4,2 Regional Groundwater Development Conditions in the Study Area

i) Groundwater Development Conditions in the Departomento of Chuquisaca
(1) Physiography, Geology, and Aquifers

The Departomento of Chuquisaca is located in the physiographical zones of "Cordillera
Oricntal“, "Scranias Sub-Andinas" and "Llanura Chaco" (Main Report *aflerhere written as
MR*: MR Figurc 4-1-1 and MR Figure 4-1-2}. :

In the Departomenio of Cquuisaca, "Cordillcra Oriental” reaches altitudes of 2,000 -
4,000 m and exhibits major distributions of Ordovician, Silurian and Devonian systems from the
west to the casl, in that order. These systems Bavo been subjected to stro'ng folding activitics and
the folding axis exihibit a south-north dircctivity. Part of the syncline axis arcas such as the arca
around Tarabuco, accompany Cretaceous and Téﬂiary systems of a small scale.

"Seranias Andinas” reaches altitudes of 1,000 -2,500 nt and has distributions of Devonian,
Carbonilcrous, Triassic, Cretaccons and Tertiary systems from the west to the east, in that order.
These systems have been subjected to strong folding activitics (MR Table 4-1-4 and MR Figure
4-1-5). The Devontan system is distributed on a smail scale in only the northwestem part and a
large part of the geology is occupicd by the Tertiary system and then by the Carboniferous system.
The Triassic and Cretaceous systems are found on a small scale between the Tertiary and
Carboniferous systems. Parts of the Triassic system have layer-like gypsum sandwiched in
between and the groundwater in such Triassic systemns may be high in salinity.

"Llanura Chaco" corresponds to being the southern parl of "Ltanura Chaco-Beniana” and is
a bush zonc located at altitudes of 200 - 1,000 m. The geology immediately beneath the surface is
a Tertiary system in the hills located at the western part of "Llanura Chaco" called the "costa” and
is a Quatcmary system in the castem part of this plain called the "{lano.” From the conditions of
the geology in the Departomento of Samta Cruz, it is considercd that beds of Carboniferous to
Cretaccous systems are distnbuted below the Quateraary system in the “lano.”

‘The aquifers in "Cordillera Oriental” are of the Quaternary system that fills the valleys and
of the Ordovician, Silurian and Devonian systems which comprise the bedrock.

The aquifers in "Seranias Sub-Andinas” are of the Quaternary system that fills the valleys
and of the Brevonian, Carboniferous, Peomian, Cretaccous and Tertiary systems which comprise
the bedrock. Among these, the major aquifers are of the Tertiary and Carboniferous systems.

The aquifers in the "costa” region of Llanura Chaco are of the Tertiary system while the
major aquifers of the "Hano" region are of the Tertiary and Cretaccous systems. Well No. JC-6
and No. JC-7, which were drilled in the preseat Study, were respectively drilled in the "costa™ and
"ilano” regions. _

The above-mentioned Ordovician system is comprised of quartzite, shale and mudstone, the
Siturtan system of conglomerate, mudstone (diamicitas), sandston¢ and shale, the Devonian

system of sandstone, shale, mudstone, and limestone, the Carboniferous system of conglomerate
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mudstone, conglomerate, sandstone and shale, the Triassic system of sandstone, limestone and
marl, the Cretaccous system of sandstone, conglomerate, siltstone (arcilitas), limestone and marl,
the Tertiary system of sandstone, conglomerate, siltstone and gypsum, and the Quatemary system

of alluvial sediment, lake-bottom colluvium, sand, mud and clay.

The water systems in the Departomento of Chuquisaca are mainly influenced by a north-
south fold axis, such as that seen in "Cordillera Qricatal” and "Seranias Sub-Andinas” and can be
largely divided by the watersheds that cross this structure obliquely into the "Amazon River
System" and the "La Plata River System" (MR Figure 4-1-4).  These watcersheds are lined in a
row which crosses the Departomento of Chuqguisaca in the northwest to southeast direction,
running parallel to the Pilcomaya river from the north shore to the cast shore between "Cordillera
QOriental” and “Seranias Sub-Andinas” bending in the ENE dircction at the castern end of
"Serantas Sub-Andinas” and then ruining parallel to the southern boundary of the Departomento
of Santa Cruz. The row of watersheds then bends in the NNW direction to cross "Seranias
Chiquitanas” and continues to the uppermost stream of the Itenez o Guapor River.

Only the uppermost streams of the "Amazon River System" arc located in the
Departomento of Chuguisaca and the "Amazon River System” is important as a water system only
around Monteagudo {("Scranias Sub-Andinas"). The water systems here continue onto the Parapeti
river which enters the Departomento of Santa Cruz from the eastern cdge of "Scranias Sub-
Andinas” and flow across "Llanuca Chaco" in the NE direction.

The other parts of the "Amazon River System" in the Departomento of Chuquisaca
continuc onto the Rio Grande River and flow in NE direction across the Departomento of Santa
Cruz from the eastern edge of "Scranias Sub-Andinas”.

The water systems belonging to the "La Plata River System" are mainly influenced by the
norih-south folding structure and are all tributaries of the Pilcomayo River. The Pilcomayo River
is a great river that crosses the Departomento of Chuquisaca from the northeast to the southeast
and flows outside the Departomento of Chugisaca at the casten edge of "Cordillera Oricital”
where it enters the Departomento of Tarija and flows in the southeast dircction to "Scranias Sub-
Andinas” and then to "Llanura Chaco.”

Because of such river conditions, there are no major lakes and rivers in the “Llanura

Chaco" region in the Departomento of Chuguisaca.

Quantitics of Groundwater Resouces

According to estimations of the water balance in the Departomento of Chuquisaca, the
groundwater recharge is 7dmm for a mean annwal precipitation of 780 mm (MR Figure 4-1-8 and
MR Table 4-1-5). This corcesponds to a recharge of 3,835,000,000 m'yr for the entire
Departomento of Chuquisaca and indicates that 8,450 my/yr of groundwater can be utilized

sustainably per person.
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Though the above recharge occurs at the river basins of the Rio Grande River, the Fzozog
River, the Pilcomayo River, and the Paraguay River, the groundwater recharge is negative at the
Rio Grande and Paraguay river basins. On the other hand, the groundwater recharge is large and
reaches 235 - 140 mm at the fzozog and Pilcomayo river basins,

{3) Types of Groundwater

)

In “Cordillera Qriental," "stratum water™ exists in the Quatemary system which fills the
valleys of the valley arcas and "fissure water” exists in the Ordovician, Siturian and Devonian
systems which comprise the bedrock,

In "Seranias Sub-Andinas,” "stratum water” exists in the Quaternary system which fills the
valleys of the valley areas and “fissure water” exists in the Devonian,; Carboniferous, Cretaceous
and Tertiary systems. Up until now, groundwater development has been mainly carricd out on the
"stratum water" in the Quaternary system and on the groundwater in the weathered belt of the
bedrock.

In the "costa" region of "Llanura Chaco", it is thought that "fissure water” exisls in the
Tertiary system while in the "Hano” region, it is thought that "fissure water” exists in the Tertiary
and Cretaceous systems. However, existing data indicate that the majority of wells in these areas
have yiclds of approximately 10 nr'fhr, implying that "stratum water” may also exist in the
Tertiary and Cretaceous systems.

Groundwater cannot be expecied from the Quaternary systein in "Llanura Chaco".

Past Groundwater Development

Past groundwater development activitics in. the "Cordillera Oriental”  zong in the
Departomento of Chuquisaca have been concentrated in districts between the Departomento
capital of Sucre and Padilla, which corcesponds to being the northern part of this Departomento
(MR Figure 4-2-1). These districts are lined along the "watersheds” betwéeen the "Amazon River
System” and the "La Plata River System” and cannot be considered to be favorable for well
construction in terms of both drilling depth and groundwater recharge system. This is also
apparent from the analytical drawings in the well database (MR Figure 4-2-3).

Besides the above, groundwater developnient has been carvied out in the past in Sud Cinti
province located at the boundary between the Departomentos of Chuquisaca and Tarija.

These areas are included in the "belt-like region with a width of 15Ckm in the east-west
direction from 'Seranias Sub-Andinas' to 'Lianura Chaco-Beniano' and extending in the north-
south direction”, where the groundwater development activitics in Bolivia have been concentrated.
‘This belt-like region continugs from the Departomento of Santa Cruz and extends to "Cordillera
Oriental” in the Departomento of Chuquisaca. However, there are no records of groundwater
dovelopment for the central part of "Cordillcra Oriental” located between the abovementioned
"watcrsheds” and Sud Cinti provinee. |

C-38

&




)

With regard to the "Scranias Sub-Andinas" zonc in the Departomento of Chuquisaca,
records of groundwater development are extremely few and exist only for Ivo and Santa Rosa in
Luis Calvo province. However, this arca is part of the "belt-like region with a width of 150km in
the east-west direction from 'Scranias Sub-Andinas’ to 'Llanura Chaco-Beniano' and extending in
the north-south dircction”.

"Llanuro Chaco® occupics the central and castermn parts of Carandayti in Luis Calvo
province. Since there are no major lakes or rivers in this region, as was indicated in the
"Physiography, Geology and Aquifers" scction, actificial ponds, called "atajado” have served as
the water source for humans and livestock. However, whea oil prospecting was carried out in this
region, it was confirmed that aquifers cxists 250-450 m underground and groundwater
developient plans have been proposed since then.

Due to the capacities of drilling equipment and past economic conditions, the construction
of existing wells were generally carricd out at a depth range of 20 - 180 m. However, since the
major éonmmuitics of the Dcpartomento of Chuquisaca exist along the "watersheds” of the
"Amazon River System" and "La Plata River System®, the depths of such wells were inadequate
and, as a result, the water levels of wells accompanicd scasonal variations and the supply of water
tended to be in shortage due to low well yields. Duc to such reasons, it is difficult to cven
formulate well dcvclopmcnt plans for the Departomento of Chuquisaca and therefore, river water,
rain water collected during the rainy season, and water in the atajodos have been used despite

sanitation problems in the various rcgions in the Departomento of Chuquisaca.

Current Problems in Temms of Groundwater Developmient

The regions which require groundwater development most urgently in the Departomento of
Chuquisaca arc the communitics located atong the abovementioned "watersheds" and those located
in "Llanura Chaco". However, deep wells with depths of 120-180 nt have begun to be constructed
in such regions in "Cordillera Oricntal” and "Seranias Sub-Andinas”. Although the number of
such wells is very few, it has been shown that the well yields can be improved by construcling
deep wells. It has also been shown from the drilling of deep wells for petroleum development in
"Llanura Chaco” that aquifers cxist at depths of 250-450 m.

However, as shown bclow, the drilling cquipment owned by the Departomento of
Chuquisaca are 1974-1978 models and lack adequate capacitics even for the construction of wells
of the level of the existing wells. Accessory cquipment are also lacking. Furthermore, there are no
private well constructors in the Departomento of Chuquisaca and there are problems presently
with the private well constructors of the Departomento of Santa Cruz as well.

Although the following dilling cquiprient exist in the Departomento of Chuquisaca, none

of these arc operating presently.
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Depart. Name of Instit. Number Model |FradeMark] Typeof Capaciiy | Filivienty & Dizmeter of the Depth 1 Note
Oranization | Pub.(A) of of of Prll. “for Depth Diamefer
- Priv.(B) | Equipment | Equipment | Equipment { (D) refary | Drilling . . .
Coop(C) (E)percu.|  (m) {m)
Chuguisaca [CORDECH A 1 1974 Faiting - 4] 200 200 2-187 35 *5:?
1250
Dir. Saneam] A 1 1976 | PoraDsill} (D)t 200 200 278"
A:ﬁbicmal |
Total - - S 2 - - - - - -
Since the construction cost will be high for 'deep wells, geophysical prospecting techniques
nust be exploited to carefully sclect the well position and to raisc the rate of success of wells.
Logging must be performed after drilling the well and screens must be sct accurately to thereby
increase the well yields. | ' '
(6) Results of Geophysical Prospecting

The geological structures presumed from the clectrical sounding and clectromagnetic
sounding carricd out at Campo Leon and Simbolar in the Departomento of Chuguisaca are
consistent with the structures obtained from the construction and logging results of wells
constructed in the same districts (JC-6 and JC-7: Figures 4-2-1, 4-2-2).
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Figurc 4-2-1 Relation of Results among Geophysical 'rospecting. Drifling and Logeing on JC-6
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n the Departomento of Chuquisaca, well No. JC-6 was drilled in Campo Leon and well No.
JC-7 was drilled in Simbolar (MR Figure 4-1-23).

Campo Leon, where well No. JC-6 was drilled, is located on a hilly mountain range with an
altitude of approximately 800 m in the “costa" of "Llanura Chaco." This mountain range is
comprised of a Tertiary system that extends in the north-south dircction.

The geology at this well is as follows:

C0.0m-340m Quaternary system : clay, sand with mud
34.0 m - 97.0 m: Tertiary system : mudstone with sandstone
97.0 n1 -103.0 mi; Tertiary system : sandstong with mudstone
103.0 1 -108.6 m: Tertiary systein : mudstone with sandstone
108.0 m -114.0 m: Tertiary system : sandstone with mudstone
B 114.0 m1 -190.0 m: Terdiary system : mudstone with sandstone
"§: 190.0 m -297.0 m: Terliary system : mudstone with sandstone
297.0 m -306.0 m: Terliary system : sandstone with mudstone
306.0 m -328.0 m: Teriiary system -+ Aquifer ; mudstonc intercalated with sand
328.0m -340.0 m: Teriary system : mudstone with sandstone
340.0 m -352.0 m: Tertiary system : mudstone with sandstone
352.0 m -368.0 m: Tertiary system . Aguifer ; mudstone intercalated with sand
368.0 m -382.0 m: Tertiary system : mudstone with sandstone
382.0 m -386.0 m: Tertiary system : Aquifer ; mudstone intercalated with sand
386.0 m -394.0 1 Tertiary system : mudstone with sandstone
394.0 m -398.0 m: Tertiary system : Aquifer ; mudstone intercalated with sand
398.0 m -411.0 my; Tertiary system - mudstone with sandstone
@ Simbolar, where well No. 1C-7 was drilled, is lecated east of Campo Leon in the "lano™ of

"Llanura Chaco". The topography is flat and the altitude is about 570 m. Although the geology of
the surface ts a Quaternary system, a Cretaccous system is developed below the Quatemary
systenl.

The geology at this well is as follows:

0.0m - 21.0 m : Quaternary system : clay, sand with mud

21.0 m -142.0 m: Cretaccous systemr : altcrnation of mudstone with sandstone
142.0 m -155.0 m : Cretaccous system = Aquifer ; mudstone intercalated with sand

155.0m -258.0 m : Cretaceous system  : mudstone with sandstone

The conditions of these wells arc as follows:
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a: Diareter [b: Dep. of| k: Static | EYield [r:Draw| p:Specific | g Transmisivity r:ll).'dra.ulic(:‘ond. s: Stralivity
Block # of dril. brilt WL |[(m3hn)] down Cap.
{m) {m) (m} (s | (m3'day) <r> <K> <8>
1C-6 |110030309 .2 411.0 190.0 8.1 929 0.0% 0.104x10-3 m2sec. | 0.0027x10-3 m'see.
JC-7 1110030307 311.2 2580 139.0 - -

For well No. JC-6, the well depth is 411.0 m, the static water level is 90,0 i, the yield is
8.1 m>fhr, and the drawdown after 24 hours was 92.9 m. The dynamic water level at this time was
282.9 m, with about 23 m lefl to the head part of the uppermost screen among the screens that
were set at 5 locations.

From the well structure, it is estimated that the pump discharge of well No. JC-6 is limited
to about 10 m3/day (3 m*hr). The transmissivity was calculated using Jacob’s non-cquilibrium

formula to be 0.104 x 107 m¥/sec.

The logging results for well No. JC-7 show a clear geological boundary at a depth of
around 155.0 m and an aquifer-like structure above this boundary. _

The water level at the time of logging was about 15m and since there was no loss of water
upon spreading the well subscéquently, screens werc set as indicated below with a casing for an

extension of 12m being set below the lowenmost screen. The bottom of this casing is plugged.

99m - 102m
112m - [21m
125m - 128m
138m - 141m
156m - 15%m

However, since the water levet dropped thereafter and the static water level stabilized at
139.0 m, the screens were only Sm below the water surface and continuous pumping tests could
not be carried out. '

Although the geophysical prospecting cesults and logging results show an "aquifer-like
structure” in the Cretaceous system at depths of between 21.0 m - 155.0 m, since the geology i§ an
unsaturated (acrated) zone until a depth of 139m, the above “aquifer-like structure” docs not
accompany groundwater down to this depth.

The logging results do not show an aquifer structure between depths of 155.0-250.0 m and
the logging record pattems show an uniform, lutite pattern and indicate that the geotogy at these
depths comprise an impeemeable fonmation. From the results of geophysical prospecting, it is
estimated that his impermeable formation continues to a depth of approximately 310 m. The

results also show what can be considered to be an aquifer below the impermeable fonnation.
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Feasibility of Groundwater Development

Within the "belt-like region with a width of 150km in the east-west dircetion from 'Serantas
Sub-Andinas' to 'Llanura Chaco-Beniano' and extending in the north-south dircction” in the
Departmento of Chuquisaca, groundwater development can be carried out feasibly in the regions
along the "watersheds" of the "Amazon River System” and the "La Plata River System” to provide
wells with depths similar to those of existing wells and with yiclds of 1-10 m’/hr or an average
yield of 5 m*hr. The yield may be increased to about 15 ni3/he by increasing the well depth. In the
central southern part of "Cordillera Oricntal," there is a possibility for groundwater development
for providing yields of 10 m*hr or more with wells of depths similar to those of éxisling wells.

In the '.'cosla" of Lianura Chaco, the static water level of groundwater is 130.0 - 2500 m
and the yicld per well is about 8.0 - 15.0 m*hr. However, the yicld is considered to be only about
5.0 m¥/hr in general.

Meamwhile in the "lano,” although an aquifer-like structure can be seen between depths of
21.0 - 155.0 m, since the zones down to depths of 139 m arc unsaturated zones (aerated zones)
where groundwater docs not exist, dnlling depths of 300 - 350 m will be nccessary for
groundwater development. The statec water level of groundwater is predicted to be 130.0 - 1400
m. From the existing data, it is considered that the yicld per well is similar to that in the "costa."

Policy for Future Groundwater Development

MR Figure 4-2-7 shows the provincia-wise criteria for the Departonmento of Chuquisaca as
considered from a hydrogeological viewpoint. These can be sununarized in a general manner as
follows.

It terms of well yield and the rate of success, the "belt-like region with a width of 150km in
the cast-west dircction from 'Scranias Sub-Andinas' to 'Llanura Chaco-Beniano’ and extending in

the north-south direction” is a promising candidate region for groundwater development in the
P g Y g P

.Dcparlomcnto of Chuquisaca. Within this range, the region from the central part to the southern

part of the Departomento is particularly promising. In this region, development must be targeted at
the “stratum water" existing near the boundary between the boltom of the Quaternary system and
the base rock below it or at the "fissure water" existing in the base rock further below. Drilling
depths of about 100 - 150 m will be required.

Due to the hydrogeological structure, wells with depths of about 200 - 250 m are required
to secure a yield of 10 m3/hr in groundwater development at regions along the "watersheds™
between the "Amazon River System” and the "La Plata River System" at the northern part of this
Departonmento. '

Doep wells with depths of about 450 m and 350 m are basically required for groundwater
development in the "costa" and "llano" respectively, of "Lianura Chaco.” However, sinee the
geology is rich in muddy matter, the well construction period must be minimized as much as

possible to prevent the collapsing of well walls and washing must be performed adequately after
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the completion of the well. Since the static water level is extremely low, the washing with an aic
comgpressor after the completion of the well must be performed while repeatedly injecting water.

| From the above, it is concluded that 100 - 4530 m class wells must be constructed in the
Departomento of Chuquisaca.

The well diameter at the well bottom during drilling should be in the range 10 5/8" - 12 147,
the diamcters of screens and casings should be 6" - 8 5/8”, and the ratio of the length of the screen

~ to the drilling length should be 15%-30%. In order to obtain a high well yield, the screens or
casings niust be inserted torlhc bottom of the well. ' _ _ '

In regiosis where the groundwater at shallow underground locations are high in salinity, the
filting from the depth of the aquifer acobnipanying groundwater of high salinily to the surfacc
should be performed not with gravel but with a clayish substance or écmcnt,- etc. to prevent the
inlake of groundwater of high salinity at the upper levels. Salt-resistant cement will be rcf;uirod in
such a case and this requirement also applies to the bentonite to be used for well drilling.
Furthermore, the conduclivify of the circulating water during well drilling shouid be measured or
so-called "well-logging” should be perfonued to deteruine the depth at which clayish
substance/cement filling is to be performied. _ .

In order to raisc the rate of success of future wells, the investigation records _bcforc and
after well construction should be incorporated into the database successively and arranged and
classificd in diagrams designated for the purpose to nurture personnc] and techniques for utilizing

such data.

(10} Requirements for Foture Groundwater Development

For the groundwater development in the Departomento of Chuquisaca, geological structure
analysis and geophysical prospecling must be carried out to grasp the geological slhlcturc of the
arca around a wel before constructing the well in order to raise the rate of success of wells. For
this purpose, the necessary personnel must be secured. Ofﬁcc equipment for arranging various
data, aeriat photographs, geophysical prospecting cquipment, and 1 slation wagon, pickup truck,
etc. for providing mobility for the prospecting team are also needed.

In groundwater development, electrical sounding-mcthods are generally used to grasp the
aquifer structurc at 200 - 250 m below the surface. On the other hand, clcclroniagnctic sounding
or gravity prospecting methods are effective for grasping basc structures below 250 m.

While frocs must be clearcd to provide a long traverse line for nicasurements in the case of
electromagnetic sounding, such clearing is hardly ‘rcquircd in the case of gravily prospeeting.
Gravily prospecting is thercfore preferred over elcctroﬁ]agneiic sounding in the “"chaco” regions
where the vegetation is dense and in mountainous arcas with steep landforms, Grévity prospecting
is also morc preferable in cases where shallow underground locations accompany groundwater of

high salinty.
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" The drilling of wells require personngl for drilling and drilling equipment that can tolerate

“the driling of 100 - 450 m class wells. 300 - 600 m class drilling equipment will thus be necessary

to provide lecway in the capacity of the cquipment.

For drifling cquipment, models with functions for the reverse circulation method must be
sclected to cope with riverbed sediments comprised of unconsolidated or semi-consolidated
boutders and boulder gravel. The drilling equipment must also cnable rotary and down-the-hole
methods for development targeting the "stratum water™ in the Quatemary system and the "fissure
water” in the hard base rock. A tank lorey for drilling water, an air compressor with adequately
high pressitre and air volume, and bits of various sizes for rotary and dovwn-the-hole methods will
thus be required. B

A small tank lorry for fuel, a support truck with crane, a small truck, a station wagon for
engineers, workshep vchicles for equipment repairs, cte. are also nceded. Conununication
equipment are also necessary for communication between the well construction site and the office
for schedule management.

Each of the above equipment require spare parts. Since the station wagon for engincers will
be driven out of nceessity at relatively high speeds and over long distances, the wearing of tires
and various types of spring systems will be severe, The replenishment of such spare parts will thus
be essential.

Logging must be performed to increase the yield of the well. This will require functions for
clectrical resistivity logging, self-potential logging as well as gamma ray logging, which is
effective for detection of parts besides the aquifer. Electronic recording methods are prefersed as
recording methods. Logging equipment should be operated and maintained by the geophysical
prospecting team.

Although stee! pipes should be adequate for the casings for final canstruction of the well,

screcns must be made of stainless steel as steel screens are weak against corrosion.

Pumping tests must be carried out on completed wells in order to determine the well yickls
for water supply facility designs and to grasp the hydrogeological characteristics of the aquifer for
planning future groundwater development and environmental conservation.

In the pumping test, the pump discharge, the dynamic water level, variations in waler
quality during pumping (especially the pH and conductivity), etc. should be recorded and water
quality analysis should be performed as a final step after the completion of the pumping test. A
submierged pump, a gencrator, instuments for measuring the water level, pH, and conductinty, a
water quality analysis sct, ete. are needed for this purpose. The capacitics of the submerged pump
and gencrator for pumping tests should preferably be adequate for a pump head of 80 - 300 m and
a pump discharge of § - 40 m'/hr.

Pumps for production wells will require a submerged pump with a capacity adequate for a
punp head of 80 - 300 m and a pump dischasge of 5 - 15 m’/hr.
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Safc storage locations of adequate arca nwst be sccured and appropriate storage and
- management methods must be cstablished for the storage of the above-mentioned equipment and
materials, ‘ .

The sccuring of personncl for operating and managing the above-mentioned equipment and
materials is a most important requirement. Personnel for operating the equipment should be
sccured to enable 24-hour drilling work. _ _

It is preferable to construct a facility that provides the functions of a "machinc shop (repair

shop}," a "sparc parts repository,” and a "training center” at the ceatral agency of the
Departomento and to gather ¢ngincers in the regional arcas cvery few years to such a facility to
provide traming by cngincers of the central agency on the disassembly, repair, etc. of gencrators,
pumps, watcr supply cquipment, ctc. and to collect records for groundwatcr: management at cach

regional area in order to examine malters perfaining to maintenance and management.
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2) Gronndwater Development Conditions in the Southern Part of the Department of La Paz

{1) Physiography, Geology, and Aquifers

The southcin part of the Dcpamncm of La Paz is situated in the physiographical zones of
"Cordillera Qccidental," and "Altiplang” (MR Figurc 4-1-1 and MR Figurc 4-$-2).

"Cordilicra Occidental” reaches aftitudes of 4,000 - 5,600 m and cxhibits distributions of
Cretaceous, Tertiary and Quatemary systens and intrusive rocks. The Cretaccous system forms
the ridgeline of "Cordillcra Occidental”. The Tertiary systein is distribuited at the flanks of
“Cordiltera Qccidental” and the Quatemary system is distributed at the foot of mountains and the
topographical lowlands in the mountainous landforms. Intrusive rocks penetrate the Cretaceous
and Terttary systems (MR Table 4-1-4 and MR Figure 4-1-3).

The Altiplang is a plain with a gentle relicf at altitudes of about 4,000 m. A small mountain
range, which is a fow huedred mcters in relative height difference, extends in the ndith-south
direction in the castern part of the Altiplano. A similar mountain range also exists at the central
part of the plain. The geology is comprised of Silurian, Tertiary, and Quatemary systems.

The Silurian system forms the "Cordillera Oricntal” to the cast of the southern part of La
Paz as well as the small mountain range in the castern part of the Altiplano within the southem
part of La Paz. The Tertiary system forius the hills in the central part of the Altiplano while the
Quatcrnary system is distributed in the topographical lowlands that occupy the arca between these

hills.

The aquifers in the "Cordillera Occidental” zones in the southern part of La Paz arc of the
Quaternary system, which fills the valleys, and of the Cretaccous and Tertiary systems. which
comprise the bedrock.

The aquifers in the "Altiplano” zone in the souther part of La Paz are of the Silurian,

Tertiary, and Quaternary systems.

The above-mentioned Silurian system is coniprised of diamictite (diamicitas), sandstone,
limestone, slate, mudstone (limolitas), etc., the Cretaccous system of sandstonc, conglomerate,
silistone (arcilitas), limestone and marl, the Tertiary system of sandstone, conglomerate, siltstone
and gypsum, and the Quaternary system of alluvial sediment, colluvial, sand, mud and clay. The

intrusive rocks are granitic rocks of the Tertiary system.

The river systems in the southern part of La Paz are comprised by the Desuaguadero River,

~ which flows south from Lake Titicaca, and the tributarics of said river which originate in the
slopes of "Cordillera Occidental™ and “Cordillera Oricntal," These river systems arc closed river
systems having Lake Popoo in the Department of Oruro as the low position and the river waters

evaporate upon reaching Lake Popoo.
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Quantitics of Groundwater Resouces

According to estimations of the water balauce in the souther part of the Department of La
Paz, the groundwater recharge is -39 mm for a mean anaual precipitation of 353 mm. This result
is duc to the use of a formula arranged from a formula that was originally intended for cstimating
the quantity of “surface water” as the resource quantity. The estimation result was therefore
uninfluenced by the formula term relevant to groundwater flow and strongly influcnced by the
severe cvapotranspiration at the surface and shallow underground locations. Although the

presently available data do not cnable cstimation of the quantity of grounidwater resources in

“which even the groundwater flow is considercd, the above groundwater recharge will be more

favorable if the spring water ("fissure water®) in the “vertientes”, which are distributed in several
locations of the Altiplano, are taken into consideration as groundwater flow.

The scale of the quantity of spring watcr from such “vertientes” can be estimated from the
"werlionte" in the "Isle of the Sun." located in the middle of Lake Titicaca. This "verliente” is
located 50 - 60 m above the lake surface and the yicld thereof is said to be 1,000,000 m’fyr. This
yield indicates that 8 n’fyr of groundwater can be utilized per person sustainably m the entire

southem part of the Department of La Paz.

Types of Groundwater

[n the southem part of the Department of La Paz, "stratuny water" exists m the Quaternary

. system and "fissurc water” exists in the bedrock below the Quatemary system.

The silt. sand. gravel. etc., that comprise the Quatemary systen in the southern part of La
Paz, consist of glacial drifts, siver bottom sediments, ete. Due to such characteristics of the facics
of the Quaternary systein and duc to this formation being stratificd, the Quatemary system tends
to receive the groundwater recharge from the rivers. The Quatemary system thus comprises
aquifers of “stratum water" type groundwater at the shores of rivers with abundant freshwater at
ihe foot of mountains.

Welded taff, tufl and lava are intercalated in the Tertiary system in the southern pait of La
Paz. In gencral, "tufl of low consolidation tends to be interealated in the welded tuff and such
"t tends to accompany "siratum water” type groundwater, Welded tff are mainly distributed
in "Cordillera Occidental ”

Also, even in formations accompanying "fissure water” type tgroundwater, the groundwater
flows in a "stratum water"-like manncr at parts where open “fissures” develop in a network-hke
manner at the weathered parts and the shallow underground locations of such formations.

Of the Silurian system distributed in the southern patt of La Paz, the linwstone patts
accompany springs at the slopes of mountains called "verientes.” These are springs from which

"fissure water” type groundwaicr springs forth.
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Furthcrore, “fissures,” which accompany "fissure water” type groundwater are developed
generaily in the welded parts of the welded taft of the Tertiary system.

Although "stratum water” and "fissure water” do exist in the southern part of La Paz as
described above, in the plain regions of the Altiplano, the "stratum water” at shallow underground
locations of the Quaternary system is gencrally high in salinity duc to the low mean annual
precipitation and the severe evapotranspiration. Also, the river water of the Desuaguadero River,
which flows in the plain regions of the Altiplano, tend to be high in salinity from the source
onwards. The stratum water in the Quaternary systein at the shores of the Desuaguadero River
also tends to be hi gh in salinity. Therefore, in carcying out groundwater development aiming at the
Quaternary system of the Altiplano, care must be taken to aveid groundwater development of
shallow underground locations and aquifers should be sccurcd at levels higher than the water level

of the Desuagudero River at the shores of this river.

Past Groundwater Development

Due to the capacities of drilling cquipment and past economic conditions, the groundwater
dcvelcspnicnts that were carried out in the past in the southera part of the Departiient of La Paz
were carried out to depth ranges of 5 - 70 1 in the castem parts and the "Cordillera Occidental”
zone of the southem part of this Department. Hand-dug wells arc especially numerous in
Gualberto Villarroel province. These wells are extremcly shallow in static water level and the
groundwater is polluted with organic matler.

At the above-mentioned wells, "stratum water” or "stratum water” type groundwater fre
obtained from the weathered parts of the Quatermary system in the castern parts of the southern
patt of La Paz and from the weathered parts of the Silurian system in the “Cordillesa Occidental”

ZONe.,

Current Problems in Teoms of Groundwater Development

The majority of wells that have been constructed in the past in the southern part of the
Department of La Paz are 50 11 or less in depth though a fow wells of the 60 - 70 m class ave
been constructed recently. The yields of existing wells are therefore low and the construction of
100 - 250 m class wells, which reach the "fissure water” existing the below the Quaternary systen,
is desired.

However, as shown below, the drilling equipment owned by the Department of La Paz are
old and Tack adequate capacitics even for the construction of wells of the same level as the existing
wells. Accessory equipment are also lacking. Furthermore, there are no private well constructors
in the Department of La Paz and there arc problems presently with the GEOBOL of the
Department of Cochabamba and the private well constructors of the Department of Santa Criz as

well.
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Although the following dritling cquipment exist in the Department of Chuquisaca, 20 - 40
years have passed since these were manufactured.

Since (he construction cost will be high for decp wells, geophysical prospecting techniques
must be exploited to carcfully select the well position and to raise the rate of success of wells.
Logging nust be performed after drilling the well and the sciting positions of screens miist be

determined accurately in order to increase the well yields,

Results of Geophysical Prospecting

The aquifer structure presumed from the analysis of the results of clectrical sounding
carricd out at Patacamaya in the southem part of the Department of La Paz is consistent with the
structure determined from the construction and logging results of a test well {JC-1) (Figure 4-2-3).

However, the structure determined from the results of electrical sounding carried out by
local geophysical prospectors prior to the present Study differ from the structure determined from
the construction and logging results of well No. JC-1. It is thus considered that there is room for
improvement in the dry-condition mcasurement and analysis techniques used by the geophysical

prospectors of Bolivia.

C-52



Resistividad
Resistivity

Litologia

Diagrafia
Sondeo

&

Filtro
Screen

L_ithology Logaing

R i I L LT I=]

20 {1-m

m 20 50 . 100

—

B T A

R (3
T T T X% TEFITY,

I [T

50-

b —mcmmrmm e m R R r e R r A E R L AR R S LM e m m - —————

{
!
!

fr an o ae et i e e B R A M R L e M e e e o — T E R . e

|

- arcillas, mud

sarcnas, sad

s 0 ® o of igravas, gravel
s
g / A arciiscas, saadstone
7:. ~ _/:/
L)
L o z, s conglomerados, conglomerate

cealizas, imeslone

s esguistos, mudstone

: otlocuatcitas, orthquartzite

esquisios, shale

Figura 4-2-3 Relation de Resultados entre Prospeccion Geoficica, Perforacion y Sondeo sobre JC-1

Figure 4-2-3 Relation of Resulis among Geophysical Prospecting, Drilling and Logging on JC-1

C-53



(7} Results of Test Wells

In the southen part of the Department of La Paz, well No. JC-1 was drilled in Patacamaya,
which is located in the eastern part of this study area (MR Figure 4-1-25).

Patacamaya, where well No. JC-1 was drilled, is located at the castern rim of the Altiplano
and is a town that is built on the fan or glacial drift comprised of Quaternary gravel supplied from

"Cordillera Oriental." The altitude here is 3,800 m.

The geology at this well is as follows:

0.0 m - 23.0 nu: Quatcrnary system - clay, sand with mud
23.0 m - 53.0 nx: Quatcroary system - Aquifer ; mud and sand with gravel
33.0 m - 63.0 m: Quaternary system : clay, mud, sand
63.0 m - 70.0 m: Quaternary system : clay and mud with sand and gravel
70.0 m - 77.0 m; Quatcroary systom : clay and mud with sand
77.0 m - 79.0m: Quatcimary system : clay and mud with sand and gravel
79.0 m - 85.0 m: Quaternary system < clay and mud with sand
85.0 m - 86.0 m: Quatcinary system s clay and mud with sand and gravel
86.0 m - 95.0 1 Quaternary system > clay and mud with sand
95.0 m ~100.0 m: Silrian system : mudstone with sandstonc

The conditions of this well are as follows:

Table 4.2.1  Hydraulic Constants

a7 Diameter [b: Dop. of| k2 Static | LYicld | avlxaw | puSpecific «: Transmisivity r: Iydrautic Cond. | st Strativity
Block No. | of dril. Drit W.L down Cap
{in} () (m) | (m3ha) | {oakw | (nd'day) =T > <Ko <85>
JC-1 213003401) 2160 § 1000 | 137 | 144 | 138 10 0.463x107 imsec, | 0.0027x10° misex, x10*

For well No. JC-1, the drawdown afier 48 hours was approximately 13.8 m for a well depth
of 100 m, a static water level of 13.4 m, and a pump discharge of 14.4 m*/hr. The dynamic water
fevel at this time was 28.2 m and was aboul 3 m below the licad part of the uppenmost screen
among the screens that were set at 4 locations, From these conditions and the well stracture, it is
estimated that the pump discharge of well No. JC-1 is limited to about 330 m*/day (14 m*/h).

The transmissivity was calenlated using Jacob's non-cquilibrium formula to be 0.463 x

107 m¥sec.
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Feasibility of Groandwater Development

Although the groundwater in the Quatemary system disteibuted in the plain regions of the
Altiplano generally tends to bo high in salinity, the "stratum water” in the Quaternary system is
low in safinily at the small mountain range in the castern parl of the Altiplano and at the foot of
mountains of "Cordillera Occidental.” Groundwater development aimed at such "stratum waler” is
highly feasible.

Furthermore, in the above-mentioned regions, "fissure water” type groundwater exists in the
Silurian system distributed below the Quaternary system (sinall mountain range in the castern part
of the Altiplano) and in the Tertiary system distributed below the Quaternary system {Corditlera
Occidental). '

The test well (JC-1) for the southern part of the Department of La Paz was drilled for the
purpose of checking the groundwater development feasibility in such regions and it has thereby

been confirmed that groundwater development for providing yiclds of 13 - 14 m®/hour is possible

at the foot of mountains of the small mountain range in the castern part of the Aliiplano.

Policy for Future Groundwater Development

MR Figure 4-2-7 shows the provincia-wise criteria for the southern pait of the Department
of La Paz as considcred from a hydrogeological viewpoint, These can be sununarized in a general

manner as follows.

For the grou'ndwatcr development in the southern part of the Department of La Paz, priority
should be placed on aiming at the "stratam water” in the Quaternary systein distributed in the foot
of mountains of the small mountain range at the castern part of the Altiplano and in the foot of
mountains of "Cordillera Occidental " Among these regions, the foot of the mountains in the small
mountain rangé in the eastern part of the Altiplane should be given top priority in view of the
access to the groundwater development site and the groundwater recharge system. The well
database analysis results also indicate that the above region should be given top priority (MR
Figure 4-2-7).

The foot of hills, located centrally in the east-west direction in the Altiplano and comprised

~ of the Tertiary system, can be considered as a region similar to the foot of mountains of the small

mountain range in the castern part of the Aliiplano and of "Cordillera’ Occidental.” "Stratum
water" of good water quality exists at the bottom of the Quatcrary layer in this regton since it is
separated from the Desuaguadero river basin and because of the groundwater recharge systen in

this region.

In gencral, the wells conslmcléd in the Quaternary system of the Altiplano tend to receive
scasonat effocts and have unstable yields. Thus, in carrying out groundwater development in the
Altiplano, wells that peneteate through the Quatenary system and reach the Silurian or Tertiary
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system must be constructed to obtain not only the "stratum water” in the Quatemary system but

also the "fissure water” in the bedrock at the same time.

In the plain regions of the Altiplano, the "fissure water” in the bedrock must be obtained not
only in terms of the well yicld but also in terms of water quality. For example, n!lhdugh the
*stratum water" at shallow underground locations in the Quaternary systeimn of the plain regions of
the Altiplano is liigh in salinity, “fissure watcr".of good water quality has been obtained from the
Tertiary system below the Quaternary system as shown by the results of well No. JC-1.

From the above, it is concluded that 100 - 250 m class wells hmsl: bé_ constructed in the
southem part of the Department of La Paz. 7 _

The well diamcter at the well bottem during drilling should be in the range 10 /8" - 12 1/4°,
the diameters of screens and casings should be 6" - 8 5/8", and the ratio of the length of the screen
to the drilling length should be approximately 15% - 30%. In order to obtain a high well yicld, the

screcus of casings must be inserted dwon to the bottom of the well.

In the flat regions located centrally in the cast-west direction in the Altiplano, the filling
from the depth of the aquifer accompanying groundwater of high salinity to the surface should be
performed not with gravel but with a clayish substance or cement, cte. in order to prevent the
intake of groundwater of high salinity in the Quaternary system. Since the filled paris accompany
groundwater of high salinity, salt-resistant coment will be required. This requicement also applies
10 the bentonile to be used during well drilling. Furthermore, the conductivity of the circulating
water during well drilling should be measured or so-called "well-logging” should be performed to

determing the depth at which clayish substance/cement filting is to be performed.

(10) Requirements for Future Groundwater Development

For the groundwater development i the southern part of the Department of La Pag,
geological structure analysis and geophysical prospecling must be carricd out to grasp the

geological structure of the surrounding area before constructing a well in order to raise the rate of

success of the well. For this purpose, the necessary personnel must be secured. Ofice equipment
for arranging various data, acrial photographs, geophysical prospecting cquipment, and a station
wagon, pickup truck, cte. for providing mobility for the prospecting team will also be needed.

In groundwater development, clectrical sounding methods are generally used to grasp the
aguifer structurc at 200 - 250 m below the surface. On the other hand, electromaguetic sounding
or gravily prospecting methods are effective for grasping basc structures below 256 m. '

While trees must be cleared to provide a long traverse line for measurements in the case of |
cleciromaguetic sounding, such clearing is hardly required in the casc of gravily prospecting.
Gravity prospecting is therefore preferred over c]cctromagnctié sounding in regions where the
vegetation is dense and in mountainous areas with steep landforms. Gravity prosbccting is also
more preferable in cases where shattow underground locations accompany groundwater of high

salinity.

C-56



‘,.

e
3 2

The drilling of wells require personnel for drilling and drilling cquipment that can tolerate
the drilling of 100 - 250 m class wells, 350 - 400 m class drilling cquipment will thus be necessary
to provide leeway in the capacily of the cquipment.

For the drilling cquipment, models with functions for the reverse circulation method must
be selected to cope with riverbed sediments comprised of unconsolidated or semi-consolidated
bouldcrs and boulder gravel, The dritling cquipment nust also cnable rotary and down-the-hole
methods for development targeting the “stratum water” in the Quaternary system and the "fissure

water" in the hard bedrock. A tank lorry for drilling water, an air compressor with adequately high

- pressure and air volume, and bits of various sizes for rotary and down-the-hole metheds will thus

be required.

A small tank lorry for fucl, a support truck with crane, a small track, a station wagon for
engineers, workshop vehicks for cquipment repairs, etc. are also neceded. Communication
cquipment are also necessary for communication between the well construction site and the office
for schedule managemeat.

Bach of the above cquipment require spare parts. Since the station wagon for engincers will
be driven out of necessity at refatively high speeds and over long distances, the wearing of tires
and various types of spring systems will be severe, The replenishment of such spare parts will thus
be essential.

Logging must be performed to increase the yield of the well. This will require functions for
electrical resistivity logging, self-potential logging as well as gamma ray logging, which is
effective for detection of paits besides the aquifer. Electronic recording methods are preferred as
recording methods. Logging equipment should be operaled and maintained by the geophysical

prospecting team.

Although steel pipes should be adequate for the casings for final constnection of the well,
screens must be made of stainless steel as steel sercens are weak against corrosion,

Pumping tests must be carried out on completed wells in order to deterimine the well yiclds
for water supply facility designs and to grasp the hydrogeological characteristics of the aquifer for
planning future groundwater developrient and environmental conservation.

In the pumping test, the pump discharge, the dynamic water level, variations i water
quality during pumping (especially the pH and conductivity). cte. should be recorded and waler
quality analysis should be performed as a final step after the completion of the pumping test. A
submerged pump, a gencrator, instruments for measuring the water lovel, pH, and conductivity, a
water quality analysis sef, cte. are needed for this putpose. The capacitics of the submerged pump
and generator for pumping tests should preferably be adequate for a pump head of 80 - 200 m and
a pump discharge of § - 40 m3/hr.

Pumps for production wells will require a submerged pump with a capacity adequate for a

pump head of 80 - 200 m and a pump discharge of § - 15 mdfhr.
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Safe storage locations of adequate arca mwst be sccured and appropriate storage and
management methods must be cstablished for the storage of the above-mentioned equipmient and
materials. _ .

The sccuring of personnel for operating and managing the above-mentioned cquipment and
matcrials is a most important wequircmicnt. Porsonnel for operating the equipment should be
secured to enable 24-hour drilling work.

It is preferable to construct a facility that provides the functions of a "machine shop (repair
shop),"” a "spare parts repository,” and a “training center” at the central agency of the Department
and to gather engincers in the regional areas cvery few years to such a facility to provide fiaining
by engincers of the central agency on the disassembly, repair, cte. of generators. pumps, water
supply cquipnient, ete. and to collect records for groundwater manageinent at cach regional area in

order to exantine matters pertaining to maintenance and management.
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3} Groundwater Development Conditions in the Department of Oruro

(1) Physiography, Geology, and Aquifers

The Department of Onuro tics adjacently south of the southern part of the Department of La
Paz and is situated in the physiographical zones of "Cordillera Occidental,” and "Altiplano” (MR
Figure 4-1-1 and MR Figure 4-1-2). Both the topography and climate are similar to those of the

southern part of the Department of La Paz.

In the Department of Oruro, "Cordillera Occidental” reaches altitudes of 4,000 - 4,900 m
and exhibils distributions of Tertiary and Quaternary systems. The Tertiary system of "Cordillera

Occidental” comprise the mwountain masses aligned in the north-south dircction while the

“Quatcmary system is distributed in topographical lowlands at the foot of mountains of these

mountain masses and between these mountain masses {MR Table 4-1-4 amd MR Figure 4-1-5).

In the Departnient of Oruro, the Altiplano has the topography of an extensive plain at
altitudes of about 4,000 m. A small mountain range, which is a fow hundred meters in eelative
height difference, extends in the nosth-south dircction at the castern part of Altiplano. A similar
moumntain range alse exists at the central part of the plain.

The geology of the Altiplano is comprised of Silurian, Cretaceous, Tertiary, and
Quaternary systems and intrusive rocks. The Silarian system forms the "Cordillcra Qricntal” to
the cast of the Department of Oruro and a small mountain range that extends paratlel to
"Cordillera Oriental” within the Department of Oruro. The Cretaccous system is exposed on a
small scale as small mountain masses in the extensive plain of the Altiplano and the Teddiary
system forms the hills in the contral part of the Altiplano. The Quatemary system is distribitted in
the vast topographical lowlands that oceupy the arcas befsween these mountain masses and hills.

The intrusive rocks are covered by the Quaternary system and dot the arcas west of Lake

Popoo.

The aquifers in the "Cordillera Occidental” zone of the Departmient of Gvuro are of the
Quaternary system that fills the valleys and of the Tertiary system which comprises the bedrock.
The aquifers in the "Altiplano" zong of the Department of Gruro arc of the Silurian,

Tertiary, and Quaternary systems.

The above-mentioned Silwrian system is comprised of diamictite(diamicitas), sandstone,
lilll&élOlle, slate, mudstone (limolitas), etc., the Cretaccous system of sandstone, conglomerate,
silistouc {(arcilitas), limestone, and marl, the Tertiary system of sandstone, conglonicrate, siltstong,
and gypsum, and the Quatcinary system of alluvial sediment, colluvial, sand, mud, and clay. The

intrusive rocks are granitic rocks of the Teitiary system.
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The river systems in the Department of Oruro are comprised by the Desuaguadero River,
which flows south from Lake Titicaca, and the tnibutarics of said river which originate in the
slopes of "Cordillera Oecidental and "Cordillera Qricntal.” These river systems are closed river
systems having Lake Popoo as the low position and the river watcrs cvaporate upon reaching Lake

Popoo.

Quantilics of Groundwater Resouces

According to cstimations of the water balance in the Department of Oruro, the groundwater
recharge is -94 mm for a mean annueal precipitation of 212 mim. This result is duc to the usc of a
formula arranged from a formula that was osiginally intended for estimating the quantity of
"surface water” as the resource quantity. The estimation result was therefore uninfluenced by the
formula tenm  releval to groundwater flow and  strongly influenced by the scvere
evapotranspiration at the surface and shallow underground locations. Although the prescatly
available data do not enable the estimation of the quantity of groundwater resources in which even
the groundwater flow is considered, the above groundwater recharge will be more favorable if the
spring water ("fissure water”™) in the "vertientes”, distributed in several locations of the Altiplano,
are taken into consideration as groundwater flow.

The importance of the spring water from such "vertientes™ can be estimated from scale of
the "verticnte” in the "Isle of the Sun® in Lake Titicaca as well as from the "vertiente” located east
of Oruro City, which has supplied 25 I/sec of spring water continuously and invariably since its
construction in 1927, The yicld of this "vertiente” located east of Oruro City reaches 788,400
m3fyr and indicates that 5 m*yr of groundwater can be utilized per person sustainably in the

eatire Department of Oniro.

Types of Groundwater

[n the Department of Griro, "stratum water” exists in the Quaternary system and "fissure
water” exists in the bedrock below the Quaternary system.

The silf, sand, gravel, cte., that comprise the Quaternary system in the Department of Oruro,
consist of glacial drifls, river boltom sediments, ete. Due to such characteristics of the facics of the
Quatcrmary system and due to this formation being stratified, the Quaternary s_\'st:cm tends to
receive the groundwater recharge from the rivers. The Quaternary system thus comprises aquifers
of "stralum water™ type groundwater at the shores of the rivers with abundant freshwater at the
fool of mouniaing,

Also, even in the case of formations accompanying "fissure water” type tgroundwater, the
groundwater flows in a "stratum water”-like manner at parts where open "fissurcs” devclop in a
nctwork-like manner at the weathered parts and the shallow underground locations of such
formations. The water of the test well (JC-2) in Corgue springs forth froin such parts.

Of the Silurian systems distributed in the Department of Qruro, the limestone parts

accompany springs at the slopes of mountains called "verientes.” These are springs from which
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"fissure water" type groundwater springs forth. “Verientes” are also developed in the Tertiary
system in the plain regions of the Altiplano. '
Although "stratum watcr” and “fissure water” do exist in the Department of Oruro as
described above, in the plain regions of the Altiplano, the groundwater at shalew underground
locations of the Quaternary system is gencrally high in salinity due to the low mean annual
precipitation and the severe evapotranspiration. Also, the river water of the Desuaguadero River,
which flows in the plain regions of the Altiplano, tend to be high in salinity from the source
onwards. The the stratum water in the Quaternary sysiem at the shores of the Desvaguadero River
thus also tends to be high in salinity. Therefore, in carrying out groundwater development aiming
at the Quaternary system of the Altiplano, care must be taken to avoid groundwater development
of shatlow underground tocations and aquifers should be sccured at levels higher than the water

level of the Desuagudero River at the shores of this river.

Past Groundwater Development

Duc to the capacitics of drilling cquipment and past cconomic conditions, the groundwater
developments that were carried out in the past in the Department of Oruro were carried out to
depth ranges of 10 - 80 m in the castem parts of this Department.

Although the majority of these wells target the "stratum water” in the Quatemary system
that covers the foot of mountains of the small mountain range in the eastem part of the Altiplano,
seasonal variations in the yicld arc scen with these wells.

Also in Popoqueli, which is located in the plain region of the Altiplano, "stratum water” in
the Quaternary system is obtained from a dug well with a depth of approximately 2.2 m. Scasonal
variations in the yicld are also seen with this well.

Furthcrmore, although made is usc of the spring water of "verientes” in the eastern parts
and the "Cordillera Oceidental” zone in the Deparntment Oruro, the current yiclds of the "vertentes”

tend to be inadequate for the demand.

Current Problems in Tenms of Groundwater Development

The majority of wells with yiclds of 10 m3/s or more in the Department of Orure are wells
with depths of 50 m or more which were constructed at the foot of mountains of the snall
mountain range in the eastern part of the Altiplano. In contrast, hardly any wells have been
constructed in the plain region in the Aliiplano and the arcas ncar "Cordillera Qccidental” and
there are no data on formations below the Quaternary laycr for the plain region even though there
is a need to obtain groundwater from formations below the Quaternary layer.

The dug well in Popoqueli and the small-scale “verientes™ scen in numerous parts along the
rivers in the plain region of the Alliplano provide groundwater arising from the interflow
immediately after rains and which is not of truc groundwater flow. When the water level decreases
with the approach of the dry scason, such groundwater decrease in yield and the permeation of

river water from rivers cause the groundswater to become salinized.
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In order to solve such problems of groundwater development in the Department of Oruro,

the construction of wells of a 100 m ¢lass or more, which reach the "fissurc water" in the Silarian

“system, is desired for the castern pait of the Altiplano while the construction of wells which teach

the Terttary system below the Quaterary system is desired for the plain region of the Altiplano.
Since the old landform of the Tertiary system is predicted to be steep from the conditions of the
surrounding landforns, the construction of wells of a 300 m class will be necessary in the plain
region of the Altiplano.

However, as shown below, the drilling cquipment owned by the Department of Oruro

arc 7777 - 7177 models and fack adequate capacitics even for the constouction of wells of the saime

Tevel as the existing wells. Accessory cquipment are also lacking. Furthermore, there are no

private well constructors in the Department of Oruro and there are problems presently with the
GEOQBOL of the Department of Cochabamba and the private well constructors of the Departent
of Santa Cruz as well.

Although the following drilling cquipment exist in the Departnient of Chuquisaca, these
only have the capacity for construction of wells of the 20 - 30 m class.

Since the construction cost will be high for decp wells, geophysical prospecting techniques
wust be cxploited to carcfully sclect the well position and to misc the rate of success of wells.
Logging must be performed after drilling the well and the setting positions of screens must be

determined accurately in order to increase the well yields,

Results of Geophysical Prospecting

The aquifer structures presumed from the analysis of the results of electrical sounding
carried out at Corque and Penas in the Department of Orura are consistent with the structures
determined from the construction and logeing results of test wells (JC-2 and JC-3) which were
constructed in these districts (JC-2 and JC-3 : Figure 4-2-4 and Figure 4-2-5).
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{7) Resulis of Test Wells

In the Department of Oruro, welt No. JC-2 was drilled in Corque and well No. 3 was drilled
in Penas (MR Figore 4-1-25).

Corque, where well No. JC-2 was drilled, is located at an altitude of 3,730 m between the
two mountain ranges which exist independently in the plain area of the Altiplano. These imountain
ranges are comprised of the Tertiary system and extend in the north-south direction. A Quaternary
sand formation is deposited in a flat manner between these mountain ranges. The groundwater at
the shallow 1\|1dcrgr01:|1d locations of this Quaternary sand fornnaiion is high in salihity.

Well No. JC-2 was constructed on a flat surface of this sand formation between the
mountain ranges and 1 km to the _liorth of a well which was found to yicld the above-mentioned
groundwater of high salinity. The purpose of the constnuction of this well was to study the
conditions of groundwater in the Quatemary sand formation as well as to grasp the conditions of

groundwater in the Tertiary system.
The geology at this well is as follows:
0.0 m - 11.0 m; Quaternary system : clay and sand with mud
11.0 m - 18.0 m: Quatcrary system - sand with clay and gravel
18.0 m - 32.0 m: Quaternary system : clay, mud and sand
32.0 m - 39.0 m: Quaternary system : gravel with clay, mud and sand
39.0 m - 47.0 m: Quatcmary system : Aquifer ; sand with clay and mud
intercalated with gravel
47.0 m - 55.0 m: Quatcrary system : clay, mud and gravel with sand
33.0 m - 66.0 ny: Quaternary system : Aquifer ; clay with mud and sand

intercalated with gravel

66.0 m - 73.0 m: Tertiary systcnt
73.0 n - 84.0 m: Tertiary systen
84.0 m - 89.0 m: Tertiary system
89.0 m - 93.0 m: Tertiary system
93.0 mi - 95.0.1n: Tertiary éystcm

95.0 m - 98.0 m: Tertiary system
98.0 m -100.0 n:Terdiary system

: nudstone with conglomerale

: sandstone

- Aquifer ; mudstone intercalated with gravel
: Aquifer ; sandstone and mudstone

: Aquifer ; mudstone

intercalated with sand and gravel

: Aquifer ; sandstonc and mudstonc

. Aquifer ; mudstone

interealated with sand and gravel

Penas, where well No. JC-3 was drilled, is located at an altitude of 3,790 m between the

small mountain ranges at the eastern part of the Altiplano. These mountain ranges arc comprised
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of the Silurian system and extend in the north-south direction. Silt and gravel of the Quaterary

system form terraces between the above-mentioned mountain ranges.
The geology at this well is as follows:

0.0m-
6.0 n1 - 13.0 m: Qualernary sysicm

6.0 nm: Quatemary system - clay and sand with mud

- Aquifer ; sand with clay and mud
13.0 m - 16.0 m: Quaternary system : clay, mud and sand ' |
160 m - 22._0 m: Quaternary sysicm :‘Aquifci‘ ; sandstone and mudstone
22.0 m - 50.0 m: Silurian systcn : sandstone and cbnglt')n_lc‘ratc

50.0 m - 54.0 m: Silurian system : Aquifer ; fissured sandstonc and conglomerate

540 m-660m:
G6.0m - 70.0m:
70.0 m - 74.0 m:
14.0m-77.0 m:
77.0m-81.0nm:
81.0m-83.0m;
83.0m-100.0m

Silurian system
Siturian s_\'-stém
Stlurian system
Silunan systom
Silurian systcm
Silurian systom

: Silurian system

: sandstone and conglomerate
: Aquifer : fissured mudstone
: mudstone

: Aquifér : fissurcd mudstone
: mudstone

: Aquifer ; fissurcd mudsione

smudstone

The conditions of the above wells arc as follows:

Table 4.2.2 H

draulic Constanls

a: Diameter | b: Dep. of | k: Static | EYield fo-Draw | pSpeaific| g Transmsivity r: Hydraulic Cond. s: Strativily
Dok of dril. il Wl {3 T down Cap.
Yo, {m) () ()] [y (mB’d.w) <[ “kE <=
JC-2 1403G00141 2180 100.0 63 72 i9.0 G4 0.521510" mifsec. 0.043x 107 nsen. IOAOOO.\iIOi-
1C-3 4060001011 2160 100.0 7.2 72 | ns 0.2 0.086x10" e, | 0.003510” miee. | 00005107

A

20

For well No. JC-2, the drawdown after 48 hours was approximately 19.6 m. for a well
depth of 100 m, a static water level of 6.3 m, and a pump discharge of 7.2 m*hr. The dynamic
water Ievel at this time was 26.1 m, with about 16 m left to the head part of the uppermost screen
among the screens that were sct at 2 locations.

The transmissivity was caleulated using Jacob's non-cquilibrivm formula {0 be 0.521 x 107

msce.

The relationship between the drawdown, s, and the pump discharge. Q, for well No. JC-2,

is given by the following formula:
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Q < 2\Vsce (7.2 m¥hr, 172.8 m’/day)
s=0.0743Q +2.532x10% - Q2 - + - <« (423-1)

2 Ifsce (7.2 ni’fhr, 172.8 m'fday)
s=0,0655Q+833x10° - Q2 -+« + ¢ - - (423-2)

~
v

Here, the unit of Q is m¥day.

From this formula and from the well structure, 1t is cstimated that the pump discharge of
well No. JC-2 is limited to about 160 m*day (7 m’/hr).

For well No. JC-3, the drawdown after 48 hours was approximately 21.8 m for a pump
discharge is 7.2 m*hr. ‘The dynamic water level at this time was 29.0 m and reached the the
uppennest screen amhong the screens that were set at 2 locations.

Frem this condition and from the well structure, it is estintated that the pump discharge of
well No. JC-3 is limited to about 160 m’*/day (7 m*/hn).

Feasibility of Groundwater Development

Although the gronndwater gencrally tends to be high in salinity in the Quaternary system
distributed n the plain regions of the Altiplano, the “stratum water" in the Quaternary system is
low in salinity at the small mountain ranges in the castern part of the Altiplano at- the foot of
mounfains in the independent mountain ranges in the plain region of the Altiplano, and at the foot
of mountains of “Cordilicra QOccidental.” Groundwater development ained at such “stratum

water" is thus highly feasible.

Furthermore, in the above-mentioned regions, "fissure water” type groundwater exists in the
Silurian system distributed below the Quaternary systemy (small mountain ranges in the castern
pairt of the Altiplano) and in the Tertiary system distributed below the Quatemary system
(Cordillera Occidental).

Thc test well (JC-2) for the Department of Onuro was drilled for the purpose of checking
the groundwater development feasibility in such regions and it has thereby been confirmed that
groundwater development for providing yiclds of approximately 7 wfhour is possible in the
mountain ranges exisling ind.epcndenliy in the plain region of the Altiplano.

It was also confirmed from test well No. JC-3, which was drilled in an arca in the small
mountain range in the castern part of the Altiplano, that groundwater development for providing

yiclds of approximately 7 m’/hour is possible,

However, the construction location of well No. JC-3 was not onc that was deemed to be

oplima! by geophysical prospecting but was selected after negotiations with the laindowner of the
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initiat candidate location. The hydrogeological stracture and the geophysical prospecting tesults
shiow that the region further north of well No. JC-3 is more suitable for groundwater development
than the location of well No. 3C-3 and it is considered that yiclds of approximately 15 wm3/hr per

well is possible in this region.

Policy for Future Groundwatcr Development

MR Figure 4-2-7 shows the provincia-wise criteria for the Departmient of Oruro as
considered from a hydrogeological viewpoint. These can be summarized in a gencral maniier a5

foltows.

For the groundwater development in the Department of Oruro, priority should be placed on
aiming at the "stratum water” in the Quatcreary system distributed at the fool of mountains of the
small mountain ranges at the castern part of the Altiplano and at the foot of mountains of
"Cordillera Qccidental.” Among these regions, the foot of mountains in the smatl mowntain ranges
in the castern part of the Altiptano should be given top priority in- view of the access to the
groundwater development site and the groundwater recharge system. The well database analysis

results also indicate that the above region should be given top priority (MR Figure 4-2-7).

The regions in the wmountain ridges, which run parallel to cach other in the north-south
direction at the central part of the Altiplano in the cast-west dircction and which are comprised of
the Tertiary system, can be considered as regions similar to the foot of mountains of the small
moundain range in the eastern part of the Altiplano and of "Cordillera Occidental” "Stratum
water" of good water quality cxists at the bottom of the Quaternary layer deposited between the
above-mentioned mountain ridges since this region is separated from the Diesuaguadero river basin

and because of the groundwater recharge systom in this region.

In generald, the wells constructed in the Quatemary system of the Altiplano tend to receive
scasonal eftects and have unstable vields. Thus, in carrying out groundwater development in the
Altiplano, wells that penctrate through the Quatenary system and reach the Silunian or Tertiary
system must be constructed to obtain not only the "stratum water” in the Quaternary system but
also the "fissure water” in the bedrock at the same time,

In the plain regions of the Altiplane, the "fissure water” in the bedrock must be obtained not
only in terms of the well yicld but also in terms of water quality. For example, in Corque, although
the "stratum water” at shallow underground locations in the Quatermary system is high in salinity,
"fissure water” of good water quality has been obtained from the Testiary system below the

Quatemary system as shown by the results of well No. JC-2,

From the above, it is concluded that 100 - 300 m class wells must be constructed in the

Department of Oruro.
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The well diameter at the well bottom during drilling should be in the range 10 5/3" - 12 14",
the diamcters of screeiis and casings should be 6" - 8 3/8", and the ratio of thc length of the screen
to the drilling length should be approximately 15% - 30%. In order to obtain a high well yield, the
screens or casings must be insericd down to the bottom of the well.

In the flat regions located centrally in the east-west direction in the Altiplano, the filling
from the depth of the aquifer accompanying groundwater of high salinity to the surface should be
performed not with gravel but with a clayish substance or cement, etc. in order to prevent the
intake of groundwater of high salinity in the Quatemary system. Since the filled parts accompany
groundwater of high salinity, salt-resistant cement will be required. This requirciment also applics
to the bentonite to be used during well drilling. Furtheanore, the conductivity of the circulating
water during well drilling should be measured or so-called "well-logging” should be performed to

determine the depth at which clayish substance/cement filling is to be performed.

(10} Requirements for Future Groundwater Development

For the groundwater development in the Departient of Qruro, geological structure analysis
and geophysical prospecting must be carried out to grasp the geological structure of the
surrounding area before constructing a well in order to raise the rate of success of the well. For
this purpose, the necessary personnel must be secured, Office equipment for arranging various
data, acrial photographs, geophysical prospecting cquipment, and a station wagon, prokup truck,
cte. for providing mobility for the prospecting team will also be needed.

In groundwater development, clectrical sounding methods are generally used to grasp the
aquifer structure at 200 - 250 m below the surface. On the other hand, clectromagnctic sounding
or gravity prospecting methods are effective for grasping base structures below 250 m.

While trees must be cleared to provide a long traverse line for measurements in the casc of

clectromagnctic sounding, such clearing is hardly required in the case of gravily prospecting.

© Gravity prospecting is therefore preferred over clectromagnctic sounding in regions where the

vegetation is dense and in mountainous arcas with steep landforms. Gravity prospecting is also
mote preferable in cases where shallow underground locations accompany groundwater of high
salimty. _

The drilling of wells require personnet for dritling and drilling cquipment that can tolerate
the drilling of 100 - 30¢ m class wells, 350 - 400 m class drilling cquipment will thus be necessary
to provide lecway in the capacity of the equipment.

For the dulling equipment, models with functions for the reverse circulation method must
be selected to cope with riverbed sediments comprised of unconsolidated or senii-consolidated
boulders and boulder gravel. The drilling cquipment must also cnable rotary and down-the-hole
methods for development tatgeting the “stratum water” in the Quaternary systens and the “fissure

water" in the hard bedrock. A tank lorry for drilling water, an air compressor with adequately high

- pressure and air volume, and bits of various sizes for rotary and down-the-hole micthods will thus

be required.

C-69



A small tank lorry for fucl, a support truck with crane, a small truck, a station wagon for
cngincers, workshop vehicles for equipment repairs, cte. are also ngeded. Communication
cquipment are also necessary for communication between the well construction site and the office
for schedule management.

Each of the above cquipnient require spare parts. Since the station wagen for engineers will
be driven out of necessity at relatively high speeds and over long distances, the wearing of tircs
and various types of spring systems will be severe. The replenishment of such spare parts will thus
be essential.

Logging must be perfonned to increase the yield of the well. This will requice fanctions for
electrical resistivity logging, sclf-potential logging as well as gamma ray loggiig, which is
effective for detection of parts besides the aquifer. Electronic recording methods are preferred as
recording methods. Logging cquipment should be operated and maintained by the geophysical
prospecting team.,

Although steel pipes should be adequate for the casings for final construction of the well,
screens must be made of stainless steel as stecl screens are weak against corrosion,

Pumping tesis must be carried out on completed wells in order to determine the well yiclds
for water supply facility designs and to grasp the hydrogeological characteristics of the aquifer for
planning future groundwater development and cavironmental consenvation,

In the pumping fest, the pump discharge, the dynamic water level, variations in water
quality during pumping {cspecially the pH and conductivity), ete. should be recorded and water
quality analysis should be performed as a final step after the completion of the pumping test. A
submerged pump, a generator, instnuments for measuring the water level, pil, and conductivity, a
water quality analysis set, cic. are needed for this pumpose. The capacities of the submerged pump
and gencrator for pumping tests should preferably be adequate for a pump head of 80 - 200 m and
a pump discharge of 5 - 40 m3 /. '

Pumps for production wells will requize a submerged pump with a capacity adequaice for a
pump head of 80 - 200 m and a pump discharge of 5 - 15 m3/hr,

Safe storage locations of adeguate arca must be sccured and appropriate storage and
management methods must be established for the storage of the above-mentioned cquipment and
materials.

The sccuring of personnel for operating and managing the above-mentioned cquipment and
materials is a most important requirement. Personnel for operating the cquipment should be
secured to enable 24-hour drilling work.

It is preferable to construct a facility that provides the functions of a "maching shop (repair
shop),” a "spare parts repository,” and a "training center” at the central agency of the Departiient
and to gather engincers in the regional arcas cvery fow years to such a facility to provide training
by cngincers of the contral agency on the disasseinbly, repair, cte. of generators, pumps, water
supply equipment, cte. and to colleet records for groundwater management at cach regional area in

order to cxamine matters pertaining to maintenance and management.
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4) Groundwater Development Conditions in the Department of Tarija

{1) Physiography, Geology, and Aquifers

The Departiment of Tarija is sitvated in the physiographical zoncs of "Cordillera Oriental,”
"Seranias Sub-Andinas," and "Llanura Chaca" (MR Figurc 4-1-1 and MR Figure 4-1-2).

 In the Department of Tarija, "Cordillera Oricntal” reaches altitudes of 1,600 - 4,000 m and
cxhibits major dist(ibutions_of Ordovician, Silurian, and Devonian systems from the west to the
cast, in that order. These systeins have boen subjected to strong folding activitics and the folding
axis cxihibit a south-north directivity. Part of the syncling axis areas, such as the arca nosth of
Tarija City, accompany Tertiary systems of a small scale (MR Tablc 4-1-4 and MR Figure 4-1-
5).

"Scranias Sub-Andinas” reaches altitudes of 1,200 -2,500 m and has distributions of
Carboniferous, Triassic, Cretaccous, and Tertiary systemis, These systems have been subjected to
strong folding activitics. These systemms exhibit a south-north directivity and are arcanged
repeatedly in a belt-like maniter. The Tertiary system, which is distributed at the syncline axis
]ians, exhibits the widest belt among these systems. _

"Llanura Chaco” is a bush zonc located at altitudes of 200 - 1,000 m. The peology of the

surface is a Tertiary system at the hills located at the western part of "Lianura Chaco® called the

“costa™ and is a Quaterary system in the castern part of this plain called the "Hano.” From the

conditions of the geology in the Department of Santa Cruz and the Department of Chuquisaca, it
is considered that beds of Carbonifcrous to Cretaccous systems are distributed below the

Quaternary system in the "lano" in the Department of Tarija.

The aqtlif‘ers in "Cordillera Oricntal” arc of the Quaternary system that fitls the valleys and
of the Ordovician, Silurian, and Devonian systeims which comprise the bedrock.

The aquifers in "Scranias Sub-Andinas" are of the Quaterary system that fills the valleys
and of the Carbonifcrous, Triassic, Cretaccous, and T criiary systems which comprise {he bedrock.
Among these, the major aquifers are of the Tertiary and Carboniferous systems.

The aquifers in the "costa” region of Llanura Chaco are of the Tertiary system while the

‘major aguifers of the "lfano” region are of the Tertiary and Cretaccous systems.

The above-mentioned Ordovician system is comprised of quartzite, sandstone, shale and

mudstone, the Silurian system of diamictite (diamicitas), sandstonc, limistone, slate and imudstene

(limolitas), the Devonian system of sandstone, shale, mudstone and limestone, the Carboniferous

system of diamictite, conglomerate, sandstonc and shale, the Triassic systam of sandstone,
limestone and marl, the Cretaccous systom of sandstone, conglomerate, siltstone (arcilitas),
limestone and marl, the Tertiary system of sandstone, conglomerate, silistone and gypsum, and the

Quaterary system of alluvial sediment, colluvial, sand, mud and clay.
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Although the river systems in the Department of Tarifa are mainly influcnced by a north-
south fold axis, such as that scen in “Cordillera Oricntal” and "Scranias Sub-Andinas”, they all

belong to the "La Plata River System”.

(2} Quantitics of CIOt:nd\\'atcr Resouces

According to estimations of the watcr balance in the Department of Tanja, the groundwater
recharge is 46 mim for a mean annual precipitation of 300 mm. This corresponds to a recharge of
1,716,000,000 1113;')'1' for the entire Department of Tarijﬁ and indicates that 5,890 m]!)'r of
groundwater can be uhlized sustainably per person. KO '

Though the above recharge occurs at the river basins of the Pilcomayo River, the Paraguay
River, and the Bermgejo river, the groundwater recharge is negative at the Paraguay river basin. On
the other hand, the groundwater recharge is large and reaches 66 - S0 mm at the Pilcomayo and

Berngjo river basins.

Types of Groundwater

In "Cordillera Oricntal," "stratum water” ¢xists in the Quaternary system which fills the
valleys of the valley arcas and "fissurc water” exists in the Ordovician, Silarian, and Devonian
systems which comprise the bedrock.

ir 4

In "Scranias Sub-Andiaas,” "stratum water" exists in the Quaterary system which fills the

valleys of (he valley arcas and "fissurc water” exists in the Carboniftrons, Triassic, Cretaceous,
and Tertiary systems. Up unlil now, grbundu'alcr development has been mainly carricd out on the
“stratum water” in the Quaternary system and on the groundwater i the weathered belt of the
bedrock.

In the "costa" region of "Llanura Chacay""fissure waler” exists in the Tertiary system while

in the "llano™ region, “fissure water” exists in the Testiary and Cretaceous systems.

Past Groundsvater Developmont

In the Department of Tarija, groundwater development has been carricd out in the past in
the southern extensions of the "belt-like region with a width of 150km in the cast-west dircction
from 'Scranias Sub-Andinas' to 'Llanura Chaco-Beniano' and extending in the north-south
dircction”, where the groundwater devclopment activities in Bolivia have been concentrated. This
belt-like region continues into the Department of Tarija from the Department of Santa Cruz and
through the Depadment of Chuquisaga. From the Department of Tarija and further south, the
belt-like region in which groundwater development has Bccn cocentrated extends to "Cordillera
Oriental”, The records of past groundwater development in the Department of Tarija are fow for
the "Seranias Sub-Andinas” zone and numerous {ro the "Cordillera Oricntal” and "Llanura Chaco™

ZONCS.
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Although the past groundwater developments in the Department of Tarija have been carried
out mainly around Tarija City, which is located in the "Cordillera Oricntal® zone, the number of
wells is few and oily a fcw of the records arc complete. However, the number of wells in the arcas
near the boundary of the “Scranias Sub-Andinas" and "Llanura Chaco” zones is beginning to
increase, particulary in such arcas in the "Llanura Chaco" zone. This is the result of the large-
scale hydrogeological study carricd out in the "Llanura Chaco” in 1992 - 1993 by the Republic of
Germany and the primary (1992 - 1994) and sccondary (currently being continued) well
construction based on the results of the above-mentioned study and carricd out with loans from
China. Although the records for these well construction projects have not yet been arranged in a
systematic manner, the drilling depths in "Llanura Chaco" have reached 150 - 250 m. As in the
"Llanura Chaco" zone in the the Department of Chuguisaca, the drilling depths tend to be decp in
the "costa” region and shallow in the "llano" region.

In “Cordillera Oricntal," viclds of 10 m¥%hr - 28 m*hr arc being obtained from recently
constructed wells with depths of approximately 100 - 200 m and a comparison of old and new
wells shows that yiclds are definitcly greater at the recently constructed decp wells than the old
shallow wells with depths of 100 m or lcss. _

In "Scranias Sub-Andinas,” groundwater developments have been carried out in the castera
parts, that is, in the region corresponding to the western part of Gran Chaco provinee. The wells
there are approximately 160 - 200 my in depth and provide yiclds of 10 - 70 n/h,

In "Lianura Chaco," records exist only for 1 well in the castern part of Gran Chaco, ic. that
in Ibibobo, which is located in the "llano.” This well has a depth of approximately 70 m and

provides a yield of approximately 10 n’fhr,

Current Problems in Terms of Groundwater Development

Numecrous basins are formed in the "Cordiltera Oriental” zone in the Department of Tarija.
Although there are deposits of the Quatermary system in such basins, groundwater development in
the basins is not necessarily easy since the Quatemary system is comprised of clay-like matier at
paris besides the lower parts. Also, cven in cases where groundwater can be obtained from within
the Quatemary system at shallow waderground locations, the yiclds are minute and the
groundwater is high in satinity and unfit for cooking and drinking. Hand-well dugs are thus hardly
dug in the Quaternary system and arc not used for cooking and drinking water even when they are
dug.

Since a negative corrclation is seen betsween the well yicld and salimity in such regions, decp
wells, which reach the base gravel of the Quatcrnary system or the bedrock below it, must be
constructed. Well No. JC-8, which was drilled in the present Study, was constructed for this

purpose in a district where there are dug wells in the vicinity that yicld water of high saliity.

-Favorable results were obtained at this test well in terms of water quality, water quantity and level

of confinciuent {artesian).
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Since "Seranias Sub-Andinas” exhibits an extremely steep landform, the communities in

this region are not formed on the slopes of mountains but are aligned along the shores of the

Bermgjo River or along the watcrsheds of the Bermcjo River System and the Pilcomayo River

Systen.

Due to the extremcly steep landform, all of the degradation matter from the mountain mass
fali to the river bottom and large-scale talus cones do not tend to form at the slopes. Thus along
the shores of the Bermejo River, although water of the minute "verientes” (springs) formed at the
small-scale talus conc pans and the turbid water of the Bermicjo River are uscd, wells are not
constructed due to the hard bedrocks. The triangular region between the Bérméjo River and the
Rio Grande River is the only flat arca of a large scale in the "Seranias Sub-Anidnas" Zonc.
Although dug wells have been constructed here, it is difficalt to drill deeper wells since boulders
and boulder gravel arc reached and groundwater springs forth at depths of only a fow meters.
Water pollution due to the shalowncss of the wells is becoming a problent in this region.

In the communitics along the watcrsheds of the Benmcjo River System and the Pileomayo
River System, the groundwater of shallow wells is high in salinity. Althougl_l deep wells must be
constructed to resolve this problem, they have not been dug becausc of the hard bedrock.

In the past, the Pikomayb River has repeatedly changed its flow path upon reaching
“Llanura Chaco" from "Scranias Sub-Andinas". The conditions of ground\\:atcr accompaniment in
"Liamura Chaco” has therefore been heavily influenced by the flow paths in the past. Since a
negative correlation is seen between the well yicld and salinity in "Llanura Chaca®, it is imporiant
to grasp the flow paths of the past for groundwater development i this zone,

The groundwater in "Llanura Chace" tends {0 be similar-in static water level to the
groundwater in the "Llanura Chaco” zone of the Department of Chugisaca and since the static
water level is deep (100 - 200 m) in the régions ("costa") frmﬁ "Seranias Sub-Andinas® to
"Llanura Chaco", the construction of deep wells is noeded here. There is also the possibility that
wells of a 300 m class may be needed ncar the Department border with the Department of
Chuguisaca. '

Due to the above conditions, wells of the 100 - 300 m class must be constructed in the
Department of Tarija and drilting equipment with drilling capacities for 150 - 450 m class wells
arc required for this purpose. '

However, as shown below, the drilling machines owned by the Departiieat of Tarija are

1973-1975 models and and if the high salinity of the groundwater at shatlow underground

locations is considered, the capacities of the cxisting drilling machines dre inadequale even for
groundwater development targeting the Quaternary system, Accessory equipment are also lacking.
Furthermore, there are no private well constructors in the Department of Tarija and there arc
problems presently with the private well constructors of the Department of Santa Cruz as well.
Although the following drilling equipment exist in the Department of Tarija, none of these

are operating presently.
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Depar. Name of Instit. Number | Model [TradeMark| Typeof | Capacity | Filiciency & IHameter Note
of the Depth
Organiza!_im Pub.(A) of of of Pyifl. for BPepth Diameter
Priv{B} |Equipment | Equiprent | Equipment | (D)rotary| Dritting
CoopAC) Eyperen| (o) | ()

Tarija CODETAR A 1 1978 | EnginSoit | D f 120 =0 | 120 12" ={3: Solamente
Dir. Sancam. A 1 1975 Failling (D}t 123 =0 120 12 Nominal
Ambijeniat .

Total - - 2 - - - - - -

Since the construction cost will be high for decp wells, geophysical prospecting techiiques
must be exploited to grasp the bedeock stnicture, the old flow paths of the Pilcomayo River, ctc,,
to carclully select the well position, and to raise the rate of success of wells.  Also, after drilling
the well, the setting positions of screens must be determined accurately in order to increase the
well yields.

%) Results of Geophysical Prospecting

The gcologica'l structures presuned Trom the clectrical sounding and eloctromagnctic
sounding carried out at La Choza and Naranjos in the Department of Tarija arc consistent with the
structures determined from the construction and logging resulls of wells constructed in the same
districts (JC-8 and JC-9 : Figures 4-2-6, 4-2-7).
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{7) Results of Test Wells

In the Department of Tarija, well No. JC-8 was drilled in La Choza and well No. JC-9 was
drilled in Naranjos. The locations of these test wells are within the "belt-like region with a width of
150km in the cast-west dircction from ‘Scranias Sub-Andinas' to "Llanura Chaco-Beniano' and

extending in the north-south dircction”, which continues on from the Department of Santa Cruz.

La Choza, where well No. JC-8 was drilled, is located in a basin at an altitude of
approximately 1,685 m in "Cordillera Oricntal" Although the geology of the surface is
comprised of the Quatemary system, that at depths of 25 m or more is comprised of the Devonian
systcm.

The geology at this well is as follows:

0.0 m - 10.0 m: Quaternary system - clay and mud
10.0 m - 23.0 m; Quatemary system : clay and sand with mud

23.0m - 25.0 m: Quaternary system : Aquifer ; sand and gravel

250m-31.0m;
J10m-42.0m:
42.0m-46.0nm:
46.0 m-49.0 m:
400 m-51.0m:
S51.0m-54.0m:
MO0m-1.0m
TLOm-72.0 m:
T20m-76.0 m:
16.0m-83.0m:
8330m-91.0m

Devonian system
Devenian system
Devenian system
Devonian systeim
Devonian system
Decvonian system
Devontan system
Devonian system
Devenian systein
Devonian system

Devoman systeim

:mudstone

: Aquifer : fissured sandstone and conglomerate
: mudstone and sandstonc

: Aquifer ; fissured sandstone and conglomerate
- mudstone

: Aquifer ; fissured sandstone and conglomerate
: mudstone

- Aguifer ; fissured mudstone

: mudstone

: Aquiler ; fissured sandstone and conglomerate

» mudstone

91.0 m -100.0 m: Devonian system : Aquiler ; fissured sandstone and conglonerate

100.0 m -117.0 m: Devonian system : sandstone and conglomerate
117.0m -127.0 m: Devonian system : Aquifer : fissurcd sandstone and conglomerate

Naranjos, where well No. JC-9 was drilled, is located at the centeal part of the "Scranias
Sub-Andinas," stightly into the Bermcjo River System from the walkershed between the Benncjo

River System and the Pilcomayo River System. The altitude of this location is 1,250 m.
The geology at this well is as follows:
- clay and sand

0.0m- 0.5 m: Quatermary systcm
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0.5m -~ 3.0m: Quatcrnary system : ¢lay and sand with gravel
3.0m- 9.0 ne Tertiary system : mudstone and sandstonc
' ' intercalated with conglomerate

9.0 m-127.0 m: Teriary system~ : mudstone and sandstone

The conditions of these wells arc as follows:

Table 4.2.3  Hydrauvlic Constants

Bleck No.|  efdril. Dl WL [(m¥bs)| down Cap.

a: Diameter |b: Dep. of| k: Static | Y ield |rDraw| p:Specific|  q Transmisivity r: Hydraulic Cond. | s: Strativity

(m) () {m} (o)sw | {md’day) <1=> <K= <85>

JC-8

501010707 2130 1271 6.0 - - -

c06011702 | s | 1270 | 00 o | o0 - -

ﬁ jC-9

Ly

The groundwater at well No. JC-8 is confined with a water head 6 nicters above ground
level and the artesian discharge reaches 14 - 18 m’/hr. Though a pimping test was attempted in
order to check the yield of this well, the test was not carried out since the water pressure preveated
the insertion of the pump. The relationship between the draswwdown, s, and the pump discharge, Q,

the transmissivity, cte. thercfore could not be detenmined.

There is a dug well with a depth of approximately 17 m at a location approximately 160m
west of and -30 mi in height difference with respect to well No., JC-8. The static water level of the
groundwater here was 8.6 n and the salinity was 1,999 micro-s/ci.

Well No. JC-8 was drilled at a location that is +30 m in relative height from the mouth of
the above-mentioned dug well and the bottom of well No. JC-8 was drilled to a level that is
approximately 80 m decper than the bottom of the above-mentioned dug well. That the water level
was + 6 m, the artesian discharge }4 - 13 m’hr, and the salinity 500 micro-sfcm for the
groundwater of well No. JC-8 under the above conditions indicates that both water quantity and
quality are improved and groundwater developiment can be carried out favorably by making the
well depth deeper. Similarly signiftcant results were also obtained for well No. JC-4 (San Carlos)
in the Department of Santa Cruz and also in Corque in the Department of Oruro.

Well No. JC-9 had no success because the well was dry.

(8) Feasibility of Groundwater Deyvelopmeit

Although the district with a basin-tike structure in "Cordillera Oriental” in the Departiment
of Tartija is considercd to be the bottom of an ancicnt lake, the Quaternary system that has

deposited here is comprised of clay-like matter except at the base part and is low in tranmissivily
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and high in groundwater salinity. Even in such regions, the base parls of the Quaternary system
and the Devonian system below the Quaternary system accoinpany gravel at several depths. It has
thus become clear that groundwater development for providing viclds of approximately 15 m3/hr
is possible by appropriate sclection of the locations and depths of wells in consideration of the
groundwater flow stnicture.

Within "Scranias Sub-Andinas," the triangular region between the Bermejo River and the
Rio Grande River comprises a region suited for groundwater development. This is duc to the
distribution of boulder and boutder gravel formations with thicknesses of approximately 40 m
from shallow underground locations onwards. The static water lovels are expected to be

approximately 5 m and the well yiclds are expected to be 15.0 - 30.0 m3/hr for wells in this region.

In the "costa" region of "Llanura Chaco,” though the static water level of groundwatcr
ranges from 30 - 1SOm and the yield per well is about 13.0 m¥br, it is considered that
groundwater development can be carricd out to provide vields of 30.0 m3/hour by selecting
locations in the old flow paths of the Pilcdmayo River as well locations through geological
structure analysis.

On the other hand, the static water level of groundwater is predicted to be approximately 30

- 100 m in the "llano" region. From the existing data, the yicld per well is considered to be simifar.

to those in the "costa” region.

Policy for Future Groundwater Development

MR Figure 4-2-7 shows the provincia-wise criteria for the Department of Tarija as
considered from a hydrogeological viewpoint. These can be summarized in a gencrat manner as
follows. '

In terms of well vicld and the rate of swccess, the region, which includes "Corillera
Oricntat" along with the "belt-like region with a width of 150km in the cast-west dircetion from
'Seranias Sub-Andinas' to ‘Llanura Chaco-Beniano' and extending in the north-south direction,” is
a promising candidate region for groundwater development in the Depavtiment of Tarija. Within
this range and among the districts with basin-like structure distaibuted in "Cordillera Qriental.” the
teiangular zone between the Bermejo River and Rio Grande River and belonging to the "Seranias
Sub-Andinas" zone, and the region extending from the shores of the Benmejo River and the eastem
padt of "Seranias Sub-Andinas” to the western part of "Llanura Chaco," groundwater development
should be carried out with priority in the regions in "Llanura Chaco" that correspond to the old
ftow paths of the Pilcomayo River.

Wells of the 100 - 450 m class must be constructed in the Department of Tarija.

The well diameter at the well bottom during drilting should be in the range 10 5/8" - 12 14",
the diameters of screens and casings should be 6” - 8 5/8", and the ratio of the Iénglh of the screen
to the drilling length should be 153% - 30%. In order to obtain a high well yicld, the screens or

casings must be inserted down {o the bottom of the well.
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~Inregions where the groundwater at shaliow underground locations are high in salinity, the
filling from the depth of the aquifer accompanying groundwater of high salinity to the surface
should be performed not with gravel but with a clayish substance or cement, cfc. to prevent the
intake of groundwater of high salinity at the upper levels. Since the filled patts accompany
groundwater of high salinity, salt-resistant cement will be required. This requirement also applics
to the bentonite to be used for well drilling. Furthermore, the conductivity of the circulating water
during well dritling should be measured or so-called "well-logging” should be perfornned to
detenuine the depth at which clayish substance/cement filling is to be perfonmed.

In order to raise the rate of suceess of future wells, the investigation records before and
after well construction should be incorporated into the databasc successively and arranged and
classified in diagrams designated for the purpose to nurture personael and techniques for utilizing

such data.

(10} Requirements for Future Groundwater Development

For the groundwater development in the Department of Tarija, geological structure analysis
and peophysical prospecting must be carried out to prasp the geological structure of the
surrounding area before constrecting a well in order to raise the rate of success of the well, For
this purpose, the necessary persotimel must be secured. Office equipment for arranging various
data, acrial photographs, geophysical prospecting cquipment, and a stalion wagon, pickup truck,
¢te. for providing mobility for the prospecting team will also be needed.

In groundwatcr development, clectrical sounding mcthods are gencrally used to grasp the
aquifer structure at 208 - 250 m below the surface. On the other hand, electromaguetic sounding
or gravity prospecting methods are effective for grasping basc structures below 250 m,

While trees must be cleared to provide a long traverse line for measurements in the case of
clectromagnetic sounding, such clearing is hardly roquired in the case of gravity prospecting.
Gravity prospecting is therefore preferred over clectromagactic sounding in regions where the
vegetation is dense and in mountainous arcas with stecp landforms. Gravity prospecting is also
more preferable in cases where shallow underground locations accompany groundwater of high
salinity.

The drilling of wells require personnel for drilling and drilling cquipment that can tolerate

Ahe drilling of 106 - 300 m class wells. 200 - 450 m class drilling equipmient will thus be necessary

to provide lecway in the capacity of the equipment.
For the drilling equipment, models with functions for the reverse circulation method muist

. be selected to cope with riverbed sediments comprised of unconsolidated or semi-consolidated

boulders and boulder gravel. The drilling equipment must also enable rotary and down-the-hole
methods for development targeting the stratum water” in the Quateiary system and the “fissure
water” in the hard bedrock. A tank lorry for drilling water, an air compressor with adequatcly high

pressure and air volume, aud bils of various sizes for rotary and down-the-hole methods will thus

be required.
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A small tank lorey for fuel, a support truck with crane, a small truck, a station wagon for
engincers, workshop vehicles for equipment repairs, cte. are also nceded. Communication
equipment are also necessary for communication between the well construction site and the office
for schedule manapement.

Each of the above equipment require spare paits, Since the station wagoen for engineers will
be driven out of necessity at relatively high speeds and over long distances, the wearing of tires
and various types of spring systems will be severe. The replenishment of such spare parts wil thus
be essential.’ -

Logeing imust be performed to increase the yicld of the well. This will require functions for
electrical resistivity logging, scif-pofential logging as well as gamma ray logging, which is
effective for detection of parts besides the aguifer. Electronic recording methods are preferred as
recording methods. Logging cquipment should be operated and maintained by the geophysical
prospecting tean,

Although stee! pipes should be adequate for the caéings for final construction of the well,
screens must be made of stainless stecl as steel screens are weak against corrosion.

Pumping tests must be carried out on completed wells in order to determine the well yields
for water supply facility designs and to grasp the hydrogeological characteristics of the aquifer for
planning fiture groundwater developiient and environmental conservation,

In the pumping test, the pump discharge, the dynamic water level, variations in water
quality during pumping (especially the pH and conductivity), etc. should be recorded and water
quality analysis should be perfonmed as a final step after the completion of the pumping test. A
submerged pumyp, a generator, instruments for measuring the water level, pH, and conductivity, a
water quality analysis set, elc. are needed for this purpose.

The capacitics of the submerged pumip and gencrator for pumping tests should preferably
be adequate for a pump head of 80 - 150 m and a pump discharge of § - 50 mé A,

Pumps for production wells will require a submerged pump wath a capacily adequate for a
pump head of 80 - 150 m and a pup discharge of 5 - 30 m3/hr,

Safe storage locations of adcquate area must be sceured and appropriate storage and
management methods must be cstablished for the storage of the above-mentioned cquipment and
materials.

The sccuring of personnel for operating and managing the above-mentioned equipment and
materials is a most important requirement. Personnel for operating the equipmient should be
secured to cnable 24-hour drilting work, :

It is preferable to construct a facility that provides the functions of a "machinc shop {repair
shop),” a "spare parts repository,” and a “training center” at the contral agency of the Department
and to gather engineers in the regionat arcas every few years to such a facility to provide training
by engincers of the central agency on the disassembly, repair, ctc. of gencrators, pumps, water
supply cquipment, cte. and to collect records for groundwater managenient at cach regional area in

order to examine malters pertaining to maintenance and management.
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5) - Groundwater Development Conditions in the Department of Santa Cruz

(1} Physiography, Geology, and Aquifers

The Department of Santa Cruz is sitwated in the physiographical zones of "Scranias Sub-
Andinas," and "Llanura Chaco-Beniana," "Scranias Chiguitanas,”" and "Escudo Central” (MR
Figure 4-1-1 and MR Figure 4-1-2).

In the Department of Santa Cruz, "Seranias Sub-Andinas” reaches altitudes of 1,000 -
2,500 m and exhibits major distributions of Devonian, Carboniferous, Cretaceous, and Testiary
systems the west to the cast, in that order. The Cretaccous system is distnibuted on a small scale at
the flanks of the fold axis and the T crtiary system 1s sccn in the southern part of "Scranias Sub-
Andinas" and in regions where "Seranias Sub-Andinas" changes to "Lianura Chaco-Beniana”
(MR Table 4-1-4 and MR Figure 4-1-5). Amoang these, the Tertiary system distributed in the
southern part of "Seranias Sub-Andinas" has parts that with gypsum interleaved in a stratuni-like

manner. The groundwater in such parts is high in salinity.

*Lianura Chaco-Beniana" is situated at altitudesof 200 - 1,000m. A Pre-Cambrian system
is distributed below the Quaternary system at the northern part of this Department and a Tcrtiarj‘
systein is distrubuted below the "Llanura Beniana" zone further south. A Devonian, Carboniferons,
or Cretaccous system is distributed below the Quateriacy system in the "Lianura Chaco” zone
from Santa Cruz City and further south,

Stratum water can be obtained from the weathered belt at the top parts of these rocks
covered by the Quaternary system and fissure water can be obtained from the fissure parls of these
rocks.

"Secanias Chiguitanas” is a mountain mass that protrudes into the Quatcmary system south
of San Josc de Chiquitos and has altitudes of 450 - 500 m. "Scranias Chiquitanas” is compriscd of
Pre-Cambrian, Ordovician, Devonian, Silurian, and Crelaccous systems and the groundwaier of
verientes which spring forth from the "fissures” in the Pre-Cambrian system is used in San Jose de
Chiquitos as clean water.

"Escudo Central,” which is located at the castern edge of the Depariment of Santa Cruz, is
sitvated at altitudes of 200 - 500 m and is mainly comprised of a Pre-Cambrian system. Although
the geology here is basically impenmeable, the weathiered belts accompany stratum water as
favorable aquifers and the parls where fissurcs have developed accompany fissure water. ftis
recorded in fllc well database that wells with pump discharges reaching 24 - 45 m3/br exist in such

paits.

The above-mentioned Pre-Cambrian systen is comprised of lmestone, sandstone,

conglomerate and dolerite, the Ordovician system of sandstone, quartzite, shale, mudstene,
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conglomerate and chicit, the Devonian systen of sandstone, shale, mudstone and limcs_tonc, the
Carboniferous  system of diamictite (diamicitas), conglomcrate, sandstonc and shale, the
Cretaccous system of sandstone, conglomerate, siltstone (arcilitas), limestone and marl, the
Tertiary system of sandstone, conglomerate, siltstone and gypsum, and the Quaternary system of

alluvial sediment, lake-bottom colluvium, sand, mud, and clay.

Although the major aquifers which were targeted in past groundwater developmicnts arc of
thic Quaternary system, a pait of such aquifers have groundwater wilh edor or high salinity or
have yiclds that vary seasonally. Well No. JC-4, which was drilled in the prcs.cnl Study, was
drilled aining at the boundary between the Quaternary and Tertiary system in such a district and
provided favorable resulls in tenns of both water quality and water quantity. On the other hand,
the groundwater in the Quatemary system is said to be high in salimty at the "central parts of the
Department of Santa Cruz" from Pailon, located to the cast of Santa Cruz City, to Cantera Vigja

further east.

Quantitics of Groundwatcr Resouces

According to cstimations of the water balance in the Department of Santa Cruz, the
groundwater recharge is 91 ma for a mean annual precipitation of 1,284 mm. This corresponds to
a recharge of 33,591,000,000 m*yr for the entire Department of Santa Cruz and indicates that
24,620 m’/yr of groundwater can be utilized sustainably per person.

Though the above recharge occurs al the river basins of the Itenez River, the Mamore River,
the Isozog River, and the Paraguay River, the groundwater recharge is negative at the Itenez and
Isozog niver basins. On the other hand, the groundwater recharge is large and reachies 326 - 202

mnt at the Mamore and Paraguay river basins.

Types of Groundwater

In "Escudo Central,” the weathered belts of the Pee-Cambrian systein senve as faveorable
aquifers which accompany stratum water and parts of the Pre-Cambrian system where fissures
have developed accompany fissure water. '

In "Cordillera Oricntal,” “stratum water” exists in the Quaternary system which fills the
valleys of the valley region and "fissurc water" exists in the Devonian, Carbonifcrous, Cretaccous,
and Tertiary systemis which comprise the bedrock. Although the stratum water in the Quaternary
systemi bas been mainly targeted for development in the past, development targeting the fissure
water in the bedrock is beginning to be carried out recently due to improvements in the capacitics
of drilling cquipment and in drilling techniques. _

In "Llanura Chaco-Beniana,” stratum water exists in the Quatemary system. The boundary
between Quaternary system and the Tertiary system below the Quaternary system also Serves asa

good aquifer for stratum water.
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Past Groundwater Development

In the Departient of Santa Cruz, groundwater development has been carried out in high
concentrations in the past in the "belt-like region with a width of 130km in (he cast-west direction
from 'Scranias Sub-Andinas' to 'Llanura Chaco-Beniano' and extending in the north-south
direction.” Groundwater development has also been carried in a dispersed mamner in "Escudo
Central.” Besides the above regions, well construction has been carried out only sparscly in the
central past (calicd the "chaco™) and norihern part of the Department of Santa Cruz and in the
castern parts of "Escudo Central ™ ‘

tntl réccntly, the construction of wells in the above-mentioned regions were carricd out
geneeally to a depth range of 5 - 200 m due to the capacitics of driling machines and past
economic conditions. As a result, in cases where the groundwater had odors or was high in salinity
and in cascs where the well yield varied scasonally, the problems were left unsolved and ratnwater
collected during the rainy scason and water in the "atajados” were used despite sauitation
problems. '

However, as deep underground locations have come to be dritled in relation to recent oil
development activities, it has become clear that excellent aquifers exist at deep locations. Wells of
the 300 - 400 m class have thus gradually begun to be drilled and the above-mentioned problcins

arc beginning to be solved.

Current Problems in Tenws of Groundwater Development

One of the reasons why wells have been construcied only sparsely in the central part of the
Departmient of Santa Cruz is that the groundwater at shallow underground locations is high in
salinity. Although it is good ncws that this problem is gradually beginning to be solved in the
Department of Santa Cruz through the planning of groundwater development aimed at decp
underground locations; since the private well constructors of Bolivia are reusing old drilling
machines for oil development as machines for drilling deep locations, all of the equipment and
materials, including the accessory equipment, are unnccessarily large. thus, not only is tine
required for transport and demobilization but all types of costs, such as operation costs and repair
cosls, are also becoming expensive {MR Table 4-3-7).

Furthermore, sinee most of the existing dritling cquipment for well construction are old
models and since developments targeting the stratum water in the Quaternary system have been
carricd out with such drilling equipment, the drilling machines lack the capacity to drill the
bedrock further below or lack the equipment and materials necessary. Thus drifling machines fail

frequently and it is difficult to sct drilling costs and schedules.
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Pepart. Name of Tndit. Number | Model | TradeMark| Typeof | Capacity | Eftici & Dia. of the Deplh. Note 'x,i
Organization | Fub{A) of of of B, for Bupth Diameter
Priv{I}} |Equipnint Equipment] Equipment {{D):cotary]  Drilhng
Loop{C) {Eypercu. [{D) (na)

Santa Cruz JAQUATEC B h 197542 - {35) 102-6G0 300 297 *2 1o 1990

HIDROSUR (3] 3 J985%1 - LIy 100-600 | 600 307 10 1990

EMPRESA i1 5 19751 - 1X3) 100-300 300 o ' 01936

ORIENTE

CAPTAGUA G 3 1980*4 - l?(.\) 300 300 -0 *1TO1986

ABELPO B i 1980 - D( i) 100-200 200 17

INCOTEC B 1 1982 - ny 100-200 | 200 17

HINOS. WUANG n 1 1975 - D1y | 100-850 150 12

BASOFRRY | B ! 1985 - Dy | 10020 | 120 127 %

Total - - 20 - - - - - -

Since the construction cost will be high for deep wells, geophysical prospecting techniques
musi be exploited in order to carefully sclcct the well position, and to raise the rate of success of
wells.  Also, after drilling the well, the sctiing positions of sercens must be determined accurately

to thercby increase the well yields,

{6) Resuits of Geophysical Prospecting

The geological structures presumed from the electrical sounding and clectromagnetic
sounding carricd out at San Carlos and Quituguina in the Depariment of Santa Cruz are consistent
with the structures determined from the construction and logging results of wetls constructed in the

same distetets (JC-4 and JC-5 : Figures 4-2-8, 4-2-9). %
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@ (7} Results of Test Wells

In the Department of Santa Cruz, well No. JC-4 was drilled in San Carlos  and well No.
JC-5 was drilled in Quitugquina.

San Carlos, where well No. JC-4 was drilled, is located at an altitude of 335 m in the
western part of "Llanura Chaco-beniana.” Although there is a well which has been drilled to a
depth of 130 m in the Quatcrnary system in this region, groundwater docs not exist in this well and

the groundwater of the shallow wells in the vicinity accompany odors.

The geology at this test well is as follows:

0.0m - 3.0 n: Quaternary system - clay with sand
fg}’ 5.0 - 10.0 m: Quaternary systein : sand with mud
b 10.0 m - 19.0 m: Quaternary systein - mud with sand
19.0 11 - 29.0 m: Quaternary system - sand with mud
29.0:1m - 37.0 n: Quaternary systein s mud with sand
37.0 m1 - 47.0 m: Quaternary systemn : nud and sand with gravel
47.0 m - 80.0 n: Quatcrary system : mud with sand
80.0 m -136.0 m: Quaternary system - sand with mud
136.0 m -154,0 s Tectiary systein : chuifer : sand and mud
154.0 m -159.0 nv: Tertiary systent : sandstone, mudstone and conglomerate
159.0 m -165.0 m: Tertiary system : sandstone and mudstone
165.0 m -173.0 mi: Tertiary system 2 Aquifer ; fissured sandstone
173.0 m -190.0 m: Tertiary system > Aquifer : alternation of sandstone, mudstone

and conglomerate
g 160.0 m -260.0 m: Tertiary system : Aquifer ; alternation of sandstone, mudstonc

Quituquina, where well No. JC-5 was drilled, is located at the castern edge of "Llanura
Chaco-Beniana” and is a village at an altitude of 290 m between "Escudo Central” and "Seranias
Chiguitanas."

The gcology at this well is as follows:

0.0 m- 9.0m: Quatemary system  : clay and mud

2.0 m - 25.0 nv Quatemary system s sand and clay
25.0 m - 30.0 n: Quaternary system : sand and clay with gravel
30.0 m - 38.0 m: Quaternary system : shale

38.0 m -200.0 m: Precambrian system  : partly Aquifer :  altermation of
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shale and mudstone

The conditions of these wells are as follows:

Table 4.2.4  Hydraulic Constants

a:l)iams.-t_er b Dep. of| k: Static | EYield {n:Dvaw| p:Spevitic | o Transmisivity r: Hydraolie Cond. s; Strativity
DBlock ¥ of dril, il wl. (nﬂ.'ﬁ:) down Cap.
{01} {r1) [ - {)sw | (mYday) <T> <Ko . 8>
JC-4 |701020030] 2180 100.0 6.5 7.2 | 190 0.4 0.521x10” misoe, 0.043x107% in'see. 0.000x107
-5 |705010504) 2160 100.0 7.2 72 | 218 02 00863107 mYsec, 0.003x10" mvsee, 0.000x167

For well No. JC-4, the drawdown after 24 hours was 35.5 m for a well depth of 260 m,
static water level of 57.5 m, and a pump discharge of 36.0 m’/r. Tilc dynamic watcr level at this
time was 92.96 in, with about 53 m lefl to the head part of the uppermiost screen among the

screens that were sct at 3 locations.

From this condition and from the well structure, it is estimated that the pump discharge of
well No. JC-4 is limited to about 1,200 m*day (50 m’/Mir). The transiissivity calculated with

Jacob's non-cquilibrivm fonuula was 0.613 x 10-3 m*/sce.

The abovementioned cmpfy well with a depth of 130 m is located 256 m cast of well No.
JC-4 and a shallow well with groundwater with odor exists 1,500 mi to the sonthwest of well No.
JC-4. That the conditions of well No, JC-4 are as indicated above despite the conditions of these
other wells indicates that both water quantity and quality arc improvcd :ﬁid groundwater
devclopment can be carried out faverably by making the well depth deeper. Similarly significant
results were also obtained for well No. JC-8 (La Choza) in the Dcﬁanuwht of Tarija and also in

Corque in the Department of Owuro.

For well No. JC-5, the drawdown after 15 hours was 90.0 m for a depth of 200 m, a static
water level of 32.5 m and a pump discharge of 2.5 m3/hr. The dynamic watcer level at this time
was 122.5 m, and reaches the uppermost scroen among the screens that were sot at 6 locations.
However, the dynamic water level rose thercafter and recovered to 88.5 m 24 hours after the start

of pumpiag.

From this condition and front the wel structure, it is estimated that the pump discharge of
well No. JC-4 is limited to about 43 m*/day (1.8 m*hr).
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Due to the capacity of the pump and the yield and head of the well, the data necessary for
deriving the formula for the rclationship betwoen the drawdown, s, and the pump discharge, Q,
could not be determined for well No. JC-5.

‘The transmissivity caleulated with Jacob's non-cquilibrium formula was 0.602 x 10°

m*/sec.

Feasibility of Groundwater Developiment

Although it has become clear from the results of well No. JC-4 and from the well database
that yicldé of 15 - 50 m¥*hr can be anticipated from the boundary between the Tertiary and
Quatemary systems atb the western part of “Llanura Chaco-Beniana," it has also become chear
from well No. JC-5 that yiclds of only 2 - 3 nt'/hr can be expected at regions sandwiched between
"Escudo Central” and "Scranias Chiquitanas.” -

With regard to the above rdsults, although the yields expected in the westera part of
"Llanura Chaco-Beniana” are consistent with the well yields that can be dotermined from the well
database, the yiclds expected for the region between "Escudo Central” and “Scranias Chiquitanas”
are extremely low in compacison to the well yiclds that can be determined from the database (MR
Figure 4-2-3). This is because the number of existing wells is extremely few in this region between
"Escudo Central” and "Scranias Chiguitanas” and the records of wells with wnuasually high yields,
which were coincidentally obtained from this region, were strongly reflected in the analysis
dingram prepared from the database. From the geological conditions of the surrounding area, the
results of well No. § is considered to be close to the characteristics of a typical well with a depth
of approximately 200 m in the region between "Escudo Central” and "Scranias Chiguitanas.”

As can be seen from the results of well No. JC-5. although the groundwater in the region
between “"Escudo Central” and "Scranias Chiquitanas” has a tendency 1o be exteemely high in
salinity, - since there. is a ncgative coreclation between well vicld and salinity in Bolivia,
groundwater of good quality could be obtained if an aquifer of high transmissivity is secured by
sctling a deep drilling depth in a region where the bedrock of the Pre-Cambrian syslem rises to a
depth of 200 - 300 i,

Policy for Futurc Groundwater Development

MR Figure 4-2-7 shows the provincia-wise critcria for the Departiment of Santa Cruz as
considered from a hydrogeological viewpoint. These can be sumimarized in a general manner as
follows. . o '
In terms of well vield and the rate of suceess, the "belt-like region with a width of 150k in
the east-west direction from 'Seranias Sub-Andinas’ to 'Lianura Chaco-Beniano' and extending in
the north-south dircction” is a promising candidale region for groundwater development in the
Department of Santa Cruz. Within this range, groundwater development should be targeted at the
"stratum water” existing at the boundary between the bottom of the Quaternary systom and the

bedrock below it and at the "fissure water” in the bedrock further below.,
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Since the groundwater in the Quatcrnary system is high in salinity at the central part of the
Department of Santa Cruz, there is & necessily for securing the "fissure water” in the bedrock
below the Quaternary system and from past expericncg, it is considered that well depths of 250 -
450 m will be required. In such regions, the filling from the depth of the aquifer accompanying
groundwater of high salinity to the surface should be performed not with gravel but with a clayish

substance or cament, ¢te. to prevent the intake of groundwater of high salinity at the upper levels.

Since the filled parts accompany groundwater of high salinily, salt-resistant cement will be,

required. This requirement also applics to the benlonite to be used for well drilling. Furthermore,
the conductivity of the circulating water during well drilling should be measured or so-calicd
"well-logging™ should be performed to detenning the depth at which clayish substance/coment
filling 1s {o be performed.

There are parts with gypsum interlcaved in a stratum-like manner in the Tertiary system
distributed in the southem part of "Scranias Sub-Andinas” and considerations similar te those
necesary for the central pard of the Department of Santa Cruz arg required for such parts. it is also
predicted from the well database that wells with depths of approximately. 400 m must be
constructed at tocations adjacent to the above-mentioned parts and near the Department boundary

with the Department of Chuquisaca.

In the "Escudo Cenlral” zone, which is comprised of the Pre-Cambrian system, wells
targeted at the "stratum water” in the weathered belt in the bedrock or the "fissure water” in
fissures should be constructed to depths of approximatcly 100 m for the time being. Although
there is a possibility that the groundwater in the region between "Escudo Central” and “"Scranias
Chiguitanas” is extremely high in sa!itiily, since this trond is predicted to be in negative corrclation
with the well yicld, the lincament structure of the surroundings should be analyzed and regions
with favorable groundwater flow conditions should be sclected as well construction districts.

Fromi the above, wells of the 100 - 450 m class must be constructed in the Department of
Santa Cruz.

The well diameter at the well bottom during drilling should be in the range 10 5/8" - 12 1/4",
the diamcters of screens and casings should be 6" - 8 5/8", and the ratio of the length of the screen
to the drilling length should be 153% - 30%. In order to obtain a high well yield, the screens or
casings must bg inscrted down to the boltom of the well.

In regions where the groundwater at shallow underground locations ar¢ high in salinity,
such as the central part of the Department of Santa Cruz, the filling from the depth of the aquifer
accompanying groundwater of high salinity to the surface should be performed not with gra\'cl but
with a clayish substance or cement, cte. to prevent the intake of groundwater of high salimity at the
upper levels. Since the filled parts accompany groundwater of high salinity, salt-resistant coment
will be required. This requircment also applics to the bentonite (o be used for well drilling.

Furthermere, the conductivity of the circulating water during well drilling shoutd be measured or
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so-called “weil-logging" should be performed to dotermine the depth at which clayish

substance/cement filling is to be perforned.

16} Requirements for Future Groundwater Development

For the groundwater development in the Department of Santa Cruz, geological structure
analysis and geophysical prospecting must be carried out to grasp the geological structure of the
arca around a well before constructing the well in order to raise the rate of success of wells. For
this purpose, the neeessary personnel must be secured. Office cquipment for arranging various
data, acrial photographs, gcophysical prospecting equipment, and a station wagon, pickup truck,
ete. for providing mebility for the prospeeting tcam are also needed.

In groundwater develepment, electrical sounding methods are generally used to grasp the
aquifer structure at 200 - 250 i below the surface. On the other hand, clectromagnetic sounding

. or gravity prospecling methods are effective for grasping base structures below 250 m,

ﬁ © . While trees must be cleared to provide a long traverse ting for measurements in the case of
clectromagnetic sounding, such cléaring is hardly required in the case of gravily prospecting.
Gravity prospecting is therefore preferred over clectromagnetic sounding in regions where the
vegetalion is densc and in mountainous areas with steep landforms. Gravity prospecting is also
more preferable in cases where shallow underground locations accompany groundwater of high
salinity.

The dritling of wells require personnel for drilling and drilling equipment that can tolerate
the drilling of 100 - 450 m class wells. 500 - 600 m class drilling cquipment will thus be necessary
to provide lecway in the capacity of tire equipment.

For the drilling equipment, models with funclions for the reverse circulation method must
be sclected to cope with riverbed scdiments comprised of unconsolidated or semi-consolidated
boulders and boulder gravel. The drilling cquipment imust also enable rotary and down-the-hole

3 mcthods for developnient targeting the "stratum water” in the Quatcrary system and the "fissure
' g water" in the hard bedrock. A tank lorry for drilling waler, an air compressor with adequately high
pressure and air vohume, and bits of various sizes for rotary and down-the-hole methods will thus

be required.

A small tank lorry for fucl, a support truck with crane, a small truck, a station wagon for
engincers, workshop vehicles for equipment repairs, cte. are also nceded. Communication
cquipment are alse nccessary for conununication between the well construction site and the oftice
for schedule management.

Each of the above equipment require spare parts. Since the station wagon for eagincers will
be driven out of neecssity at relatively high specds and over long distances, the wearing of fires
and various types of spring systems will be severe. The replenishment of such spare paits will thus
be essential. .

Logging must be performed to increase the yield of the well. This will require functions for

% clectrical resistivity logging, sclf-potential logging as well as gamuna ray logging, which is
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cflective for detection of parts besides the aquifer. Electronic recording methods are preferred as
recording methods. Logging equipment should be operated and maintained by the geophysical
prospecting team.

Although stec! pipes should be adequate for the casings for final construction of the well,
screens must be made of stainless steel as steel sereens are weak against corrosion.

Pumping tests must be carried out on completed wells in order to determing the well yiclds
for water supply facility designs and to grasp the hydrogeological characteristics of the aguifer for
ptanning future groundwater development and cnvironmicntal conservation.

In the pumping test, the pump discharge, the dynamic water level, variations in water
quality during pumping (cspecially the pH and conductivity), cte. should be recorded and water
quality analysis should be performed as a final step after the completion of the pumping test. A
submerged pump, a generator, irnstmnmnts for measuring the water level, pH, and conductivity, a
water quality analysis set, ctc. are needed for this purposc.

The capacities of the submerged pump and generator for pumping tests should preferably
be adeguate for a pump head of 80 - 350 m and a pump discharge of 3 - 50 m3/hr.

Pumps for production wells will require a submerged pump with a capacity adequalte for a
pump hcad of 80 - 350 m and a pump discharge of 5 - 30 m3/hr.

Safe storage locations of adequate arca must be sccured and appropriate storage and
managemet methods must be established for the storage of the above-mentioned cquipment and
materials,

The securing of personnel for operating and managing the above-mentioned cquipment and
materials is a most important requirciment. Persomnel for operating the equipment should be
secured to cnable 24-hour drilling work.

It is preferable to construct a facility that provides the functions of a "machine shop (repair
shop).” a "sparc parts repository,” and a “training center” at the central agency of the Department
and to gather engincers in the regional areas cvery few years to such a facility to provide training
by engincers of the central agency on the disassembly, repair, cle. of generators, pnmps, water
supply cquipnient, cte. and to collect records for groundwater management at cach regional area in

order to examine matters pertaining to maintenance and management,
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D. REGIONAL GROUNDWATER DEVELOPMENT PLAN

1. Procedure to Estimate Fhlure Capacity of Existing Water Supply

Systems _ _
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4, Investment Plan up to 2000 Year






AN ESTIMATION PROCEDURE OF THE EXISTING WATER SUPPLY CAPACITY MAINTANAIBLE

@

BY 2,000 YEAR
H Pattern of Performance Decrease

A water supply facility can usually for a few tens years but its performance decreases with age
cannot be avoidable, A typical pattern of the performance decrcase shall be as folow.

Performance
100% "———*-*“T
; - A
' Tl T Variable against
; T~ Wb individual
Survived ! facillity
performance """ T T T T T T T o T o oI
(%0} over t :
20 years SO . W b
-0 2 years 20 years

Peciod-1, 0102 years: almost no peiformance decrease as facility is still quilte new.
Period-2, 2 to 20 years: performance will be on the deeline as the practiceol maintenance is not
safficintly gained by rural persons in charge.
Period-3, 20 to more years: persons in charge make a good use of learning effeet in maintenance,
so the decline of performance become stop.

Estimating Procedure of System Performance in the Fulure

The capacity of the existing water supply facility at 2000 yeqr shall be estimated by a following
procedure.

(a) At first the sustainability of the existing facility is indirectly quessed by an appraisal of

System Reliablity Factors, for which special score is given.
Refer to Figure of Systein Reliability and Score.
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System Retiability and Score
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Against above score, the system capacit over 2000 year is assumed as following Table.

Table Swivived System Performance (%) over 20 years,

Score Pecformance (%0) able to survive over 20 ycars

A 100%
B3 8§0%
C 60%
D 50%

E 40%

7 30%
G 20%
| 10%

3 The Servived Performance Hold by Existing Facility at 2000 year

@) For the existing facility that shall pass overe 20 working age in 2000 ycar,
i) At first, decide maintainable performance (%) over 20 years by use of the figure
and Table.
i) Next, as in this case, the facilily is standing in the period-3 in 2000 year, samc

above 20 year's performance (%5).

(b) For the existing facility that shall be within 19 working age in 2000 ycar.

i) At first, decide maintainable performance (%) 20 year's by usc of the evaluation
figure and table.
ii) Draw a performance decrerasing curve, connecting the point of 100% performance

to the point of perforinance (%%} a 20 year.

iii) On the decreasing curve, find maintaivable perforimance (%) in 2000 year (or at

actual facility age).
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"~ Unit cost for well consiruction

(Including well casing, screcn, and gravel packing)

Well depth (m) 400 212 200 150 - 120 100 72
Unit cost {US$/m) 3633 1830f 2140l 1876 1600{ 2052 1340
400.0 e e e et onenenpegs e s e s e e
SOV ¢
3500 b ——F————— = g
2 300.0 -} — : -
g 250.0 _ et ] -
s o : - -
4_8; 200.0 e e /p// R
o o150.0 | /,/»-’* - -~
S 1000 — ]
50.0 p—- - et &
0.0 —
0 S0 100 150 200 250 300 350 400
fell depth (m)
Submersilile motor pump
(Resume cost)
KW | 3.7 5.5 15
USSAW | 2021.6] 1785.5] 836.0
US$AW (include pannel) | 3634.0f 2967.0] 17610
4[}{]0 herg et erm g e g e et e -
o 3500 | S - -
3000 | SN — et
% 2500 = U SRR SN R - g
o 2000 o \\ el Gt BE B B B S
21000 | SRR D N T
=500 [ e I e IS -
0 PSPPI IPIUTPTTUI JOTR ISR SR IR S ST T I TN I PRV U B -
1 ' 10 {00
k¥
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Hand pump

(Including construciion and transport}

IYacu

238 US$ |

(

Engine generator unit cost resume

kVA 13 20 55 70
US$/AVA 922.7 762.5 423.2 416.7
10000 PE— s g s s g oy
1000 £ = = pe ) - =t
[—--= === e ) i _"c-—;“———-..:,o—m__- =
= F o IR
0
2 "EeTr = SEEe=
0 e = e s = aE
1 Lt U ]
| I 10 100
kYA
‘Booster pump
(Include control pannel, construction, and transport)
kW ( 0.73 209 3.65 15.00
US$HAW | 500 675 1,015 910
L 200 ‘_,‘_ .m--_“ o e et e it e e e i i e i e g e " - - N
1,000 |- s S
. “m——ﬁ—h’k_
860 --
1= 5
""f. 600 — PO
400 -
200 —
0 -
0.00 2. 00 4. 00 6. 00 8.00 10.00 12.00 14.00 16.00
kY




Pipe PVC
Diameter (Inch) Cost 1 (US$/m} Cost 2 (US$/m)
{Including pipe fitlings,
installations and
uan_sgoriation)
34t .15 1.72
1" 1.70 2.55
Jaat 2.13 4.10
2" 383 3N
3 6.02 9.03
4" 12.67 19.00
6" 22.34 3351
3" 33.63 50.45
10" 42.32 63.48
Diameter L Type Price in Cost Cost/m
(inch) {m) (US$) (US$)
6" 6 |Camdana E40 LaPaz 134.60 22.34
0" 6 |Camdana E40 LaPaz 201.09 33.50
6" 6 |Clasec 9 LaPaz 123.83 20.64
6" Cous - {Santa Cruz 1351
6" C12 Us Santa Cruz 5710
6" Clase SEL Santa Cruz 4.73
22.34
3" 6 |Camdana E40 La Paz 201.81 33.64
3° 6 |Clase 9 La Paz 191.17 31.36
g CoUsS Santa Cruz 23.91
8" Ci2 US Santa Cruz 22.94
33.63
13" 6 {Camdana E40 La Paz 286.08 47.68
19" C 15 (NBR3647) Santa Cruz 4232
10" C9 Santa Cruz 38.67
10" Cl2 Santa Cruz © 38.67
42.32
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Diameter L - Type Price in Cost Cost/m
{inch) (m) {US$) (US%)
34" 5 [Rosca La Paz 5.70 1.14
kTG 5 |Rosca Santa Cruz 4,25 0.85
34" 6 |Camdana E40 La Paz 6.87 115
T 1.15
1" 5 |Rosca La Paz 8.47 1.69
1" 5 |Rosca Santa Cruz 7.02 140
" 6 |Camdana E40 La Paz 10.08 1.68

1.70

1" 5 |Rosca l.a Paz 13.63 2.73
i 5 |Rosca Santa Cruz 11.70 234
| 6 |Camdana E40 La Paz 16,36 273
M 6 |Camdana E40 Santa Cruz 12.76 2.13
2,73

2" 5 |Rosca La Paz 13.64 2713
2" 6 |Camdana E40 la Paz 23.13 3.85
2" 6 |Camdana E40 Santa Cruz 17.02 2.84
2" |ci2 Us Santa Cruz 2.30
2" 2CI5 Santa Cruz 328
2" 6 |Camdana E40 La Paz 35.36 5.80
3383

3" 4 |Rosca La Paz 8.17 2.04
3" 6 |Camdana E40 LaPaz 53.40 8.90
3" 6 |Camdana E40 Santa Cruz 36.17 6.02
3" 6 |Camdana E40 La Paz 72.23 12.04
3" 6 |Clase9 l.a Paz 34.82 5.80
3" 6 |Clase9 Santa Cruz 436
3" C12US Santa Cruz 230
3 Clase SEL Santa Cruz 1.27

Duraplast

6.02

4" 4 11.93 2.98
4" 6  |Camdana E40 La Paz 76.04 12.67
4" 6 |Camdana E40 Santa Cruz 53.19 887
4" 6 |Camdana E40 La Paz 86.34 14.39
4" 6 jClase 9 La Paz 57.53 9.59
4" 6 |Clase? Santa Cruz 7.19
4" JCL 12 US Santa Cruz 347
4" C-I5 Santa Cruz g.17
4" CL 12 Santa Cruz 3737
4" Clase SEL Santa Cruz 1.81

Duraplast

12.67
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Tank (resume cost)

Elevate tank

Capacity (m°) 3 10 15] 20 s0]

Unit cost (US$/m’) 430 315 291 250 200

‘Fank on the ground

Capacity (nv’) b 10 15 20 50 _

Unit cost (US$/m’) 271 197 183 125 112

Elevate tank

1000 pommsem oy g gy o g

=]

1

——— : — i . : s R S S 0 B

100 m e

UsSS8/m3

10 = e i EeE

1 10 100
' n3

USS/m3

Tank on the ground

100 joe—t = A4l K M e = M M EE

10 - : _ :ﬁ; e e N . o]

1 o o | - 100

P
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Infiltration gallery

Deseription Vol Unit Unit P. | Partial P.
(US$) {USS)
Pipe hormigon 48" 5.0|MI 20.0 4.0
Pipe hormigon 10" 49.0|Ml 1.1 3773
Colocado tubo 10" 49.0| Ml 5.7 279.3
Colocado tubo 438" 6.0{Mi 10.0 60.0
Excavation h=1.5m 29.4 m’ 2.7 79:;
Excavation h=5m 5.0{n 4.0 20.0
Relleao 29.4{n’ 1.7 43.9
Total price 868.9
Spring Box
Description Vol Unit Unit P. | Partial P.
© (USH) {US$)
Excavation 6.0jm’ 2.7 16.2
H. Ciclopeo 12.8[n’ 316 404.5
Material sclection 1.6{n 13.8 22.1
Tapa o Ao 0.9 115.7 106.2
Accesorios, GLB 20.0
Total price 569.0

Opervation house

Description Unit Unit C. Ix3type 3 x % type

(US$) | Quant. | (US$) | Quant. | (US$)

Replanteo m2 0.18 17.60 3.17 42.00 7.56
Excavacion manual nm3 2.60 2.30 7.28 7.68 19.97
Cimiento HoC m3 31.70 2.90 01.93 5.80 183.86
Sobrecimiento Hog m3 51.80 0.70 36.26 1.38 71.48
Alslamicnto Plastico mi 0.42 2.60 1.09 5.20 2.18
Muro ladrillo 6h m?2 2.60 30.30]  290.88 62701 601.92
Encadenado HoAo m3 178.60 0.48 85.73 0.96 171.46
Cubieita duralit C/sepcha m? 12.00 13.60 163.20 37.60] 45120
Empedrado y contradiso m?2 7.00 17.60 123.20 42.00 294.00
Quincalleria 32,70 32,70
Puerta GL 83.00 1.00 83.00 1.00 83.00
Ueutana Gl 14,20 1.00 14,20 2.00 28.40
Revoque de Co 6.30 30.30 190.89 62,70 395.01
Pintura a la Cal. 0.98 30.30 29,69 62.70 61.45
Pintura barniz copal - 1.03 30.30 31.21 62.70 64.58
Limpieza Gl 10.00 10.00
Total (USS$) 1194.43 2478.77
Area (n2) 9 27
Unit Cost (US$/in2) 1327146 91.80626

Operation house unit cost = 92USS/m2

DY




Transformator
10kVA
20kVA
Alta tension = 6000 460 " (industrial)
Trans. para bomba de SHP : :
' para 30 HP 110 kVA

Tlouse connection = 25 US$/Pt.



“Unit Cost for the Calculation of Projcét Costs in the Case Studies

1) Procurement of Dritling Equipment

(4) Construction of water supply 'facilily

D-i1

(1) A-type Rig (Drilling deptl: 160~150m) 174,600,000¥
{2) B-type Rig (Drilling depth: 200~30{)m) 230,200,000¥
- (3) C-type Rig (Drilling depth: 200~500m) 287,100,000¥
(4) Additional equipment ' 186,000,000¢
{a] Supporting truck 72,500,0007
{b] Logging test equipment 30,600,000¥
{c] Prospecting equipment | 48,200,000¥
{d] Radio Communication equipment - 4,800,000¥
{e] \Vorks:hop car 29.900,000¥
~ Method of calculation:
- In case of procurement only 1 rig of A-type: (1) () Hd} = 450,000,000¥
= In case of procurenient only 1 rig of B-type: (2)+(4)+d] =< 510,000,000¥
- In case of procurement only 1 rig of C-type: 3y(43[d] = 570,000,000%
- In case of procurement 2 rig of}\-lyp_e and B-type: (DNFQMH(EIH(DH = §50,000,000¥
- In case of procurement 2 rig of A-type and C-type: (1)+(3)+(4)+(d)*= 920,000,000¥
- In case of procurement 2 rig of B-type and B-type: (2)+(2)H4)yH4) = 920,000,000¢
- In case of procurement 2 rig of B-type and C-type: (2)HOH(4)Hd) = 980,000,000¥
- In case of procurement 3 rig: (1)H(2)+H(3)H{4)+[a]+[d] = 1,200,600,000¥
2} Drilling work
(1) By commissioned Bolivian private company ' US$300/1m drilled depth
(2} By Japanese team using Japanese rig US$800/1 m drilled depih
(3) By Bolivian team using fapanese rig US$200/1 m drilled depth
3) Other cq':uipmen(s ajld construction of water supply fa@ilily
(1) Pump and generator 1,000,000¥/set
{2) Casing 6,888¥m
(3 Screenin g 38,500Y/m

US$59,000!I00ati0n + US$60/person
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