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ANNEX € 'G'EoLoeY_ AND GROUNDWATER

0;1 An Outline of the Geological Features of the %anta Ana Area

_ Geologically,. the = district of Santa Ana’ and the surrounding
hills . are composed of alternating layers of sandstone and mudstone that
were. deposited ‘over ‘o perlod extending from the Catboniferous to the
Silurian periods ‘of the Paleozoic era. _

on the whole there has been relatively little . deformation, and
the1e are only a few places where the sandstone has turned into phylite,

_ Since the hills in. the area are all very steep, weathering has
been-minimal There are many areas where rocks are exposed.

_ -In addition. the tectonic line running from the N -~ NE to § - sw
'13 wel] developed .and, influenced by this, the" strike of the entire
strata -1s parallel to it. ~The inclination is N 10° - 20°, and 1in the
gast - the ~ strata ' ranges from slightly tilting to the west to being
essentially vertical However, in Cerro Barbecho, Cerro Gamoneda, and
other . areas “teo - the west there are many glaces where the degree of
1nclination ie 8 somewhat smaller (20 - 30

The area extending from around Santa Ana river {the upper stream
region is Yesera river) towards the east, with its 80° - 90° inclination,
is distinctive as 1t is close to bheing veltical like the areas mentioned
above : : _

- Along the ‘valley through which the Yesera river flows dowh from
the northern-end. of the area.to around the spot where the dam is planned,
there Is a succession of bluffs and exposed rocks. This makes it easier
to  determine. . the  geological - structure, sedimentation  process,
weathering = conditions, and presence and scale of faults and- fractures.
The approxlmate inclination of the strike 1s N 10° - 20°, E 70° - 90°,
and W vertical .

Although there are parts with intense folds, oy broken by faults
or- oreas that have suffered severe cracks, the overall condition of the
entire region 1s similar. :

Terraces formed by lakes and rivers, dating from the Quaternary
period, .  and volcanic deposits are widely distributed and cover parts of
the plateau (the hill areas)

_ : The formation con31sts of alternating 1ayers of course sand, sand,
'silt,. and clay;. partly mixed with volcanic ash. On close examination, it
1s found that- layers of silt, clay, and such that consist of fine grains
are more. widespread than those of course.sand and others that are made up
of:- coarse ‘grains. “But in the area extending from Santa Ana to the
.surrounding -areas -of Santa ‘Ana Dam, the ratio between the two kinds of
layers changes to being half-and-half, or it lIs completely reversed with
 fine-grained layers ‘becoming more frequent. These findings were the
result of ~fest: drillings ‘the study of exposed rocks along the river and
cross- sections of the. formation



The existence of at least three terraces ls acknowledged.

Two are near the upper stream, around Santa Apa Dam on the Yesera
river, and one Is downstream along Santa Ana river. In addition,
terraces situated lower down and formed by sediments currently belng
deposited on the river bed continue in unbroken succession along both
sides of the river. These terraces on lower ground contaln a large
amount of fine grains, making them ideal for cultlvation: Also, the
ground-water level Is close to the surface, which makes cultlvation
possible during periods of drought.

Cc.2 A Summary of the Geological Comparison of Dam Sites

2.1 The Downstream Reglons of Yesera

Geologically, downstream of the Yesera district Is made up of
alternating, thin 1layers of sandstone and mudstone {partly turned ‘o
phylite), dating from the S8ilurian period of the Paleozoic era. The
inclination is N &% - 109, E 85° - 900, and ¥ strike. Exposed solid
rock covers the bed and hoth banks of the river. There are a few faults
and fracture lines., The bottom of the river has a solld foundation,
eliminating the need for excavation., Refining alone should Dbe
sufficient. In addition, the foundation is of such a well consclidated,
fine quality rock as to make Cuatin Grout unnecessary In case a: dam ls
constructed.

The upper parts of both banks of the river have been weathered to
a dark reddish brown color, and there are also a large number of cracks.
Since the layer of mudstone is very thin, 1t can easily be peeled off
along the bedding. Although 1t has undergone fragmentation, a foundation
of solid rock can be reached at a depth of 2 - 3 meters,

The area intersects with the axis of the dam at around 15° - 20°.

1t will depend on the height of the dam, but supposing the height
to be 35 o (maximum), It may be necessary to bulld a number of secondary
dams on the upper reaches of the right bank of the river. The foundation
of this area is also made up of alternating thin layers of sandsione and
mudstone, but by excavating to a depth of only 2.0 m, sufficiently strong
foundation is reached, and it should not present any problems.

In any case, the geologlcal structure of the area is strong enough
to allow the construction of a dam that, in the case of 2 gravity dam,
could be as high as 40 m; that is, almost as high as the canyon walls.

However, 1in the case of this dam site, about 50 wm from the
embankment there are a number of successive fault fracture.  lines,
startiog downstream, and the arca is weakened by severe weathering.
Moreover, there are many places 1n the vicinity, such as to the west and
east, where rock foundations have undergone displacements ranging from 1
- 2 m or much higher. This is due to the effect of reversed faults,
having a westerly upthrow, that are part of a chain of small - faults In
the area, Thetre are some low saddles downstream, along the right bank of
the river; thls reglon, too, is part of the above-mentioned belt of
faults. The advance of eroslon has caused depressions to appear.

C -
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However, the construction of a dam a few meters high should not pose any
problems.

9.2 _The-UpStream:Regions of Yesera

_ The gedlogical features of the area in the upper stream regions of
Yesera are entirely the same as those of the area downstream.

‘There 1s a succession of alternating thick layers of grayish brown
gandstone ‘and thin layers of mudstone, dating from the Silurian period of
the Paleozoic era. These single layers with a thickness of 0.5 m minimum
to 5. 0 - 6.0 m maximum have partly turned to phylite. The inclination 1s
N 10° - 209, ¢ 802 - 90°, and W strike. The walls of the valley are
covered by exposed rock of good quality.

The strata lle at a right angle to the river.

There are a large number of cracks and joints In the sandstones,
and they grow wider towards the upper parts of the valley walls.
However, their width is only a few centimeters, and the depth is only 10
- 20 cm. Since the cracks are comparatively small, foundatlion-making
should present no problems.

_ The weathering of the mudstone parts In the upper reaches of the
canyon walls 1Is naturally more severe and there has been erosion, though
only 2 - 3 m. Excavation and refining to a wmaximum of 4 - 5 m should
prove to be enough to obtain an excellent quality rock foundation.

In the areas that must have formed the embankment, the usual river
bed deposits, such as boulders, cobble stones, and fine gravel, can not
bhe found. The same can be sajid ahout the other dam sites that will be
discussed later. WRaturally, the slopes in this area, unlike the slopes
of the river gorges in the other areas up- and down-stream, are steep.

In  short, the parts of the gorge that consist of solid rock are
narrow, deep, and sharply descending. Since the foundation for the
embankment will have to decline backwards at a comparatively steep angle,
the problem of stabilify will need special conslderation during the
process of refinement and excavatlon.

2.3 The Santa Ana Region

2.3.1 Topographical Study

The geological structure of the area around Santa Ana, as shown
in Fig. €.2.1, conslsts of sandstone and mudstone bedrock dating from the
Silurian period. On top of this, extending from a southerly directiion
towards the east, are layers of gravel, sand, and clay dating from the
Quaternary period. These are overlald by layers of a similar combination
- dating from. the Pleistocene epoch, which have given rise to the low and
flat hills found in the reglon.

In addition, along the Yesera river and towards the north, there
are numerous sedimentary hilils, some high and some eroded to medium size.
Some smaller hills are also scattered near the north of the area close to
the bridge over downstream Santa Ana river, between the upstream side



and the dai. From the distribution of these hills and a study of the
diameter and solidity of the grains of gravel in the layers that make up
the deposited sedimentation, the following concluslons were made about
the layer if sand found in borling No. 3 up to a:depth of 3¢ m.. The old
Yesera, flowing through the southeast of the projected site of the dam,
deposited the layers of gravel {Quaternary period}. It then changed its
course and, winding lts way through the area east of the Santa Ana Dam,
followed a course quite similar to its present one and formed the hills
scattered in the reglons lylng between: the downstream and upstream areas
of the projected site. The layers mentlioned above were deposited as 'a
result of eroslon ai the time,

This means that conclusidns'&rawn from the study of the basin
(thought of as the old channel of the river) at the start of the survey
and those drawn from the study of the deposition environment are the
same. :

2.3.2 Geological Studies

The Santa Ana reglon was pointed out by the CODETAR survey as the
most suitable site for a dam on the Yesera river. The formation consists
of alternating layers of sandstone and mudstone, with layers of mudstone
being the more prevalent. The inclination is N 5% - 10°, E 85° - 909, and
S strike. The sandstone is dark brown with fine or - -medium-fine grains
mixed with mica and similar material. It 1s well hardened but has many
cracks and joints. The newer layers are bluish gray and form a - good
quality bedrock with few cracks and joints. The -layers, ranging in
thickness from 5 - 20 cm to 2 - 3 @, alternate with layers of mudstone.

The mwnudstone has been weathered up to 2 - 3 m and is weakened by
fragmentation. Those on the river bed, however, have few Jjoints and
cracks, are quite hard, and are bluish gray. Layers 1 to 2 meters thick,
forming phylite, and up to 20 to 30 meters or mere in thickness extend
with the breadth range of 3 to 5 meters or 7 to 8 meters.

The {nclination of the strike for both banks is almost the same,
but a fault fracture line, running from an area about 3 m upstream on the
right side of the old axis to about 20 m upstream on the left bank, cuts
through the axis diagonally. The fault has a wide fracture line that gets
wider at its top. It is on top of a hill on the right bank and 3 - 5 m
wide. The walls stick together, and there 1s almost no traces of fault
clay or similar material.

However, the rock bounded by the fault has undergone folding to an
extent of 8 - 10 m. Also, there is a small gorge on the right bank,
about 60 m from the old axis, but the spot consists mainly of mudstone
fractured by a fault running from the north to south. Especially, the
side downstream has been affected greatly, and there has been severe
weathering. (Some socurces call this folding). Seemingly as a result of
this, the entire downstream regions of the right Dbank have suffered
severe weathering and are weakened. Though the-foundation base  of the
left bank around EL 80 - 90 m to the regions downstream lles éxposed, it
is comparatively hard. On top of this foundation, widely ~distributed,
are hard and well consollidated layers of gravel and clay, dating from the
Diluvium epoch, with a maximum thickness of 3 - 5 m. These layers are
deeply buried horizontally along the old river channel. and along the



gorges in the area, and thelr angle of inclination ranges from horizontal
to a 8%~ 59 SE Inclination. A visible layer of maximum thickness can be
seen _about,lao m upstream from the junction of mountaln torrents along
the 1left bank. About 80 m upstream from the old axis it forms a cliff,
rising from the bottom of the canyon, about 30 - 40 m high. This clearly
vertical ecliff -1s made up of layers of gravel, sand, and clay. Its
foundation - rock 1s loose to an extent and rises towards the southeast.
The thlckcst part is less than 50 m.

Through the electric explorations of the CODETAR survey, tihe
thickest parts on the old axis were found to be 35 m at probing point
No.7, 40 wm at polnt No.9, and 30 m at boring hole Ho.3. However, the
survey does not clarify conditions relating to the southern extension of
the region. Moreover, the report does not discuss the origins of these
deéep river roads and gorges, and 1t is for this reason that the present
analysis is of great importance.

2.3.3 About the Faults and Fracture Lines along the Right Bank

Running from around the old axis of the dam to the surrounding
area, - and extending from the upstream regions of the right bank to the
upstream rtegions of the left bank, there is a reversed fault that cuts
diagonally thlough the river The fault inciination is N 38 % 60°
strike W and N 40 ¥ 60°, strike ¥ in the mldd]e, and N 12°, ¥ 660
strike W, N 367, W 380.'strike %, land N 18%, W 60°, strike ¥ in the
lower partis. Causing a large number of displacements (5 - 8), along the
way, 1t reaches down fo the botiom of the river.

_ Though the displacement angle is different in each case, the sides
in each displacement stick together and there is no fault clay. This
fault scems to be the main reason for the presence of a reverse fault in
the upper parts. It lies partly horizontal and partly inclined, the
inclination being most prominent on the east bank K 32°, W 32°, strike E,
N 50°, w 20°, strike E. It Is a very irregular, small reversed fault
" that grows' wider at the top as 1t rises. {There is strong evidence to
suggest that an upthrust was the prime factor in its formation. It seems
to have ‘been produced as a result of the sideway compression that
accompanied the formation of the large fault.)

As a result, 1n case the old dam axis is utilized, almost the
entire area on the right bank, extending from the fault towards the
river, will have to undergo 10 - 20 m of excavation. Even if the amount
of excavation of the area is reduced, the foundation making of its lower
part will be quite large.

If the  dam axis is moved about 20 m downstream, the area deep
inside the mountains on the right bank is reached. Thus, foundation-
naking should prove to be less of a problenm.

_ Even if the new dam axis is decided upon, however, {1t will be
necessary to perform adequate excavation work on the severely weathered
parts .of the large number of shirred sides that lie slightly elevated
towards the area downstream. These were the result of the (fault
formations- discussed above. If not that, then at least it will be
necessary . to use more than 4 - 5 m of contact grout along with
consolidation grout.



No investigations using drilling had been performed on the right
bank, and there are no exploratory edits. For thls reason, an adequate
analvsis of the above polints is not available. 1f plans are actuallzed,
it is desirable that a number of borings be made and jack tests performed

in the openings.

Consequently, a small amount of cutting grout will become
necessary for the area on the right bank. :

Since the belt of faults and fractures, extending over an area
including the canyon downstream, pose no problems regarding the plans for
the dam, the area can be dealt with as deemed necessary as foundation
work progress downstream In the apron and water cushlion parts. In
addition, along with the small amount of work necessary for the
protection of the sides of the small valley, the maintenance of the
training wall and such, will have to be conslidered during design work.

2.3.4 Geological Characteristics

{1) The Foundation

On the river bed and along the side walls of both banks, upstream
and downstream from the projected dam site, the Paleozolc layers that
will form the foundation lie exposed. According to the GEOBOL report
{unpublished) and data from the prelimlnary survey, the layers date from
the S8ilurian period.

These layers that would form the foundation are distributed
evenly, reaching all the way up fto the upper reaches of the right bank
and extending from the arcas downstream to those upstream from the dam
axis., They are, In turn, covered with thin layers dating from the
Quaternary period. The strata on the left bank 1s also unconformable
where, due to the ercsion of the Quaternary layers that overlie those
from the Silurian period, the distribution of layers 1s somewhal uneven.

The parts of the strata dating from the Silurlan period consist of
alternating layers of mudstone and sandstone, with mudstone being more
predominant and the sandstone layers having more density. The strike of
the strata is NNE-SSW with an almost vertical inclination. Although there
has not been much dislocation, parts of the area show fractures and small
faults that contain fault clay. There are also some cracks that have
developed in a direction perpendicular to the surface of the '
strata.

According to thelr appearance, the mudstone layers forming the
part of the strata that dates from the Silurlan period can be roughly
divided 1into two kinds: 1) alternating thin layers of blue mudstone and
gray sandy mudstone, and 2) black-blue mudstone. The blue mudstones occur
in the form of laminae, and the gray sandy mudstones are elther 1in the
form of laminae or they form ripples or both and exist in alternating
layers of gray sandy mudstone and mudstone that are distal turbidite - 1In
nature (distal turbidite --- deposits originating on land that have been
carried to deep seas through turbidity) and have turned to phylite in
many places. The black blue mudstones on the other hand are considered to
be muddy argillaceous slump deposits, since they are frequently



accompanied by dehydratlon, slump folding, and deformed sandstone layers,

, The sandstone has undergone a sifting-out process and conslsts of
fine  sand accompanied by muddy argillaceous imitation gravel of granule
or pebble size and has a sedimentation structure that, among others,
includes dehydrated structures, cross lamina, lamina, ripple lamina and.
without exception they have been designated to be turbidite. They are
found 1in thick layers, in areas about 200 m upstream from the projected
dam site,

From the above, we were able to conclude that the Silurian layers
found distributed in this region are sediments that have been washed out.
These accumulated on the alluvial fan on the seca bottom and also along
the water channel on which they had been carried.

The: mudstones along the swamp, which extends from the right bank
20 m downstream from the projected dam site toward the north, have been
crushed to phylite and partly turned to clay. The splintering of the
~mudstone is . presumed to have accompanied the progression of the fault
with a N¥W-SE strike that cuts across the Yesera river, and which will be
discussed later.

About 100 m upstream from the projected site, there is a fault
with an alteration that appears to be a shift of about 8 m te the left
and a N62° W, 64° S Inclination on the left bank and a N35% W, 52° N
inclination on the right bank. It cuts diagonally through the Yesgersa
river. The width of the fracture line is less than 1 m and the breccia is
comparatively well consolidated. The reason for the difference in strike
and inclination of the fault on elther bank is consldered to be due to
the presence .in the region of a joint that is at right angles to the
bedding  of sediments, But since the river bed is full of water, it has
not been possible to directory study the area that would be the center of
the fault. The northwest extension of this fault 1is covered with
mudstone lavers that have turned to phylite, which were mentioned before.

Several reverse faults with low angle alterations of less than 50
em were observed on the right bank, in an area which is covered with
layers of sandstone about 200 m upstream from the projected site. These
faults  had a strike ranging from N¥W-SE to NNW-SSE and an inclination of
30-40° E. Generally they are accompanied by unsolidified fault clay.
The direction of alteration of this group of faults is congruous with
that of the fault mentioned before. {as shown on Fig. C.3.2)

(2) The'Quaternary (Holocene) Gravel Layer

The foundation rocks from the Paleozoic era on the left bank of
the +river Yesera are overlain with layers of unconformable Iinclination
from the Quaternary period. Exposed areas where the unconformable strata
is directly observable are limited, but it is possible fto study these
layers along the walls of the left bani of the Yesera as well as along
the gorges that join the Yesera river.

~ Since exposed areas are limited, the base of the layers from the
Quaternary period, that is the parts directly above the unconformable
strata as well as the uppermost parts, are not directly ocbservable. The
total thickness of the layers is estimated to be more than 50 m, of which



46 m are exposod and directly observable. - on the basis'of-the_study of
the exposed arcas, the strata can be divided into two sections the lower
part {layer thickness 24 m + 2 m) and the upper section (layer thickness

20w ), :

The lower section consists mainly of conglomerate layers of matrix
that have sand grains ranging from fine to coarse and - that contaln -a
large awmount of cobble-size quartzy sand gravel. The degree ol
concretion of the matrix is comparatively high, and it 1is not easily
crashed by hand. The diameter of the conglomerate higher up is less than
that below. Throughout the entire lower section, the grains tend to have
a smaller diameter as they get closer to the surface. The boundary line
heiween the lavers is not clearly marked, but they were found to possess
an erosion base and to have a lenticular shape. In addition, cross lamina
of the trough type and imbricate structure {(the structure of sediibents
#ithin the conglomerate that indicate the direction of flow) were often
abserved.

Judging from the appearance of the layers, it seems that in
conformity with conditions that usually defermine the accumulation 'of
deposits within a network of rivers, where there arec several river
channels, the river had changed its course, and moving to the left caused
the accumulation of deposits with coarse grains. '

The layer that forms the base in the upper section is gravel and
consists of boulder size pieces. 1t is overlain with a layer of gravel
with cobble te pebble-size pieces, which is followed by a lenticular sand
layer, a gravel layer of pebble-size pleces, a muddy sand layer, and
finally a sandy mud layer. The same rule applies here as-in the' lower
section. That is, the higher the layer the smaller the diameter of  its
grains. ‘The lower section is also considered to consist of deposits from
& braided river system, but it is peculiar in that:-overall the grains are
finer (sandy), and the uppermost part 1s made up of layers of muddy
deposits from floods and from swamps, something that is characteristic of
river deposits. {as shown on Fig. €.2.1)

2.4 The Site at San Agustin

The geological make-up of the area in San Agustin Is similar to
all the other dam-sites discussed above. It consists of grayish or
black sandstone and weathered mudstone that has turned to phylite, all
dating from the Silurian period of the Paleozolc. era. - :

The inclination of the strike (N 10° - 20°, E 60% - 90%, strike W)
is somewhat smaller, and there has been more folding than in other sites.
As a result, there are pumerous joints and cracks. Because of these¢, and
the presence of a number of fractures, there are many spols that  alt a
glance appear to conslst ~of andesitic = lava resulting from
aytobrecciation. :

As a result of a sideway compresaion of the .sandstone and mudstone
layers and the resultant folding, the sedlmentation layers were forced
upwards to form am outcrop. The surface of the deposits that make up the
anticlinal axls has cracked opcn as if peeled off, looking llke crack or
fault fissures anywhere from a few cm to 20 - 30 em wlde. Consequentily,
in order to get sufficiently strong rock and obbain protection against



witer  leakage In case a dam is constructed here, this part will have to
be Tixed with the help of an anchor or the like. Also, the crevice will
have to be filled up sufficlently with concrete or other material.

The valley 1is comparatively well suited to - supply the rock
foundation for the dam, but in order to get a bed of rock, that would not
need any, compared to the other sites a larger amount of excavation will
have to be performed.

_ The installation of the dam axis will also - need some
consideration, and it -is feared that the ewbankment will bave to be
extended.

On  the river bed, solid rock lies exposed and there is extremely
1ittle newly deposited sediments, making excavation work easier. Another
point in favor of this site Is that the river bed is comparatively even
with only a few slopes.

c.3 A Compafison of Dam Sites

3.1 From a'Topogr&phical Viewpoint

Topographlcally, the areas upsiream and downstream on Yesera river
are probably the 2 best spots among the 4 sites. The widths of - the
canyons are narrow and there are few lrregularities on the surface of the
gsides, which are nearly symmetrical. When everything i1s considered, the
area downstream will probably. take precedence over the area upstream,
which would come in a close second. In the case of the area downstrean,
however, since there are a number of deep depressions arcund the
downgtream regions. of the right bank, depending on the height of the dam
being built, it might become necessary to build a very small secondary
dam {5 - 10 m}. :

~ In the case of the projected dam site in the upsfream region of
Yesera, since the valley has very steep slopes and stretches along a
zigzag line, the dam axis will have to be oblique. This could prove to
he somewhat of a problem, but in the case of a dam not higher than 3¢ n
1t should not be too difficult to solve.

Naturally, the things that both sites have in common are that the
valleys are narrow, the rock beds on both banks lie exposed, and the
river slopes are steep. This 1s because Yesera rlver, as it flows
downstream  through the valley, cuts a wide, comparatively shallow path
for itself as it passes through the area with softer sedimentation.
Stretching in a zigzag line, it forms a river terrace a from a [ew meters
to 20 m thick. When passing through geologically harder areas, it does
not widen its path, making its passage through narrow and limited space.
It widens agaln as it reaches softer ground (mosfly areas with faults and
fractures);

"As a result of this phenomenon, the construction of a dam about 30
- 40 m high on any of the sites would mean that, due to the depth of the
valley,. 10 - 15 m of the dam from the bottom up would quickly fill with
dccumulated sand. In addition, the area is not very advantageous for
storing adequate water.
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As a result, and as will be discussed later, pockets and the
amount of accumulated sand become important factors 1n choosing a site,

After conslidering all factors, the projected dam site at Santa Ana
was judged to be the most sultable.

3.2 From a Geological Viewpolint

As discussed earlier, the formation in each site is of alternating
layers of sandstone and mudstone, dating from the Paleozoic era, They
have undergone great changes and dynamic-metamorphism from the ancient
times. In each case, the strata is almost vertical. The ratio between
the two kinds of lavers is sandstone 3 - 4: mudstone 7 - 6, with mudstone
having partly turned to phylite, The strike of the strata is NNE - S8V,

Except for the fault in the vicinity of Santa Ana, which needs
special attention, there is nothing deserving of special consideration
near any of the other sites. 1In the case of the site downstream on the
Yesera, the area stretching further downstream as well as the projected
site of the small secondary dam are part of a belt of faults and
fractures, but this is not a significant negative factor.

In the case of the site at San Agustin, the winding of the river
along 1ts path 1is intense, but the foundation 1ls solid rock and the
slopes are comparatively small. However, the strata was cut durlng the
folding that occurred due to a sideway compression, and the problem of
dealing with this (including cutting and consolldation) 1s one of the
weak polnts of this site,

In the upstream of Yesera, the upstream mudstone area (about 10 m)
that runs across the river from the left bank to the right bank, slightly
downstream, 1s somewhat fractured. It has the appearance of a belt of
faults and fractures.

If, as a result, the sandstone projectlon 1s chosen as the dam
axls, the axis will be aslant and narrow, However, if a debrils barrier
is constructed 50 m upstream from that spot, although both the left and
right banks are severely weathered, the fact that 2/3 of the river bed is
exposed rock should prove ideal. Such a dam, which can be 7 - 10 m high,
should prove to be geologically sound and efficient from every other
point. But a dam higher than 15 m is not suitable for this spot.

In the case of the Santa Ana Dam site on Yesera river, the valley
is narrow and there are no other reasons for apprehension regarding the
construction of a dam about 30 m high. However, as a result of the fault
lying slantwise In the area somewhat upstream from the old axis and the
small fault that is nearly horizontal and at an oblique axis with the
larger fault, the area along the length of the right bank Is not well
suited. In addition, there is a small valley about 50 m downstream,
which 1is related to the large fault and fractures. For these reasons,
the axis will have to be limlted to a narrow area. In the mountalnous
region of the left bank, there are places as high as 1953 m alternating
with spots with depressions as deep as 30 m. This was considered to be
one of the drawbacks of this site, = But through the geological
investigations this time (electric exploration, boring, etc.) these spots
were found to be sloping backwards, eliminating fears of water leakage.
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The construction of a dam 40 - 45 m high should not pose many problems.

3.3 Problems Concerning the Left{ Bank of Santa Ana Dam

The depresslon 1in the foundation rock of P0-8 is consldered to
have been the old river channel., Determining the directlon of corroslon
js big problem concerning this dam site. As & result, a number of
questions had to be answered, such as. Should the axls be designed as
planned? Is the construction of a dam 30 m high and 40 m across
possible? What measures should be taken to stop the water in the basin?
How will all this affect the construction cost?

Therefore, prior to seismlc explorations and boring investigation,
electric explorations were carried cut at 30 points, and the approximate
location of the old river channel was determined. To supplement these
jinvestigations, detalled studlies were carried out at an additional 10
polnts. A provisional axls was selected and, on the basis of this,
selsmle explorations and boring I1nvestigations were carried out,
However, due to the presence of the deluvial layer of gravel, the lower
gection is extremely tightly packed and because the badly weathered rocks
of the mostly mudstone foundation have a very similar value for
electrical resistivity, it was difficult to arrive at a conclusion. As a
result, after carrylng out twice as many measurements as was originally
planned, It was tentatlvely concluded that the PO-3 gorge (old river
channel) disappeared about 100 m to the west. In order to recheck these
findlngs, an additional 10 polints were sclected and Investigatlons
carrled out. This produced data indicating the presence of a north-south
barrier about 140 m away. The condition of the erosion surface of the
old river channel P0-3, which should rather be called the foundatlon, and
which 18 generally shaped like the bottom of a boat, might present a
glight problem., If the barrler ls provislonally determined to be EL 197b
m, then with a water surface at 1985 m or even 1990 m there should be no
fear of water leakage In that vicinlty. When the findings from the
geologlcal survey and electrlc explorations are examined together, it
becomes c¢lear that the old river channel is not that small. On the left
bank side there i1s an additional wide "old river bed" about 150-200 m
wide (which has caused the corrosion of the foundation, moving from the
west to the east) and a height of less than EL 1945 m that probably
reaches EL 1955 in m the east. TFor this reason, {further thorough
investigations will have to be carried out, which in conjunction with
data from selsmic explorations and boring Investigations might provide
answers to other questlons regarding this area. What 1s the thickness of
the layer of gravel that seems to posses a high level of permeability?
What amount of permeation should be considered permissible? Will
treatment of the foundatlon be necessary? These and other questions will
have 1o be answered. The minimum length of permeation is thought to be
about 500 m, and the maxlimum about 2.0 km. But since the slope of the
water, which at minimum 40 m:500 m (1/12) and maximem 20 m:2000 m
{1/1000), 1is comparatively small, the thickness of the s#emi-permeable
layers (including the gravel layer) only about 1/2 and the permeation
coefficient about 10-5. The total amount of permeation, if there should
be any, 1s considered to be small. :
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3.4 The Fault and Fracture Line on the~Right Bankrof-Santn Ana Dam

Extending from a point somewhat wpstream from tho right bank of
the old axis to an area upstream from the lelt bank, there Is a- reverse
fault that cuts diagonally through the river The fault_inctination in
the Juprer reglons of the right bank is N38 W, 60 W, in the mid section
N40° #, 60° %, and lower down N12° W, 66° W, N36% w, 38° W, N18° w, 60°
%. Lt reaches down to the bottom of the river, Lausing a large number of
close displacements {5-6 times) of column foundation.. Although the
displacement angle ls different in each case, the sides in the case  of
each displacement are glued to esach other, and there is no fault -clay.
This fault seems to be the main reason for the presence of 'a yreverse
fault in the upper parts. It lies partly horizontal and pait]y inclinv 6
the 1nclination belng most prominent on the east bank Na29 w, 320 ‘E, NbO
%, 20° E. It is a very irregular, small reversed fault that grows . wider
at the top as 1t rises. . (There Is strong evidence to suggest that an
upthrust was the prime factor in its formation. It seems to have been
produced as a result of the sideway compression that accompanied the
formation of the large fault.)

As a result, if the old dam axis is utilized, almest the entire
area on the right bank, extending from the fault towards the river, will
have to undergo 10-20 m of excavations. Even If the amount of excavation
in the area 1s reduced, the amount of work needed in the 1ower parts will
be great.

If the dam axis 1s moved about 20 m downstream, the :area deeb
inside the mountains on the right bank 1s reached. Thus, foundation-
making should prove to be less of a problem, : '

Even if the new dam axis is used, however, It will be necessary to
perform adequate excavation work on the severely weathered parts of the
large number of shirred sides that lie glightly elevated towards the area
downstreanm. These were the result of the fault formations discussed
above. If not that, then at least it will be necessary Lo use more than
4-5 m of contact grouf along with the consolidation grout especially in
the areas along the axis.

No investigations using drilling had been performed for the area
on the right bank, and there are no exploratory adlts, For this reason,
an adequate explication of the above points is not available, If plans
are actuallzed, it is desirable that a number of borings be done and jack
tests performed in the openings. Consequently, a small amount of cutting
grout will be .necessary for the area on the right bank.

Since the belt of faults and Practures extendlng over -an area
including the canyon downstream pose no problems regarding the plans . for
the dam, the area can be dealt wlth ag seews pecessary, . as 'foundation
work downstream In the apron and water calsson -parts progresses.-:In
addition, along with the small amount of  work necessary for _the
protection of the sides of the small valley, the maintenance of the
training wall and such will also have to be considered during design
work. :



4.5  The Gorge Downstream from the Santa Ana Dam Site

_ simble"maintenahce work to prevent further deepening or widening
of the gorge ls necessary.

- Concretely speéking, 1t will be necessary to construct ground
shill at several spots.

In order to protect a slight amount of work near the spot  where
the gorge jolns the Yesera river will be necessary.

To prevent the inflow of soll gravel into the bucket part of the
maln levee, a training wall will have to be constructed on the upstrean
side of the end part.

- Gunite, Gabion, and trihedral tenslty are some of the construction
nethods used for the protection.

3.6 The Treatmeht of the Area Around Santa Ana Dam (the Dam dez, the
‘Front 8ide, and the Back Side)

Since erosion in the mudstone parts tends to progress quickly, it
is unwise to leave the excavated side behind the embankment untouched.
Some measures such as spraying will have to be considered.

Along with some excavation of the terrace deposits arcund the
surface to make the slope less sharp, an area about 20-30 m wide In the
front - part will have to underge treatment and be cleared of rocks that
might fall.

3.7 About Dam Types and the Workabilify of Santa Ana Dam

A comparison of each of the dam sites, whether the dam is of the
rock £111 or the gravity type, wlll make it clear that structurally and
geologically there are no obstacles. This is especially true when seen
from the polnt of view of the condition of the foundation in each case.
However; the following can be said when the superiority of one site or
type over another is belng considered.

3.7.1 About the Different Types of Valley

.The valleys in the case of each of the four projected dam sites
.have steep walls and may be called canyons. However, as was mentioned
during -the discussion of geological features, due to the weathering of
the upper parts and the accumulation of terrace deposits in some parts,
it will be necessary to perform cutting of up to 3.0-5.0 m. After
excavation work, the slopes will naturally be gentler, but since the
degree of strength of the foundation for the sandstone and mudsfone parts
is different, and the former iends to stick out more while the latter has
more depressions, a large amount of wasteful excavation work will have to
take place for the excavatlon work to proceed evenly. Moreover, since
more detailed information about the small faults, fractures, cracks, and
such in the area is not avallable, the ireatment process should prove to
be more difficult. The conerefe will have to be applied soon after the
excavation 1is completed or the weathered rocks, especially in the
mudstone parts, affected by the release of pressure will become weak,



waking repeated excavation work necessary for some pnrts. This will in
turn result in an increase in the amount of concrete needed, which 1s
especially a problem in the case of the fill dam 1n yhich the = slope of
the excavated side should not be higher than 60° or- 1t will create
problems regarding the material for and management of the. core.
Moreaver, if the valley-is too narrow, 1t will limit the free movement of
the construction machinery, and will result in an insufficient. pressure
build-up at the two ends, causing trouble regarding construction and
construction management.

3.7.2 The Material for (he hmbankment

If the dam 1s a f111 dam, the materia] available would not be well
suited for the water barrier.In addition, volcanic ash or deposits with a
high level of permeability are not appropriate material for the core.
Even if they are used, it would only result in an enlargcd embankment,
which would raise the cost. _ .

Material of random does not present any problems, and the stones
which are needed to cover the front surface can also be obtalned locally.

In the case of a gravity dam, the sandstone from the surrounding
areas and other appropriate building material taken from the layers of
gravel should prove to have sufficient levels of abrasion resistance,
compressive strength and shear strength, after they have been subjected
to crushlng and such. However, the question whether 1t would be better
to produce concrete on site or to bring in ready mixed concrete fronm
elsewhere will have to be sufficiently considered in light of the overall
construction plan.

3.7.3 Temporary Tightening

In the case of a fill dam, a by-pass sufficiently capable of
functioning in coniuncitlon with a temporary tightening ls needed.

The 1land structure. of the basin, with the exception of the
mountainous regions, 1s comparatively gentle with few slopes. The
quality of vegetation 1s exiremely poor. The hills in the -upper and
lower reaches as well as the mountainous regions that are devoid of
surface layers show a high level of run-off. Only the water from  the
first rainfalls are absorbed by the dry and parched, powdered fine sand
and silt and other such sediments and doesn't flow away. The 'spot at
which the temporary tightenling is to be constructed, its by-pass section,
length, and such are at presenf unclear., If the daw is golng to be ‘a
fi11 dam, then the length will need to be at least 250 m, and it will
have to be located at least 20 m from the excavated surface of- the dam
body. Considering that it will result in the loosening of the foundation,
using a sufflicient amount of consolidation and curtaln grout, the .areas
around the plug and particularly the dar body will have to be carefully
constructed.

Judging from the present geological feafures, the location will
undoubtedly have to be on the left bank. Since that would mean a  spot
about 20 m down {rom the surface of the foundatlion reck, it should
present no problems except that 1t would necessitate the use of curtain
grout. Posifioning 1t on the right bank would meapn that the fault and



fractures - that cut diagonally through the river bed would pass tight in
front of the dam axis. Thils would create somewhat of a problem and wmake
the use of consolidated grout and curtain grout absolutely necessary.
Moreover, since the small gorge downstream is within the zone of the
large fault and fracture, work around. the exit here in addition to that
necessary for the protection of the gorge should prove to be troublesome.
If it were to be a gravity dam, then the tightening of only half of the
river, or the laying of concrete in blocks of about 10 m each every 3-5
1ifts, would also create a by-pass that could be used if the need arose,
resulting in a reduction of cost,

3.7.4 Splllway

‘The construoction of a spiliway will be necessary no mabfer whai
type of dam is useds_ In the case of a fill dam, to guarantee the safe
passage of 1000 m“/sec, which 1s close to the maximum quantity, the
overflow trap will have to be more than 50 w. In addition, 1if the
overfiow water depth Is set at 3.0 m or more, in then consideration of
the geological = features and the structure of the land, the 1left bank
should prove. to be the most sultable spot. When the freeboard, the
overflow depth, the scale of the foundation for the overflow trap, and
such are faken lnto account, then excavation would have to be at least to
a depth of 12.0 B arcund the N. boring No.l or at least about 15.0 m
around the N. boring No.2. In both cases, this would result in an almost
full exposure of the foundation rock. Although a sufficiently strong
foundation could be obtalned this way, it would mean a larger amount of
excavation work and thus greater cost. Furthermore, the hill will have
to be excavated slantwlse, from near the dam axis to a spot asbout 100 m
downstream, which would also result In much higher costs,

Thus, {in the case of a f111 dam, if the spillway does not posses
the capaclity to handie the maximum amount mentioned above, 1t might
result 1in the overflow of the dam body during floods, which would be
extremely dangerous.

From all this, it becomes very clear that instead of <the
construction of an excessively large splilway for a fill dam, it would be
much more practlical o bulld a gravity dam for which the danger of
collapse, even in case of an overflow, does not exlist.

Rock Elastie wave Bulk density  Young's
classification velocity E{106 Bar) modulus
kit/sec
Sand-  Weathered 1.5-2.5 2.0
stone  wone CL-CHM
' Unweathered 2.5-3.5-4.0 2.6-2.7 0.745-1.0

zone CM-CH
Fracture D-CL 2.0

Mud- Weathered 0,5-1.8 1.8-2.0 0.19-0.44

stone zone D-CL
Unweathered 2.0-3.0 2,5-2.6 (#) (D)
zone CM

Fracture D 1.0-1.5
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3.7.5 -Qggplusions

L AS was . mentioned before briefly, a comparison of the relative
qualities of a fill dam with those of a gravity dam wlll show a gravity
dam to be. a better choice.

Tl e e T , Fill OGravity
Topographically + -
Geologically

Sand deposits.

Temporary water cut-off

.- ‘By-pass. -

. -Spillway

-Dam capacity -

Construction time

. Safety

10. Cost

‘11. Temporary dam

12. Management -

13.. Appearance after completion
14. Lever raising

- note

+ - : presents no problems
- : (not needed)
- (1s low)

-+ : inferior
(is needed)
- {is high)

O 00 w3 O Ul B LD B '

O T T S I R S
:

1. Fewer problem geologlically

2. Less time needed for
construction.

3. Lower cost

4. Higher safety rate

As .can be seen from the above, from almost every point of view, a
gravity dam would be superior.

Point of Survey, Geological Section of Dam Site and Comparison of
Geological Profiles are given in Fig. C.3.1, C.3.2 and C.3.3.

C.4 Eléctric Exploration

4.1 Explanation

- In regard to the electrical prospecting of the Santa Ana Dam site,
first the {findings of the CODETAR study were considered. According to
that- data, . the 1lower parts of the layer of  gravel dating from the
Diluvium epoch, which has thickly accumulated on the left bank, is piled
up about 30 m at maximum from the ground surface. That is no more than
10 m difference in helght in relation to the present hed of Yesera river.
This rock -base. forms a basin that gets gradually shallower as it
continues along the left bank. At boring No.4, rock is reached at about
25 m, a height difference of 20 m with the present river bed. As a
result of additional electrical prospecting performed in the area, the
rock bed was. found to get more and more shallow further down.

. ‘Therefore, without understanding the formation, in relation to the
whole area of the left bank of this rocky basin, which may be thought of
as the "old channel" of the river, it will not be possible to consider
~ some of the problems regarding the construction of a dam, such as those
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concerning the dam axis, dam height, and the problem of ‘the sttll water
in this thick layer of gravel. For this reason, lateral lines for
selsmic exploration {total 1000 m) and 3 borlngs (total 120 m) were
planned. ' ,

However, since even this amount of data was 1nadequate, “and in
order to investigate the "old river bed" as closely as poqsible, before
the above data was compiled, measurements using Wenner's method of 4
electric poles was carried out at about 30 points IR

Because the surface of the ground 1s extlemely dary and thcre is a
large "amount of conglomerate, however, the grounding condition. for the
electric poles was bad and measuring was difficult. In addition,
analysis was difficult because the value for electrical resistance ' that
was obtained was very similar to that obtalned for the weathered- part of
the bedrock. This was partly due to the fact that the gravel ‘sticking
together tightly forms a well consolidated layer.

To counter this, the space between the points of measurement. were
made smaller, and the data obtained was checked against that obtained
from the old borings 3, 4, 2 and others. In addition, starting from the
point close to the expOsed parts of the river bank, neasurements were
made at a total of about 80 polnts.

4.2 fMeasurements

As a measurement instrument, the MCOHM resistivity meter based on
the principles of applied geology was used. Using Wenner's Quadropolar
method, depths of up to 70m were measured.

(1} Transmitter

a. Output voltage : 400 VP-V
b. Output current : 1, 2,5, 10, 50, 100, 200 mA
c. Operation voltage v 12 vbe

{2) Recelver

a. Input impedance ¢ IM
b. Measurement potential: + 0.6V, + 6V (AUTO RANGE)
¢, Resoclution : 10V
d. Stack frequency : 1, 4, 16, 64 (can be stopped as
e, Cycle time : 3.5 sec
(3) Data Memory _
a. File registration : max. 128 files
b. Data polnt : max. 1100 data
c. 1 flle : max. collected 110 data
{4) Interface ¢ R§-232¢
{5} Power Source '+ DC 12 V (bullt In um lxa}
External power sources can be
(6) Dimensions : 206(%) x 181(H) x 200(D) it
{7) ¥elght H 10kg

For analysis, the standard curvature method was abandoned because
it has a strong tendency to show results a llttle too deep (details
omitted), Instead, the direct sight method was employed.
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4.3 Measurement Results

-fAsf'a{résﬁlt 6f these measﬁrements the foundation was found to be
shallower than-was con¢luded previously on the basis of the CODETAR data,
The structure was. as is shown on Flg. C.4.1,

As can be Seen flom the contours of the foundation in the figure,
there 1s a gorge in the . shape of a boat, located between old borings No.4
and No.3.. - Extending from the downstream side towards the east, it
disappears after 100 to 150 neters.

_ -”This mearis that previously a shallow gorge had its start about
100m west of old borings 3 and 4, and the siream flowing it from the
northeast deposited the layers that made up the foundation. It then
flowed - ‘on to join ‘the "old channel” of the Yesera river which, after
reversing its course, started flowing to the west and deposited the thick
layer of gravel found in the b351n

As can be concluded from this. even if the: dam is constlucted at
the presently planned site, there is practically no danger of any
downstream leak:occurring at nearly right angles to the dam axis.

However, when the area under investigation was extended to
Quebrada -and measuresents were performed in conjunction with the
geological ‘Investigation of the layers of gravel in the area southwest,
it . was found that the old chammel of Yesera river, taking a course that
extended diagonally from the area somewhat upsiream from Santa Ana Danm
towards NRE —"SSW' had flowed d0wnstream heading towards Santa Ana.

The p-a curve line and the table of values is shown on Fig. C.4.2
and C.4.3 and Table C.4.1.

4.4 Summarx

The analysis results of the above measurements can be seen in Fig.
c.a.1. - _ _ ,

Based on the these results, the axis of the Sanfa Ana Dam was
moved 20 m -downstream from the old axis. This decision was taken for the
foliowing reasons.

(1) The depth of the old channel of the river that was measured at the
-0ld -boring No.3 sharply decreases, becoming shallower as it continues
downstream. TFor this reason, the work required for foundation-making
and water stoppage will be less with the new axis.

(2) It is possible to move the axis further down (it would improve the

- direction- it faces), but considering the relationship with the

positioning of the right bank, this seems to be the limit of how far
It can be moved.

{3)'Regard1ng the right bank -electric prospecting was carried out at 5
- locations along the new axis. :

'As a result, it was found that about 0.5 m - 4.2 m thick layers of

- gravel dating from the -Diluvium epoch had been deposited on top of
. the foundation bed. From this, it can be concluded that fixing the
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main body of the maln dam on the rock foundation will be easy. Also,
there should be few problems concerning water stoppage.

(4) However, 5.0 m upstream from the old axls, -stretchlng dlagonally
towards the direction upstream on the left bank,. there Is a belt of
faults and fractures that has caused dlsplacement as wide as 8 m.
Dug to this, the area around the old axls has been fractured. - Even
without the findings of electric prospecting, the axls ~had to be
moved. It was moved (20 m), a distance equivalent to that on the
left bank. It was impossible to obtain clarifications regarding the
fault with the help of analysis based on electric exploration.

C.5 Seismic Exploration

5.1 Outline

From the existing investigations regarding the Santa Ana Dam it is
clear that measures will have to be taken to counter the:problem of water
icaking through the layers of gravel on the left bank. . The seismic
explorations were planned as part of the studies to help decide -what
these measures should be. These were carried out along the 500 m-~long
lateral 1line along the old axis and another 500 m-long line extending
slantwise from around the old boring No.1 on the left hank to the
mountain stream. :

The position of the slanting lateral line was not.clear, and it
was decided to use the line along the rock base under the layer of gravel
{including the old river channel) for oblalning the basic data required
to decide the location of the water cut-off wall, in case 1t is decided
to locate cone on the leff bank.

The building of a curtain wall was also suggested, but after .a
detailed study of the site, it was decided that construction would. be
extremely difficult. - Since the cost would also be much higher than. that
for the main levee, there was a change in plans. It was decided to study
the actual conditlens conrcerning the "permeable layer."

As & result, measuremenis were planned to be carried-ouf along  a
lateral lipe starting from the old boring No. 4 and extending slantwise
100 m downstream and 400 m upstream. The fipdings in conjunction with
those obtained from electric explorations were to be utllized In deciding
the location of boring polnts.

5.2 Exploratlions

For measurements, the Selsmic Exploration Mecasuring Instrument for
application purposes was used. Pick-ups were get at Intervals. of 5 m
along the lateral line mentioned above and, using the refraction method,
measurement was carrled out. Since the rocks in the Yesera rilver
region and on the right bank lle exposed and the surface layer is
extremely thin, surface wave mcasurements were also carried out for those
Areas., .
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5.3  Results

The results are as shown in Fig. C.5.1. The elastic wave veloclty
of  the clayey, surface layers of the uppermost part 1s about 300-500
n/sec, -and that of the flabellate deposits of the gravel layer below is
1500-2000 m/sec. The Paleozoic mudstone and sandstone layers arc at a
total depth of 7.0 m to 30.0 m below.

According to the findings of the original GEOBOL report, the
foundation rock was concluded to be slate and shale. This difference in
findings seems to be due to a difference in subjectivity and does not
seem to present a problem.

- However, . it 1s not clear how the conclusion was reached that  the
sediment - environment of the foundation around the new boring No.2 had
undergone inversion. It might have been due to the difficulty of clearly
determining the boundary. line between the layer of gravel and tLhe
foundation, among the badly weathered layers, or it may have been due to
the badly weathered condition of the thin alternate layers.

In any qase,‘judging from the cross-section that was obtalned as a
result of the Tindings and the findings from the electric explorations
and borings and such, we can conclude that the tests were successful,

In the area within the zone of the lateral line on the left bank,
the foundation. rock, at a maximum depth of 44 m, was deepest in the
eastern end of the region. It was found to be the least deep, at around
EL. 1,951 m, near the new boring No.3.

This is only 7-8 m higher than even the present Yesera river.

From this 1t was made clear that the old Yesera rivef flowing
through this area must have taken a southerly course with a foundation
height 'not very much different from those of the rivers flowing through
the area right on top of the projected dam site.

The geological features and velocity values obtalned as a result
of analysis are as follows:

First layer Cublerto Superficial {(Arena Suelte)

300-500 m/sec

Second layer Capa Areilla, Compacta 1,500-2,000 n/sec
Third layef Colluvio-fluvial (Ti11) 2,500 m/sec
Fourth layer Lulités o Pizarras Major a 2,500 m/sec

++ . As  can be seen from the numbers, the zoning does not necessarlly
represent the whole of the vregion; but generally speaking, these
- conclusions should suffice. However, places in the foundation rock that
would . be only slightly weathered and have no faults or fractures should
prove to have a value somewhere between 3,000 m/sec and 3,500 m/sec.
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Values obtained for the areas affected by the faults and fractures
on the right bank of the northern part of Yesera river were also found to
be appropriate, and overall the foundation itself, as was anti¢ipated,
was found to be comparatively sound and of a good quallty. Thus, 1t was
concluded that the construction of a gravity dam would also present no
prohlems. : o

.6 Exploration Using Boring

6.1 GQutline

Since the 3 borings and the total of 120 m used 1In explorations
related to the Santa Ana Dam were thought to be Inadequate, the number of
exploration spots was changed, and 1t was decided to use 138 m for the
exiplorations. ' -

As mentioned before, the exploration findings had made it  clear
that the foundation height was bigger at the site for the new axis than
that of the old ome. As a result, it was decided to make 2 new borings,
one with a depth of 15 m, at a distance of 20 m downsiream from the old
boring No.2, and a second one with & depth of 30 m at a distance of 40 n
downstream from the old boring No.3. Rock was reached at a depth of 10.9
m at the new boring No.l and at a depth of 16.8 m at the new boring No.2.

These resuits were almost the same as the values obtained through
the amalysis of the electric exploration Pindings. At the same time,
permeability tests were carried out inside the holes. Since, among other
things, the amount of water poured In. was comparatively small, the
permeablility coefficient was judged to be much smaller compared to
previous data.

The remaining 2 holes were used mainly to find the depth of the
bed {foundation surface} of the old Yesera river and to perform
permeability tests for the layers of gravel that show a high level of
permeation.

6.2 Investigations

Regarding the structure of the layers of gravel,. the
stratification 1is 1in the form of parallel bedding. In many cases the
single layers are very thick and lie tiled up, but there are also
numerous larger rocks the sjize of cobbles or larger, which 1le
frregularly an don’t form graded beddings. In addition, the fine sand,
silt, «clay, and such that form the matrix are algo extremely dry and
tightly packed with the level of consolidation resembling sun-dried
bricks. In some places, they look llke granite that wight have been
hadly weathered right bhefore . They may also be likened to concrete
that contalns coarse stones and pebbles and only a 1itile cement.

On the other hand, the gravel here seems to come wostly from
sandstones dating from the latter PaleoZoic or early Mesozolce eras.
However  there has not been much weathering, and the level of
consolidation is also very high. All these serve to make, boring through
these diluvial 1layers of gravel technically one of the most difficult
tasks Involved. It cap easlly result in the destruction of the boring



walls or cause the rig to jam, - Ordinarily, the percussion or rotary
style of excavation is used. In the case of the rotary style, methods
such’ as  casing or cementation are utilized. Due to the circumstances
regarding the equipment and such, we had to implement the rotary style on
this occaslon,

Consequently, 1In . order to perform water permeability tests by
flooding ~holes of different depths, we considered making use of methods
such as cementation, casing, and soft-air packer in conjunction with each
other. -Due to limitations regarding the equipment available on-site, we
were unable to do so, however and experienced difficulties that are
discussed below (as shown on Fig. C.6.1}.

. The value obtained from the permeability tests for the layer of
gravel was K+ O x 10 2~ 10 3 cm/sec.

Such a high value would ordinarily be obtained for gravel layers
of current river beds or other similar sedimentation layers that are as
yet unsolid. In Japan, for example, the value for ancient deluvium
gravel layers, sand layers, or clay mud layers and such would be lower
than K% 0 x 10-4 cn/sec.

Judging from the geological survey results and the conditions
observed in the test drilling holes, the value should not have been
higher than K 0 x 10-4 cm/scc.

When the high pressure of the boring machine and the torque are
applied to bouldora in the layer of gravel, larger once with diameters of
1.0 m or 2.0 m may wlthstand the shock. In the case of smaller diameters
such as 3 cm, 5 cm, 10 cm and 30 cm however, where the surrounding areas

“are not hardened by cement, the resultant vibration, shock and such can,
as they did this time, cause a loosening all around.

The areas around the boulder were fully separated from the sand
and silt of the matrix. The surrounding matrix itself was alse thought
to have sustained some slight damage.

_ The inside of the boring did not turn out truly circular, but was
uneven. Some of the stones and coarse gralns that had come off fell into
the boring.

- Under such conditions, even when a short solid packer were to be
utilized and inserted inside, the water would have been stopped only at
the part that was in contact with the rubber. However, stopping the
water from leaking In a matrix that has been once loosened by tightening
the packer at only one point around the matrix {considering the boulder
diameter was probably about 20 - 50 cm across) is considered impossibie,

Therefore, when the boring was flooded under such conditions,
piping appeared in the surrounding matrix, and water leaked. On on 1its
return, the leaked water passed through an area mainly about 10 ¢m  below
the surface that had a large number of cavities. In dolng so, it was
lost through infiltration.

9 The gauge needle was moving at a high speed between ¢ - 2,
kg/cm®, and since the pressure could not have been 0, about 2.0 kg/cm
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should be added here. (This was due to: the malfunctlon - of the pump
control systems, and as Is mentioned elsewhere, it was 61% maximum, . 13%
minimum, and 41.2% on the average, which means a decrease of about: 60%.)
Also. since the area lnside the boring had enlarged in. an irregular
manner, the value used In calculations had undergone a change -and was

biggor.

In case there was water leakage through piplng, 1t lIs not
appropriate to calculate the permeability coefficlent through the
floodihg method. :

The fact that the foundation rock of the gully, which 1§ close to
being a valley and is located in the diluvium gravel layer, 1is not = very
deep was one of the reasons why boring No. 3 was chosen: ~Another was the
desire to study the extremely recent and loose gravel sedlments: that have
accumulated in the gully (arroyo-guebrada). There were places - In the
foundation rock that were considered to be small faults or fractures, but
as to whether they dated from the Quaternary period - (that  1s, active
faults etc.), or had any relation to the fault found in Yesera-river or
the NE-S¥ tectonic line by which the whole area has been affectcd could
not be determined.

6.3 Leakage

¥hen the figure 2.0 kg/cm2 from the permeabllity test data, ~which
seems to have been the result of a pump malfunction,ls added, and simple
calculations performed, then the average figure for the - present 15
locations would be 0.412 (minimum 13% maximum 61%). S :

That would mean a 40% decrease in the .data 10-2 - 10-3 that had
been obtained before. Since the conditions discussed earlier would also
have to be conslidered, the actual decrease would not be 60% but would - go
lower than 1/100. (A figure that was estimated on the basis of
eiperience as a geology specialist.)

However, since there Is no clearly calculated figure regarding
this 17100, Iif we assume the data availsble at present to be correct,
then 1in the case of the area surrounding boring No.3, which seems to be
the most affected by permeation, a rough estimate for the total cross-
sectional area  EL.1952 m, assuming the full water level is. EL.1980 'm,
would be 4200 m“. Since, as was mentioned elsewhere, the clay layers and
the sandy clay layers account for about LéS of the total, then the final
figure would be about 4200 x 2/3 = 2800 m

0f course, I don’t suppose the strata to have accumulated  exactly
in this way, throughout an area extending over 1.0 km, but 1f we suppose
this to be the case, then if the water, from a dam In which the water. is
stored up to the full water level, does not decrease and the maximum
available Figure 1s used, and furthermore, if the length of inflltration
is set at minimum 500 m - 1,5 km maximum, then : )

If G = AK * H/L .
Q4 = Rate of discharge (leakage) cm3 '
A = Cross-sectional area . ' , cma.
K = Permeahility coefficient cii/sec
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H = Water pressure (from the high water level down) cm

1= Length of Infiltration cn
Case 1
-Q i=2,800 x 10,000 x 0.0! x 3,000/50,000
= 28,000,000 x 0.0 x 0.06
= 2,800 x 6
='16 8OO §cm /sec)
5 1,450 n /day
Case 2
Q2 = 2,800 x 10,000 x 0.0025 X 3,000/150,000

28,000,000 x 0.0025 x 0.02
280 x 2.5 x 2

1,400 (cm3/sec)

120 m3/day

LR N I 1 |

_ If K 15'1 X 10*2 co/sec max. and 2.5 x 10-3 cm/sec mlg then
aceording to s 3rough calculation, leakage would be 1,450 nmn“/day at
maxfmum and 120 m“/day at minimum.

The above figﬁreslrepresent leakage for one day, but even assuming
the water 1s stored3f0r 3 months withgut a decrease in the water level,
then - Q@ % 1,450 m° x 90 = 130,500 ¥ (90 days).

_ This - would mean a leakage of 130.0001113 in 3 months, which in the
case of a dam with a storage capacifty of 2,500,000, for example, would Be
about 5% of the total. At minimum, !t would be 120 x 90 = 10.800 =m
which is not more than 0.4% of the total.

For 150 ays, the maximum would be 220,000 m3 or 9%, and the
minimum 18,000 o or not more than 0.7%. But slnce in reality the full
water. level will decrease more than 10 m, the actual figure will be ven
smaller., Assuming that the leakage V is 0.4%, or about 10,000 m“/90
days, and that the the layer of gravel forms the maln body of the dam,
then even in comparisen to the 0.05% Q/day, which is the allowable limit
of leakage for the protection of a natural dam body, the 4.5% {90 days)
would amount to no more than 1/10.

Although, the above calculations contain numerous assumptions,
these rough - estimations should make it clear that leakage would be
extremely small and would pose no problems. For this reason, it was
concluded that a treatment of the water barrier on the left bank of the
dam site, which was mentioned before, would not be necessary.

c.7 Exploratory Drilling

Investigations,_ using electric exploration, seismic exploration,
boring, and such have already been carried out. Regarding the area on the
left bank where the dam 1s to be fixed, however, even without boring it
. was obvious by studying the area around the cliff that only slime,
conglomerate, and such would be found in the core of the layer of gravel.
Therefore, in order to study the area directly, it was decided to carry
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out excavations 7 - 8 m deep. -In'addition.-sinCe;dnrinthhe-permeubility
tests - in  the  boring there had been some problem . with. the:- packer's
'effectiveness. and also there was a feeling that piping uight be: needed,
it was declded to measure the permeation level by pouring water directly.
For this purpose 2.0 m - D =4.0mgl.5m - D =4.0 m, a total of 8.0 m
was planned. a ' S

llowever, starting at a depth of 2 meters, conglomerate of a large
dismeter, ¢ 30cm, 60cm, 70cm or more, was found - sticking - together
tightly. 1t was decided that the matrix was tightly packed -with sand,
silt, and- some clay, making.excavatlion extremely difficult. =~ Manual
excavation was made impossible at D = 6.6 m. Partly for thls reason; it
was decided to try to measure the amount .of permeation by pouring water
at D = 6.6 m mentioned above and at 4.0 . : :

7.1 Sample Leakage Survey (1)

At 4.0 m, there was a comparatlvely soft spot in the conglomexate
about 30 cm wide. It was thought that, if boring were  performed, flne
sand mixed with clay would be found.. The hole was filled up with water,
and .when left standing from 5 pm to 9 am the next morning, there  was a
loss of only 4.0 mm. The 4.0 mm in 16 hours meant 1 mm/4 h, but it was
not clear whether there was real permeation or whether the water loss was
due to- capillary action or maybe water escaping up the sides

7.2 Sample Leakage Survey (2)

Two drums of water were poured into the hole D= 6.6 at 6 pn.
¥hen measured at 9 am the next morning, there was no change at all in the
water level. This was true even after 2 and then 3 days. ‘At this spot,
too, all -the sediments except for the conglomerate are sfuck together
tightly, making excavation difficult, but when fragmented it should be
found to consist of clay.

From the -above, it can be-ConclUded'that'the; layer -of gravel
spread out over a large area exists under different conditions:- at
different spots. It was concluded, -however, that there would be no water
leakage 1In- the area between boring No.1 and boring No. 2 an. area
corresponding to the lower reaches of the new axis ' S
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.8 Sediments

_ The quallty of the. sediment is malnly ‘decided by the 1land
structure and geological features of the valley. This 1s also true  of
Yesera “river. ~The Paleozolc basé, in each case, is overlain by gravel
layers, sand, clay, volcanic ash, and such that date from the Quaternary
period. ~ The pattern of dietribution degree of . solidity, ‘number of
gullys, intersity ~of -rainfall, amount of flood, - grade of valley,
vegetatien “level of cultivatien passible negative effects on livestock,
etc. . may ‘differ a little, but generally speaking conditions within the
va11eys in each case are very similar

“The amount of sedimentation in the case of each dam sgite is
preportional “to “its location and size; that_is, the more upstream the
location” “of a site, the 1e§s_sedimentation-it will have. - Consequently,
'_upatream Yesera with 200 km“ has the smallest, and Santa“Ana dam with 250

the largest amount of sediments “This ranking would naturally: be
different if. other. sites were- planned. The deposits within the present
river: consist ‘mainly. of bouldérs: (including very large rocks), which
roughly . estimated would probably account for about 90% of ‘the total.

" That. there is little sand, silt, clay and such does not mean that they do

not flow into the river. It Is rather due to the fact that, during the
flood- 1ike waters of the ralny season, they get suspended and are carried
away by the water In actual terms, the sediments that make up the dan
are rocks, sand,; " silt, -and such that are thought to occur in equal
amounts. ~The greater the storage capacity of a dam and the larger and
more massive it is, the .greater will be the decrease in the velocity of
the ‘river as it enters the'dam. For this reason, the Nueva Santa Ana
dam, which would be located lower downstream than any of the cther dams,
-would have the largest deposit of fine grains

Threugh the 1nvestigatiens of the area, it was determined that the
fine sand, silt, and fine grains of clay that were found to have
accuzulated in those parts of the river bed, that are rugged and uneven,
and where the water velocity is low, had alwmost fully disappeared in mid-
December, - “which 1s the dry season. Moreover, the study of the boulders
that - stick out in the upper parts of the hills reveals that 20 cm-30 cm
of - the matrix surface has been washed away. It is not clear over what
1ength of time this might have oecurred but the amount 1s quite large.

Aside from these sand control dams may be eonstructed around the
upstrean. regions  of the Yesera river. The foundation. stones on both
sides are exposed, ‘and if it is a spot where the foundation of the river
bed 1s also easily accessible, then by building a concrete stiructure that
would actas a stopper for boulders maybe as large as 2.0 m, with this as
the center, a sand control -dam. could be built by simply placing a
somewhat wider rock fill (stones would also do) there. However, since a
spot where the foundatlon on both sldes is exposed would mean a river bed
with a sharp slope, there would be a loss in helght of more than 2 m or 3
m. o '
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C.9  The Site for the Sand Control Dam at_the Yesera Rlver

9.1 Topography and Geological Stlucture

Both banks are almost-vertical. The left bank 1s about 10 - 15 m,
and the right bank is close to 8 m (rather soft). The river bed 1s
almost flat and, except for the middle. parts, consists.of a sandstone and
mudstone rock base that lles exposed. Like the foundatlion base at the
Santa Ana site, It is well- consolidated rock and does not need ‘to. be
treated for foundation-making. In the middle pazts, too, a rock base s
easlly reached by removing the large conglomerates. '

9.2 Observationg

The construction of a dam 8 - 10 m high and 40 m- or nore 1ong,
which will be more than capable of functioning efficiently as a sand
control dam, is very much possible

If the base 1s treated with éoncfete, storage of a few metérs of
water 1s also possible. In case it is used as an underground dam, a
valve should be installed. . : -

If the position of the axis is moved lower down the left bank, it
will result in 1ts being based on a soft layer of pudstone.. Therefore,
the present plan should be adhered to. The slope of the right bank is not
steep enough and it is also severely weathered, resulting - in division
into blocks and looseness. However, It should be possible  to reach
sufficiently good quality rock with only 1 - 2. m . of cutting. It is
overlaid only with a thin layer of gravel, and its treatment should prove
to be easy.

€.10 The Planned Site for the Head Wofks (Intake Dan)

10.1  The San Agustin River Site

The site 1Is about 3 kam upstream from the junction of  the two
rivers the Santa Ana river and the Agustin river. It is at the end . part
of the area where Agutin river flows west across the top of the long and
narrow stretch of mountains that extend like a wall from Cerro Mesor to
San Antonio In the sauthwest. Geologically, therefore, it is made up of
alternating layers of sandstone and mudstone (mudstone has partly turned
to phylite) dating from the Silurian period of the Paleozolc era, - which
the mountains are also made up. Overall, the area 1s predominantly
mudstone, except for that part where the river takes a turn, - and where
thick, well consolidated layers of sandstone are extremely predominant
The strike of the strata ls mostly N 20° - 30°, E 809, w. :

10.2  The Site at the Gamoneda Rlver

Under the Gamoneda river, the spot at the Intersection point 22-23
on the map, which is about 50 m upstfrcam from the river crossing point,
about 200 m to the west, 1s most suitable for the construction of the
head works.
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- Gamoneda river, orginating at Cerro San Pedro, tskes a course
almost parallel to the mountains and valleys as it fiows to the south.
It turns east In. the southern part of Cerro Payayo, and siil flowing ecast
passes through the  northern part of Estancia Gamoneda and Joins the
Payayo. river near Cancha de Futbol. It crosses the road leading to
Yesera, After continuing on its course for another 2 km, it jolns Yesera
river and becomes Santa Ana river. After the Agustin river, it 1Is the

third largest river in the area.

~But . at the spot where presently the head works is planned to be
constructed, the river 1s narrow. As shown In figure - , the maximum
height is 7 - 8.m, and at normal times (high water season) it is 3 - 4 m;
the w1dth is 4 m at the lower part and in the upper parts it 1s 6 - 7 m
{high water soason) As can be seen, it flows through a comparatively
small area. Thé geological make-up-is the same as that of Cerro Gamaneda
or Cerro Poyayo namely, 1t is made up of sandstone from the Silurian
period which 1s well consolidated and will not present any problems if a
dam- is .constructed. The exposed parts are of extremoly good quality.
The direction is N-S, and the strike is about 50° - 60° E. In case of
construction, remodeling alone should suffice.

, ~1It. is not clear what size the head works to be constructed here
w111 be, but the foundation base of the right bank is low and the layer
of gravel is thick. It will be necessary to perform 2 - 3 » of cutting
to reach a rock base. Moreover, the area upstream on the left bank
consists of low lying arable land, and a cofferdam of about 7 m, for
example, would mean the submersion of several hectares. (Though detalls
are nnclear. storage of water is also thought possible.)

The 1ooation of the waterwvay 1is also unclear at this stage, but if
water is to reach the arable land in the southern parts, a long streich
of  hilly land ({300 - 500 m){layers of gravel) will have to undergo
cutting. Since this seems to be an impossible task, detalled
measurements during the designing stage will be required.

Presently it is dry season, and the river has 1little water of 1tis
own. There seems to be several 1/sec (about 200 300m /day).

In search of a sultable site, the afea upstream was aiso explored,
but  both from. a topographical and geological point of view, this spot
seems Lo be the most suitable.

.11 Gfonndﬁater
11.1 Introduction:

, The geological structure of the areas around Tarija city, like
_those of areas discussed before, is of sandstone and mudstone dating from
the Silurian, Devonian, or Carboniferous perlods of the Paleozoic era.
They .not only make up the mountainous regions, but. also form the
foundation of the surrounding lowlands The inclination for the area 1s
709 - 80° NNE - SSW (partly 20° - 30°). Later deposits consists mainly
of. alternate 1ay9rs of gravel and clay from .the Holocene epoch, more than
150 w thick, which covers the foundations of the lowlands, and alternate
1ayers of gravel and clay, about 10 - 30 m thick and alluvial in nature,
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that cover the areas along the river. Since the aforementioned mountain
areas are entirely made up of well-consclidated bedrock and  the lathered
layer 1is very thin or non-existent, the only underground water found 1s
the accumulated rain water in the cracks (1), Jjoints (2) and the fissures
of faults and fractures (3) and the slight amount that is found in layers
of deposits on mountalnside bluffs,

But even these small amounts that'accﬁmdlate 'ﬁufing the rainy
seasen soon percolate downward until there 1s almost none left during the
dry season. {Aveas lower than the present river bed are an exception.)

Conditions for water acoumulation are better for the low lying and
hilly areas, which consist of layers of gravel and clay. But since these
are 1ightly packed, it seems that rain water at the start-of the rainy
season, after saturating several meters of the surface layers, renders
these layers impermeable thus preventing & smooth downward percolation of
water, which then qujckly evaporates from the surface.

A detailed study of bluffs underneath the terraces, consisting of
layers of gravel, showed evidence of erosion due to the flow. and
evaporation of surface water. But there were no signs, such as
capillary-like lines, that usually indicate permeation, nor was there any
sign of the end-point of a line, along which water might have permeated
downward.

To study the permeability at the projected site of the Santa Ana
Dam, 2 holes 4.0 m and 6.6 m deep, were excavated and water was poured
in. There was almost no decrease in the water level, which seems to
indicate the presence of & well-consolldated and tightly-packed matrix
other than conglomerate, such as clayey soil, sandy soil and gravel mixed
with silt, which results in impermeability or semi- impermeagility. As
far as could be judged by the naked eye, it was less than 107° cm/sec.

The above findings are all that 1is presently available, and
unfortunately conditions during the rainy season are not clear, so that
passing a final judgment 1s made more difficult. Consequently, with the
data obtained from thls limited périod of investigation alone, it is not
possible to describe the permeability in detail.

buring the rainy season when the observation of conditions
governing underground water are most difficult, it is alsc hard to - draw
conclusions about the relationship between the river flowing downstream
and its traction force, or about whether the underground water 1is the
main reason for the formation of gullys or whether fhey are the result of
water acting as 1t dces in the erosion process regarding shirasu [(a part
of volucanic ash socll). These are some of the questions that remain
unanswered, '

In the case of alluvial layers of gravel, because the force
conveying water through the comparatively thick layers on the river bed,
are small, even the sllghtest amount of surface water- tends to
accunulate, forming a useful source of water for deep and shallow wells.

In summary, regarding underground water in the area, the foilﬁwing
conclusions can be drawn, (1) It 1s pon-existent In the mountainous
areas, (2) At the foot of the mounialne also, 1t 1s almost non-existent.



(3) In the filly area, during the rainy season it 1s also no-existent.
(4) Small amounts are avallable in the saturated layers of gravel on the
river bed. If, in the future, the use of underground water 1s to be
carried out vigorously, bullding culverts or comparatively wilde and
shallow wells {(ponds) and using the water accumulated there would seem to
be the most rellable and efficient way.

However, since the total amount of water ls comparatively small,
the area can not be used as.a major source of water for irrigation. This
is also clear from the results of electric explorations of. the Santa Ana
area, which are contained in the reports compiled by GEOBOL, the Bolivian
Institute for Geological Studles. The conclusions here are the same as
those mentioned before: the acquisition of large amounts of water Is
impossible, and a reliance on underground water should not be considered.

However, If the water infiltrated in the alluvial layers of gravel
is to be forcefully increased, a large number of consolidation daus of a
few meters may be built., These will serve as a form of channel storage
or underground dam and may make the efficient use of the large percentage
of cavities in the alluvial layers of gravel possible.

Next we will discuss, briefly, our conclusions based on the cross-
sectional analysls of electric exploratlon also contained im the report
mentioned above.

11;2 A Study of the Findings from the Electric Explorations

In 1978 and 1980, the Serviclo Geologico de Bolivia .and  las
" Naciones Unidas (PUND) carried out a hydro-geological investigation of a
wide area2 with Tariia clty as the center that covered an area exceeding
3,200 km“. 1t mainly consisted of electric explorations utilizing a
total of 265 points to carry out measurements based on the Sichlucmberger
method {as shown on Fig. c.11.1).

' The Santa Ana~region was part of the eastern end of the area under
investigation, and data from the 4 lateral lines, (9), (22), (21}, (20)
was relevant, The total depth measured amounted to 300 m.

As & result of these Investigations, it was found that the area
was extremely poor in layers of gravel whlch ls most useful as aquifers.
Also, since there are thick layers of deposits with fine grains, it was
concluded that underground water did not exlist.

. As mentioned elsewhere, geologlcally, the area forming a  basin
has a base that malnly consists of layers of sandstone and wudstone from
the paleozoic era. .  The Yesera river and Santa Ana river flow through the
center of this area from the south to the north and are joined by the San
Agustin river, Gamoneda river, and other smaller sireams. However,
except for the small amount of gravel found in the present river bed,
there are no other aguifers.

: _The amougt of water obtalned from the deep wells in the area Is
bellow 1,000 mY/day and 1is not sufflicient for the Irrigation of

cultivatable land in the area.
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Following 1s an explanation regarding each of the aforementioned
lateral lines in the investigation. o

11.2.1 Lateral Line (9)

The analysisé and classificatlon of deposit layers and such, when
considered 1in the light of the resistance value, seem appropriate, The
only discrepancy might be the question of whethéer a 300..m high
accumulation. of extremely thick sand layers 1s:possible in-No. 25 and 26
as suggested. If the canyon and the ‘river bad formerly taken a course
leading from east to west, then larger amounts of coarse grained gravel
{including stones) should have accumulated on the upper parts.” With -No.
27 and 28 both consisting of alternate layers of clay mixture, could the
river have had a low flow velocity? This is one polnt about which there
remains some doubt. o

Also, in the next section under (8), the depth of the foundation
base is about EL. 1,500 m in 16, 17, 18 - 21, 22, 23 and seems  to De
correct. However, .the fact that fine-grained deposits are sald to be

more prevalent here seems to contradict the claim that coarser grains are
predoeinant in an area that is wider.

In any case, judglng from the resistance value, there can not be
any underground water except under the sand. In this case, too, the
water secms to be comling either from the hinterland, or conversely from
the direction of Tarija city in the west.

11.2.2 Lateral Line (22)

Near Santa Ana, where at EL. 1,660 m ¢clayey layers serving as
aquifer are scattered widely to the west and east, there 1is - a basin,
which at EL. 1,640 m lies lower. Here, between No. 158 and 167, there is
a boring 180 m deep. ' .

The well With a diamefer of 8 1nches has an output of 4.0 l/sec -
345 ms/day Its natural water level 1s 40 - 50 m, the dynamic water
level (pump depth) is 74 m, and it is situated near La Crug and  La
Cavama. In this region of predomlnantly clayey layers, it is {mpossible
to obtain more water than this. '

According to the results of the electric exploratlions, a. rock base
is reached at near EL. 1,540 m, but in reality even if excavations close
to 300 m were carried out from EL. 1,820 m in order to reach the
alternating layers of the sand and gravel mixture, found between EL.
1,650 _m and 1,54() m, the amount of water would be probably leéss than 5 -
600 m° - 1,000 m¥/day. But excavation work to reach such depth would be
very costly and econcmically nol feasible.

11.2.3 Lateral Line {21)

In this region, the rock hase of Devonian layers of sandstone that
form the mountains in Sap Agustin, descend sharply'to'Lhe west, This Is
nost probably due to the effeet of the large fanlt, ~In the west of- Santa
Ana at EL. 1,640 m, 1t comes In at 1/3 of the inclipation, at about- 209
There are muddy deposits alwost until near the foupdation.  The fact that
there is an accumulation of fine-grained deposit in an area where the



flow veloclity 1s supposedly high, something that would be natural in
arcas such as along the lateral line (22) of La Crug, where a bend in the
old river channel forms a stagnant spot 1s hard to explain.

: fIt was not-possible to observe the core of the boring, but may be
the strong Influence of a certaln amount of inorganic salt has made It
1mpoSsib1e to claim with certainty that sand lies higher than clay there.

Since these observationb are based on available data. It can be
concluded that if Poso Ko. 18 is considered to be representative of San
Miguel - area, then underground water does not exist anywhere except at a
depth of 20 - 80 m in the layers of gravel. If excavation is carried out
through - the alternating layers of gravgl and clay at EL. 1,760 m, It
might be possible to obtain 300 - 500 m°/day of water. Moreover, it is
possible that the aquifer in the wells at San Miguel are also alluvial
layers of gravel from present Santa Ana river. Thus, even Increasing the
depth would not make more water available.

11.2.4 Lateral Line (20) (the Santa Ana Community)

Here, starting at the 1eft bank, the Paleozoic sandstone layers of
the- base__are exposed and, in the reglons near Santa Ana river, they
descend sharply up to near EL. 1,820 m. However, the data from Ho. 162
shows some irregularitles, indicating that even at lower than EL. 1,700 m
this foundation is not to be seen. Judging from No. 165, which lles
further to the west and where foundation rock is seen at EL. 1,790 m, the
rock forming base covers and area extending from where the Santa Ana Dam
is presently planned to the areas along the Santa Ana river. Rather than
having been influenced by the large fault that runs from the NNE - SSW,
apparently 1t is i{nfluenced by the fault as it passes through the area
that has the electric exploration point 16 as its center. In fact, since
this fault covers an extremely wide area, both No. 163 and 165 1lie within
the 1line of fracture, and according to electric exploration findings,
"have a.- value higher than 70 ohm-m, which would indicate an impressive
foundation rock. . No. 162 alone, however, lies lower compared o the
adjacent areas, and there is a possibility that this may have caused the
difficulty in judgment.

Presently, there are 2 wells that have been excavated manually
(depth 11 m and 8 m). The 11 m one has no water during the dry season.
The depth of water in the 8 m wall is about 1.0 m, and it 1is presently
being used, However, since this well seems to have been excavated
through parts of the layers of gravel of the present bed of Santa Ana
river, the water should more appropriately be considered infiltrated
rather than underground water.

In addition, there is a 60 m deep well near the health center,
which -1s not uséd now. And even when in use, pumping discharge is said
to have been small. (W.L. - 18m, water would stop coming out after 10

_minutes of pumping.)

Nearhy, abnut 20 m away, there 1is another manually excavated well
(13 m deep). . Iis present water level s somewhere around 11.8 - 11,5,
which  rises another 2.5 - 3.5 n during the high water season, In this
case, too, the location seems to be on parts of the bed of present Santa
Ana river, and as in the case mentioned before, the water discharged
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should rathel be considered infiltrated Watex.-

11 2.5 Summarg 7

The' foregoing was an outline of data obtalned from the study of
wells and the electric explorations: regarding underground water in the
Santa Ana area. On the basls of these, it can be - concluded -that - the

largest amount of underground water that could be pumped ouf from the

alluvial layers of gravel .as well as from the extremely thick: layers  of
éay and gravel dating grom-the Holocene epoch would not exceed ™ 500
/day, or at most 1,000 m¥/day. This would suggest that the development
of underground water would be costly and ‘inefficlent, and unless the
development and utilization of surface water (such as the construction of
a dam or farm ponds) becomes ‘impossible, it would be 1mpract1cal to seek
underground water 1n the Santa Ana area. _ :

~ For the development of surface water -the constluction of farm
ponds and such will not only result in the storage of water directly. hut
by using about 30% of the cavities in the diluvium layers: of gravel, it
will also be possible to store  water underground. - Since; it 1s
considered that half of that, (about 15 - 20%) would be 'lost through
percaelation; in conjunciion with the eliminetion of gullys 4 large number
of these ehould be built.

c.12 Reference Data

In additien, geological survey that was carried out with Bolivia
side (GEOROL) Is as shown on end of this ehapter '



‘Tablezcg4.1 Data of Electrical Prospecting Survey (1)
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Table C.4.1 Data of Electrical Prospecting Survey (3)
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Data of Electrlcal Prospecting Slir\my {4)

Table C.4.1
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