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ABSTRACT

Hydrogeologic information is still scarce in the Amazon region being required more studies for improving the understanding of local
hydrogeologic contexts. The goal of this paper, focused on the Urucu Oil Province, Brazilian Central Amazon, is to quantitatively
estimate groundwater resources of the I¢a-Solimoes Aquifer System (ISAS) in the region. The work focuses on a balance between
availability and water demand, considering current and future uses, contributing to a sustainable and integrated use of groundwater.
Cartographic, lithologic and geophysical logs were analyzed coupled with ISAS hydraulic data (transmissivity, hydraulic conductivity,
and storativity) and its local aquifer geometries, as well as the potentiometric surface map to estimate values of total and renewable
groundwater resources, sustainable yields, and well-field facility capacities. Results showed the portion of the I¢a-Solimoes Aquifer System
has a total groundwater resoutce of 0.45 km’. As there is a groundwater consumptive projection to 2050 close to 2.7 x 107 km’ yr!
and the aquifer system has a sustainable yield of 3 x 107 km” yr', the current resource allocation for future consumption rate appears
to be sustainable.
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RESUMO

A informagio hidrogeolégica ainda ¢é escassa na regido amazonica, sendo necessarios mais estudos para melhorar a compreensiao dos
contextos hidrogeoldgicos locais. O objetivo deste artigo, focado na Provincia Petrolifera de Urucu, Amazonia Central brasileira, ¢ estimar
quantitativamente os recursos hidricos subterraneos do Sistema Aquifero I¢a-Solimées (SAIS) na regido. O trabalho concentra-se no
equilibrio entre a disponibilidade e a demanda de dgua considerando os usos atuais e futuros contribuindo para um uso sustentavel e
integrado das aguas subterraneas. Analises cartograficas, litologicas e geofisicas foram feitas em conjunto com dados hidraulicos do SAIS
(transmissividade, condutividade hidraulica e coeficiente de armazenamento) e suas geometrias aquiferas locais, bem como mapa de superficie
potenciométrica para estimar valores de recursos hidricos subterraneos totais e renovaveis, rendimentos sustentaveis e capacidades de
instalacdes de campo. Os resultados mostraram que a porc¢ao do Sistema Aquifero I¢a-Solimbes tem um recurso total de agua subterranea
de 0,45 km®. Como h4 uma projecio de consumo de 4gua subterranea para 2050 perto de 2,7 x 10~ km® ano™ e o sistema aquifero tem
um rendimento sustentavel de 3 x 10? km? ano™, a atual alocagio de recursos para a taxa de consumo futuro parece set sustentavel.

Palavras-chave: Hidrogeologia; Sistema aquifero; Recursos hidricos subterraneos; Amazonia.

@ This is an Open Access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution,
BN and reproduction in any medium, provided the original work is properly cited. 1/10


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-7183-0368
https://orcid.org/0000-0002-4908-4888

Estimating groundwater resources of the I¢a-Solimoes Aquifer System in the Urucu Oil Province Central Amazon Region, Brazil,

focused on a balance between availability and water demand

INTRODUCTION

Many of the world’s largest aquifers are locally affected by
the depletion of groundwater supplies, such as the Ogallala Aquifer
of the central US (Kazmann, 1988), the Guarani Aquifer System,
shared by Brazil, Argentina, Paraguay and Uruguay (Hirata et al.,
2010), and the Great Artesian Basin in Australia (Harrington &
Cook, 2014).

Rational use of groundwater avoids undesirable impacts
that may be economic (excessively lowered water levels and the
attendant increased pumping lifts and associated energy costs);
geotechnical (collapses or land subsidence, damaging roads, private
and public buildings, or buried pipelines); social and legal (damages
to consumers); environmental (aquifer contamination, resulting in
water of low quality), and river base flow maintenance (certainly
relevant in the Amazon region).

When determining how much water can safely be exploited
from an aquifer system, the concept of “safe yield” has been used.
However, there is no consensus about meaning and parcels from
the aquifer this concept involves, so a terminology that can be
applied universally is needed. Traditionally, safe yield has been
defined as “[...] the amount of water which can be withdrawn from
a groundwater basin annually without producing an undesirable
result” (Todd, 1959, p. 200), or as those that “[...] do not vary
according to the annual rainfall and allow a groundwater stable
exploitation in several years” (Feitosa et al., 2008, p. 662).

According to Sophocleous (1997, 1998, 2000), other
researchers contributed to the evolution of the term. Domenico
(1972) offered an expanded view of safe yield that included
concern for available water, economics of pumping, quality, and
water rights. Recently, the emphasis has shifted to “sustainable
yield” (Alley & Leake, 2004; Maimone, 2004; Seward et al., 2006)
that can be derived from conservation of mass principles (Kalf &
Woolley, 2005), related to the traditional water budget formula that
expresses the relationship between inflow (I) and outflow (O) rates
(L*T"") and water in storage for an aquifer (AS, L) of a given time
(#T): -0 =AS/¢

So, if O > I, AS is depleted and then groundwater level
falls. If I = O, the water levels remain static because there is no
gain or loss in storage. Inflows would include rainfall recharge,
artificial rechatge, runoff and stream/lake leakage, while outflows
include springs, evapotranspiration, base flow, and drains. Discharge
from wells upsets this equilibrium by producing a loss from AS
as well as long low recharge rate periods which also may affect
consequently natural downstream discharges such as springs.

However, climate change can result in sea level rises, or
changes in hydrologic cycles, resulting in the final amount of water
in an aquifer system, and hence in a few uncertainties that must be
recognized and considered into a holistic approach (Meyland, 2011).

Groundwater is a key component in the hydrologic cycle
in the Amazon region and constitutes an expressive reservoir
of excellent quality water, which can be used for various human
purposes (Galvao etal., 2012) (except were layers containing coal
or organic matter, which may significantly impact water quality).
Nevertheless, potential overexploitation and other forms of
quantitative and qualitative human impact may have negative
consequences in the protection and conservation of the regional
resources.
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Hydrogeologic information in the Brazilian Amazon
region is still scarce, being restricted only to the aquifers of
the I¢4, Solimdes, and Alter do Chao formations. The studies
are concentrated particularly in the cities of Manaus, state of
Amazonas (Souza, 2003; Rocha et al., 2006; Souza & Verma,
2006) and Belém, Maraj6, Monte Alegre, Alter do Chio, and
Santarém, state of Pard (Reis et al., 1977; Tancredi, 1996; Lopes,
2005; Rocha & Horbe, 2000).

In the Central Amazon region, where the rainforest
density and the hard access result in low human occupations,
also result in incipient hydrogeologic studies, limited only in the
Urucu Oil Province, where the Petrobras company’s Geologist
Pedro de Moura Operational Base (GPMOB) is located. In the
region, a hydrogeologic characterization has already been carried
out, determining the aquifer geometries, as well as the evaluation
of hydraulic connections between groundwater and surface
waters, where a complex aquifer system was recognized, named
I¢a-Solimoes Aquifer System — ISAS (Galvao, 2011; Galvao etal,,
2012; Souza et al., 2013, 2015).

The goal of this work is to estimate by using Feitosa et al.
(2008) equations and 7 situ data the groundwater resources of
the ISAS within the GPMOB limits to optimize the exploitation
and consumptive uses to guarantee its sustainability. The study
area is considered a good laboratory working area because it is
completely isolated from other types of occupations. As there
is total control of the well-field facility pumping rates, with no
extra-unknown well exploitations from other areas, the results
calculated can be considered more reliable.

SITE DESCRIPTION

The study area Geologist Pedro de Moura Operational
Base (GPMOB) [BOGPM - Base Operacional Gedlogo Pedro de
Mounra] is in the Urucu Oil Province, state of Amazonas, Brazil,
650 km southwest from Manaus, the state capital (Figure 1). This
province has a daily production of about 1,200 tons of natural
gas, including 40 thousand barrels of oil, being a true enclave in
the middle of the Central Amazon rainforest (Petréleo Brasileiro
S/A, 2016). It is an area of about 120 km? inserted in the Urucu
river watershed, a tributary of the Solimédes river (Lima et al.,
2008). The context of the Urucu river is important, as the north
of the GPMOB is delimited by the river (Figure 1).

The region has high precipitation (ranging
from 2250 to 2750 mm yr'), where the rainy season begins
in October, with the highest levels of precipitation in January,
February, and March. The annual mean temperature is 25°C
(seasonal fluctuation of about 1°C), while the relative humidity
is high, between 85-90%. Topographically, the elevation varies
between 70 and 90 meters above sea level (Galvao, 2011).

Geologically, the GPMOB is in Cretaceous and
Tertiary-Quaternary sediments, represented by the following
formations, from bottom to top: 1) Alter do Chao Formation:
composed of coarse grained friable sandstones in the deeper
strata, deposited in a continental environment (Caputo et al.,
1971, 1972), conglomerates (Daemon, 1975), interspersed with
thin layers of clayey material (Carvalho et al., 2014). The top of
this formation is estimated to be Neo-Cretaceous, by correlation
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Figure 1. Locations of the entire study area GPMOB (small map at the top right of the figure), the pumping wells, and the main
occupied areas (zooms A and B for more details) (modified from Google Earth, 2018).

with the Amazonas sedimentary basin (Price, 1961); 2) Solimd&es
Formation: unconformably overlies the Alter do Chao Formation
and it is constituted of laminated mudstones, lignites layers, and fine
to coarse grained sandstones (Caputo et al., 1972; Caputo, 1984).
The formation is estimated to be Miocene/Pliocene, where the
depositional environment is meandering fluvial with abandoned
channels (Cruz, 1987); and 3) Ica Formation: unconformably
ovetlies the Solimées Formation and it is characterized by fine
to medium grained sandstones and siltstones, with occasional
conglomerates (Nogueira et al., 2003).

Regarding the hydrogeology, in general, the Solimébes
Aquifer System (SAS) is constituted by sandstones, conglomerates,
argillites and pelitic limestones presenting a maximum thickness
of 2,200 m, where the average well discharge is about 28 m?*/h.
The SAS in some areas is normally associated hydraulically with the
upper I¢a Aquifer, resulting in a unique system named I¢a-Solimdes
Aquifer System (ISAS). The Alter do Chao Aquifer System occurs
below the Solimées Formation, composed of sandstones and
argillites, reaching a maximum thickness of 1,250 m. The mean
well discharge is 54 m®/h (Agéncia Nacional de Aguas, 2007).

In the GPMOB, where the ISAS providing 100% of the
water needs for the province, is characterized by fine to coarse
grained sandstones and clay lenses from the Solimoes and I¢a
formations. The ISAS can reach depths of 100-120 m (with average
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thicknesses of 50 m). Due to local intercalations between sandstones
and clay lenses, an individualization of two aquifers hydraulically
connected can occur, constituting an unconfined-confined aquifer
system. The mean local values of transmissivity (1), hydraulic
conductivity (K), and storativity (§) are 3x 10 m*s™ (260 m>d™"),
10" ms™ (8.6 md ") and 5x 107, respectively (Galvio etal., 2012).

The potentiometric surface indicates groundwater flow
directions towards the Urucu River. A cone of depression in the
center of the GPMOB is observed, due to high pumping rates
(see Galvao et al., 2012). Right below the ISAS, the Solimdes
Aquiclude is constituted of a 150-180 m thick clay layer. This
aquiclude contacts the confined Alter do Chao Aquifer characterized
by coarse sandstones, good porosity, and high permeability. However,
in the region, this confined aquifer is characterized by groundwater
with high values of electrical conductivity and salinity, due to its
significant depths (> 300 m deep, Galvio, 2011).

MATERIAL AND METHODS

First, a previous analysis of Petrobras database was
made, presenting the following information: cartographic bases;
lithologic (well depths, water table levels, pumping rates etc.)
and geophysical well logs (resistivity, spontaneous potential and
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gamma ray); lithological and geophysical oil well logs (depth data
available up to 450 m).

It was also analyzed the ISAS hydraulic data (hydraulic
parameters: T, K, and S; geometry configuration: unsaturated and
saturated aquifer thicknesses) established in previous researches
performed at the GPMOB (Galvio, 2011; Galvio et al., 2012;
Souza et al., 2013, 2015). These previous studies, coupled with
those developed on this paper, the groundwater resources of the
ISAS within the GPMOB limits were estimated, being described
methodologically below. Such estimations were made for two
specific areas: 1) Area A (60 km?), the smallest one, but where
almost the well-field facility is located (22 wells out of 24); and
2) Area B (450 km?), which covers the entite GPMOB atea
(Figure 2).

In terms of georeferencing, the coordinate system used
was Universal Transverse Mercator (UTM) projection, Zone 20 S,
datum SAD 69, with units in meters.

Total groundwater resources

Considering the I¢a-Solimbes Aquifer System as semi-confined
(Galvao etal., 2012), the total groundwater resources can be estimated
by the sum of confined (1) and saturated (1) aquifer resource
parcels, method based on the Feitosa et al. (2008) Equation 1:

V= Vp + Vs = (AC.S.Ah) + (A.?]e.b) (1)

where: A_is the confined aquifer area (I.%); § is the storativity
(dimensionless); Ah is the water level above the top of the confined
aquifer; A is the area of aquifer occurrence (I.%); 1 is the effective
porosity (%); b is the mean saturation thickness of an aquifer.
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The values adopted for A, 5, Ah, b were calculated by
Galvio et al. (2012), in a research developed in the study area
(Figure 3). As there was no information about 11, of the ISAS in
the region, a representative value of sand and clay equal to 10%
was adopted (Table 1) based on the geological material found
during three stratigraphic drillings within the GPMOB, which
was characterized as a sand containing predominance of clay.

Renewable groundwater resources

The estimation of renewable resources can be done
indirectly by analyzing the aquifer potentiometric surface map
coupled with its transmissivity, hyd’raulic gradient, and length of
a regular potentiometric contour. This type of analysis can be
made through the Equation 2 of Natural Aquifer Discharge INAD),
a derivation of Darcy’s Law (Feitosa et al., 2008):

NAD=TilL )
whete: T'is the transmissivity (L*T""); 7 is the hydraulic gradient

(dimensionless); L is the length of a regular potentiometric
contour (L).

Table 1. Effective porosity values for some lithological materials,
according to Driscoll (1987).

Lithology Effective porosity (%)
Clay 1-10
Sand 10-30
Gravel 15-30
Sand and gravel 15-25
Sandstone 5-15
Shale/Limestone 0.5-5

264000 272000

Area B: 450 km?

5
km

Universal Transverse Mercator
SAD 69 Datum, Zone 20 S

Figure 2. Locations and dimensions of the areas A and B for groundwater resource and estimations. Area A, despite smaller in size (60 km?),
is where most of the pumping wells ate located. Area B covers the entite GPMOB area (450 km?) (modified from Google Earth, 2018).
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The T value adopted was the calculated by Galvio et al.
(2012). Values of 7and I were collected from the potentiometric
surface map (Figure 4). For this, water table measurements were
made in 24 pumping wells on May 2009 (all well pumps were

turned off for atleast 24 hours before measurements). The UTM
coordinates and terrain elevations, provided by Petrobras,
coupled with the water tables measured, were later organized
in an Excel sheet (Table 2). As in some areas there are hydraulic
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Figure 3. Hydrogeologic section (A-A’) indicating average values adopted for groundwater estimations (modified from Galvao etal., 2012).
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Figure 4. Potentiometric surface map (May 2009) and lengths of potentiometric contour considered for the calculations of the
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connections between both semi-confined and confined aquifers
(lack of clayey layers), significant differences in hydraulic heads
were not observed, resulting only in one potentiometric surface
map, not being necessary separate maps for semi-confined and
confined aquifer.

The terrain elevation subtracted from its respective water
table corresponds to the hydraulic head (4). The interpolation of
all calculated hydraulic heads generates the potentiometric surface.
For this, UTM coordinates and / values were imputed in the Surfer
software, where a map of 4 isolines was generated by using a
kriging interpolation. This primary map was subsequently adjusted
in the CorelDraw software, resulting in the final potentiometric
surface map (Figure 4).

Sustainable yields

For this study, the authors adopted the generalized definition
for sustainable yield as “[...] the amount of water which can
withdraw from a groundwater basin annually without producing
an undesirable result” (Todd, 1959, p. 200), “[...] including
concern for available water, economics of pumping, quality and
water rights” (Domenico, 1972, p. 43).

However, the definition of such negative effect is complex,
going through issues of all nature, from hydraulic, social, economic,
and legal aspects. Thus, the decision on what number to adopt
as sustainable yield should be based on conservative values at
the beginning of quantification, especially in areas with low data

(such as the Amazon region), so that this yield become sustainable
and productive in the future. Such quantification must inevitably
undergo reevaluations throughout the process as knowledge of
the aquifer system evolves.

As Peitosa et al. (2008) comment in the book Hydrogeology:
concepts and applications, sustainable yields depend on many
restrictive factors, and even variations of time, been redefined
by different authors (see summarized list in chronological order
of key authors and concepts in Kalf & Woolley, 2005). Thus, it
is acceptable to adopt an arbitrary percentage value of the total
groundwater resources that can vary from case to case, and in
time. This value can be quantified by decision makers based on a
set of technical, social, economic, and database factors. In the case
of the GPMOB, due to its context of hydrogeological knowledge
and limited database, the arbitrary and conservative value of 20%
for the ISAS total resources was adopted for an exploitation
estimation until 2050 (i.e. 20% divided by 32 years from 2018).
This value should be reevaluated as new data about local aquifer
is developed.

Well-field facility capacities

Well-field facility capacities can be considered as those in
which there is already a significant exploitation, which involve
two types: potential facility and effective facility (Feitosa et al., 2008).
Potential facility is the possible groundwater volume to be extracted
considering a maximum and continuous pumping rate from all

Table 2. Data of coordinates, terrain elevations, and depth to water table (DW) for hydraulic head (4) observations in May 2009.
The coordinate system used was Universal Transverse Mercator projection, Zone 20, datum SAD 69, with units in meters.

Well Coordinate (X) Coordinate (Y) Terrain elevation (m) DWT (m) h (m)
PT-02 244948 9461675 68.80 25.70 44.13
PT-04 245127 9461444 67.91 23.66 45.40
PT-06 244983 9461529 68.70 23.86 45.19
PT-07 245058 9461916 67.39 22.55 45.52
PT-09 244006 9459545 66.95 19.24 48.31
PT-11 241921 9460704 66.64 18.56 48.72
PT-13 241873 9461049 64.39 17.51 47.46
PT-15 241671 9461236 53.48 591 48.30
PT-16 241094 9461213 60.12 12.30 48.12
PT-17 241118 9461235 60.03 12.47 48.34
PT-19 241270 9462211 56.48 9.25 47.46
PT-20 240670 9462860 52.46 6.72 46.19
PT-21 240434 9463156 53.41 11.10 44.21
PT-22 239526 9459566 68.17 6.00 62.90
PT-24 273162 9473243 53.59 13.50 40.66
PT-25 241820 9461191 66.00 18.90 47.68
PT-27 245195 9461586 67.11 23.63 44.18
PT-28 242624 9460362 61.91 11.75 50.61
PT-31 242106 9457599 58.17 5.10 53.59
PT-33 244915 9461575 69.17 24.95 44.97
PT-34 272288 9464369 61.06 12.49 49.27
PT-35 241771 9460997 62.00 13.88 48.62
PT-36 258601 9459742 72.47 15.91 57.16
PT-41 245013 9461598 70.06 25.54 45.07
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well-field located within a study area (24/24 hours). Effective facility
is the groundwater volume that has been effectively extracted,
with a pumping regime less than 24/24 hout. The pumping wells
at GPMOB do not work 24 hours per day, because there is an
automatic shutdown controller installed on each well that turns
off its pump when water tanks are completely full, which result
in a daily average of 6 hours of pumping for each well, number
adopted for this study.

RESULTS

Total groundwater resources

For the calculation of the confined aquifer resource
parcel (I), the confined aquifer area () considered was 60 km?,
corresponding to the area A (Figure 2), where almost the well-field
facility is located (22 wells out of 24). The storativity (§) adopted
was 5 x 10 (Galvio et al., 2012), and the average water level
above the top of the confined aquifer (Ah) was 50 m, based on
the most representative hydrogeological cross-section of the area
(Figure 3). Then, the 17 calculated was 0.0015 km’.

For the saturation aquifer resource parcel (1), the values
for area of aquifer occurrence (A), effective porosity (1), and mean
aquifer thickness (b)) were 60 km? (same value of confined aquifer
area), 10% (value for clayey sands, Table 1), 75 m, respectively
(Figure 3). So, the 17 estimated was 0.45 km’.

Summing up the parcels, the ISAS total resource for area A
was 0.4515 km? (~0.45 km?). If the values were extended to area B
(Figute 2), of about 450 km?, the ISAS total resource would be
about 3.375 km? (~3.4 km?).

Renewable groundwater resource

From the Natural Aquifer Discharge (NAD) Equation 2,
firstly the isopotentials 48 and 49 m from the potentiometric
surface map were considered for the hydraulic gradient calculation
() = (49—48) x 1000 = 0.001; and the lengths of potentiometric
contours of 10,000 m (area A) and 40,000 m (area B) were estimated
(Figure 4). The transmissivity adopted was 3 x 107 m?s™ (260 m?d™)
(Galvao et al., 2012).

Then, the NAD, which corresponds to the ISAS
renewable resource, for area A was 9.5 x 10~ km’ yr', while for
area B it was 3.8 x 10 7 km’ yr".

Sustainable yields

Considering a sustainable yield of 20% from the ISAS total
resources, thatis, 0.4515 km? x 0.2 (area A), the value would be close
to 0.09 km®. For area B, the value would be 3.38 km?*x 0.2 = 0.68 km?.
Assuming exploitations until 2050, annual sustainable yields for
area A would be approximately 3 x 10 = km’ yr™'; for area B, would
be 2x 10 2 km? yr'.

Well-field facility capacities

The potential facility was considered as the sum of the
discharges of the main pumping wells in 2011 (all located in area
A, Figute 2), consideting a 24/24h per day regime. So, the potential
facility value found was 5.5 x 10? km® yr' (Table 3).

Regarding the ¢ffective facility, as the main pumping wells
do not work in a continuous regime of 24 hours per day, a daily
regime of 6 hours to each well was considered. Thus, an effective
facility of 1.4 x 10? km”® yr™' was estimated (Table 3).

DISCUSSION

As the annual aquifer sustainable yield is 3 x 10 > km’ yr!
(for calculation purposes in this chapter, only area A was considered,
as it is the area where most of the wells and main facilities are
located) and the effective facility is 1.4 x 107 km® yr', then the
currently induced discharge is about 45% of the ISAS sustainable
yield, which still can be considered safe. However, this effective
facility value used for such abstraction is a fixed number and does
not consider future increases in groundwater consumptive uses.

However, at the period of the study, the renewable
resource for area A was 9.5 x 10~ km? yr~'. As the effective facility
is 1.4 x 107 km’ yt', it can be considered that the effective facility
was exceeding a little the renewable resource, which indicates that
part of the reserve was already being exploited.

According to the GPMOB?’s groundwater real annual
consumption, an estimation of future effective facility rates was

Table 3. Well-field potential facility rate, considering a 24 hour per day regime and a regime of 6 hours per day (pumping discharges, Q).

Well Q (m® h) O(m’day = 24 hours) @ P‘zrel?;‘:i ;’;‘)C‘hty Q(m’day"'=6hours)  Q (m’year™)
PT-01 81.4 1,953.6 713,064 488.41 178,266.0
PT-02 69.0 1,656.0 604,440 414.00 151,110.0
PT-04 89.9 2,157.6 787,524 539.41 196,881.0
PT-05 100.0 2,400.0 876,000 600.00 219,000.0
PT-06 80.0 1,920.0 700,800 480.00 175,200.0
PT-07 70.0 1,680.0 613,200 420.18 153,365.8
PT-27 69.1 1,658.4 605,316 414.84 151,416.6
PT- 33 43.4 1,041.6 380,184 260.22 94,980.3
PT- 42 30.0 720.0 262,800 240.08 87,629.2
Total 632.8 15,1872 5.543,328.0 3,.857.12 1,407,850
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Table 4. Groundwater consumptive use projections up to 2050
for the GPMOB.

Real Annual consumption
Year .
consumption (m’) rate (%)
2004 1,362,129 -
2005 1,370,241 0.60
2006 1,391,298 1.54
2007 1,457,153 473
2008 1,493,534 2.50
2009 1,606,272 7.55
2010 2,123,576 32.21
2011 2,025,271 -4.63
2012 2,359,440 16.50
2013 1,980,230 -16.07
2014 2,175,023 9.84
2015 2,437,151 12.05
2016 2,078,305 -14.72
2017 2,023,603 -2.63
2018 1,951,446 -3.57
Coefficient from median 2.02
Estimative of Coefficient for annual
Year . .
consumption (m?) consumption rate (%)
2019 1,990,475 2
2020 2,030,284 2
2021 2,070,890 2
2022 2,090,771 2
2023 2,110,842 2
2024 2,131,106 2
2025 2,151,565 2
2030 2,256,842 2
2035 2,367,270 2
2040 2,483,102 2
2045 2,604,601 2
2050 2,732,046 2

made for the next decades, specifically, up to 2050. As the annual
consumption data covers the years between 2004 and 2018,
the median growth for this period was calculated, resulting in a
coefficient of 2. In other words, future effective facility rates in the
GPMOB have an annual growth trend of 2%. Thus, the effective
facility until 2050 would be close to 2.7 x 10 km® yt~' (Table 4),
instead 1.4 x 10° km® yr™' (Table 3).

Reevaluating the abstraction, as the sustainable yield is
equal to 3 x 107 km’ yr' for area A, and the future effective
facility for the GPMOB is 2.7 x 10? km® yt', the future resource
allocation for consumption is 90% of the ISAS sustainable yield,
being considered sustainable. Considering a hypothetic situation
of the use of total potential facility (5.5 x 10~ km? yr™), this value
is about 80% above the ISAS sustainable yield. So, despite the
abstraction results (considering the effective facility until 2050)
appear to be safe, managers should recognize that yield varies over
time as environmental conditions vary, especially due to current
climate changes.

Therefore, this work estimated resources values for
groundwater management based on a potentiomettic map, hydraulic
parameters and aquifer geometry obtained from previous studies
within the same project. However, it is known values estimated
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for the GPMOB should be reviewed in the future, using more
updated data to confirm the growth trend coefficient, as well as the
ISAS resource and sustainable yield values proposed here. As this
study is considered the first one developed in a region/aquifer very
little studied resulting in no scientific papers published yet, the
authors believe in the importance of this data for future works.
Then, the suggestion for the next researches should focus on
the analysis of the baseflow recession curve of the Urucu river,
potentiometric level variations for recharge estimations, and water
balance estimations to be used as basedata for numerical modeling
to be compared with the set of numbers calculated in this paper.

CONCLUSIONS

The ISAS total resource for area A, of smaller
extension, but with the highest concentration of pumping wells,
is 0.45 km?’. For area B, which covers the entire GPMOB, the
total resource is 3.4 km’. The renewable groundwater resource is
9.5x 10* km® yr' for area A, while area B is 3.8 x 10~ km® yr".

Despite the sustainable yield is 3 x 10 km® yr™' for
area A, and the future effective facility until 2050 is about
2.7 x 107 km’ yr' (90%), still considered sustainable, as yields
vary over time as environmental conditions vary, the calculations
should be reviewed in the near future for confirmation.
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