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Abstract. A large part of the Guarani Aquifer is in the state of Rio Grande do Sul
(southern Brazil). Aquifer’s recharge area is in the central and western regions
of the state. So, this work was focused on the municipality of Santa Cruz do Sul.
Because there is no water resources plan in the state by 2022, the hydrogeo-
chemical, geophysical properties, and geological characteristics of the aquifer
recharge region were evaluated. Field data were gathered, including chemical
analysis of water in different wells and geophysical surveys in refraction seismic
and geoelectrical methods. In addition, geological information was obtained
from the Groundwater Information System (SIAGAS) public database. The dif-
ferent chemical parameters were mapped to perceive some elements’ concen-
trations in Santa Cruz do Sul according to the SIAGAS data. In addition, the
seismic refraction data and geoelectric method were processed and interpreted,
concatenating all these results with the geology obtained from SIAGAS wells.
The existing formations and the static level of the Guarani Aquifer were mapped
using geological data. A high concentration of lead in the region which is a pos-
sible aquifer was found using geophysical methods. If located in this area aquifer
could be used for human, agropastoral, or industrial after treatments.

Ao6crpakr. [IpxkaBu Rio Grande do Sul (jy»xHu bpasuu) npunazia BeJMKH /ieo
BOZOHOCHOT cso0ja Guarani, KOju ce nmpuxpamyje BoJaMa LeHTPaJHOT U
3anaJHOI pervoHa, Te Cy UCTpPakUBamwa oOyxBahleHa OBUM paZoM Ouja
dokycupaHa Ha nmogpydje onmtruHe Santa Cruz do Sul. lo 2022. roguHe y
Jip>KaBU HHUje N0CTOjao MJIaH BOJHUX PECypca, Te je IjuJ/b OBOT pajia IpoleHa
XUJPOreoXeMHjCKUX U reoPpU3NUKHX CBOjCTaBa, KA0 U MPUKA3 reoJ0UIKUX
KapaKTepHUCTHKa peruoHa MpUxpamrBalba BOLOHOCHOT cJoja. 360r Tora cy
NPUKYIJbeHU HEeKU TepeHCKHU NoJalH, U3BplIeHe XeMHjCKe aHa/lM3e BoJa y
pa3JUYUTUM GyHapHMa U M3BpIleHa reopusrnyKa UCTPaXKHMBaba pedpaKiy-
OHHUM CEM3MHUYKHM U reoejleKTPUYHUM MeTojaMa. Y3 CBe OBe MOJATKe,
HNPUCTYNNJIO Ce U3PaJU Pa3JIUYUTHUX MallUpamka XeMHUjCKUX IapaMeTapa /a
64 ce carjefiajle KOHLEHTpallkje HEKUX eJleMeHaTa y o6siacTu Santa Cruz do
Sul. C gpyre cTpaHe, nojgauu Ao6ujeHn noMmohy pedpakiimoHe CEU3MUKE U
reoe/IeKTPUYHUX METO/A Cy 06paheHH U HHTepIpeTHpaHy, cliajajyhu cBe oBe
pesy/aTaTe ca reoJsiorujom gob6ujeHoMm u3 SIAGAS 6yumoTuHa. Ha ocHOBY
Jl06UjeHHX NoJlaTaka yTBpheHa je BUCOKA KOHLEHTpalLlMja 0J10Ba Y PETHOHY,
IITO YKa3yje Ha noTpeby npevyuirhaBama Bojia Koje 61 ce Moryie KOPUCTUTH
3a JbY/ICKe, MOJbONIPUBPE/IHE WU HHAYCTPUjCKe NoTpebe.
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Introduction

In the world, water might be translated into life,
being more than a chemical formula. Due to its im-
portance, which is irrefutable, it is essential in daily
life. Because of this water has a direct consequence
on the economy, energy, and manufacturing indus-
try, as well as to agriculture, ecological and environ-
mental activities. Hence, water is the essence of
sustainable development.

The water demand is strongly linked to the in-
crease in world population, and the panorama of its
availability in the future could be better. The indus-
trial market and domestic consumption will need
more water than the agricultural area, especially in
developing countries (or regions) with emerging
economies. This is where Brazil is in focus (UNEsco,
2018). According to the Secretary of Planning,
Budget and Management in the Socioeconomic Atlas
of Rio Grande do Sul (2019), agriculture contributed
12.1% of the gross value in Rio Grande do Sul when
compared to the whole country (the first place). Be-
sides, in 2015, the state presented the most exten-
sive irrigation area (ConEgjo et al,, 2017) and over
50% of Brazilian municipalities have been using
groundwater (Soares et al., 2010) exclusively.

Knowing the hydrological potential of the
groundwater in Rio Grande do Sul due to the pres-
ence of the Guarani Aquifer, the main objective of
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this work was to investigate the recharge zones and
outcrop regions of the Guarani Aquifer System.
Therefore, the municipality of Santa Cruz do Sul was
studied because it is one of the essential municipal-
ities in Rio Grande do Sul. This municipality’s eco-
nomic growth is based on agricultural activities. For
that reason, this area was studied using hydrogeo-
chemical, geophysical, and geological characteriza-
tion to perform a hydrographic inventory.

Geological setting

The municipality of Santa Cruz do Sul is located ap-
proximately 155 km from Porto Alegre (Capital of Rio
Grande do Sul; 29°43°'59” S and 52°24’52” W) (Fig. 1).
This municipality is part of the Jacui River Basin, in
the southeast part of the Parana Basin (NoRONHA et al.,
2012). More specifically, it is in the Central Gaticha De-
pression, which consists of sedimentary rocks and
volcanic spillovers from the Serra Geral Formation.

In this region, some outcrops belong to the
Guarani Aquifer System (Fig. 1), which is locally pre-
sented by five main Formations (Fig. 2): Serra Geral,
Botucatu, Caturrita, Santa Maria, and Sanga do
Cabral, of Mesozoic age (MARTINEZ & Siva, 2004). It
is necessary to remark that it might not be possible
to observe information across all ages because
Caturrita and Sanga do Cabral suffered erosion and
a posterior non-depositional environment.

Fig. 1. Outcrop formations in Santa Cruz do Sul and the surveys. Modified from PINHEIRO et al. (2012).
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Fig. 2. Guarani Aquifer System by hydrostratigraphic units.

e Rosario do Sul Formation: In the state of Rio
Grande do Sul, it is commonly called Sanga do Cabral
Formation, consisting of fine sandstones, which ap-
pear as a free or confined aquifer and indicate a flu-
vio-deltaic paleo-environment (MARTINEZ & SILVA,
2004).

e Santa Maria Formation: This formation only ap-
pears in Rio Grande do Sul along a strip of 250 km
(east-west direction). Two members of sandy char-
acteristics lithostratigraphically constitute it. These
two members of the formation are named Passo das
Tropas (lower member), which is predominantly
siliciclastic (MARTINEZ & Siiva, 2004; NORONHA et al,,
2012), and Alemoa (upper member), which is
formed by reddish clayey siltstones, clay minerals
which belong to the montmorillonite group and
have low permeability (PINHEIRO et al., 2012). The
unit’s base is composed of coarse- to medium-sized
Upper-Middle Triassic sands, characteristic of a flu-
vial paleoenvironment.

e Caturrite Formation: RuBerT & ScHurrz (2004)
dated this formation of the Norian age (Upper Trias-
sic) based on the fossil record. This formation consists
of layers of fine sandstone to well-selected conglo-
merates, as an association of alluvial facies (NORONHA,
2010), forming the aquifer with the highest capacity
to accumulate water in the region, with an average
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porosity ranging between 14% to 30% (MARTINEZ &
Siiva, 2004).

e Botucatu Formation: NoroNHA (2010) mentions
this formation as Jurassic-Cretaceous. FaccInI et al.
(2003) reported that the lithotypes correspond to
an association of facies of medium aeolian systems
formed by fine to medium quartz sandstones with
the presence of feldspars.

e Serra Geral Formation: Stands out because it is
presented with three heterogeneous and poorly de-
veloped basaltic strokes (PINHEIRO et al., 2012). This
magmatic body is a product of the separation of
Gondwana during the Lower Cretaceous (NORONHA,
2010). All this causes the formation of a fissural
aquifer (formed by fractures) which may be con-
nected (MARTINEZ & Siiva, 2004).

Methodology
Hydrogeochemical analysis

The samples were obtained conclusively with
ABNT NBR 15847 (ABNT, 2010) from 14 different
wells. Most of them are in rural areas where agricul-
tural activities are present. The water was sampled
from wells using a purging time of 10 minutes, and
subsequently, the samples were acquired, without
applying any treatment. After the acquisition, the
water samples were stored at 4°C. The geographical
information is in Table 1.

Table 1. Sampled wells.

Well name UTM X (22]) UTMY (22]) Area
SEI 373838 6718421 Rural
MMAO1 372245 6719590 Rural
MAD2Z 372245 6719595 Rural
LNAO1 369930 6723346 Rural
LNa02 369859 6723462 Rural
05 369932 6721699 Rural
S?ilgll 363960 6714928 Rural
- 359836 6698293 Rural
SIRO2 358569 6699783 Rural
SJR03 360547 6700609 Rural
LSCO6 363820 6716636 Rural
LBV02 364865 6718511 Urban
LSC04 364709 67145091 Urban
LSC17 364020 6707760 Urban
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The measurement of anions and cations was per-
formed via ionic chromatography. The equipment
used for these measurements was different. The ICS
5000 was used for anions, and the Dionex DX 500
was used for cations. Metals were measured via op-
tical emission spectrometry with plasma (Perkin
Elmer Optima equipment).

To obtain physicochemical parameters such as
dissolved oxygen, electrical conductivity, and pH,
the samples were measured in situ using multipa-
rameter equipment, which had a flow cell. Water
hardness and alkalinity were measured using Stan-
dard Methods (CLESCERI et al., 1998). lonic chro-
matography was used to estimate water hardness
after using the Eq. 1.

Caco, = | 2.497¢a(*2)]+[4.118Mg(*¢)]
Eq. 1 Calculation of water hardness.

Ca = calcium concentration
2.479 = conversion from Ca to CaCO3

Mg = magnesium concentration
4.118 = conversion from Mg to CaC03

Geoelectrical Survey

A resistivity-meter named X5xtal Control (the di-
pole-dipole as acquisition matrix) was used for the
geoelectrical survey, due to its acquisition and pro-
cessing geometry. This instrument was also used be-

cause of its average horizontal and vertical reso-lu-
tion if it is compared to Wenner e Schlumberger
methods (CocoNn, 1973). The separation between the
current electrodes (A-B) was 5 m, and the same was
for potential electrodes (M-N). Arraying lines were
100 m long, using the highest n=11 (as shown in Fig.
3).

Refraction seismic survey

The refraction seismic survey was aligned with
the geoelectrical surveys. The three lines were 60 m
long (the maximum extension of the cables); 12 geo-
phones spaced every 5 m (due to the extension of
the cable divided by the number of geophones) and
5 shot points spaced every 30 m (30 m next to the
geophone in each side, also 2 more shots in each
side next to geophones and one in the middle of
them). In each shot point, 3 measurements were
made (3 gathers) to select the best of them. A final
arrangement is shown in Fig. 4.

Results and discussions

This work was based on data from water geo-
chemistry (or hydrogeochemistry), geophysics, and
geological data from SIAGAS wells. The studied area

Fig. 3. Representation of the acquisition.
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Fig. 4. Acquisition of refraction seismic.

is presented in Fig. 5. Firstly, the hydrogeochemical
parameters were mapped to mark their concentra-
tions at the analyzed region. This method gives in-
sight into how polluted the water is, or how pol-
luted it would be if a possible reservoir was found
in this area. Then, the geophysical data were pro-
cessed and analyzed to define geological settings in

6720000

6715000

6705000

670000012

RIQUIT]

365000 370000

Fig. 5. Location of the studied area, where yellow dots indicate

the geophysical surveys and red stars where the chemical param-

eters were obtained.
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Sledochammer

the first few meters. The priority was to determine
probable reservoirs. This geophysical survey was in-
dependent of the hydrogeochemical tests because
the chemical analysis was made where there were
existing wells. Also, to complement all of this, the
geological data was modeled to present different
contour maps, showing the regional behavior of ge-
ological formations and the aquifer system.

Hydrogeochemistry

The information on hydrogeochemistry came
from the water analysis of 14 (black stars in the
chemical maps) wells in Santa Cruz do Sul. This re-
sulted in 21 contour maps (considering the most im-
portant parameter for use in concordance with the
Geological services of Brazil) that are showing the
spatial behavior of the different chemical parameters
(Table 2). The maximum accepted value (Table 3) is
in the title of the images. These maps are divided in:

- Physicochemical parameters: electrical con-
ductivity, water hardness, dissolved oxygen, pH,
redox potential, and salinity.

- Anions: chloride concentration, fluoride con-
centration, phosphate concentration, nitrate con-
centration, and sulfate concentration.

-Cations: calcium concentration, magnesium
concentration, potassium concentration, and sodi-
um concentration.

Metals: aluminum concentration, barium con-
centration, lead concentration, copper concentra-
tion, chromium concentration, and iron concen-
tration
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Table 2. Chemical Values.

Electrical
NOME |[UTM X | UTM Y |Dissolved | conductivity| pH |Redox (mV)|Salinity| F- Cl- | NO3-|S04-2| PO4-3| Na+
Oxygen (S/m)

SEI 3738386718421 4 0.0101 6.37 192.00 0.06 0.36 13.81 4.49 16.99 0.00 8.63
MA_01]372245]6719590 3 0.0101 6.24 190.00 0.05 0.38 4.54 6.40 197 0.40 9.11
MA_02]372245]6719590 7 0.0424 9.00 42.00 0.20 4.99 5.80 0.55 57.93 0.00 | 109.45
LNA_01]369930)|6723346 7 0.0147 7.09 152.00 0.07 0.37 2.57 1.12 1.58 0.00 2.89
LNA 02369859 6723462 6 0.011 6.94 152.00 0.06 0.21 2.40 1.15 1.38 0.00 3.53
LNA_03]36993216721699 10 0.005 6.50 196.00 0.03 0.20 5.76 691 0.73 0.00 6.08
SEM 01363960 (6714928 7 0.007 6.78 170.00 0.04 0.20 341 1.13 0.39 0.21 4.26
SJR_01 3598366698293 7 0.0062 6.22 240.00 0.03 0.13 5.52 2.79 1.31 0.00 3.70
SIR 021358569 16699783 9 0.0066 6.85 173.00 0.03 1.21 1.22 0.61 1.29 0.43 10.63
SJR_ 031360547 16700609 8 0.0103 6.84 167.00 0.05 0.27 6.33 7.05 0.53 0.00 10.97
LSC_06[36382016716636 4 0.0237 7.42 118.00 0.11 0.27 6.43 3.67 3.74 0.20 11.62
LBV_02(364865[6718511 5 0.0281 7.25 141.00 0.14 0.93 4.48 0.90 2.20 0.00 18.79
LSC_04]364709 6715091 8 0.0146 703 | 15200 | 0.07 | 114 | 555 | 241 | 115 | 0.6 | 7.99
LSC_17]364020]6707760 6 0.0353 9.43 2700 | 017 | 044 | 894 | 025 | 7.45 | 0.02 | 10430

NOME|{UTMX|UTMY | K+ |Mg+2 | Ca+2 | Al Ba Pb Cu Cr Fe |CaCO,

SEI |373838|6718421| 437 | 420 | 11.24 [ 7591 | 0.0 | 19.00 | 220 | 0.00 | 57.39 | 4335
MA 01[372245[6719590] 034 | 119 | 556 [150.00] 0.08 | 800 | 0.70 | 0.00 | 60.00 | 18.76
MA_02]372245[6719590] 0.09 [ 003 | 3.01 | 9.00 | 000 | 0.00 | 0.00 | 2.52 | 1.65 | 7.65
LNA_01]369930] 6723346 0.09 | 455 | 10.95 | 13.50 | 0.02 | 10.00 | 0.00 | 500 | 3.00 | 46.05
LNA 02[369859] 6723462| 0.16 | 6.06 | 13.74 | 1.00 | 0.02 | 36.00 | 000 | 650 | 12550 | 59.26
LNA_03[369932] 6721699 115 | 271 | 3.29 [60.00 | 0.2 | 14.00 | 150 | 0.00 | 0.00 | 1936
SEM 01363960 6714928 136 | 231 | 7.00 | 0.00 | 0.02 | 13.00 | 0.00 | 485 | 250 | 26.98
SIR 01[359836] 6698293] 090 [ 127 | 479 [12.50 | 013 [ 800 | 0.50 | 0.00 | 2.50 [ 17.18
SIR 02[358569] 6699783] 0.50 | 0.13 | 294 [102.00] 0.02 [ 400 [ 0.00 | 000 [ 050 | 7.92
SJR_03]360547] 6700609] 0.82 | 094 | 7.26 [20.00 | 0.05 | 6.00 | 500 | 0.00 | 3.50 | 21.98
LSC 06]363820] 6716636] 0.19 [10.17 | 30.28 | 0.00 | 0.00 0.00 | 0.00 | 0.00 [117.49
LBV_02]364865] 6718511] 0.19 [10.53 | 3.64 |30.00 | 0.01 0.00 | 0.00 | 000 [127.37
LSC_04[364709| 6715091 0.85 | 5.48 17.35 | 60.00 0.03 0.00 0.00 0.00 | 6591
LSC_17|364020| 6707760 0.14 | 0.18 2.24 9.00 0.01 0.00 3.00 6.70 6.32

Table 3. Maximum Hydrogeochemical values.

Maximum value
Parameter m

[g = 1ppm = 100022

Reference

Alkalinity 200 (ENRESS, 2018)
Aluminium (Al) 0,2 (CONAMA, 2008)
Arsenic (As) 0,01 (CONAMA, 2008)
Barium (Ba) 0,7 (CONAMA, 2008)
Cadmium (Cd) 0,001 (Health Canada, 2019)
Calcium (Ca*) 100 (ENRESS,2018)
Lead (Pb) 0,1 (CONAMA, 2008)
Chloride (7) 250 (CONAMA, 2008)
opper (Cu) 2 (CONAMA, 2008)
Chromium (Cr) 0,5 (CONAMA, 2008)
Water Hardness 500 (CONAMA, 2008)
Iron (Fe) 0,3 (CONAMA, 2008)
Fluoride (F~) 1,5 (CONAMA, 2008)
Phosphate (Po7) 0,45 (PINHEIRO et al., 2012)
Magnesium (Mg2*) 30 ENRESS, 2018)
Manganese (Mn) 0,1 (CONAMA, 2008)
Nitrate (NO3) 10 (CONAMA, 2008)
Dissolved oxygen 6 (CONAMA, 2008)
Potassium (K*) 10 (FAO, 2005)
Selenium (Se) 0,01 (CONAMA, 2008)
Sodium (Na*) 200 (CONAMA, 2008)
Sulfate (SO2) 250 (CONAMA, 2008)
Zinc (Zn) 5 (CONAMA, 2008)
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Physicochemical parameters

A total of 6 physicochemical parameters were
studied. The values are shown in Fig. 6 to Fig. 11. It
was observed that the pH and dissolved oxygen
have higher values than allowed (6 mg/1 for dis-
solved oxygen and pH larger than 9). The dissolved
oxygen concentration might be attributed to the ab-
sence of organic matter which is the principal cause
of oxygen consumption (JoBBAGY et al., 2017). Also,
according to WIESEL et al. (2018) the region of Santa
Cruz do Sul suffers from eutrophication. If this is the
case, the concentration of dissolved oxygen could
reach up to 10 mg/1. The electrical conductivity, pH,
and redox concentration could be the result of the
location of the well in the urban area. Moreover,
WIESEL et al. (2018) mentioned that the most critical
point of pollution of the environment at this point
is a little urban polluted stream.

Geol. an. Balk. poluos., 2022, 83 (2), 33-52
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Geol. an. Balk. poluos., 2022, 83 (2), 33-52




WILMER EMILIO GARCIA MORENO & CASSIO STEIN MOURA

6720000

6715000

6710000

6705000

RIQUILT 365000 370000

Fig. 10. Salinity of water.

Anions

Five parameters were modeled in the case of an-
ions, as shown in the maps from Fig. 12 to Fig. 16.
The fluoride concentration is exceeding the allow-
able limit. RiBEIRO et al. (2009) mentioned that the
occurrence of fluorides is related to igneous or mag-
matic processes. Observing the profile of the well lo-
cated in the SC1 line (the line closest to the place
with a high concentration of fluoride), it is noted
that basalts are the predominant lithology (the
Serra Geral Formation). On the other hand, MARIMON
et al. (2007) mentioned that fertilizers can play a
role as an important external source of fluoride in
the area, with a considerable potential for ground-
water contamination. The geological map suggests
that the SC1 line is around the quaternary sedi-
ments’ deposits, so perhaps the concentration of fluo-
ride comes from both basalts (which are around)
and farms that are in this region.
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Fig. 11. Water hardness.
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Fig. 12. Chloride concentration.
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Fig. 13. Fluoride concentration. Fig. 14. Nitrate concentration.
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Fig. 15. Phosphate concentration. Fig. 16. Sulphate concentration.
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Cations centration is the same one that had out-of-bound pH
values. It also includes the highest salinity and elec-

The studied cations have values within the al- trical conductivity values. According to MAGALHAES
lowed limits as shown in the contour maps from Fig. (2006), electrical conductivity is linked to the num-
17 to Fig. 20. The well with the highest sodium con- ber of ions dissolved in the water. Also, because
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Fig. 17. Calcium concentration.
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Fig. 19. Potassium concentration. Fig. 20. Sodium concentration.
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sodium has low chemical stability inside the minerals,
it can get diluted in water, increasing its concentration.
One of the minerals which could contribute to
sodium concentration is plagioclase, which is com-
mon in basalts (Fm. Serra Geral) (SivA & MIGLIORINI,
2014). Also, another mineral that could be presented
in this region is feldspar, which could be seen in clays,
as itis noticed in the line SC2 and in Fig. 2. So, these
are possibly the main reasons for higher sodium con-
centration.

Metals

Six different metal concentrations were analyzed.
Their concentration maps are shown in Fig. 21 to Fig.
26. It was observed that the concentration of lead
was high in almost all studied wells. Savazzi (2009)
mentions that the concentration of this metal in
aquifers is not very common. Normally high concen-
trations correspond to discharges of effluents from
mechanical and metallurgical industries. Also, ac-
cording to TIECHER et al. (2017), Rio Grande do Sul
was the state which presented the highest percent-
age of contaminated groundwater in Brazil, around
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Fig. 21. Aluminium concentration.
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50%, and one of the principal reasons was the fecal
slurry by swine used as fertilizer. This is increasing
elements like As, CD, Cr, Hg, and Pb, however, high
concentrations of those elements were not found.
PazanD et al. (2018) mentioned that having lead con-
centration in groundwater is mostly of anthro-
pogenic origin, however, observing the whole area,
the lead is not clustered, it is dispersed, suggesting
that it could be geogenic, restricted to volcanic rocks
and sediments. This analogy to the local geology sug-
gests that the principal supposition for lead concen-
tration in Santa Cruz do Sul is geology.

Geophysics

In this work data from 6 surveys were used. They
were divided into 3 seismic refractions and 3 geo-
electrical methods (dipole-dipole array). These two
techniques had their data acquired concomitantly
and in the same places, hence being perfectly com-
parable with each other (Table 4.). The two of the
three lines had geological information from near
wells. The line SC1 was separated 3 m from the well,
and the second line (SC2) was 2 m apart.
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Fig. 22. Barium concentration.
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Table 4. Reference values of Vp and Resistivity (GLovEr, 2015; DONDURUR, 2018).

Material Vp (m/s) Resistivity (2m)
Water 1450-1530 10-100
Alluvial sediments 1800-2200 10-800
Saturated sand 1500-2000 30150
Dry sand 4001-200 80-1050
Sandstone 1400-4500 1-74x10°
Clay 1000-2500 1-2000
Clayey sand - 30-215
Clayey soil - 8-33
Basalt 5500-6500 10-1.3x10’
Limestone 3000-6000 50-107
Dolomite 2500-6500 350-5x10°
Granite 4500-6000 5000-1.3x10°
Unconsolidated sediments 100-500 81-700
Schist 2000-4100 1010

Line SC1

In line SC1, shown in Fig. 27, the geological data
shows the existence of two lithologies. The first layer
of clayey soil, and the second layer of basalt. In the
seismic model, the first layer was observed with a
low velocity of 500-750 m/s, which was interpreted
as unconsolidated clayey soil. The second layer in the

seismic model had a velocity of 2000-2500 m/s and
could be considered as consolidated clays (not
weathered as in the first seismic layer). Finally, in the
third layer, there is an increase in velocity, which may
represent the transition of clay to basalt, having a ve-
locity in the range of 4500-6000 m/s.

In the geoelectrical survey of line SC1, two well-
differentiated layers were detected as shown in the

Santa Cruz do Sul - Line SC1

0— Calvay soil (Fm. Serra Geral)

Basalt

25 30

[Distance (m)

Fig. 27. Line SC1 (inversion of refraction seismic).
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inversion of Fig. 28. The upper layer corresponds to
clayey soil with an average resistivity of 60 Qm up to
approximately 5 m depth. In this first layer, the vari-
ation in resistivity (blue/green and yellow) was in-
terpreted as a mixture of unconsolidated (superficial
soil) and more consolidated clay sediment. Below, the
presence of a basalt layer was constrained, as re-
flected in its resistivity value, above 300 Q0m, being
eight times more resistive. Also, in both profiles, it can
be observed that geophysics matched the geology.

inversion of geoelectric survey data, shown in Fig.
30 showed resistivity values of approximately 50
Qm. In the second layer, the values decreased to 5
Qm, suggesting that there could be groundwater in
this layer. However, if there were an aquifer, it would
be difficult to extract it, because the clays are poorly
permeable. In addition, these values are as expected,
since this line was carried out in the Rosario do Sul
Formation, which is characterized by sediments. Ad-
ditionally, if the lead concentration is around SC2

Santa Cruz do Sul - Line SC1

Calyvay soil (IFm. Serra Geraly

Basalt

Distance ()

Fig. 28. Line SC1 (inversion of the geoelectrical survey).

Line SC2

Geological data from wells suggests that the sub-
surface of the SC2 line is composed of clays - the layer
of clayey soil overlying claystone. The inversion of the
seismic data from this line is shown in Fig. 29. The in-
version indicates that the first layer of 350-500 m/s
corresponds to unconsolidated clayey soil. The sec-
ond layer starts with the consolidation of soil which
is increasing the speed up to 800-1300 m/s. In the
third layer, the velocity exceeds 2500 m/s, indicating
the possible presence of claystone. It is important to
remark that variation in values in the layers could be
due to the extreme sides of seismic, coming from the
processing step and the gathers. Due to this, it is im-
portant to take the central values of the seismic sec-
tion, even more, if the lines are not so long.

In line SC2, the geological profile indicates that
the first layer is clayey soil, as in the case of SC1. The
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line, it could be noticed how much this region is pol-
luted by this element, which would surely affect the
probable reservoir.

Line SC3

The lower seismic velocities were observed in
Line SC3, as shown in Fig. 31. The geological model
constructed from seismic data contains three layers.
From the velocities shown in the model, it might be
assumed that the first layer is composed of unconsol-
idated sediments, getting more consolidated in the
second layer, which appears to be a sandy medium.
The third layer has a sandy-clayey characteristic.

The geoelectric survey of the SC3 line in Fig. 32,
shows a water-saturated surface soil due to the low
resistivity around 0.1 to 3.5 Qm. In the second layer,
there is a sharp increase in resistivity, which varies
from the southernmost to the northernmost of the
line. This is likely to be an edge effect from the in-
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Fig. 29. Line SC2 (inversion of refraction seismic).
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Fig. 30. Line SC2 (inversion of the geoelectrical survey).
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Fig. 31. Line SC3 (inversion of refraction seismic).

Geol. an. Balk. poluos., 2022, 83 (2), 33-52




WILMER EMILIO GARCIA MORENO & CASSIO STEIN MOURA

Santa Cruz do Sul - L.ine SC3
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Fig. 32. Line SC3 (inversion of the geoelectrical survey).

version process. Therefore, to avoid the influence of
these edge feats, a resistivity value found in the re-
gion between 30 and 40 m along the length of the
line was taken as a reference. In this range, the re-
sistivity was between 500-800 Om which could be
the result (as in refraction seismic) of a sandy-clayey
environment.

Geological modeling

The modeled area followed the exact coordinates
used to map the hydrogeochemical parameters. The
geological information was gathered from 43 SIA-
GAS wells, using the absolute altimetry value (ref-
erenced to sea level) of Serra Geral, Santa Maria and
Rosario do Sul Formations and the static level of the
aquifer, to generate their respective contour maps
and a 3D model.

The contour map of the Serra Geral Formation is
shown in Fig. 33. The Santa Maria and Rosario do Sul
Formations are shown in Fig. 34 and Fig. 35, respec-
tively. This last formation occupies the smallest area
in the investigated region, appearing to have a esser
extension in the well data. The Serra Geral Formation
possesses the largest variation in altitude.

In Fig. 37 a three-dimensional representation of
Fig. 33 to Fig. 36 is shown to observe the static level
of the reservoirs, indicating a migration towards SSW.
Moreover, in the three-dimensional representation of
Fig. 37 is noted that the highest static level is located
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below the Serra Geral Formation. At Santa Maria For-
mation, the static level is at a lower level. Finally, from
these modeling, it is possible to see how the aquifer
is not only found in one formation but that it could
be able to concentrate in both the Serra Geral and
Rosario do Sul formations, as shown in line SC2.

Conclusions

It is concluded that integration of all the existing
data is possible, which results in the successful char-
acterization of the Santa Cruz do Sul via different
methods (hydrogeochemical, geophysical, and geolo-
gical). An overview of the water quality, possible
lithologies, as well as probable prospects for aquifers
and how they are distributed among the different for-
mations was obtained. This is the first step towards a
water geo-inventory in Santa Cruz do Sul and the base
for a state water plan of geohydrological resources.

The hydrogechemical parameters imply that
Santa Cruz do Sul has a high concentration of lead in
its aquifers, as well as high dissolved oxygen. This is
the reason why it is recommendable to have a treat-
ment of water before consummation. This study sug-
gests that most of the contaminants could come from
the local geology (e.g., lead or dissolved oxygen).

Refraction seismic and geoelectrical methods
were performed in a total of 3 geoelectric soundings
and 3 lines by refractive seismic. These methods’ re-
sults are consistent with each other and with the
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Fig. 37. 3D geological modelling in Santa Cruz do Sul.

local geology. This implies that these geophysical
methods are useful for discriminating lithologies
and in the search for water.

It was possible to distinguish a three-layer model
in refraction seismic. The first layer was weathered
soil in all cases. The following two were either rock
or consolidated sediment layers. The geoelectric
sounding also obtained coincidence to the lithology
and agreement with the results of the refraction
seismic. In addition, a probable location of an
aquifer in the case of SC2 line was indicated.

Furthermore, different formations have been
modeled on 2D and 3D maps to the static level of ex-
isting aquifers, varying along the three modelled
formations, finding the Guarani Aquifer in two for-
mations, Serra Geral and Rosario do Sul.

Finally, geochemistry, geophysics, and geology
can be correlated. Through geophysics, it is possible
to identify the layers in the subsoil and the location
of reservoir prospects, which, through chemical
analysis, perceives the portability of this water, in
addition to the probable geological origin it has, and
the static level of the aquifer can be modeled.
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Pe3ume

XugporeoxeMHjCKa aHa/In3a,
reopu3ryKa NpoLeHa U reoIOMIKO
KapTHUpame 30He NIy’ ebha BOAOHOCHOT
cvucteMma Guarani y Santa Cruz do Sul,
Bpasun

JpxaBu Rio Grande do Sul (jy»xHu bpasu)
npunaja BeJIMKU Jle0 BOJLOHOCHOr cyoja Guarani,
KOjU ce Ipuxpamwyje BoJaMa LeHTpaIHOT U 3amnaj-
HOT DEervoHa, Te Cy HCTpakuBama obOyxBaheHa
OBUM pajioM 6uja GoKycupaHa Ha MoOJpyyje Ofl-
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mtuHe Santa Cruz do Sul. Jlo 2022. roguHe y
Jp>KaBU HMje II0CTOjao IJIaH BOLHUX pecypca, Te je
LIW/b OBOI pajJia NpOoLEeHa XWUJPOTeOXeMHUjCKUX U
reopU3NYKUX CBOjCTaBa, Ka0 U IPUKa3 re0JIOIKUX
KapaKTepHUCTUKa pervoHa IpHXpambHBamkba BOJO-
HOCHOT cJjoja. 360r TOora Cy HPHUKYIJbEHU HEeKH
TepPEeHCKU NoJaly, U3BplIeHe XeMHUjCKe aHa/l1M3e BO-
Jla Y pasjMYUTUM OyHapyMMa W U3BplIeHa reo-
dusnyKa UCTpaKHMBama pedPpaKIMOHUM CEU3MHU-
YKUM U reoeJIeKTPUYHUM MeToJaMa. Y3 CBe OBe
noJaTKe, IPUCTYIINJIO Ce U3paJd Pa3/IMYUTUX Ma-
nrparba XeMHjCKUX IapaMeTapa /Jja 6u ce caryefiajie
KOHLIeHTpallije HEKUX ejleMeHaTa y obJjlacTu Santa
Cruz do Sul. C gpyre crtpase, nmojanu Ao6ujeHU
noMmohy pedpakijioHe CEeM3MHUKe U TeoesIeKTpHU-
YHUX MeToZla cy obpabeHW UM UHTepHpeTHpaHy,
cnajajyhu cBe oBe pe3yJiTaTe ca reoJiordjoM A06u-
jeHoM u3 SIAGAS 6ymoTrHa. Ha ocHOBY 106UjeHHX
nofaTaka yTBpheHa je BHCOKa KOHIeHTpaluja
0JI0Ba Yy peruoHy, LITO yKa3yje Ha MOTpebdy
npeuuninhaBama Bojia Koje 6U ce MOrjie KOPUCTUTH
3a JbY[CKe, IOJbOIIPHUBPEJHE WU HUHAYCTpHjCKe
noTtpeo6e.

Manuscript received June 26, 2022
Revised manuscript accepted November 05, 2022

Geol. an. Balk. poluos., 2022, 83 (2), 33-52



