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1. Introduction

Analysis for the Mojos Project in August, 2005, was
reported using satellite data, the field survey, soil
tests and X-ray diffraction. The satellite data were
Landsat ETM, ASTER, and JERS1/SAR for land
cover classification and identification for the objects.
The objective remains were Loma (hill), artificial res-
ervoirs, agricultural fields, and circles. The field sur-
veys were carried out by the total station. The results
were plotted on the GIS software to make contour
maps and bird's-eye views. Soil tests were soil size
analysis for samples at digging areas. X-ray
diffractions were carried out for iron pieces, beads,

and earthenware dug.

2. Method

2-1. Study Area

Bolivia has three times area as much as Japan, con-
stituting the Andes Mountains with more than 4000-
m height on the west and tropical low lands with
1000-km?* wide area on the east. The Mojos Plains ex-
tend on the north of the low lands in the Amazon wa-
tershed. This study covers satellite data analysis and
the field survey for loma, artificial reservoirs, agricul-
tural fields, and circles. Figure 1 shows Trinidad and
Loma Pancho Roman, where the excavation research

was carried out in this study.

2-2. Used Satellite Data
Used satellite data were Landsat ETM, ASTER,
and JERS1/SAR for land cover classification and the

Figure 1 Trinidad and Loma Pancho Romén, Bolivia

identification of the objects. The objective remains
were the loma, artificial reservoirs, agricultural
fields, and circles. First, the satellite data for the arti-
ficial reservoirs were ASTER/VNIR in an L1A prod-
uct shot on September 8 in 2001 and Landsat/ETM+
with 30-m resolution shot on September 19 in 2001,
downloaded from the home page of Maryland Univer-
sity. The center site is at 14.8 degrees on the south
latitude and 64.3 degrees on the west longitude. The
Landsat scene is on the path of 232 and the row of 70.
Next, the satellite data for terraplln (causeway) were
JERS1/SAR with the center site of 13.46 degrees on
the south latitude and 63.28 degrees on the west longi-
tude, and on the path of 416 and the row of 323. The
other satellite used for the remains are listed in
Table 1.

2-3. Analysis for Satellite Data

Images for the artificial reservoirs were abstracted
from ASTER. First, noises in the original image were
deleted with a linear smoothing filter keeping the
edge components. Next, the differential operator,

Laplacian 8 filter, was used for enhancing the edge in
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Table 1 Used Satellite Data

Satellite Senser PATH/ROW | Acquired Date Remarks
ASTER VNIR 231/194 2002/07/13
2317194 2003702722
232/193 2001/08/27
232/193 2002/12/27
232/195 2001/04/12
232/195 2001/08/27
232/196 2001/04/19
232/196 2005/04/07
ASTER DEM 232/195 2001/08/27
232/196 2005/04/07
232/196 2002/12/27
JERS/U SAR 414/330 1997/06/26
4147331 1997/06/26
4157322 1997/03/31
415/323 1997/05/14
415/323 1997/03/31
416/323 1997/06/28
417/322 1997/06/29
417/323 1997/04/02
4177323 1997/06/29
417/325 1996/05/29
417/326 1996/05/29
418/323 1997/05/17
418/325 1996/05/30
418/326 1996/05/30
419/324 1997/07/01
419/325 1996/05/31
419/325 1997/07/01
419/326 1996/05/31
420/325 1996/06/01
420/326 1996/06/01
JERS/0O VNIR 4157322 1994/08/13
415/323 1994/08/13
416/322 1994/08/14
416/323 1994/08/14
416/323 1994/08/14
416/323 1993/04/17
4187322 1994/08/16
418/323 1994/08/16

the image. Finally, the digitizing process for the
image was carried out to abstract the artificial reser-
VOirs.

1:25000 maps for the remains were produced from
Landsat and ASTER images. The images were geo-
metrically corrected and added with parallels of lati-

tude and meridians for the maps.

2-4. Field Survey

The field surveys were carried out for the loma and
its surrounding, agricultural fields, and the circle
with the total station measurement. The artificial
reservoir was measured in depth with a measure pole

from the boat. The loma was measured with a grid of

10-m intervals. The watercourses surrounding the
loma were measured in longitudinal and cross sec-
tions. The agricultural fields were measured in the
longitudinal and cross sections with the area of 50m
by 50m. The circle was measured along the perimeter
with 10-m intervals. The artificial reservoir was also
measured in depth with 10-m intervals. These results

were summarized as figures.

2-5. Three-dimensional Images from the Field Survey
Data
The field survey data were indicated as contour
maps with GIS software, ArcMap. The interpolation

method was used with a spline curve. The contour



Figure 3 Extracted image of ASTER/VNIR

map for the artificial reservoir was made as the wa-
ter's edge from Landsat/ETM+.

2-6. Hydraulic Calculation
Hydraulic characteristics were obtained for the
water courses surrounding the loma. The average ve-

locity was estimated by the Manning's formula.
_ ihz/sil/z
n
where v : the average velocity in m/s, n : roughness,

v

h : the water depth in m, and ¢ : the slope. The rough-

ness n was 0.02.

2-7. Soil Tests

The grain size distributions were examined by sam-
pling soils from each site in the loma. The minimum
grain size was 0.075 mm, while the maximum grain
size was 2 mm. At the site 1 soil samples were taken
from the surface, 0.5 m, and 0.83 m in depth. At the
site 2 soil samples were taken from the surface, 0.66
m, and 1.25 m in depth. At the site 3 soil samples were

taken from the surface, 0.5m, 1.0 m, 1.5 m, 2.0 m, and
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Figure 5 Reversal image of JERS-1/SAR

2.5 m in depth. At the site 4 soil samples were taken
from the surface, 0.5 m, 1.0 m, 1.5 m, and 2.0 m in
depth. The soil textures were categorized by the inter-
national method. Over 2 mm grain sized particle is a
gravel, over 0.02 mm is sand, over 0.002 mm is silt,
and under 0.002 mm is clay. These particle distribu-

tions in weight determine soil textures.

2-8. X-ray Diffraction

X-ray diffraction was carried out for iron pieces,
beads, and colored pottery. From peak positions each
diffraction pattern, elements and molecular struc-
tures were identified. An Fe-C system was applied for
iron pieces, a CaCO; system for the beads, and metal

elements and clay minerals for the colored pottery.

3. Results

3-1. Analysis Results for the Satellite Data
3-1-1. Extraction of Artificial Reservoirs
Figures 2 and 3 show ASTER images before and

after image processing. The extracted reservoirs turn
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Figure 6 Loma Pancho Roman

Figure 7 Terraplénes and canals

to the same direction. Their forms were also con-
firmed as a rectangle or a duck foot. The major axes
coincide with the direction of the north east to south

west. The areas also coincide each other.

3-1-2. Extraction of the Terraplén (causeway)

Figure 4 shows the original image of JERS-1/SAR
before image processing, while Figure 5 shows the re-
versal image of JERS-1/SAR after image processing.
These lineaments are terraplénes at Baures in Eastern
Beni State. If the terraplénes have wider width than
the resolution, they can be extracted easily from
JERS-1/SAR images. Terraplénes were confirmed to
extend from one loma to another loma radially. Un-
fortunately the terraplénes surrounding Loma Pancho

Roman were not detected from the satellite data.

3-2. Reconstruction of Remains in 3D

The remains were reconstructed in 3D from the
field survey. Figures 6, 7, 8, and 9 show Loma Pancho
Roman, terraplénes with canals, agricultural fields,
and made a circle from the field survey data in three
dimension. A view of Loma Pancho Roman is observed

from Figure 6. Terraplénes with canals extend and

Figure 8 Agricultural field

Figure 9 Circle

surround Loma Pancho Roman on the south as shown
in Figure 7. In Figure 8, the agricultural field consti-
tutes three ridges with 1.5-m height free from inun-
dation in the wet season and ditches between the
ridges as a watercourse in the dry season. The Mojos
Plain has clay soils on the surface with poor drainage;
therefore these ridges were mounded with nutritive
soils in the ditches to improve the drainage and crop
productivity. In Figure 9, the circle is surrounded by

the watercourse.

3-3. Contour Map of Artificial Reservoir

Figure 10 shows a satellite image for the artificial
reservoir, and Figure 11 shows a contour map in
depth produced from this image and the survey data.
The major axis is over 3 km. But the most depth
ranges between 1.2 and 1.3 m, and indicates almost a
constant value: a uniform distribution, which is dif-
ferent from natural lakes. In general, the natural
lakes show an exponential distribution. Therefore,

these disperse lakes might be artificial.

Flow rates for five canals of the loma were



Figure 10 Landsat/ETM+ image for the artificial reservoir

o

Figure 11 Contour map of the reservoir

estimated. In Figure 12, each canal is shown as survey
plots. Based on the survey plot data, height-flow rate
curves were estimated as shown in Figure 13. The
slopes of the canals were 0.0037 for Canal 1, 0.0069 for
Canal 2, 0.0040 for Canal 3, 0.0112 for Canal 4, and
0.0040 for Canal 5. Estimated flow rates were 12.7
m®/s for Canal 1, 13.6 m*/s for Canal 2, 8.3 m*/s for
Canal 3, 26.9 m*/s for Canal 4, and 17.9 m*/s for Canal
5. The average estimated flow velocity and rate of the
canals were 2.8 m/s and 14.1 m*/s, and the range of
the estimated flow velocity and rates were between 1.9
and 4.0 m/s, and 8.3 and 26.9 m*/s. These values mean
that the canals had the same capacity as the medium
rivers, which would allow small balsa boats run in the

canals and prepared for agricultural water.
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Figure 13 H-Q curves each canal

3-4. Soil Tests

The soil at the loma was Ferralsol, ferro-alumina or
ferrous soils, with yellow and red colors. Particles
were sands and silts, and soil textures were loam,
sandy loam and silty loam with over 50 % of sand as
shown in Figures 14 to 17. All the sites have the simi-
lar soil size distributions and independence of depth.
That means all sites were covered with almost uni-

form soils from the surface to 2-m depth.

3-5. X-ray Diffraction

Element and structure analysis with X-ray diffrac-
tion was applied for iron pieces, beads, and pottery
dug at Site 2. Each sample was radiated on the surface
and matrix. The iron pieces were almost alpha-iron
with smooth surface, which suggests modern process-
ing for commercial products as shown in Figures 18
and 19. Dating technique showed the bones were bur-
ied about 1000 years ago. Therefore, iron pieces might
be mixed in modern times. Beads constitute CaCOs,
which especially indicated one of fresh water shells as

shown in Figures 20 and 21. Pottery constitutes clay
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Table 2 Flow velocity and rate each canal

Canal 1

Water depth(m) 0.00 | 0.05| 0.10 | 0.15| 0.20| 0.25| 0.30 | 0.35 | 0.40 | 0.45| 0.50

Flow veloeity(m/s) 0.0 0.4 0.7 0.9 1.0 1.2 1.4 1.5 1.6 1.8 1.9

Flow rate(m”3/s) 00| 01| 03| 08| 16| 26| 39| 56| 7.6| 9.9 12.7

Canal 2

Water depth(m) 0.00 | 0.05| 0.10| 0.15| 0.20| 0.25| 0.30 | 0.35| 0.40| 0.45| 0.50 | 0.55| 0.60 | 0.65| 0.70
Flow veloeity(m/s) | 0.0| 06| 09| 12| 14| 16| 19| 21| 23| 24| 26| 28| 30| 31| 33
Flow rate(m”3/s) 00| 01| 02| 05| 09| 14| 21| 30| 40| 52| 65| 79| 95| 115 13.6
Canal 3

Water depth(m) 0.00 | 0.05| 0.10| 0.15| 0.20| 0.25| 0.30| 0.35| 0.40 | 0.45| 0.50 | 0.55| 0.60 | 0.65

Flow veloeity(m/s) | 0.0| 04| 07| 09| 11| 12| 14| 16| 1.7| 19| 20| 21| 22| 24

Flow rate(m”"3/s) 0.0 0.0 0.2 0.4 0.7 1.1 1.6 2.2 2.9 3.7 4.6 5.7 6.8 8.3
Canal 4

Water depth(m) 0.00 | 0.05| 0.10| 0.15| 0.20| 0.25| 0.30| 0.35| 0.40 | 0.45| 0.50 | 0.55| 0.60 | 0.65

Flow veloeity(m/s) 0.0 0.7 1.1 1.5 1.8 2.1 2.4 2.6 2.9 3.1 3.3 3.5 3.8 4.0

Flow rate(m”"3/s) 0.0 0.1 0.5 1.3 2.5 4.2 6.1 8.4 109 | 13.6 | 16.6 | 19.8 | 23.3 | 26.9
Canal 5

Water depth(m) 0.00 | 0.05| 0.10| 0.15| 0.20| 0.25| 0.30| 0.35| 0.40 | 0.45| 0.50| 0.55| 0.60 | 0.65 | 0.70
Flow veloeity(m/s) 0.0 0.4 0.7 0.9 1.1 1.2 1.4 1.6 1.7 1.8 2.0 2.1 2.2 2.4 2.5
Flow rate(m”"3/s) 0.0 0.1 0.2 0.4 0.6 1.0 1.4 1.9 2.6 3.3 4.2 5.2 6.3 7.5 8.8

minerals as shown in Figures 22 and 23. Colored sur-
face also indicated clay minerals. As die any metal ele-
ments were not detected. Colored elements should be

different from clay elements.

4. Discussion

4-1. Satellite Data Analysis for Archaeology
Preliminary investigation was successful for the re-
mains excavation by using satellite data, ASTER and
Landsat images. Thereby, before the remains excava-
tion the preliminary research could start with the sat-
ellite data. Next, 3D images estimated the flow rate of
canals from field survey data. Moreover, these results
might estimate the agricultural products and the

population archaeologically.

4-2. Surface State from Soil Size Distribution

From soil size distributions, the soil texture was
uniform from the surface to 2 m depth, which means
the remains might be on almost the same date in the
soil. Soil textures were silty loam, loam, and sandy
loam with 50-90% sand, the elements of which were
Ferralsol, ferro-alumina or ferrous soils, with yellow
and red colors. These soils cover the loma thick. The

remains dug this time were in these soils.

5. Conclusions

This study follows the remains excavation for the
Mojos culture and a series of analysis for the satellite
data and field survey were carried out to obtain 3D
maps and hydraulic characteristic for the canals. The
next conclusions were drawn.

(1) The extraction of artificial reservoirs and produc-
tion of maps were completed with the satellite data
and the field survey. Especially the satellite data
were available widely and timely for the objective
area and the preliminary research of the remains
excavation.

(2) 3D maps were obtained for the remains and their
surroundings with the field survey data. 3D images
are available for some estimates and restoration of
the remains.

(3) Flow rates for the ancient canals were estimated
from the field survey. The average estimated flow
rate was 14.1 m’/s and the same as the urban me-
dium rivers. Next, these results might estimate the
agricultural products and the population archaeo-
logically.

(4) From soil size distributions, the soil texture was
uniform from the surface to 2 m depth, which

means the remains might be on almost the same
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Figure 18 X-ray diffraction for the iron surface
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e o ] CaCO;, which especially indicated one of fresh
water shells. Pottery constitutes clay minerals. Col-

ored surface also indicated clay minerals.
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(Abstract)

Analysis for the Mojos Project in August, 2005, was reported using satellite data, the field sur-
vey, soil tests and X-ray diffraction. The satellite data were Landsat ETM, ASTER, and
JERS1/SAR for land cover classification and identification for the objects. The objective remains
were Loma (hill), artificial reservoirs, agricultural fields, and circles. The field surveys were car-
ried out by the total station. The results were plotted on the GIS software to make contour maps
and bird's-eye views. Soil tests were soil size analysis for samples at digging areas. X-ray
diffractions were carried out for iron pieces, beads, and earthenware dug. The extraction of artifi-
cial reservoirs and production of maps were completed with the satellite data and the field survey.
Especially the satellite data were available widely and timely for the objective area and the prelimi-
nary research of the remains excavation. 3D maps were obtained for the remains and their sur-
roundings with the field survey data. 3D images are available for some estimates and restoration
of the remains. Flow rates for the ancient canals were estimated from the field survey. The average
estimated flow rate was 14.1 m°/s and the same as the urban medium rivers. Next, these results
might estimate the agricultural products and the population archaeologically. From soil size distri-
butions, the soil texture was uniform from the surface to 2 m depth, which means the remains
might be on almost the same date in the soil. Soil textures were silty loam, loam, and sandy loam
with 50-90% sand, the elements of which were Ferralsol, ferro-alumina or ferrous soils, with yellow
and red colors. In the analysis of X-ray diffraction, iron pieces might be mixed in modern times.
Beads constitute CaCQO:;, which especially indicated one of fresh water shells. Pottery constitutes
clay minerals. Colored surface also indicated clay minerals. The research will discover the total

Mojos civilization in the next investigation.
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