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Abstract

The study area is the Urucu 0il Province, Municipality of Coari, State of Amazonas, Brazil. This re-
search represents a contribution to the hydrogeological knowledge in the northern region of Bra-
zil, particularly in the central part of the Amazon rainforest, where researches on isotopic are still
incipient. The primary goal was to determine, by stable isotopes 180 and 2H measurements, inter-
relationships between surface water and groundwater, in order to understand the origin and me-
chanisms of groundwater recharge and discharge. For this, samples of rainwater, superficial water
and groundwater were collected between June 2008 and May 2009 for stable isotopic analyzes.
This understanding is important in cases of eventual contaminations of the area, which could de-
grade the water resources. The results show that the superficial waters are typically light waters
and have meteoric origin, and the groundwater recharge is by direct rainfall infiltration with pri-
mary evaporation before reaching the groundwater table in the I¢a-Solimdes Aquifer System. The
isotopic signatures similarities between groundwater and superficial waters indicate both waters’
contributions in the streams and, therefore, in the Urucu river.
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1. Introduction

The use of stable isotopes in hydrogeology started in the 50s, with the pioneering works of Urey et al. and Eps-
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tein and Mayeda, in the reference [1]. Through time, these studies have shown to be an effective way for inves-
tigating the complex hydrologic system on a range of spatial and temporal scales, providing quantitative infor-
mation about surface-ground water interactions.

Physically, the stable isotopes are atoms that take the same position in the table of elements, but have a dif-
ferent number of neutrons and, therefore, mass. The most relevant isotopes for atmospheric and hydrologic
sciences are *20 for oxygen (corresponding to the most abundant isotope *°0), and H (or Deuterium, D) for hy-
drogen (corresponding to the most abundant isotope *H) [2] [3]. These isotopes, during evaporation and con-
densation phases, become enriched in one phase and depleted in the other. This separation of isotopes is named
isotopic fractionation [3], and quantifying these processes is possible by calculating the large variability of their
isotopic ratios (*H/H and 0/*°0).

Measurements of stable isotopes also require a common standard. For atmospheric applications, the usual
standard is the Vienna Standard Mean Ocean Water (V-SMOW), published and distributed regularly by the In-
ternational Atomic Energy Agency (IAEA). The delta (5) notation is used to quantify stable isotope as relative
ratios and the isotopes values are reported in per mil (%o0) to make it easy to compare significant results. Differ-
ent results from the standard V-SMOW provide information about recharge and discharge processes; flow, mix-
ing and interconnections among aquifers; evaporation; marine influence; and the sources and mechanism of pol-
lution [1].

Reference [4] observed that the 5'°0 and 6°H values of precipitation that have not been evaporated are linear-
ly related by the equation 8°H = 8 5**0 + 10. This equation, known as the Global Meteoric Water Line (GMWL),
is based on precipitation data from locations around the globe, and has an r*> > 0.95. This high correlation coeffi-
cient reflects the fact that the oxygen and hydrogen stable isotopes in water molecules are intimately associated.
The slope and intercept of any Local Meteoric Water Line (LMWL), which is the line derived from precipitation
collected from a single site or set of “local” sites, can be significantly different from the GMWL.

Many researchers use oxygen and hydrogen isotopes for investigating different situations, such as storm hy-
drographs [5]-[8], surface-ground water interactions [9]-[11], and integration of upstream waters [12] [13].
These studies demonstrated the usefulness and applicability of stable isotopes as conservative tracers for hydro-
geological studies. In Brazil, the first hydrogeological studies using stable isotopes started in the late 60s and
early 70s in the Northeast and Southeast regions, and in the Amazon region [14]. In the Northeast region, the
studies were developed to know the origin and mechanisms of groundwater recharge, salinization, transit time
and age of waters [15]-[24]. In the Southeast region, studies were initiated in the 80s, especially in the state of
Sdo Paulo, where the use of groundwater supply stimulated the isotopic characterization in large aquifers, such
as the Guarani Aquifer [25]-[27], or the impact of the sealing surface in aquifer recharging [28]. Studies devel-
oped in the Amazon region had the objective of calculating the stream flow of the Negro and Solimdes rivers
and estimating their contributions to the Amazon River [29]. In parallel, the characterization of the isotopic
composition of precipitation was analyzed to develop the local meteoric water line. In this context, several iso-
topic studies were developed [30]-[34], concluding that the rain is conditioned in part by processes of evapo-
transpiration [32] [33] [35] [36]. Other studies about hydrological cycle and surface-ground water interactions
were carried out [30] [37]-[39].

In regards to this paper, the primary goal was to determine, by stable isotopes **0 and ?H measurements, the
interrelationships between surface water and groundwater in the Urucu Qil Province, in the Municipality of
Coari, state of Amazonas, Brazil, in order to understand the origin and mechanisms of groundwater recharge and
discharge. This understanding is important in cases of eventual contaminations, which could degrade the water
resources. For this, samples of rainwater (to perform the Local Meteoric Water Line for Urucu-UMWL), super-
ficial water, and groundwater were collected between June 2008 and May 2009 for stable isotopic analyzes.

2. Site Description

The study area is the Geologist Pedro Leopoldo de Moura Operational Base (BOGPM) [BOGPM—Base Opera-
cional Gedlogo Pedro Leopoldo de Moura], located in the Urucu Oil Province, Municipality of Coari, state of
Amazonas, Brazil, 650 km southwest from Manaus, the state capital (Figure 1). This province is known by the
greatness of its enterprise, becoming a true enclave in the middle of the Amazon rainforest, which has a daily
production of about 100 thousand barrels of oil equivalent (BOE) and 10.36 thousand cubic meters of natural

gas per day [40] [41].
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Figure 1. Location map of the study area (modified from Google Earth).

This tropical region is characterized by high precipitation (ranging between 2250 and 2750 mm/year), in
which the winter season usually begins in October, with the highest levels of precipitation in January, February
and March. The annual mean temperature is 25°C, with a mean seasonal fluctuation of about 1°C. The relative
humidity is quite high, between 85% - 90% [41]. Topographically, the region does not have much variation in
the elevation, varying between 70 and 90 meters above sea level [41].

The study area is located in the Urucu River Watershed. The main river is the Urucu River, a tributary of the
Solimdes River, which flows into the Coari Lake. In the BOGPM, there are some creeks, such as Tartaruga and
Onca creeks, that flow into the Urucu River [41].

Geologically, the study area is located in the Solimdes Paleozoic sedimentary basin [42] [43]. There were five
sedimentary depositional sequences on this basin: Ordovician, Silurian-Devonian, Devonian-Carboniferous,
Carboniferous-Permian, Cretaceous, and Tertiary-Quaternary [44]. The study area is in the sediments from Cre-
taceous and Tertiary-Quaternary sequences, represented by the following formations, from bottom to top: 1) Al-
ter do Chao Formation: coarse grained friable sandstones [45] [46]. The age of the upper part of this formation is
estimated to be Neo-Cretaceous, by correlation with the Amazonas Basin [42]. The depositional environment is
continental, with plain facies and alluvial fans; 2) Solim6es Formation: laminated mudstones, lignites layers, and
fine to coarse grained sandstones [42]. This formation is estimated to be Miocene/Pliocene, suggesting a mean-
dering fluvial depositional environment and lakes formed by abandoned channels [47]; and 3) Iga Formation:
fine to medium grained sandstones and siltstones, with occasional occurrences of conglomerates [48].

Hydrogeologically, the Solimdes and Igd Formations, which can have 100 - 120 m thickness, constitute a
good water reservoir. The intercalations between these sandstones with clays lenses allow, in some areas, an in-
dividualization of two aquifers, hydraulically connected, constituting the semi-confined I¢a-Solimdes Aquifer
System. Right below, the Solimdes Aquiclude is constituted by argillite with 150 - 180 m thickness, having the
lower contact with the Alter do Chdo Aquifer, established by coarse sandstones, good porosity and permeability
[49]. The geometry of the I¢4-Solimdes Aquifer System has a convex shape on the top and a thickness between
50 and 100 m. The hydrodynamic parameters estimated were: transmissivity: 3 x 10~> m?/s; storativity: 5 x 10°*;
and hydraulic conductivity: 1 x 10™* m/s. The potentiometric surface has general flow direction to NNW-SSE,
converging to the Urucu River. A considerable cone of depression in the center of the BOGPM is common, due
changes in groundwater flow induced by high rate pumping wells [49].

3. Materials and Methods

Water samples were collected during June 2008 and May 2009 in 5 supply wells, rainwater, and 2 surface water
points. The location of the sampling points is shown in the Figure 2, while the results can be seen in the Table 1.
The main concern with these samples was to avoid the post-sampling fractionation. For this, pre-cleaned poly-
propylene vials (30 ml) were used. These vials were completely filled with samples, avoiding air bubbles inside,
and stored in coolers, maintaining the temperature, according to the reference [27]. All these samples were analyzed
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Figure 2. Location map of sampling points, showing locations of supply
wells, rainwater collector and surface water at Onca creek and Tartaruga
creek (modified from Google Earth).

Table 1. Monthly isotopic concentrations of rainwater, surface water (Onga and Tartaruga creeks) and groundwater samples
(supply wells PT-01, 11, 15, 17 and 22), from June 2008 to May 2009.

Stable 2008 2009
Water type I?) igl?;i isotopes
(%o) Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May
BOGPM 50 -67 35 22 17 - 03 -85 - -94 -119 -138 -96
Rain
#H  -338 -126 01 198 - 134 -528 - -574 -802 -942 —63.4
Tartaruga 50 70 49 32 -42 - -39 56 - —64 -78 -89 —69
Superficial creek #H  -320 -281 -150 -228 - 187 -289 - —37.1 -508 -59.2 —43.4
water 50 64 55 -46 -44 - 44 53 - 61 -86 -99 -69
Onca creek
#H 319 -289 -209 -222 - -211 -286 - —367 -565 -643 —408
PT-01 "0 - -58 55 55 - - -55 - 57 -56 -59 -59
(61 m’) OH - -329 -317 -315 - - -311 - 311 -314 -33.3 -348
PT11 50 59 56 55 -55 - 59 58 - —41 -41 -49 -49
10m) 24 288 -306 -305 -30.1 - 320 -325 - 241 -241 -276 -27.3
P15 50 56 49 51 -47 - 51 -47 - -51 -48 -55 -58
Grounwater *
(20mM) oy 323 287 309 273 - 280 281 - 315 300 294 -32.9
PT-17 %0 -5.5 -52 51 45 - -43 -57 - -58 -58 -61 -6.1
(40m" 2
#H 320 -304 -294 -280 - —285 -322 - 314 -326 -326 -326
PT-22 30 -48 45 51 49 - 52 53 - - 49 - 46
(40m) #H 262 -251 -266 -260 - 273 2713 - - 274 - -262

“Depth of the well screen section; - = No sample due technical problem or well maintenance.
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for 0 and H at the Center for Nuclear Energy in Agriculture, University of S&o Paulo (CENA-USP), City of
Piracicaba, Sdo Paulo.

Cumulative monthly rain isotope samples were collected to perform the Urucu Meteoric Water Line (UMWL)
for a hydrological year. For this, two polypropylene bottles (5 L) interconnected to each other were used and
placed in a cooler to keep the temperature and prevent sunlight penetration. The first bottle had a funnel, to catch
the rainwater. When the first bottle was completely filled, the rainwater began to flow into the second one
through the connection between them. A silicone hose was also attached on the bottle to balance the pressure
and prevent exchanges with atmospheric air [28] (Figure 3). This method followed the GNIP (Global Network
of Isotopes in Precipitation) instruction, where evaporation and loss of lighter isotopes are negligible [50].

The surface water samples were collected in two creeks: the Onga creek and the Tartaruga creek (Figure 2).
For this, samples were taken from a bridge, sampling waters from the center of them.

The groundwater samples were taken in 5 wells (PT-01, 11, 15, 17 and 22) used to supply the Qil Province of
Urucu (Figure 2), giving preference to those who had only one well screen section, except the PT-01, which had
some well screen sections (the depth of screen section of each well can be seen in the Table 1). There was no
sampling in the months that these wells were in maintenance, due to technical problems (October 2008 and Jan-
uary 2009). The groundwater samples were taken after removing several well volumes of water, using pumps
installed in these wells. This was done to purge the aquifer of stagnant water and to acquire fresh aquifer sam-
ples for analysis.

4. Result and Discussion
4.1. Rainwater

In the Urucu Oil Province, the rainy season occurs from December to May, with mean rainfall of 1521 mm,
corresponding to 65.3% of annual precipitation. The period with less precipitation occurs from June to Septem-
ber, with 806 mm, equivalent to 34.7% of the annual total. The average annual temperature is 25.8°C, which
June has the lowest value (25.3°C), and September the highest (26.3°C). The annual variation is only 1°C, which
is common in tropical regions, where changes in air temperature are minimal [51] (Figure 4). A comparison
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meteoric water line.
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Figure 4. Comparison between climatic data and isotopic concentrations of rainwater, show-
ing an inverse relationship between precipitation and isotopic concentrations.

between monthly rainfall and relative deviations (6°H and 6'®0) observed that in the month such as March 2009
(6°H = —80.2%0; 6"°0 = —11.9%0) and April 2009 (6°H = —94.2%o; 6'°0 = —13.8%o) showed the minor deviations
for both ?H and *®0 (Figure 4 and Table 1). These values, indicative of water with low concentrations of heavy
isotopes (light water), coincide with the months of greatest amount of rainfall. Otherwise, the highest deviation,
which indicate heavier water, was recorded in September 2008 (&°H = 19.8%o; 5*0 = 1.7%0) and November
2008 (8H = 13.4%0; 6°0 = 0.3%0) (Figure 4 and Table 1). This relationship between isotopic composition of
rainwater samples and precipitation was expected because there is usually a depletion of heavy isotopes (water
becoming lighter) when the rainfall increase [30] [52].

4.2. Superficial Water

The annual isotopic variation of superficial water relative to the Onga creek ranged between 5°H = —20.90%o to
—64.30%0 and 6"°0 = —4.38%o0 to —9.90%o, While in the Tartaruga creek it ranged between 6°H = —15.00%o to
—59.20%0 and ™0 = —3.21%o to —8.97%. (Figure 5 and Table 1).

The superficial water samples showed the same inverse relationship between precipitation and isotopic con-
centrations seen in Figure 4 (Figure 5). In the winter period, there was depletion in the concentration of ¢°H and
5'®0, while in the summer period there was an isotopic enrichment. This can be interpreted by the surface water
evaporation, losing lighter isotopes, or reflecting the type of rainwater that is contributing in the surface water.

4.3. Groundwater

The annual isotopic variation of groundwater samples ranged between: PT-01(6*°H = —31.10%o to —34.80%o and
6"0 = —5.49%o to —5.93%o); PT-11 (6°H = —24.10%o to —32.50%o and 6'°0 = —4.15%o to —5.93 %); PT-15 (6°H =
—27.30%o to0 —32.90%0 and ¢'%0 = —4.76v to —5.79%o); PT-17 (6°H = —28.20%o to —32.60%0 and 6"°0 = —4.33%o
t0 —6.16%0); and PT-22 (6°H = —25.10%o to —27.40%o and 60 = —4.55%o to —5.26%o) (Figure 6 and Table 1).

In general, the groundwater samples collected both in the deep and shallower zones of the Ica-Solimdes
Aquifer System did not show a significant pattern related with periods of high or low precipitation, as were
noted in rainwater and superficial water samples. However, both samples from shallower zones (PT-17-40 m;
PT-22-40 m) and deeper zones of the aquifer (PT-01-91 m; PT-15-120 m) showed a small isotopic enrichment
in the summer period, reducing concentrations of 5°H and 6'®0 during winter (water becoming lighter). This
behavior follows the same trend seen in the rainwater and superficial water, but with a less accentuated variation.
The exception was the PT-11, located in deeper zones (110 m), which showed an isotopic depletion in the sum-
mer and a significant enrichment in the winter.

4.4. Relationship among Rainwater, Surface Water, and Groundwater

The isotopic values for rainwater, which represent the Urucu Meteoric Water Line (UMWL), were compared
with the Global Meteoric Water Line (GMWL), as well as the Meteoric Water Line for Marajé Island [30],
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Figure 5. Annual variation of 8*°H and of 9180 for surface waters in the Onca and Tartatuga
creeks, showing an inverse relationship between precipitation and isotopic concentrations.
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Figure 6. Annual precipitation and isotopic variation of 6H and 60 for groundwater sam-
ples collected both in the deep (PT-01, 11, 15) and shallower zones (PT-17 and 22).

located in the state of Pard, about 1800 km northwest from Urucu, which has similar climate (Figure 7). The
results showed a similarity between these lines, of which the slope of the UMWL indicated a proximity to
GMW.L and the Meteoric Water Line for Marajo Island, close to 8. However, the UMWL was a little more neg-
ative, indicating waters slightly lighter, in comparison to the others lines, due to Urucu being further from the
ocean, causing more isotopic fractionation.

The isotopic concentrations for superficial water showed that the majority of the samples are plotted between
the GMWL and UMWL, suggesting a typically light waters and meteoric origin (Figure 8), which confirm
rainwater contributions in the creeks.

Another comparison was made with waters from the Amazon River, collected in the Marajo Island [30]. Ac-
cording to this study, waters from Amazon River are typically light, due to the most of these waters originating
from regions far from the ocean. The comparison showed similarities between both waters, with waters from
Urucu slightly lighter than waters from Amazon River. Thus, it is possible to deduce that superficial waters from
Urucu have also meteoric origin, with waters coming from regions far from the ocean. The fact that Urucu has
lighter rainfall in comparison to the LMWL for Maraj6 Island (Figure 7) also explains lighter superficial waters,
in comparison to waters from Amazon River.

The groundwater in Urucu has a different pattern in comparison with the GMWL and UMWL. The majority
of the samples were plotted between these lines, with some samples on or near the lines, while others were plot-
ted fairly tightly in the lower left. However, taking into account only the UMWL, the majority of the groundwa-
ter samples were grouped below the local line, but close (Figure 9). According to the reference [53], this situa-
tion shows the possibility of secondary fractionation processes, such as previous evaporation before infiltration
or isotopic exchange within the aquifer. So, the facts that all the samples were plotted closer or on the line are
likely to be recharged directly from local precipitation with little evaporation.

)
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Figure 7. The Urucu Meteoric Water Line (UMWL) in comparison with the
Global Meteoric Water Line (GMWL) and the Meteoric Water Line for Ma-
rajo Island (Reis et al., 1977). The results have shown a similarity between
these lines, with the UMWL little more negative, indicating waters slightly
lighter, in comparison to the others lines.
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Figure 8. Comparison between isotopic concentrations of surface water from the
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zon River, collected in the Marajo Island (Reis et al., 1977). The waters from the
creeks are typically light, showing a meteoric origin.
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A comparison was made with groundwater samples collected in Marajo Island [30] and in the city of Monte
Alegre [39], located in the same region (Figure 10). In the city of Monte Alegre, the samples showed similari-
ties with the GMWL, suggesting a current meteoric origin for groundwater. In the case of Marajé Island, sam-
ples collected at a depth of 80 m showed heavier isotopic compositions, reflecting different water sources of the
aquifer, while samples collected at 5.5 m depth, showed lighter isotopic compositions, similar to the meteoric
waters. In Urucu, a significant isotopic variation was not observed between waters from different zones of the
aquifer, as seen in Maraj6 Island, which means that the groundwater in Urucu probably originates from the same

water source.
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Figure 9. Comparison between groundwater samples collected in Marajo Isl-
and [28], in the city of Monte Alegre [39], and Urucu.
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Comparing rainwater, superficial water, and groundwater samples in the same graphic (Figure 10), the
groundwater recharge is originated from local precipitation, explained by the proximity of the samples in the
UMWL. The samples are plotted just below the local line, but very close to it, suggesting previous evaporation
of these meteoric waters, depleting isotopically, until reach the I¢a-Solim&es Aquifer System groundwater table.
No difference of isotopic signature between shallow and deeper zones of the aquifer were noted, which means
that there is only one water source of recharge in the study area. The isotopic signature of groundwater also
coincides with the samples collected in the creeks, indicating groundwater discharging contribution in the
streams and, therefore, in the Urucu river.

5. Conclusion

The isotopic values for rainwater in the study area indicated a proximity to the GMWL and the Meteoric Water
Line for Marajo Island, but more negative, suggesting waters slightly lighter, due to the location of the study
area being further from the ocean, causing more isotopic fractionation. The superficial waters are typically light
waters and have meteoric origin, which confirms rainwater contributions in the creeks. The study also suggests
that the groundwater recharge is by direct rainfall infiltration. However, the recharging water might have un-
dergone some primary evaporation in the atmosphere or in the soil zone before reaching the groundwater table
in the Ica-Solimdes Aquifer System. No difference of isotopic signatures between shallow and deeper zones of
the aquifer was observed, suggesting one source of recharge in this aquifer, from rainfall. The similarities of
isotopic signatures between groundwater and superficial waters were indicative both waters” contribution in the
streams and, therefore, in the Urucu river.
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