987) advanced the Chacoan roadway study considerably.
The BIM-sponsored project determined that the roadway
system extended far beyond Chaco Canyon and that it had
been built in the few decades prior to the abandonment of
Chaco Canyon. These dates of construction were
determined from ceramic materials and roadway association
with architectural features such as earthworks and great
kivas. An important conclusion they reached was that the
road system is an architectural manifestation of the
great houses which they join.

One observation that was readily apparent from all
the investigations was that the earlier photography was

superior. Tom Lyons, for instance, compared the same
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scale photography from the mid 1930's to that taken in
the 1960's. He determined that the roads were more
apparent in the earlier photography due to more
distiﬁctive vegetational differences. This may be the
result of overgrazing in Chaco Canyon during the 1940's
and '50's (Sever 1983). Overgrazing had also taken place
at the turn of the century.

Many models were tested to explain the purpose and
function of the Chacoan Roadway network. These models
included geographic models based on central place theory
such as the Christaller model, dendritic model, and
Garrison model. A complete description and interpretive
results of these models can be found in Chapter 3 of the
Chaco Roads Project Phase I: 1983.

In general, most of these models do not work in
light of recent archeological evidence. As will be seen,
previous archeological interpretations have been altered
with respect to climate, population, and even the room
functions within the pueblo itself. To date, no
convincing explanation for the purpose of these roadways

has been satisfactorily presented.
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CHACO ROAD CHARACTERISTICS

The rcads in Chaco Canyon exhibit a number of
constructional similarities along their course that
appear elsewhere in the San Juan Basin. These similar
characteristics are used to differentiate prehistoric
roads from other linear features which appear in remotely
sensed data such as irrigation systems, historic fence
lines, and geological faults. The extent of the roadway
system is not known and there may yet remain other
distinguishing characteristics which have not yet been
identified. The roadway characteristics presented here
are based on a number of ground level investigations
conducted between 1972 and 1987.

One goal of the present project was to locate
prehistoric roadways which had not been found through
either ground survey or aerial photography. The purpose
for using multispectral digital airborne imagery was to
see if it could locate features that had not emerged from
conventional photography. Geological processes, which
have been recognized in other remote sensing research
(Rickman and Grant 1985), have tended to modify the roads
through time.

Past and present environmental characteristics in

the San Juan Basin area are only moderately

conducive to the preservation of linear features
such as roads. Although the climate is relatively
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dry, the combination in many places of loose,
sandy substrate, windiness, limited vegetation,
sometimes intense, flashy rainfall, and cold
winters which facilitate frost heaving of damp
sediments have all served to gradually obscure
prehistoric roads. In addition, intense
overgrazing, especially during the late 1800s and
early to mid-1900s resulted in erosion which
further obscured these features (Nials 1983:6-1).
The time of construction for the roads in Chaco

Canyon is not known with certainty. In general, they
appear to be manifestations of the 11th and 12th
centuries as evidenced by ceramic scatter and their
association with Bonito-style architecture. The
chronology in which the roads were built is not known nor
does there appear to be an evolutionary development in
construction. The roads seem to be part of the Chaco
phenomenon and their association with great houses,
earthworks, and shrines suggest an 11th-12 century date.
One possible exception is the South Road which, contrary
to other opinions (Windes 1982), the BLM ascribes an
earlier date to the 10th century based on its analysis of

ceramic material (BLM 1983:9-77).

Straight Linear Course

The most common feature of the Chaco roads is

their straight line course which is maintained in spite
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of topographic obstacles (Figure 4-3). This consistent
pattern has been recorded by a number of investigators
(Lyons 1973; Lyons and Hitchcock 1977; Ware and Gummerman
1977; Obenauf 1980a; Hayes 1981). The Bureau of Land
Management's Chaco Roads Project states:

Detailed measurement of road segments for this

project revealed that the reportedly straight

roads actually consist of a series of
approximately aligned straight seqme ts, which

together often produce a straight trend for a

larger portion of the road. Any individual

segment may deviate slightly from the trend.

These deviations are hypothesized to represent

adjustments to maintain the desired course. Minor

course adjustments appear to have been
accomplished by meands of slight angle changes
usually occurring either at higher topographic
positions such as ridge tops or in drainage
bottoms. It is usually not possible to see the

actual angle change on the ground (Nials 1983:6-

27).

When the roads do change direction, they do so
abruptly in a "dog-leg" fashion. These abrupt angle
changes generally occur only at sites, at topographic
features such as high passes and wash crossings, or at a
confluence of roads. Although they occur infrequently, I
have walked on Anasazi roads that do make lazy or curving
bends. 1In general, however, the roads are remarkable in
their linearity. The purpose for the straightness is not
entirely clear and has never been satisfactorily
answered. Most researchers feel that the straight roads

do not "represent the most efficient trajectory through
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the hinterlands" (Morenon 1975:8-10). Nials, on the
other hand, compared the Great North road to the modern
Chaco Canyon-Blanco Trading Post road and determined:
"Somewhat surprisingly, the North Road, despite going
straight over obstacles, appears to be the more
'efficient' of the two roads, having less total elevation
change and a shorter distance between endpoints" (Nials
1983:6-27). Nials himself warned that this was not a
completely valid comparison since the roads were not
exactly parallel. While he does not explain his approach
fully, it appears that he does not include enough
variables or weight factors in his model to warrant an

accurate conclusion either way.

Width

The width of the roadways is as distinguishing a
characteristic as their linearity. Generally, they
maintain a consistent width of nine meters. Occasionally
they may narrow at a shrine or "herradura'", at areas of
steep terrain, or they may widen as they reach a great
house. A secondary type of road is about half this width
and is associated with localized "spur" roads. The
purpose and destination of these secondary roads is not

known. The reason for this consistent 9 meter width of
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the primary roads remains obscure since it is wider than
necessary for pedestrian use and the Anasazi did not have
the wheel or beasts of burden. The width of the roads in
Chaco Canyon is a unique feature that separates them from
other trail systems in North America with the exception

of the consistently wide Maya sacbes (roadways) .

Stairways

In order to maintain the straightness of the road
it was often necessary to make rock-cut stairways as the
road entered and exited Chaco Canyon (Figure 4-4). Many
of the stairways, but not all of them, are associated
with the roadway system. The stairways fluctuate
dramatically from minor mcdifications of access routes
with simple hand and toe holds to formally laid flights
of wide masonry stairs. Two of the foremost stairways in
Chaco Canyon are Jackson stairway, located in the eastern
part of Canyon, and the stairway above Pueblo Bonito. In
both instances the stairways are directly associated with
verified roads. Another stairway associated with the
roadway system is located to the north of Chaco Canyon

along a prehistoric road leading to Kutz Canyon.
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Thermal Infrared Multispectral Scanner

Image showing the straight linear course of
Anasazi prehistoric roadways (in white) and
a dog-leg turn along the North Road as the

roads enter and exit the north gate at
Pueblo Alto.

Figure 4-3.

Ground photo of Jackson's staircase on the
north side of Chaco Canyon.

Figure 4-4.
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Causeways

A causeway is defined as a raised road which
maintains both sides above the surrounding terrain.
Confusion occurs when only one side is found and the
investigator must decide between classifying it as a
"wall" or part of a causeway. The so called "causeway"
at Pueblo Alto (Lyons and Hitchcock 1977:123,125) 1lies
directly between road segments and stairways. This
appears to be more of a wall, however, than a causeway.
Walls have been found only in the Pueblo Alto and Tsin
Kletzin areas and consist of from 1 to 6 courses of
masonry.

The only two causeways which have been confirmed
with confidence each lie in low areas near Penasco
Blanco. One of these two causeways is visible on aerial
pPhotography (Obenauf 1980a) and a prehistoric road is
visible on both sides of the causeway as it crosses an
arroyo. Other low-lying causeways that may have crossed
streams would have long disappeared as a result of
centuries of destructive flooding and lateral movement of
channels. Investigators classify causeways with caution
since many natural features can be responsible for the

apparent elevation of the road. For instance, materials
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eroding along the road can collect at a low area giving

the appearance of intentional fill-dirt.

Roadcuts

Roads often form depressions at the tops of hills
and dunes. While there is occasional evidence of
deliberate cutting, roadcuts are primarily caused by
erosion and compaction. Sometimes the roads can be seen
leading to a roadcut while othertimes the roadcut may be

the only indication of a possible road.

Ramps

Ramps occur at cliff edges and are made by piling
stones in order to provide access from one ledge to
another. Sometimes the ramps occur in conjunction with
stairways although it is not known whether or not the
ramps were covered with soil in order to provide a
smoother surface. Several ramp structures have been
located in Chaco Canyon such as the one near Chetro Ketl
(Figure 4-5). Hayes located 11 ramps and notes that:

---an earth filled masonry retaining wall

was...placed at the foot of a stairway, probably

for a ramp or landing stage. All of these were
associated with roadways (Hayes 1975:84).
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Borders

Borders (or curbing) are constructionail features,
such as stone alignments, that occur at the edges of
roads (Figure 4~6). Border elements are difficult to
classify because of their varied nature. They are seldom
continuous for more than 20-30 meters and are often
present only on the downhill side of a slope. It is not
known whether the borders were made by deliberately
placing stones at the edge of the roadway or were formed
as a by-product of clearing stones off the roadbed and
tossing them toward the edge. Sometimes the borders are
composed of low masonry edges up to a meter in width,
while at other times they are formed from large
sandstones up to a meter in length that are laid end to
end. Generally they are formed from small stones and
soil and are often difficult to recognize from surface
survey since they are badly eroded or buried. Compared
to the extensive lengths of the roadways, borders occur

very infrequently.
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Fred Nials of the Bureau of Land Management
study pointing to the stone alignment

border of the road between Pueblo Alto and
Pueblo Bonito.
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Cairns _and Herraduras

A number of stone structures such as cairns are
found in association with roads. The features can be
confusing, however, since they are not associated with
diagnostic material and may trace to either Anasazi,
Pueblo, or Navajo occupations. A number of cairns are
found in Chaco and are often associated with the roads.
The cairns are circular piles of stone that are generally
only a meter in height and diameter. Cairns are often
located in prominent positions upon the landscape but the
historic reuse and reconstruction of prehistoric cairns
as well as the recent construction of new cairns makes it
difficult to determine their association, if any, with
prehistoric roads.

When the roads reach a high pass or a major
topographic break a small masonry horseshoe-shape
structure is found adjacent to the road. This structure
is called a herradura. 1In general, the opening to the
herradura faces the road. Most of the herraduras are
located on the west side of the road with the opening to
the east. The function of a herradura is not known but
is sometimes interpreted as a "shrine." Nevertheless, a
herradura is considered a reliable indicator of a road.

Nials states:
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They appear to have been hastily constructed,
possibly incorporating both masonry and jacal
elements. Material assemblages consist primarily
of ceramic debris with no evidence for formal
midden deposition, repeated camping,
manufacturing, or processing activity. ...the
herradura form is seldom found on the southern and
western road systems, occurring only at major
topographic breaks where visibility for some
distance in at least two directions was possible
(up to 7 km)... Other than great houses,
herraduras are the most common feature marking the

intersection of two prehistoric roads (BILM 1983:9-
16).

Herraduras show no evidence for burning and thus
were not used for pyrotechnic signalling. Herraduras are
the most useful structure in locating roads between great
houses. They are consistently located on top of major
topographic breaks and are built in a horseshoe-shape.
Their location always affords an excellent view in both
directions along the road which generally appears as a
depression with berms as it encounters the herradura.

The structures are indigenous to the late 11th and early
12 centuries and are made in the Bonito style tradition.
This time frame makes them compatible with the
construction of roads and great houses. Herraduras often
mark the locations where roads make dog-legs, or slight
linear changes in direction, suggesting that the builders
are going out of their way to include topographic
projections into the overall road pattern. The locations

of herraduras have been successfully used to schedule
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aerial flights which indicate roadway segments not seen

from ground level.

Parallel Routes

An intriguing characteristic of the roads is the
occurrence of parallel road segments. These segments
have been identified in aerial photography but are
difficult to recognize from ground level (Morenon 1975).
Seven parallel segments have been discovered and
confirmed while many other segments have been reported
but not confirmed. Twelve miles north of Chaco Canyon,
near Pierre's Ruin, two sets of parallel segments have
been found which form a 4-lane strip. These four
segments appear to be almost perfectly parallel to each
other in the photography and the TIMS imagery, but have
not been verified, since they are invisible from ground
level, and as Nials states:

...initial reconnaissance efforts to locate them

on the ground were fruitless. A few sherds and

occasional stones were found, but conclusive

verification was not possible

using reconnaissance techniques (Nials: 1983:6-
29).

The purpose of the parallel roads is not known

although similar phenomena have been reported elsewhere
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in the New World such as at La Quemada, Mexico (Trombold,
personal communication 1989) and in Peru. One obvious
explanation is that a new segment was constructed to
replace an older one. This can be seen at Arenal, Costa
Rica where short segments appear adjacent to a path after
it has worn down to the slippery clay surface. Another
postulation is that the parallel segments were used by
different groups within the society. This view is
suppofted by the existence of parallel roads in Peru
which were used by different segments of the Inca
population:
There existed along the sea five roads that
crossed the Lurin Valley. The fifth...bordered
the sea and belonged to the chasques. The fourth
served the traffic in which fish was carried to
Lima...there is no indication of who used the
remaining roads (Rostworowski de Diez Canseco
1977).

In Chaco Canyon no conclusion concerning the relative age

or function of parallel roads can be made without further

research.

HISTORIC ROADS
Historic roads are generally easy to distinguish
from prehistoric roads both from ground level and from

photointerpretation. These distinguishing
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characteristics have been well documented (Nials 1983:5-
23,27). The edges of historic roads are usually sharply
defined while prehistoric roads are generally poorly
defined. The width of historic roads is from 2-3 meters
while prehistoric roads are 9 meters. Historic roads are
often rutted and eroded while prehistoric roads have a
broad, shallow, concave profile. Historic roads curve
and meander as they avoid obstacles upon the landscape
while prehistoric roads are linear and typically do not
make major deviations in alignment. Historic roads may
show turnarounds at their destination while prehistoric
destinations are often associated with prehistoric sites.
Historic roads can be seen on alluvial valley bottom
lands while prehistoric roads have disappeared due to
erosion and/or deposition. 1In the aerial photography
historic roads are often lighter than the surrounding
landscape while prehistoric roads commonly appear darker
than the adjacent landscape. Historic roads may
incorporate modern features such as dams and fields while
these same features are superimposed upon or obscure the

prehistoric roads.
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DISAPPEARANCE OF THE ROADWAY SYSTEM

The Chaco roads have been disappearing at an
accelerating rate due to a natural and human processes.
This disappearance can be documented by early
descriptions of the roadways and a comparison of aerial
photography between 1929 to present. A major handicap in
the mapping of the roadways has been the discontinuous
preservation of the roads themselves. Some segments are
found over six feet below the surface while other
segments have disappeared completely. The major roadsss
that have been mapped are often no more than a series of
discontinuous segments. The South Road has an eight mile
gap in it where there is no evidence for a road
whatsoever. It could be argued that perishable markers,
such as wooden posts, could have been used to mark these
missing road gaps, or that erosion had completely erased
any evidence of them. It is also possible that there was
simply no road in these areas in the first place.

Multispectral imagery from NASA sensors was
therefore acquired and analyzed to address these
questions. It was thought that advanced remote sensing
technology might be able to locate road segments that
were not visible from ground level or apparent in aerial

photography.
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ANASAZI ENGINEERING

In an attempt to explain how the linearity of the
roadways may have been achieved, it was initially thought
that the Anasazi traversed the landscape by sighting on a
distant landmark and walking toward that feature. One
argument states:

It appears that the chacb road system was not

formally engineered--in the sense of being

"constructed" or "built"--in its entirety but was

instead the result of "navigational"” routes that

facilitated foot travel between points of
population aggregation. These routes in some
cases ran in the direction of topographic
landmarks that were known by the inhabitants of

Chaco to lie near desired locations. This might

account for the surprising linearity of the

roadways through the region's uneven terrain

(Ebert and Hitchcock 1980:188).

Closer inspection of the roads, however, reveal
that they deviate only slightly from their linear
trajectory even though the landmark is hidden by a
topographic feature. The only way to account for the
linearity is a systenm of foresights and backsights
similar to those used today in surveying work. In this
technique a surveyor uses a theodolite at a fixed point
and sights to the pPreviously marked point behind him. He

then reverses the telescope 180 degrees to the next point
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on the horizon and waves the flagman to that point who
then marks that position. By moving forward to this new
point, backsighting to the previous point, and projecting
180 degrees to a new point, a straight line can be
constructed across the landscape. Anasazi engineers
could have created straight patterns in the same way
using a combination of 3 landmarks and/or people.

Current evidence shows that the Chaco roads were
extensively engineered. The consistency of the road
characteristics throughout the area reveal a prescribed
engineering template that was followed with remarkable
consistency. It may be possible that some of the 1 meter
stone cairns are artifacts of the survey itself prior to
road construction and that they were not functional
components when the road was used. The cairns may have
been similar to survey flags. One way to test this
possibility is to record the position of all the
prehistoric cairns upon the landscape and see how many
are associated with roadway alignments.

Anasazi engineering extends throughout all aspects
of Chaco Canyon construction (Figure 4-7):

Overengineering, typified by the masonry walls, is

a prevalent feature at Chaco Canyon...The

sandstone blocks fit together tightly, forming

walls that are as much as a meter thick at ground

level and decrease slightly with each successive
story...as many as 50 million pieces of sandstone
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Figure 4-7.

Rooms in the back of Pueblo Bonito showing
the masonry and "over-engineering" typical
of the great houses. Over 50 million pieces
of stone are incorporated into the
architecture of Pueblo Bonito.
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may have been cut to build Chetro Ketl alone...The
formal geometry of the floor plans is another
prominent feature of Chacoan architecture. Rooms
and kivas...are arranged in gridlike
patterns...such linear precision and complexity
could not have been accomplished without advance
Planning and the active involvement of architects
(Lekson et al. 1988).

It is apparent that the Chacoan roads are not simple
trails that have been created through prolonged wear but
carefully surveyed and engineered constructions. This
factor is important for the later discussion of the

roadway systemn.

REMOTELY SENSED DATA

Aerial Photography

During the 1970's and 1980's several investigators
used aerial photography to locate prehistoric Chacoan
roads (Vivian 1970; Vivian and Buettner 1971; Ware and
Gumerman 1977; Ebert 1973; Hitchcock 1973; Morrison 1973;
Lyons 1973; Marshall et al. 1979; Lyons and Mathien 1980;
Obenauf 1980a, 1980b; Flynn 1981; Sever 1983; Bureau of
Land Management 1983,1987). With the exception of the
Bureau of Land Management study, most of the
investigators discovered that vegetation was the primary

factor responsible for the appearance of the roadways in
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the photography. As Potter and Kelley state:

In summary, changes in vegetation in the arid and
semiarid Southwest occur in response to relatively
minor environmental conditions, especially as
these affect the soil-plant moisture relationship.
Thus, there is a close link of vegetation to
features of geology, physiography, and soils. It
is almost imperative that the investigator become
familiar with these relationships before mapping
from the aerial photographs. With these basic
relationships in mind, one can turn to the aerial
photos and apply an understanding of a
multiplicity of ecological factors to the
interpretation of the photos and, thus, produce a
more meaningful designation of vegetational types
(Potter and Kelley 1980:103).

Due to the complexity of geological and
environmental factors in chaco Canyon, however, the
proposed technique of Potter and Kelley has not been
successful. As Nials concludes:

The presence or former presence of roadways may in

some instances be indicated by modified

vegetation. Prehistoric roadway vegetation
characteristics are highly variable, and no
definitive criteria for the use of vegetation for
consistent recognition of prehistoric roads have

yet been developed (Nials 1983:5-2).

An important aspect of photointerpretation in the
detection of the Chacoan roads is the elevation and
azimuth of the sun. Hackman's (1967) geological research
determined that sun angles of 10 degrees or less could
reveal subtle variations that are otherwise
unrecognizable in the photography. This approach was

used successfully by archeologists in many of the Chaco
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photointerpretation studies.

Low sun angle photography is helpful in road
recognition since it accentuates low topographic relief
variations. Low sun angle photography favors linear
features that run north to south over those that run east
to west. Topographic variations can be due to the slight
depression in the road that is caused either culturally
or by erosional processes. Outcropping in the roads can
also cause vegetation to be slightly taller in the
roadbeds as opposed to the bordering sides. It should be
remembered that in most cases these subtle topographic
variations are not visible from ground level and thus
create a problem in field verification.

Originally, radar data was scheduled to be
collected for this study. Since the radar supplies its
own energy, it was thought that low angle acquisition
would be useful for detecting prehistoric roads. Unlike
the fixed movement of the sun, flight paths could be
arranged to produce optimum angles for road detection.

In addition, radar data can be processed to reveal
lineations that are far superior to aerial photography.
Unfortunately, the NASA airplane with the radar systen
crashed on take-off in 1987 and both were destroyed. The

use of radar data still remains a viable approach in the
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detection of the Chacoan roadway system and will be
investigated in future NASA studies.

An important question in the detection of
prehistoric roads is what is causing them to appear
either in the photography or the digital imagery? Crisp
lineations on the photography or imagery are often
invisible from ground level and thus it is difficult to
determine what properties are causing them to appear.

The photography itself is affected by factors such as
time of day, time of year, scale, processing, and type
(black and white, color, or color-infrared) causing
lineaments to appear on some photographs but not others.
The factors which are responsible for the lineaments
which can be seen from ground level include vegetation,
soil, erosion, and topographic expressions.

The Bureau of Land Management arrived at several
conclusions about low angle photography in the Chaco Road
study (Obenauf 1983:4-20):

1. Best photography is acquired within one hour
of sunrise; early morning is clearer than the
dust and haze of the afternoon.

2. Roads are enhanced in the spring growing
season, approximately two weeks after the
first heavy rain.

3. Roads are most visible on low sun angle

photography, at a scale from 1:20,000 to
1:30,000.



164

4. Even for an experienced photointerpreter, the

roads are difficult to see in photography
gathered in broad daylight.

Although not mentioned in the BIM report it should
be added that another preferable reason for early morning
acquisition is due to the fact that wind turbulence
increases in the afternoon making the aircraft less
stable. While a successful approach had been developed
for aerial photography, little was known about what type
of approach to use for digital imagery. This research
was therefore initiated to learn about the potential of
multispectral image analysis for the detection of the

Chacoan roadway system.

Digital Imagery

Several sets of remotely sensed digital imagery
have been collected by NASA over chaco Canyon. This data
acquisition is an outcome of a feasibility study in 1982
to test NASA technology for application to the discipline
of archeology. The objective of the research was to
develop remote sensing techniques for delineating and
inventorying archeological sites and features in order to
expedite survey and excavation. As a result of this

original study, new state-of-the-art sensors were flown



165
over Chaco Canyon in a continuing effort to develop
effective instruments and methodologies for archeological
research in arid environments.

The following remotely sensed digital imagery has

been acquired for chaco Canyon:

Table 4-1
SYSTEM MISSION DATE RESOLUTION
™S 284 1 APR 82 10m
THMS 284 1l APR 82 30m
TIMS 518 (DAY) 28 AUG 82 S5m
TIMS 518 (NIGHT) 28 AUG 82 5m
TIMS 645 (DAY) 1l SEP 87 5m
TIMS 645 (NIGHT) 4 SEP 87 5m
TIMS FCF (DAY) 29 JAN 88 5m
CAMS 416 16 OCT 88 5m |

With the exception of nighttime flights, all data
was collected simultaneously with CIR photography (Kodak
2443) at 60% forward overlap for stereoscopic viewing.
The photography is also used to relate ground truth
information with the digital data. A complete archive of
all the photography and digital data acquired by NASA
over Chaco Canyon and used in this investigation is
listed in Appendix B.

All analog Pulse Code Modulation (PCM) tapes from



166
the aircraft were decommutated into a computer-compatible
format and overlapping scan lines were removed. Since
all data acquisition conversion and digital analysis were
condncted at the Science and Technology Laboratocry
(formerly the Earth Resources Laboratory), the data were
reformatted into the ELAS software format. Because the
data were not acquired with the aircraft oriented
parallel to solar azimuth, the ELAS module CRSX (Junkin
et al. 1981) was used to analyze the effects of sun angle
and atmospheric scattering (Rayleigh and Mie scattering).
These effects were minimized using the ELAS programs RAMP
and DRMP (Junkin et al. 1981) before initiating data
analysis. RAMP computes the column means and standard
deviations for the data file while DRMP uses correction
coefficients to average the response across a desired
number of elements, thereby correcting a data set for sun
angle effects.

In 1976 a Bendix MsS multispectral scanner was flow
over Chaco Canyon in support of a National Park Service
study. The results of this effort (Lyons 1981) were
basically inconclusive, particularly in regard to the
detection of pPrehistoric roads. It was felt, however,
that the use of the TMs might be more successful for
similar investigations in Chaco Canyon. This was based

on the fact that the TMS offered improved spectral and
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spatial radiometric fidelity over the Bendix MS scanner.
In addition, the data could be analyzed by the Earth
Resources Laboratory Applications Software (ELAS), which
contained advanced statistical analyses packages that
made it one of the most powerful analytical tools for
image processing available at the time.

The applicability of advanced digital remote
sensing for archeological investigations were basically
unknown at this time. As we have seen, Chaco Canyon has
an extensive history in aerial photointerpretation and
ground truth reconnaissance. Consequently, Chaco Canyon
was selected as an initial study area so that the
response of the sensors and data analysis could be

compared with the results of previous studies.

THEMATIC MAPPER SIMULATOR (TMS) DATA

Previous Chacoan roadway research had indicated
that the best time for data acquisition would be in the
spring, when the roadways would be accentuated by
vegetational differences. Preliminary TMS research had
indicated that it was a useful instrument in separating
vegetational species. Based on this premise several

flight lines of TMS data were gathered over Chaco Canyon
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on 1 April 1982.

After reviewing the raw data channels on an image
display device, the SRCH program was used to perform an
unsupervised signature development on the data from the
area of the North Mesa around Pueblo Alto where most of
the prehistoric roads converge. The SRCH program
progressively moves a square, nine-pixel (3X3) window
throughout the data and evaluates each block of values
for homogeneity. Each block of data is assigned a
spectral signature and compared to the signature
previously collected. As a result of this comparison the
block signature is either assigned a new signature or
merged with an existing signature. Various input
parameters were designed to produce optimum signature
development. The same approach was employed using the
PTCL program which is similar in concept to SRCH but
develops statistics one pixel at a time. This was
necessary due to the 10 meter diameter of the roadways.

The selected area was classified using MXAP, which
calculates maximum likelihood class assignments. The end
product of this technique is a land cover classification
which visually illustrates the occurrence of ground
surface characteristics. an analysis of the developed

statistics can be used to reveal the nature of the
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classes depicted in the final classification scene. It
was hoped that this approach would separate the roadways
through the vegetational components that were discussed
so frequently in past Chacoan research. The SRCH
technique produced 16 classes while the PTCL technique
produced 31 classes. Both signature development
techniques, however, failed to locate the Chacoan roads
in the TMS imagery. The reason for this will be
explained shortly.

Since the signature development approach was
unsuccessful, several image enhancement techniques were
tested. These techniques consisted of linear stretching,
band ratioing, and principal components. These
techniques have been successfully applied in geological
and urban studies for linear enhancement and extraction
(Moore 1980).

In the linear stretching technique the DBAS module
in ELAS was programmed to increase the dynamic range of
the data. The lowest and highest 1 percents of the data
were discarded since they represented noise rather than
actual data responses. The remaining 98 percent of the
data were scaled and stretched to count values 0 to 255,
This process was performed on all seven TMS bands (Table

4-2) and produced an enhanced black and white image that
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was more conducive for visual analysis.

TABLE 4-2

LINEAR STRETCHING OF TMS VALUE COUNTS

Channel: 1 2 3 4 5 6 7
Low Value 87 92 88 93 99 116 47
High value 207 234 232 233 221 235 208

Linear stretching was more successful in
distinguishing road segments than either principal
component analysis or band ratioing. Of the seven
channels, channel 7 (10.43-12.33 micrq@eters, the only
thermal channel) revealed more roadway segments than the
others. While the other six channels revealed short
isolated roadway segments, channel 7 alone disclosed
extended roadway segments and their characteristic
linearity (Figure 4-8). Although channel 4 (0.77-0.90
micrometers, an infrared channel) detected vegetative
differences in some of the roadways, spectral confusion
arose between roadways, gulleys, and other erosional
features. 1In addition to the roadways, channel 7 also

revealed a number of archeological features such as site
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Figure 4-8. Comparison of TMS thermal band (channel 7)
with infrared band (channel 4) . The thermal
band detected more prehistoric roadway
segments than any of the other 6 TMS bands.
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locations, buried walls, and prehistoric agricultural
fields that were not apparent on the other 6 bands.

The road segments that were revealed in channel 7
were extracted and used in a scattergram classification.
The ELAS modules SCAT and SCCL are companion modules that
are used to generate scattergrams and to classify data
contained in a specified portion of the scattergram.

This technique allowed the roads to be viewed
statistically against the spectral content of the entire
data set. The scattergram approach confirmed previous
archeological ground truth investigations which indicated
that the roadways are composed of diverse vegetational,
geological, and erosional components. ILaid against the
background of the surrounding terrain, the pixels
representing the roadways are scattered throughout the
entire data set. 1In short, a unique spectral signature
does not exist for the roadways since they are composed
of a multitude of soil proliferations and vegetational
differences. This is why the original SRCH and PTCL
classification techniques were unsuccessful and why a

supervised approach would be unsuccessful.
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THERMAL INFRARED MULTISPECTRAL SCANNER (TIMS) DATA

Analysis of TMS data suggested that the thermal
region of the spectrum offered the greatest potential for
prehistoric road detection. The Science and Technology
Laboratory had just completed construction of the thermal
scanner (TIMS) and an immediate opportunity arose for the
acquisition of TIMS data over Chaco Canyon on 28 August
1982. The TIMS was a new six channel research instrument
and extremely limited research had been conducted in
thermal imagery in the field of remote sensing at the
time. After careful evaluation it was decided to acquire
daytime data at solar noon and night data at 10:00 pm
local time for comparative study. Only two flight lines
were flown on this mission. oOne line started north of
Escavada wash and went south over Pueblo Alto and Pueblo
Bonito to a point just south of the canyon. The other
flight line crossed Fajada Butte from the south and went
across the north mesa. The same two lines were flown for
both the day and night mission.

Principal component analysis was performed in
order to reduce noise problems that were recorded in
bands 4, 5, and 6. In this technique a set of axes is
selected so that the maximum amount of a data set's

variation is accounted for by a minimum number of
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perpendicular axes (Rickman and Kalcic 1982). The first
principal component constitutes the majority of the data,
yhile the remaining components contain logarithmically
decreasing proportions of the data. This technique
improved the clarity of seeing prehistoric road segments
as well as other archeological features in the imagery.

Image enhancement techniques were used to
accentuate the roadways in the imagery. Several
approaches to lineament enhancenment, extraction, or
delineation are possible with digital imagery (Moore
1980). sSince conventional lineament interpretation
analysis is subjective, the results depend upon the
investigator and the purpose for the interpretation. One
study demonstrated that only 0.4 percent of a total of
785 lineaments were seen by four different investigators
with significant differences in length, location, and
densities (Podwysocki et al., 1975). Comparison of the
lineaments mapped by different investigators using Chaco
Canyon photography demonstrates this variability. oOne
such lineament map (Obenauf 1980b:157) was developed to
project potential roadways. Subsequent field research
revealed that most of the lineaments were not roadways.
The map did, however, demonstrate the ability of remote
sensing to significantly reduce the area for analysis

over conventional ground survey techniques.
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Several filters were developed using the FLAP
module in ELAS. These filters allow for edge enhancement
in all directions simultaneously or can be designed for a
specific direction. Since the roads on the north mesa
appear to run predominantly in a north-south direction,
filters were designed to accentuate lineaments in this
direction. The analytical power of these filters is
demonstrated in Figure 4-9. In this image a barbed-wire
fence is extracted from 5 meter data along the north-
south axis that is not apparent in the raw data. Since
the filter is directionally biased the fence is not
visible when it turns to an east-west direction.

Analysis of the TIMS daytime data revealed
prehistoric road segments that were not visible in the
simultaneously-acquired CIR photography. It also
recorded segments that were not seen in previous black
and white photography. The improved spatial resolution
and thermal bandwidths of the TIMS were often able to
detect and map both known and previously unknown roads.
In addition, several other features such as puebloes,
buried walls and small sites were revealed. In the night
data, however, the roads and other features are not
visible. What does appear in distinct clarity is a

prehistoric agricultural field that is not visible in the
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daytime data (Figure 4-10). In the night data the
Chacoan roads had reached thermal equilibrium and are
therefore no longer distinctive. The day/night
comparison demonstrated that the thermal/emissive
properties of the research target must be considered in
scheduling optimum times for data acquisition missions.
Subsequent TIMS research has shown that certain targets
are only detectable for a few minutes of the day
(Rickman, personal communication 1986; Luvall, personal
communication 1988).

TIMS data provided reliable information that was
superior to TMS data, black and white photography, and
CIR photography in the detection of prehistoric roads.
Consequently, it was decided to acquire more TIMS imagery
over a larger area of Chaco Canyon. Due to the
prohibitive costs of field verification, flight lines
were flown that would take advantage of the work
conducted by the Bureau of Land Management's intensive
ground study. TIMS flights were flown on 1 September
1987 and 29 January 1988. Working in cooperation with
researchers of the BIM study, new TIMS data was acquired
to see if more‘roadways or more complete roadway segments
could be detected. The results of this research could
then be used to confirm or deny previous interpretations

of the Chacoan roadway systemn.
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Filtered image of 5 meter TIMS data on the

north mesa showing the prehistoric roads
running diagonally and a barbed wire fence

running north-south.

Figure 4-10.

TIMS data acquired at 10:00 p.nm. showing
the location of a prehistoric agricultural
field in Chaco Canyon. This field is not
visible in the daytime data.
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Since it would be impossible to apply filtering
techniques to all the TIMS flight lines due to volume of
data, a new technique was added. This appfoach consisted
of rotating a sine function on the image and overlaying a
graphic onto the road segments as they became visible.

In this way many road segments that were not visible on
the simultaneously acquired CIR photography or readily
apparent on the imagery could be mapped in a time-cost
effective manner. The completed graphic was then
displayed against a linear function to clearly demarcate
the location of the roads across the terrain. This
technique had been successfully employed in previous TIMS
research at NASA's Science and Technology Laboratory. 1In
one study for example, boat wakes in the Gulf of Mexico
were not apparent using a linear function but readily
apparent using a sine function. Filtering techniques
were employed only in crucial areas where roads were
suspected (ie. areas of linear ceramic scatter) but not

visible using the sine function technique.
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CALIBRATED AIRBORNE MULTISPECTRAL SCANNER (CAMS) DATA

Calibrated Airborne Multispectral Scanner (CaMs)
data was acquired over Chaco Canyon on Mission 416 (Table
4-1) with simultaneously acquired CIR photography. This
CIR photography was of superior quality and represents
the best aerial photography acquired during any NASA
mission over Chaco Canyon. The CAMS imagery is also of
excellent quality except for the thermal channel (10.5 to
12.5 microns) which was not operational at the time of
data acquisition. Filtering techniques that were used in
TIMS analysis were also applied to the CaAMS imagerv. 1In
general, the CAMS imagery worked best in areas where
vegetation differences exposéd the prehistoric roads and
was less effective in areas where the roads crossed sand

and soil exposures.

APPRAISAL OF THE CHACO ROADWAY SYSTEM
Photointerpretation research over the last two
decades has resulted in a complex of potential Chacoan
roads. Many of these roads have not been verified to
date although several attempts have been made. These
roads do not appear, for instance, in either the CIR

photography or TIMS imagery, nor were they able to be
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recognized from ground level by the BIM study
(1983;1987).

The remainder of the discussion will concentrate
only upon five major road patterns which have been
identified and verified (Figure 4-11). These road
patterns are:

1. Great North Road (Pueblo Alto to Salmon ruins).

2. South Road (Chaco Canyon to Kin Ya'a).

3. Ah-Shi-Sle-Pah Road (Penasco Blanco to Ah-Shi-
Sle-Pah Canyon).

4. East Road (Chaco Canyon to Pueblo Pintado).

5. Coyote Canyon Road (Grey Ridge to Standing
Rock) .

Analysis of the TIMS imagery also revealed a large
number of individual road segments spread throughout the
canyon area. Many of these segments have been verified
by previous research while many have never been recorded
before. The confirmed traces of these roadway segments
suggests a complex system in and around the Canyon. Over
640 kilometers of these possible roads have been mapped.
Some of these road segments include the Kin Ya'a to Ruby
Wells Ranch Road, Southeast Road, Casa del Rio to Lake
Valley Road, Padilla Well, Kin Bineola to Bee Burrow, and
West Road. Although these linear segments contain many

of the Chaco Road characteristics and many have been
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verified as being pPrehistoric, their diagnostic value is
limited since neither their source nor eventual
destination is known with confidence.

Road segments are found in direct association with
the outlier sites outside the canyon. As Obenauf states:
Since possible roadways were discovered at almost
all outliers which were in an environment where
preservation of a road could reasonably be
expected, it is probable that they were once
present at most, if not all, outliers (Obenauf
1980a:60).
Yet despite all the speculation on the part of past
investigators only the North and South Roads have been
confirmed to connect from chaco Canyon to outlier sites

(Roney, personal communication 1989).
ROADWAY DESCRIPTIONS

Great North Road

The Great North Road (also called the North Road)
lies to the west of five linear features which radiate
from a gate in the north wall of Pueblo Alto and extend
across the north mesa (Figures 4-12 to 4-14). Four of
these features end either on the north mesa or at small

settlements along the Escavada Wash 3-5 km away. The
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Figure 4-12. TIMS image (band 3) of the north mes
showing Anasazi sites and roadways.
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Figure 4-13.

Ground photo of Pueblo Alto.

Figure 4-14.

Looking from the north gate at Pueblo Alto

toward the northeast. Several prehistoric
roads coverage at this gate although the
phenomenon is invisible from ground level.
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North Road continues, however, in a due north direction
as it traverses rolling sagebrush country until it
reaches a stairway at Kutz Canyon approximately 50 km
away from Pueblo Alto. From here the road may continue
down Rutz Canyon as it passes Twin Angels Ruin enroute to
tkhe Salmon Ruins, but there is little ground evidence to
verify this. _

The road has its origin in several routes which
exit Pueblo Bonito and Chetro Ketl and ascend the canyon
by staircases to Pueblo Alto. The North Road is part of
the northern road system which seems to link Chaco Canyon
to the northern outlying communities. The North Road
heads on a direction 13 degrees east of north as it
leaves Pueblo Alto until it reaches the Escavada Wash 3
km away. From here the road maintains a remarkable true
north direction within 1 degree of North; an impressive
accomplishment when one considers the void of useful
topographic features normally required for ground
orientation (Figure 4-15). From the Escavada the road
continues for 16 km until it reaches Pierre's Complex
which is a group of small Bonito-style buildings atop the
summit of pinnacles, or knobs (Figure 4-16). The
evidence of many fires can be seen in a hearth atop the
cone shaped pinnacle, El1 Faro, from which visibility is

excellent in all directions (BLM 1983). Predictably, the
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Figure 4-15. Map of the North Road.
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hearth marks the center of the projected course of the
North Road. From here it continues for another 31 km
until it reaches three shrine-like sites and a stairway
at Kutz Canyon (Figure 4-17). The Aztec and Salmon Ruins
sites are located 20 and 30 km to the northwest and it is
speculated that the road may head in that direction.
Severe erosion in the canyon reduces the possibility of
finding ground evidence for the road since it may be
either buried or destroyed.

Like all Chaco roads the North Road is not visible
in its entirety either from ground level or in aerial
photography. It is best seen from the ground in an area
south of Pierre's Complex where it cuts across a
succession of dunes. The linearity of its course suggest
it was "laid out as a single unit" (Morenon 1977a) while
the material remains such as ceramics and road-related
structures imply that it was built as a single
constructional event in the late Bonito Phase (Kinkaid
1983, 9-76).

No major sites are encountered from its origin at
Pueblo Alto to Kutz Canyon. No road segments have been
seen in aerial photography from Kutgz Canyon to Salmon
Ruins, although ground-based evidence has been collected

in this area (Roney, personal communication 1989). oOften
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Figure 4-16.

Figure 4-17.

Pierre's Complex.

CAMS data (channel 3) showing the North

Road as it continues north toward Kutz
Canyon.
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the road exists as two, and sometimes four, parallel
roads.

The TIMS instrument was successful in detecting
longer roadway segments and previously unrecorded
segments along the North Road than prior
pPhotointerpretation research. TIMS mission FCF (Table 4-
1) was flown after a light snow had fallen throughout the
San Juan Basin and was particularly useful in identifying
such features as the four parallel segments located 4 km
north of Pierre's Ruin. These segmenté had been
originally identified by the BIM in 1981, but TIMS data
and CIR photography recorded them more distinctly under
the winter conditions. As determined from
photointerpretation, the segments are actually double
"parallels" consisting of two sets of segments
approximately 30-40 meters apart with each set being
about 15 meters apart. Nials was unable to verify these
parallels from the ground using their reconnaissance
techniques (Nials 1983, 6-29). It should be mentioned at
this point that many other instances of parallels were
found in TIMS imagery throughout the Chaco road complex
that were previously unrecorded. Like so many of the
lineaments detected in the remotely sensed imagery, they
are often difficult to identify from ground level. The

temporal and functional differences, if any, of the



——

190

parallel segments remain unknown.

Evidence from the BLM survey indicate that the
North Road was built no earlier than AD 1050 and
terminated by the middle of the 12th century. 1In
addition, the road crossed a region that was sparsely
populated and never intensively utilized (BIM 1983).
The road also demonstrated the difficulty of crossing the
featureless terrain from one point to another and
maintaining a consistent linear route using blind
reckoning alone. This supports the premise that the
roads were intentionally laid out using some type of
surveying technique such as that discussed

earlier.

South Road

The South Road system is composed of several
arteries which integrate Chaco Canyon with outliers on
the southern and western periphery. The landscape to the
south of Chaco consists of buttes and expansive shallow
valleys. The desert floor is covered with various
species of grasses rather than the sage cover that
typifies the area to the north of Chaco. Upon the basin

surface the rock outcrops, rincons, and pinnacles blend
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with Anasazi ruins. This makes field verification more
difficult since it is hard to "sight" projected road
alignments onto features on the distant horizon. The
South Road is believed to provide contact to areas as far
as 160 km from Chaco Canyon. This is based on projected
alignments to distant archeological sites but the extreme
southern limits are unconfirmed either from remote
sensing or ground reconnaissance. The area that has been
confirmed extends for approximately 64 kilometers from
Chaco Canyon to Kin Ya'a and beyond toward Hosta Butte
with a number of spurs leading to Bonito Phase sites.

Starting in Chaco Canyon at South Gap (Figure 4-
18), the road curves out of the canyon toward the
direction of Kin Klizhin. Approximately 12 km from
Pueblo Bonito, the road enters the Kin Klizhin Valley and
passes 200m to the west of the tower kiva at Upper Kin
Klizhin. This building is composed of 12 single-story
and eight second-story rooms which served to buttress the
mass of a four story kiva (Stein and Levine 1983:C-28-
32). A road segment spurs off the main road to join this
site.

The main road continues and jumps a mesa as it
passes a great kiva called Casa Patricio and continues to

the southern edge of the valley. Here, a site atop a
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pinnacle, La Mesita de 1la Junta, provides a spectacular
view to the horizons. The road now angles more to the
southwest as it heads in a straight line passing Nose
Rock Herradura, Seven Lakes Herraduras, the Bee Burrow
great house, and eventually reaching Kin Ya'a (Figure 4-
19). The Bee Burrow great house is unique in that the
road does not seem to be formalized as it approaches the
structure as generally occurs at the other great houses.
At Kin Ya'a the road breaks into parallel segments and
exits to the south but the road's ultimate destination
has not yet been determined.

The prehistoric agricultural intensity,
fluctuating terrain, and density of material culture make
it difficult to distinguish road-related sites. However,
the road itself is often visible for extensive segments
and other road characteristics such as herraduras,
stairways, hearths, and ceramic linear scatters assist in
its detection. At Seven Lakes Herraduras, for instance,
two herradura structures exist in close proximity to the
road. One of these structures contains a complex ‘of
ceramic shards that include Red Mesa Black-on-white,
Escavada Black-on~-white, White Mountain Red Ware, and San
Juan Red Ware (BLM 1987). It is clear that many

different items were being moved along the road. 1In



193

Looking southwest toward South Géb as it
enters Chaco Canyon.

Figure 4-19.

The Kin Ya'a site.

be seen as light vegetation in the center

of the photo as the road approaches the
site.

A prehistoric road can
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addition, Bonito style architecture occurs frequently
throughout the course of the South Road.

The parallel road segments at Kin Ya'a are readily
apparent on most remotely sensed imagery and from ground
level. Kin Ya'a is a multi-storied structure of 26
ground floor rooms that contains a five-story kiva
(Marshall et al. 1979:201-206). Artificial mounds are
located on the rocad segment immediately east of the site
while two great kivas exist nearby. The area offers the
best evidence of prehistoric road construction and
engineering outside Chaco Canyon and serves as an
excellent place to view the surrounding landscape.

The TIMS instrument from Mission 645 (Table 4-1)
was able to detect a larger number of South Road segments
and associated spurs than any previous photography. In
fact, this area of Chaco Canyon was better than any other
area for road detection using TIMs imagery. The reason
for this is not known. If vegetation was the primary
factor responsible for this it should also be visible in
the CIR photography. But the TIMS is recording segments
that are now visible on the CIR photography. The last
known segment of South Gap as it enters Chaco Canyon was
more visible in TIMS than CIR pPhotography and apparently

better than previous black-and-white photography. TIMS
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data readily recorded a fork in the road just north of
Casa Patricio. This fork was recognized by the BIM in
1987 but the TIMS data also shows a number of linear
features in the immediate area, one crossing atop a
nearby mesa (Figure 4-20). These same lineaments were
recorded on two different flight lines of the same area.
On both flight lines the segments were either less
visible or not visible at all on the simultaneously-
acquired CIR photography.

One of many examples of the utility of TIMS data
can be seen on the Southeast road which had originally
been identified as speculative by Obenauf due to the
major gaps between imaged segments. The road was
believed to extend from Upper Greenlee Ruin to San Mateo
Ruin. The road was not visible on BLM low-sun angle
photography and there was no archeological evidence
enroute to suggest its 1location. Although the road is
n>t seen in any photography or from ground level, a
lineament is seen in the TIMs imagery clearly leading up
to and passing the Upper Greenlee site. The same
situation occurs at Rams Pasture Herradura as well as
other locations.

The South Road is without question a formalized

Anasazi road that fits prominently into the Chaco roadway
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Figure 4-20. TIMS data showing South Gap road as well as

potential road segments which have not been
verified from ground level.
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system. The limits of the road are not known at this
time. The road incorporates one of the few sweeping
curves into the Chaco road system as it leaves Chaco
Canyon and then immediately regains the characteristic
linear pattern. The South Road crosses an area of
greater population and activity than other Chacoan roads
and articulates with many cultural features as evidenced
by herraduras, kivas, great houses, and topographic

expressions.

Ah-Shi-Sle-Pah to Penasco Blanco Road
Gordon Vivian originally recognized a segment of

the Ah-Shi-Sle-Pah to Penasco Blanco road in 1964, but
identified it as a causeway. What is known of the road
today is that it is a relatively short stretch of
prehistoric roadway (6.3 km) that extends from the
Penasco Blanco Ruin to the Ah-shi~sle-pah Wash. Starting
at Penasco Blanco (Figure 4-21) the road ascends through
a series of rock-cut and masonry stairways until it
reaches a mesa top. The road crosses the mesa until it
reaches the slickrock bench of Arroyo de los Aguages. A
Bonito Style structure, Los Aguages, is found in
association with the road as it drops off the mesa top.
Also located here is a complex of bedrock cisterns. The

road continues to the Ah-Shi-Sle-Pah Wash encountering
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cut-rock steps, a masonry mound, and a sandstone ramp.
Attempts to find extensions of the road beyond the wash
have been unsuccessful. Visible areas that can be seen
to confirm the road's existence from ground level range
from 10 to 250 meters. The road is unique in that there
in no known association with a great house.

The Los Aguages Site along the road's course
consists of three structures of Bonito Style architecture
located between the road and the complex of cisterns.
The area was basically uninhabited by Anasazi groups
prior to the road's construction and material remains
indicate a similar pattern to that of the Great North
Road. In areas where the road could not be seen five
ceramic/lithic scatters were found to suggest its
position, repeating a pattern found elsewhere throughout
the Chacoan roadway system.

Results of TIMS and CAMS analysis revealed
continuous road segments in areas where they were
previously unrecognized. The TIMS data also reveals
another linear feature in the road near the Ah-Shi-Sle-
Pah Wash that was not visible in the CAMS imagery or CIR
photography (Figure 4-22). The feature is seen on two
different flight lines that were gathered on different

headings which demonstrates that the feature does not



Figure 4-22.

Blanco.

B Y SR

199

CAMS data showing road segments at Penasco

TIMS data showing a prehistoric road and a
linear feature near the Ah-Shi-Sle-Pah

Wash.
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result from scanner noise; rather it is an actual surface
manifestation.

The Ah-Shi-Sle-Pah to Penasco Blanco road appears
to be a localized road that does not connect to other
Chacoan roads. The ceranmic assemblage of water vessels
and cisterns suggests that water sources influenced the
direction of the road. Unlike the roads which extend
outside of the Canyon, this road does appear to have an
obvious economic function related to water resources. It
can also be argued that the road leads to a sacred area
and that the road itself has both religious and econonmic
functions. Although extensive archeological survey was
conducted to locate road remains and projected alignments
northwest of Ah-shi-Sle-Pah Wash, no possible destination

for the road has been identified to date.

East Road

The East Road extends from Pueblo Pintado to the
head of Chaco Canyon where it apparently enters into the
canyon. This brief stretch of road is visible in the
imagery as well as from ground level. The visibility of
the road is enhanced by sagebrush growing within the road

margins. This vegetational difference contrasts sharply
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with the grasslands of the surrounding flat terrain. No
further trace of the road can be seen after its apparent
descent into the canyon.

Other lineaments have been seen emanating from
Pueblo Pintado but they quickly disappear in aerial
photography and cannot be verified from ground level.
One lineament has been projected to extend south to
Chacra Face Road (BLM 1983). No evidence of the Chacra
Face Road was seen in any of the TIMS imagery or CIR
photography. Based on this observation and the lack of
supporting ground truth evidence, it is more probable
that Chacra Face Road is of historic origin. The
destination of the lineament heading south of Pueblo

Pintado is not known.

Coyote Canyon Road

The Coyote Canyon Road represents the best example
of roadway construction in the Chaco Canyon network. The
geological and topographic conditions in this area are
excellent for roadway preservation. The road is on a
northeast to southwest course and is most evident between
Grey Ridge and Peach Springs which lie to the southwest

of Chaco Canyon. The road disappears as it nears Chaco
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Canyon but the projected alignment suggests that it
enters the Canyon through South Gap.

One segment of the road between Grey Ridge and
Peach Springs is visible from the ground for over 4 km,
making it one of the longest visible segments in the road
network. Major road-leveling efforts took place along
this segment and ceramic densities increased as the road
approached herraduras. Other constructional evidence
included cairns, berms, a 330 meter long engraved groove
in bedrock, sandstone clasts along the border, a
consistent 10 meter width, and masonry steps. The road
reaches Peach Springs which is a great house with an
enclosed kiva and plaza, earthworks, and a great kiva
lying nearby (Marshall et al. 1979:307).

From Peach Springs the road continues to another
great house, Standing Rock which has a hearth, plaza,
earthworks, and a great kiva 300 meters to the southwest
(Marshall et al. 1979:232-233). Like Pueblo Pintado and
Pueblo Bonito, several roadways emanate from the
structure, but only the Coyote Road alignment is
confirmed. The massive earthworks which border the road
as it exits the great house align the road with a panel
of petroglyphs near Standing Rock Wash (BLM 1987). Other

road segments leading away from the great house can be
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traced for a short distance until they blend
imperceptibly into the terrain. The main road continues
northeast as it passes Standing Rock Herradura and
eventually disappears on its apparent route to South Gap.
Along the entirety of the road many segments, which
cannot be seen from ground level, are visible in the

aerial photography.

SUMMARY OF REMOTE SENSING ANALYSIS

The Bureau of Land Management Project concluded
that there were 640 km of documented prehistoric roads
with 160 km residing within the Park boundaries and 480
km throughout the San Juan Basin. The addition of
digital remote sensing analysis and CIR photography to
the BLM study has added to this total. Many of the road
Segments were seen in the digital imagery that were never
seen before either from ground level or in the aerial
photography. These segments filled in "gaps" along
routes that had been verified as being prehistoric.
Previous research had indicated, for instance, that
linear sherd scatters occurred along the course of a
prehistoric road which could not been seen in aerial

photography. Sometimes the digital imagery recorded this
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phenomena and at other times it did not. The reason(s)
for this is/are unclear at this time and can only be
explained after measurements have been acquired from
ground based remote sensing instrumentation.

Many additional linear segments have been mapped
as a result of this study whose characteristics suggest
that they are prehistoric roads but have not been
substantiated from ground level. 1In addition to a number
of isolated linear segments, several parallel segments
were seen in the imagery which were not recorded
previously. These parallel segments were found in
association with verified road patterns. Occasionally,
road segments could be seen in the CIR which were not
visible in the digital imagery, but generally the digital
imagery was superior to photography for the mapping of
prehistoric roads.

While the digital imagery was able to map many
unknown roadway segments, many other potential roadway
segments were not detected. Ideally, it was hoped by
many researchers that remotely sensed data would be able
to locate all the roadways in their totality. This
expectation, perhaps, might represent a subjective belief
on the part of the investigator, that the roads were

treated equally by their prehistoric constructors from
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one point to another. Geological and erosional processes
have obviously destroyed many sections of roadways,
particularly on the Canyon floor. But in looking at the
patterns of these erosional processes I have reached the
conclusion that many sections of roadways received scant,
if any, attention in constructional effort or maintenance
in the first place. The roadways are highly visible as
they enter and exit great houses and near topographic
features. They seem to disappear in areas where there is
either little topographic relief, no associated
structures, or low prehistoric population. In short,
the constructional design in chaco Canyon does not appear
to be like Roman roads or modern-day interstate highways
where similar effort is spread somewhat evenly throughout
the length of construction, but rather a staggered or
uneven effort where some portions receive more attention
than others.

An archive of remotely sensed imagery and CIR
photography has been acquired and catalogued (Appendix
B). The data were acquired with the hope that they may
someday be as valuable to future research as the historic
black and white photography is to current research; for
natural and man-made forces continue to destroy
prehistoric roads and cultural features in Chaco Canyon.

The data can also be used as input to a database or GIS
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for future analysis and predictive modeling.

A major problem encountered by the BIM study was
the inability to discriminate road segments from the
ground that could be easily seen in the aerial
photography. This problem is further exaggerated when
using instruments recording information (i.e. thermal

data) invisible to the human eye.

PREHISTORIC ROADWAY FUNCTION

The original hypotheses that are stated at the
beginning of this chapter are designed to test whether
the prehistoric roads in chaco Canyon primarily served an
economic function or a religious function. The evidence
and information that will be examined to test and support
these hypotheses are: great houses, labor investment,
earthworks, herraduras, ceramic scatters, orientation,
astronomy, road width, ethnological evidence, other road
systems, and a re-examination of Chaco's role in

redistribution.
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ECONOMIC FUNCTION
Path of least Resistance

The first hypothesis stated that if the roads have
an economic function, then they will take the "path of
least resistance" as they travel from one place to
another resulting in curving or meandering patterns in
areas of difficult terrain. Although there are a few
curving patterns in the Chacoan roads, such as the South
Road as it exits the canyon through South Gap, the roads
are primarily, and characteristically, linear. This
curve in the South Gap road is intriguing because it was
structurally and topographically possible for the road to
exit the Canyon in a straight line. In Figures 4-23 and
4-24, the prehistoric roads (in red) can be compared to
the modern-day roads (in Yellow) on the north mesa of
Chaco Canyon by extracting them from the TIMS imagery.
The modern-day roads not only curve through the difficult
topographic relief as they reach the steep edges of the
Canyon, they also bend around subtle relief on the north
mesa. The prehistoric roads, however, maintain a
straight course as they cross the mesa and enter into the

north gate at Pueblo Alto.
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Figure 4-23. Contemporary roads (in yellow) on the North
Mesa against a background of TIMS data.

Figure 4-24. Prehistoric roads (in red) on the North
mesa against a background of TIMS data.
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Arguably, it makes good sense to take a path of
least resistance as one transports items into the Canyon.
Although this notion may reflect a western cultural bias,
it still stands to reason that the most efficient way to
move items through human labor is that which expends the
least caloric effort. An experiment was conducted using
a respirometer (Morenon 1977b:3) to measure energy
expenditure under varying conditions in Chaco Canyon.
Using varying degrees of slope and weight factors,
Morenon concluded that the roads saved significant energy
whether one was transporting goods or merely traveling.
While I agree with Morenon that the roads would save
energy in the transportation of goods, I disagree with
him based on my field experience that the roads saved
significant energy for mere travel. Morenon concluded:
Thus, one cannot assume that prehistoric roads
implied that the transportation of goods was the
underlying reason for their construction. A
highly mobile population could benefit from the
construction of roads even if these roads were not
generally used for transporting goods (Morenon
1977b:4).
Morenon also determined that the transportation of heavy
items would minimize slope while the use of a road for
traveling purposes would minimize distance. His

evaluation of the road network was that it was used for

travel and the conveyance of light items.
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Efficient Constructional Effort

This brings us to the second hypothesis which
states that if the roads have an economic function then
they will incorporate greater constructional effort in
making travel easier at difficult places, i.e. areas of
steep slope, than in areas of flat or level relief. This
is not the case in Chaco Canyon. 1In the transportation
of heavy items it is more efficient to minimize slope,
even at the expense of sacrificing distance and making a
longer route. Although this is certainly the case for
contemporary roads it is not for the prehistoric roads.
If Chaco Canyon served as a center for redistribution it
would be expected that heavy items would be moved
throughout the roadway system and that the factor of
slope would be minimized.

The evidence does not support the premise that
heavy items were moved along the roads. When the roads
reach the canyon's edge one finds stairways rather than
ramps. If one is carrying heavy or cumbersome objects, a
ramp would have saved substantial energy expenditure.

The roads make no attempt to avoid areas of loose
sediments or incorporate areas of hard surface which
would have served to secure footing and minimize energy

expenditure. Nor do the roads attempt to minimize slopes
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by either circum-navigating around them or through
efficient leveling across them. On the contrary, 