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Abstract

The investigation of contaminated areas in fractured aquifers represents a
great technical challenge, due to the frequent conditions of heterogeneity and
anisotropy of these environments, which often make it difficult to identify and
predict pathways of subsurface contamination. This work aims to contribute
to the development of this subject, through the presentation of the results of
an investigation in which geophysical logging tools and straddle packers were
used, which allowed the development of a more suitable hydrogeological con-
ceptual model of the study area. Two boreholes were drilled and geophysical
logging (gamma, caliper and high resolution acoustic televiewer) were used
for the geological-structural characterization of the aquifer. Heatpulse flow-
meter and straddle packers were then used to obtain data on hydraulic poten-
tials and flows and for the collection of discrete water samples for chemical
analysis. Two types of gneiss rocks were identified below the weathering zone
(thickness >30 m), one with predominance of mafic bands, more weathered
and with a higher fracture density, up to 65 m, and another deeper one, with
the predominance of felsic bands. Seven groups of fractures were defined, be-
ing those of Group 1, with low dip angles, the most frequent and important
for flow until 65 m, and Group 2 (N to NE-SW with high dips to W and NW)
more frequent in deeper felsic gneisses. Downward hydraulic potentials were
identified down to 65 m and upward potentials from the bottom up to 65 m.
A hydraulic test allowed identifying the occurrence of hydraulic connection
between the shallow weathering zone and the underlying fractured aquifer.
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1. Introduction

In situations of aquifer contamination, some fundamental questions that need to
be addressed for the proper management of the environmental problem are:
where is groundwater moving to? what are their velocities and flow rates? how
are the contaminants being transported? The answers to these questions are
usually obtained through the consolidation of geology, hydrogeology and con-
tamination information and represented in a conceptual model of the contami-
nation of the area of environmental interest.

Although all terrains exhibit particular geological complexities, cases of con-
tamination of fractured aquifers, especially when contaminants are chlorinated
organic compounds, represent even greater challenges for the definition of the
conceptual model, given its generally high heterogeneity and anisotropy, which
provide high complexity and many uncertainties in defining the paths and rates
of the groundwater flow.

In general, the techniques and approaches used for investigation in fractured
aquifers are more complex than those conventionally used for aquifers of pri-
mary porosity. Borehole drilling with the recovery of coreholes, associated with
the use of different geophysical logging techniques, discrete hydraulic tests with
straddle packers and the installation of multi-level monitoring wells of different
designs are techniques frequently used in such investigations. The combined use
of all these techniques is being developed in recent years through a methodology
called Discrete Fracture Network (DFN) [1] [2]. In general, the costs associated
with drilling and in-depth investigations, in addition to the complexity, hetero-
geneity and variability of fracture networks, are some of the factors that make it
difficult to thoroughly characterize contamination in fractured aquifers.

This work aims to contribute to the development of the subject through the
presentation of the results of an investigation of a contaminated area in a frac-
tured aquifer located in a context of a tropical humid climate, where geophysical
logging tools (caliper, natural gamma, high resolution acoustic televiewer and
heatpulse flowmeter) and straddle packers have been used in two boreholes to
develop a more suitable hydrogeological conceptual model of the site.

The combined analysis of the geophysical logging methods assists in the in-
terpretation of the constructive conditions of the borehole or well, the identifica-
tion of the types of rocks, stratigraphy and lithological contacts, the characteri-
zation of the main groups of fractures, their geometrical properties (position in
space, frequency, interconnectivity) and the evaluation of the preferential paths
of groundwater and pollutants [3] [4]. The use of these methods began more

than 30 years ago [5] [6] and recent studies indicate that they are quite efficient

DOI: 10.4236/jwarp.2017.910075

1146 Journal of Water Resource and Protection


https://doi.org/10.4236/jwarp.2017.910075

A. Fantietal.

in the study of fractured aquifers [7] [8] [9]. The use of the heatpulse flowmeter
helps to define the direction and velocity of vertical component of the water flow
in the borehole, which can be used to obtain hydraulic parameters of transmis-
sivity of fractured aquifers [10] [11] [12]. The definition of the hydraulically ac-
tive zones with the heatpulse flowmeter is of great interest because they deter-
mine the discrete depths in which hydraulic tests and the collection of water
samples with straddle packers may be performed. The use of straddle packers in
fractured aquifer investigations is presented by a series of authors [13]-[18]. The
combination of some of the geophysical logging techniques and straddle packers

were employed in this work and the results are presented below.

2. Study Area
2.1. Geology and Hydrogeology

The industrial area is located 90 km northwest of the city of Sdo Paulo, southeast
Brazil. Geologically, it is located east of the Parana Basin, between the Valinhos
(ZCV) and Campinas (ZCC) shear zones, in the Itapira Complex [19], which
belongs to the Tocantins Province [20]. The main outcropping rocks in the area
are gneisses.

Based on field observations and considering the classification of soils pro-
posed by Vaz [21], three geological units were locally defined: the first corres-
ponds to a relatively homogeneous and isotropic eluvial soil, composed of a
clay-silty material of reddish brown color. Locally, a layer of landfill with sandy
portions was also verified on the first horizon. The other two underlying units
were classified as weathered bedrock soil and slightly weathered bedrock (gneiss)
(Figure 1).

The weathered bedrock soil is a soft material resulted from the weathering of
the gneiss rocks, being composed of a silt-clayey to a silt-sandy material, with a
marked presence of micaceous minerals and quartz crystals. In general, this me-
dium exhibits behavior similar to that of a primary porosity aquifer, but with
zones of greater or lesser resistance associated with structures of the parental
gneiss rock, which may create preferential flow paths in the water table aquifer.

The water table aquifer is represented by this weathered bedrock soil, where
the hydraulic conductivities vary from 1.29E-7 to 4.28E-7 m-s™' [22]. In this
aquifer, no significant differences in hydraulic heads were observed in the ver-
tical direction, especially among the multilevel monitoring wells installed be-
tween the depths of 3.8 and 36.9 meters.

The flow direction of the groundwater in the water table aquifer presents a
predominant horizontal component to the northeast, towards the stream located
at the northern boundary of the industrial unit (Figure 2). In the central portion
of the area, the flow presents radial characteristics associated with the topogra-
phy of the region.

The slightly weathered gneiss rock has a grayish color and a medium to fine

grain size. The logs of the boreholes performed in the area and surface geophysical
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Figure 1. Geological and hydrogeological cross-section of the study area.

survey data indicate that the top of the hard rock is present at shallower depths
in the west portion of the area (between 16 and 34 m) and deeper in the eastern
portion. The fractured structures that are favorable for the water flow are those
of NNE and those of NE to ENE directions, which are present in the rocks lo-
cated west of the Campinas Shear Zone (ZCC) and between the Valinhos (ZCV)
and Campinas shear zones [23]. In the gneisses and granites east of the ZCV, the
most favorable structures exhibit the opposite direction: NW, WNW and NNW.

2.2. Environmental Problem

The improper use of chlorinated solvents in the past has led to contamination of
the shallow aquifer within the plant. Trace concentrations of chlorinated hydro-
carbon compounds were detected in the supply well P6, located about 100 m
from the defined source of contamination zones (Figure 2). The site neighbor-
hood had no public water supply system at that time and water supply was ex-
clusively performed by pumping private wells that extracted water from the
fractured bedrock aquifer.

Chlorinated organic compounds are often used in a variety of industrial
processes. Many of these compounds are highly toxic and, even at low concen-
trations in the soil, water or atmosphere, can contaminate large areas, posing risks

to human health and the environment [24] [25]. In the study area, chlorinate
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Figure 2. Potentiometric map of the water table aquifer and contour lines of the sum of the chlorinated compounds. Data ga-
thered in April 2014. Area 1 (a), Area 2 (b).

solvents were used as degreasers in the cleaning of parts and equipment, and a
single source area of contamination was not possible to be identified, since these

activities happened in different places in the industrial unit.
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Environmental investigations began in 2006 and resulted in the installation of
59 monitoring wells at three depths in the water table aquifer, for horizontal and
vertical delimitation of the contamination. Two sources of contamination were
identified in the shallow aquifer, named in this study as Area 1 and Area 2 (Figure
2), where the compounds tetrachloroethene (PCE), trichloroethene (TCE),
cis-1,2-dichloroethene (cis1,2DCE), trans-1,2-dichloroethene (transl,2DCE),
1,1-dichloroethene (1,1DCE), 1,1-dichloroethane (1,1DCA) and vinyl chloride
(VC) were detected in groundwater.

In Area 1, concentrations of more degraded compounds predominate as
cis1,2DCE and vinyl chloride. Concentrations of TCE are small and observed at
the deepest level of the aquifer. In Area 2, the TCE shows the highest concentra-
tion and distribution in the area. Concentrations of degraded compounds, such
as cis1,2DCE and vinyl chloride, are not significant in Area 2. Local concentra-
tions of PCE, 1,1DCE and 1,2DCA are also observed.

Taking into account the contamination scenario presented and the detection
of chlorinated compounds in the deep supply well P6, installed in the fractured
aquifer, it was necessary to adopt different investigation techniques to charac-
terize the fractures and to build an initial conceptual model of flow and trans-
port of contaminants in the aquifer, which would be the basis for the subsequent

stages of environmental management and remediation.

3. Method
3.1. Drilling Boreholes and Logging Data

An organization of information from previous works was carried out initially,
such as aerial image interpretations, surface geophysical surveys and local field
geological mapping. This stage was important for the identification and charac-
terization of the main rocks and structures that occur in the region, assisting in
the planning of the field stages and in the choice of the investigation methods
used.

For the investigation of the fractured aquifer, two boreholes were drilled in
locations close to the plumes of contamination of the shallow aquifer (Figure 2),
followed by the installation of two deep monitoring wells (PP-01 and PP-02).
Two drilling methods were used in each borehole: the hydraulic-rotary method
to drill the soft weathered bedrock until the top of the hard rock; and the rotary
air percussion drilling method, to drill the hard gneiss rock. The borehole walls
were cemented and cased with a 6” carbon steel casing along the soft weathered
bedrock to prevent crumbling and infiltration of the contaminated water from
the shallow portions of the aquifer. As a result, well PP-01 had a total depth of
78.0 m, being the first 39.5 m corresponding to the cased soft weathered be-
drock. Well PP-02 had a depth of 92.0 m, with a cased portion of 30.0 m.

After the end of the drilling activities, the boreholes were filmed aiming to

identify faciological variations of the local gneiss, zones of fractures and more
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weathered intervals. The shooting tool used is composed of two independent
front and side view cameras that can be operated in stationary or rotating mode.
Additionally, a caliper coupled to a probe and constituted by three articulated
rods was used to record the diameter of the boreholes. Wall diameter variations
provided information on possible fractures or zones of rock weakness.

Acoustic imaging and natural gamma logging techniques were used in both
boreholes through a Robertson Geologging probe with vertical resolution up to 1
mm. The High Resolution Acoustic Televiewer (HRAT) logging was performed
in the boreholes in order to determine the precise oriented-location of the main
fracture zones and identify the different families of fractures intercepted by the
boreholes, their directions and dips. Subsequently, it was sought to correlate the
fractures observed in the boreholes with surface-discontinuities mapped in pre-
vious studies.

The loggings of the natural groundwater flow inside the boreholes were per-
formed with the use of a flowmeter, aiming to determine the flow velocity and
the main inputs and outputs of groundwater in the boreholes through the iden-
tified fractures. The flowmeter model used was a Robertson Geologging one,

which allowed readings with a resolution of 0.001 m-min™"

in up to 30 seconds
after the emission of the heat pulse. At least three measurements at each point
were performed, located before and after zones of fractures selected. The frac-
tures of interest are those that presented evidence of openness, having a greater

probability of flow.

3.2. Interpretation of the Structural Data

All the data obtained with the logging activities were inserted and interpreted in
WellCad v.5 software. The features identified with HRAT were traced and classi-
fied according to their degree of uncertainty in Fractures (traced in blue) and
Possible Fractures (traced in pink). Some foliation measurements were also tak-
en (traced in green) at each of the analyzed points. The structural data obtained
(fracture attitude) are presented in the Clar compass notation (strike and dip
angle) and were first compiled in spreadsheets and later imported by DIPS soft-
ware v.5, analyzed in stereograms, density diagrams and histograms, to define
the different groups of fractures present.

For the analysis of the fractures density and spacing, the method developed by
Terzaghi [26] and adapted by Pino [27] was used to adjust the density of frac-
tures intercepted by the borehole. This correction is necessary since the fracture
data are affected by the bias of the drilling orientation and the apparent spacing
of the fractures, related to the angle (a) that the fracture makes with the borehole
axis. In this analysis, the values corrected for fractures with a angle greater than
20° and absolute values for the other fractures were corrected, thus ensuring that
all observed features are considered. The main groups or fracture families of the
rock were characterized to help defining the main zones of water flow and con-

taminants.
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3.3. Straddle Packers

After the interpretation of the data obtained with the borehole logging activities,
water samples were collected from fractures of the crystalline aquifer with the
use of straddle packers. This equipment isolates sections of the borehole, allow-
ing the obtainment of water samples at discrete intervals. The packers used con-
sist of two inflatable cylindrical rubbers, coupled to a steel main support rod
(Figure 3). The rubbers work as bladders and are inflated to the desired depth
with the use of air compressors or gas cylinders, isolating the desired interval.

A low-flow bladder pump was used to conduct the sampling activities, being
inserted inside the main support rod, which is hollow and has opening only in
the filtering portion between the packers, allowing the water to enter the sealed
portion into the pump. In this way, it was possible to carry out the cleaning ac-
tivities of the pump and exchange hoses between the sampling events, avoiding
cross contamination by the sampling equipment. Three sampling points were
selected in each borehole.

Sampling activities comprised the following steps: (1) water level measure-
ment; (2) positioning the pump and packers at the desired depth, starting from
the bottom of the borehole; (3) filling the straddle packers and waiting for

Seal <— Weathered soil
< Transition Zone
Open wole
Crystalline Aquifer
Fractures
Pipe for upper water level
measurement
Support tube
Tube for air Upper straddle packer
injection
Pipe for measuring water
level between packers
Pump

Botton packer

Figure 3. Sampling scheme with the straddle packers.
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approximately 30 min for hydraulic head stabilization, prior starting the pump-
ing; (4) purging the water within the insulated range for approximately 30 min;
(5) measurement of hydraulic heads and physical-chemical parameters for every
5 min until stabilization; and (6) collection of groundwater samples for the anal-
ysis of volatile organic compounds (VOC) by GC/MS (USEPA method 8260B).
During the sampling activities, the hydraulic heads in the isolated interval by
and above the packers were monitored, in order to evaluate the efficiency of the
insulation.

After the evaluation of the results of the chemical analysis, the work continued
with the installation of a conventional monitoring well at each borehole, in order
to allow the continuity of the monitoring in the fractured aquifer. The filters
were positioned where the highest concentrations of organic compounds were
detected (Figure 4). A pumping test was then conducted in the deep supply well
P6, in order to evaluate the hydraulic connectivity of the deep fractured aquifer
and the water table aquifer. Hydraulic heads of three monitoring wells installed

in the water table aquifer were monitored during the pumping test.

4. Results and Discussion

4.1. Borehole Geological Description

The geological logs of the boreholes and the design of the monitoring wells

PP-02
——=——— Cap PP-01: 10" casing up to 18m.

6" casing up to 44,8m.

Steel casing PP-02: 6" casing up to 31,6 m.

4" PVC monitoring well
22,5m

4

21,3m

/ Pre-filter (sand)

—— 4" PVC filter

Cement seal

Silt-clay to silt-sandy eluvial soil
Clay-sand weathered soil

Sandy weathered soil

% Gneiss rock

—~  Water level

Figure 4. Geological logs and the design of the monitoring wells PP-01 and PP-02.
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PP-01 and PP-02 are presented in Figure 4. The data obtained by the caliper,
gamma and HRAT logging were imported by WellCAD v.5 software, handled
and analyzed together with the filming and other data collected in the field stage.
These are presented in Attachment 1.

The results indicated the occurrence of two faciological zones in the gneiss
rock. From the top of the rock (base of the weathered bedrock soil) to the aver-
age depth of 65.0 m, in both boreholes, a dark gray gneiss predominates, where
minerals such as biotite, hornblende, amphibole and alkali feldspar are present.
After the depth of 64 m in the PP-01 and 65 m in the PP-02, the gneiss is light,
of whitish color, formed essentially by quartz, alkali feldspar and plagioclase.

At both boreholes, the gneiss rock is intensely fractured, especially in the up-
permost dark gneiss portion, near the contact of the weathered rock soil with the
top of the fresh rock. In this portion, the gamma ray logs presented higher values,
related to the greater presence of clay minerals in the rock. In depth, the rock
presents a smaller number of fractures and the presence of quartz and plagioc-
lase can also contribute to the reduction of gamma rays values (Attachment 1).

In PP-01, variations associated with the occurrence of large fractures were
recorded by caliper logging between 45.0 and 61.0 m (Attachment 1). The nat-
ural gamma logging in PP-01 showed average values between 120 and 140 cps to
the approximate depth of 64.0 m, and smaller values, in the order of 80 cps, after
this depth. In PP-02 (Attachment 1), fractures with larger apparent openings
are spaced and present throughout the profile, with more weathered zones lo-
cated closer to the ground surface. The values of the gamma radiation range
from 120 to 180 cps to the depth of approximately 65.0 m, when there is a reduc-

tion to values between 40 and 100 cps.

4.2. Structural Analysis

Based on the HRAT data, the fracture and foliations features were defined and
the depth and attitude data (strike and dip) were treated in rose diagrams, histo-
grams and stereograms, helping to define the different groups. In the stereo-
grams, the dubious features were characterized as “Possible Fractures” and
represented in blue dots, in order to facilitate the evaluation of their importance
and coherence with respect to “Fractures”, represented in red and used primarily
for the separation of the main groups. Foliation measurements are shown in
black. Figure 5 and Figure 6 present the data obtained for PP-01.

More than 30% of the features observed in PP-01, including foliation mea-
surements, present N-S main direction, ranging from NO0-25E. The section be-
tween 52 and 64 m presents the largest number of fractures. It is recalled that the
boreholes are vertical, which makes it difficult to visualize possible existing high
angle fractures, whose quantification may be underestimated. Nevertheless, the
number of fractures identified parallel to the foliations, with subvertical dips, is
significant. It is possible to identify at least five groups of major fractures in
PP-01, described below.

DOI: 10.4236/jwarp.2017.910075

1154 Journal of Water Resource and Protection


https://doi.org/10.4236/jwarp.2017.910075

A. Fantietal.

(a) Without correction

(b) With correction

0.00 ~ 2.00%
2.00 ~ 4.00%
4.00 ~ 6.00%

| 6.00 ~ 8.00%

\ 8,00 ~ 10.00%

10.00 ~ 12.00%

12.00 ~ 14.00%

% of total per 2.0% area
Max. Conc. = 12.8140%

0.00 ~2.50% ¢ Foliation
2.50~5.00% @ Fracture

5.00 ~7.50% ©® Possible fracture
7.50 ~ 10.00%

10.00 ~ 12.50%

12.50 ~ 15.00%

15.00 ~ 14.50%

% of total per 2.0% area
Max. Conc. = 14.8082%

(c) Depth of 44.87 to 64.0 m

(d) Depth of 64.0 to 77.3 m

0.00 ~ 2.50%
2.50 ~ 5.00%
5.00 ~ 7.50%
7.50 ~ 10.00%

1 10.00 ~ 12.50%
12.50 ~ 15.00%
15.00 ~ 14.50%

% of total per 2.0% area
Max. Conc. = 16.4523%

0.00~6.00% ¢ Foliation

6.00 ~ 12.00% @ Fracture

12.00 ~ 18.00% @ Possible fracture
18.00 ~ 24.00%

24.00 ~ 30.00%

30.00 ~ 36.00%

36.00 ~ 42.00%

% of total per 2.0% area
Max. Conc. = 38.8137%

Figure 5. Polar projections of fracture planes present at borehole PP-01 and groups of
fractures identified: (a) without Terzaghi correction; (b) with Terzaghi correction; (c) and

(d) at different depths.
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Figure 6. Statistics of strike and dip of fracture planes present at borehole PP-01.

Group 1: Sub-horizontal fractures, striking predominantly N45W to N30E
and dipping less than 40°, preferably to W and with small variations to SW or
NW. The fractures present a random distribution, they are apparently open and
occur mainly in the most weathered dark portion of the gneiss. It is the group of
greater density, smaller average spacing and with preferential occurrence in the
upper portion of the rock massif.

Group 2: Structures parallel to the foliation, striking N0-22E (vertical) with
high dip (>60°) to W. This is the second group of major importance. The frac-
tures are observed from 58 m depth and are more expressive in the light gneiss
portion, below 64 m. Due to high dip, group 2 fractures were not considered in
the Terzaghi correction, which indicates that the number of features observed
may be underestimated.

Group 3: E-W fractures predominate, dipping >45° preferably to S. Fractures
of this group are more spaced throughout PP-01. Only the features observed
dipping 45° to 70" are corrected by the Terzaghi method, according to Figure 5.

Group 4: NE-SW fractures, dipping 60° - 70° to SE. Only three representative
features of this group were registered at depths of 54, 72 and 73 m, but the group
becomes more expressive after the application of the Terzaghi correction.

Group 5: E-W to WNW fractures, dipping >55" to N. These features are ob-
served only in the upper portion of the rock, up to 55 m depth and only fractures
dipping 55° to 70" are influenced by the Terzaghi correction.

Structural data obtained for PP-02 are presented in Figure 7 and Figure 8.
40% of the observed features are NE-SW, represented mainly by fractures of
Groups 1, 2 and 4. The foliation measurements also show this strike. The intervals
of 35 to 43 m and 62 to 73 m represent zones intensely fractured, favorable to the
groundwater flow. The fractures with the largest openings show dips of <40° and
the deepest portion of the borehole presents the largest number of fractures, ap-
parently with no openings.

In PP-02, fractures of Group 1 are characterized by a dispersed strike and low
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Figure 7. Polar projections of fracture planes present at borehole PP-02: (a) without Terzaghi
correction; (b) with Terzaghi correction; (c) and (d) at different depths.
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Figure 8. Statistics of strike and dip of fracture planes present at borehole PP-02.
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to medium dip. However, NNE-SSW fractures dipping WNW predominate. It is
the group with the highest density and lowest spacing, and it was possible to
identify two areas where the density distribution is remarkable: the subgroup
1-a, characterized by low dip (up to 35°); and subgroup 1-b, with a little higher
dips, between 40° and 60°. As in the PP-01 borehole, Group 1 fractures in PP-02
occur more frequently in the upper dark-grey portion of the gneiss, but scattered
fractures were observed until the bottom of the borehole. The application of the
Terzaghi correction was more significant in the subgroup 1-b.

Group 2 fractures in the PP-02 are N-NE (N15-45E), dipping W to NW with
higher angles, between 60° and 85°. In stereograms with density contours drawn
for the different depths (Figure 7(c), Figure 7(d)), it is clear the separation of
the fractures of groups 1 and 2, since the two groups generally have the same
strike, but different dips. The fractures of Group 2 are parallel to the foliation
and, although they occur throughout the borehole, they are more frequent in the
deepest portion of the borehole PP-02.

In a smaller number, Group 3 fractures are N60 - 80W, dipping >55° to SW,
predominantly occurring in the upper dark-grey gneiss. Group 4 fractures are
NE-SW, dipping 55° - 75° to SE. Group 5 fractures were not identified in this
borehole; however, two new fracture groups were defined: Group 6 are
N10-30W/50-70SW and Group 7 EW/40-50N.

4.3. Groundwater Sampling Using Straddle Packers

Based on the fractures structural data gathered previously, three discrete inter-
vals in each borehole were selected for collecting groundwater samples, through
the use of straddle packers. The selected depths and the results of VOC concen-
trations are presented in Table 1.

In the PP-01 borehole, the groundwater sampling was conducted in the upper
dark grey gneiss, which is more fractured. The VOCs analysis detected concen-
trations of the compounds 1, 1DCE, 1, 1DCA, 1, 2DCE and TCE above the
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Table 1. Volatile organic compounds (VOCs) concentrations in groundwater samples (in
pg-L™") obtained from discrete intervals in boreholes PP-01 and PP-02, using straddle

packers.

PP-01A  PP-01B  PP-0IC  PP-02A  PP-02B  PP-02C
Depth (m) 47.2-50.9 53.1-56.8 57.4-61.1 36.2-39.9 60.6-64.3 84.5-88.2 Cetesl’
Hydraulic head 20l
(m) (as)” 720.05 719.95 719.96 718.81 718.35 719.41
PCE 14 16 15 <1 <1 <1 40
TCE 16 20 20 2.6 <1 1.2 20
1,2DCE (sum) 138.5 187.9 180.8 <1 <1 <1 50
1, 1IDCE 29 36 33 9.5 5.1 3.2 30
vC <1 <1 <1 <1 <1 <1 2
1,1,1TCA <1 <1 <1 <1 <1 <1 2000
1,LIDCA 102 135 139 1.9 1 <1 53
1,2DCA <1 <1 <1 <1 <1 <1 10
Toluene 9.7 19 11 25 17 12 700

a. Cetesb 2014 corresponds to the Sao Paulo State environmental standards. b. Asl = “above sea level”. c.
DCM = Dichloromethane. For other abbreviations, see item 2.2.

environmental standards in PP-01. The compounds PCE and toluene were also
detected.

Concentrations of 1, 1DCA, 1, 1DCE, toluene and TCE were detected below
standards in the PP-02 borehole. Considering the similarity between the con-
centrations of the compounds detected and the possibility of water samples
represent mixtures of different depths during sampling, due to interconnection
between the fractures in PP-02, it was not possible to confirm which of the

depths sampled shows the highest concentrations of the contaminants.

4.4. Evaluation of Groundwater Hydraulic Potentials and Flow

The PP-01 borehole exhibited the main flow variations (water inlets and outlets)
associated with the first 20 meters of rock (from 45 to 65 m bgs), where Group 1
fractures predominate. The highest observed velocities were 0.82 m-min™" at 55.5
m and at 59.5 m depth (Attachment 1). There is also an expressive loss of water
velocity between 53.0 and 51.0 m, reaching 0 m/min. This variation can be at-
tributed to the exit of water from the borehole through fractures identified at
52.0 m depth, which walls are weathered and with an apparent opening of 0.5
cm, the largest in PP-01 associated to Group 1.

During the sampling activities, the hydraulic heads measured between the
packers after head stabilization (Table 1) indicated a slightly vertical downward
potential for the groundwater flow in the fractured aquifer (9 cm of hydraulic
head variation from 47.2 to 62.1 m). However, variations in hydraulic potentials

above the packers were observed during pumping at these three sampling
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depths, indicating that it was not possible to completely isolate the sampled in-
tervals, even with the increase in the filling pressure of the packers. This interfe-
rence may be due to the wall roughness of the borehole or the connection be-
tween the fractures in the rocky massif, especially those of high dip.

In PP-02, the fractures with larger apparent openings are spaced along the
borehole, however, the higher flow velocities were also observed in the in the
upper dark grey gneiss. The average velocities obtained in PP-02 were higher
than those found in PP-01. The highest flow velocities were observed in the in-
tervals between 32.0 and 38.1 m and from 61.0 to 62.0 m (Attachment 1). In the
first section, Group 1 fractures predominate with dips <60° and the maximum
measured velocity was 1.20 m/min. In the second interval, fractures of Group 3
and 4 predominate and the flow velocity was measured as 1.02 m/min.

The hydraulic heads measured in the borehole PP-02 above the packers did
not change during the pumping for groundwater sampling at each depth, whe-
reas, in the section between the packers, it was possible to observe a subtle varia-
tion, indicating a greater efficiency in the isolation of the sampled portion.

The hydraulic heads measured between the packers after head stabilization
(Table 1) indicated a slightly vertical downward potential for the groundwater
flow from level A to B (46 cm of hydraulic head variation from 36.2 to 64.3 m
bgs) and a light upward potential for groundwater flow from level C to B (6 cm
of hydraulic head variation from 88.2 to 64.3 m bgs).

4.5. Monitoring Wells and Hydraulic Tests

After the groundwater sampling activities with the straddle packers, monitoring
wells were installed at the intervals where the greatest velocity variations meas-
ured by the flowmeter and the highest VOC concentrations verified by sampling
with the packers were verified. In the monitoring wells, the filter was installed in
the depths of 50.8 to 54.8 m in PP-01 and from 35.3 m to 38.3 m in PP-02. In
both wells, the rest of the boreholes underneath the filter depths was cemented.

After the well completion, they were developed and then recovery hydraulic
tests were conducted in both wells. The analyzed intervals correspond to the
permeable zone of the formation where the filters and prefilters were installed.
Data were interpreted using the Hvorslev method [28]. The hydraulic conduc-
tivities obtained are 1.45E—6 m/s for PP-01 and 5.34E-7 m-s™' for PP-02.

A pumping test was conducted in the deep supply well P6, located 100 m far
from the plume of contamination of the shallow aquifer in Area 1 (Figure 2), in
order to evaluate the hydraulic connectivity of the deep fractured aquifer with
the shallow water table aquifer of the industrial unit. During the pumping pe-
riod, hydraulic heads of three monitoring wells installed in the water table aqui-
fer were monitored: monitoring well MW 09B (109 m far from P6), MW 54 (17
m far from P6), and MW 34 (55 m far from P6), besides the new monitoring
well PP-01 (91 m far from P6), with filter installed in the fractured aquifer
(Figure 2). The pumping was carried out at a constant flow rate of 2.1 m*h™
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and lasted 11 hours and 20 minutes. Figure 9 shows the variation of water level
depths measured in each of the monitoring wells.

Only monitoring well 54, which is the closest to the pumping well P6, showed
a clear influence of the pumping, with a hydraulic head variation of 0.37 m. MW
54 presents a depth of 29.5 m and is installed in the water table aquifer, in the
weathered bedrock and close to the contact with the hard fractured rock. Despite
the short pumping time period, the test made it possible to confirm the connec-
tion between the aquifers and the rapid influence of the pumping of the deep
supply well in the shallow wells, indicating that the fractures in the rock are hy-
draulically connected with the shallow aquifer at the base of the weathered be-
drock.

5. Hydrogeological Conceptual Model

Figure 10 presents the hydrogeological conceptual model of the study area. The
weathered bedrock of the gneiss rock is represented by a silt-clayey to silt-sandy
material, with intercalations of quartz veins and clayey portions with disconti-
nuities, which characterize it as a heterogeneous and anisotropic medium. The
boreholes where located in the highest portions of the terrain and reached the
top of the hard rock at 39.5 m in PP-01 and 30 m in PP-02.

The fractured aquifer is composed of two types gneisses below the weathering
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Figure 9. Variation of water level depths measured in the monitoring wells during the pumping test of deep supply well P6.
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Figure 10. Hydrogeological conceptual model of the study area and identified chlorinated organic compounds in groundwater.

zone, one with predominance of mafic bands and other with felsic bands. From
the top of the rock to the mean depth of 65 m, the mafic portion of the gneiss
predominates. This interval is quite fractured and weathered. The predominance
of felsic bands in the gneiss, mainly composed of quartz, alkali feldspar and pla-
gioclase, occurs from 65 m.

Fractures with larger apparent openings and larger flow variations, verified in
both boreholes, are generally those of low to medium dip, located in the first 25
meters of the weathered rock. They have a varied but predominant N to NE
strike and were classified as Group 1. Group 2 fractures, with high dip angle,
parallel to the foliation, are N to NE-SW dipping to W to NW and are, in gener-
al, more expressive in depth. Group 3 fractures are found throughout the entire
PP-01 and also in the mafic portion of the PP-02 and present a medium to high
dip, from E-W to NW-SE.

The presence of Group 1 fractures positioned mainly in the more superficial
portion of the rock, intercepting fractures of medium to high dips, mainly of
Groups 2, 3, 4 and 7, help in the hydraulic connection between the water table
and the fractured aquifer, contributing for the migration of contaminants to
deeper zones. Previous works on the fractured aquifer dynamics of the region
[19] indicate that the fractures of NE to ENE and NNE are parallel to foliation
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and preferentially of distensive nature, being related to the main water conduct-
ing structures in the gneisses.

Hydraulic potentials measured during groundwater samplings with the strad-
dle packers indicate the occurrence of a downward flow of water in the upper
portion of the rock (up to approximately 65 m) and an upward flow in the deep-
est portion. Despite the natural downward flow from the fractures of the upper
portion of the rock, the influence of the supply wells pumping favored a faster
migration of the plumes of contamination from the shallow aquifer into the
fractured aquifer. The pumping of the supply well P6 and the declining of the
water level of the well 54 is an indication of the hydraulic connection between
the aquifers and the influence of the pumping of the supply wells in the shallow
aquifer. Despite the similarity between the results of the chemical analyzes of the
samples collected with the packers, the presence of dissolved chlorinated com-
pounds was confirmed in both boreholes, with higher concentrations in PP-01.

When comparing the lineament traces that cross the study area with the oc-
currence of the contaminants observed, it is possible to identify a relationship
between the compounds in the groundwater with the monitoring wells located
in the same structural region, among the identified lineaments. The contamina-
tion observed in P6 is more similar to that observed in Area 2, although it is
closer to the plume of Area 1. Thus, it is possible to suppose that the water flow
is influenced and controlled by the existing regional structures, which may be

draining groundwater regionally.

6. Conclusions

This work presents the results of the investigations carried out in a fractured
aquifer for the improvement of the conceptual model of the contamination by
chlorinated solvents in an industrial unit. Unlike investigations of aquifers of
primary porosity, the investigations in fractured aquifers involve the application
of specific techniques in a sequence of achievements, starting with the geological
and surface geophysics, which are the basis for the location of boreholes. In the
borehole, geophysical logging procedures are used for the geological and struc-
tural characterization of the aquifer rocks. Flowmeter and straddle packers are
then used to provide information on the groundwater flow characteristics,
measure hydraulic heads, hydraulic properties of fractures and collection of dis-
crete water samples for analysis. These data are then interpreted for the design of
monitoring wells. Priority is then given to the long-term monitoring of those
fractures that carry a greater mass of the contaminants. In this work, not all the
techniques described in the literature were used, like straddle packers for deter-
mining transmissivity of fractures, especially due to financial and time restric-
tions.

However, the greatest possible amount of information of this nature is impor-
tant for the decision making process for the management of contaminated areas

[29], since they allow to identify if contamination exists in the fractured aquifer,
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where it moves to, what are the receptors to be protected, and types of interven-
tion to be applied (e.g. the decision to stop or continue the pumping of neigh-
boring water supply wells to avoid spreading contamination in the aquifer).

It often occurs that the complexity of fracture networks does not allow local
data obtained with a single borehole to be extrapolated to the study area as a
whole. Thus, the understanding of the path of contamination requires obtaining
data from other borehole with the application of the maximum of proposed
techniques, including the execution of more complex hydraulic tests, such as
those of cross-borehole types. The minimum number of wells required for the
execution of a suitable hydrogeological model depends on the importance of the
properties and environmental resources to be protected, the existence of human
and ecological receptors, the intensity and size of the contamination and the
complexity of the geological environment. The evaluation of these variables in
each case should be taken into account to define the amount of financial effort

necessary to improve the conceptual model of the area of environmental interest.
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