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Abstract: In Nampula province, Mozambique, there is a high number of water wells considered as
having failed for having too low a pumping yield. Two Electrical Resistivity Tomography (ERT)
measurement campaigns were conducted in the area for evaluating the reasons of failures. However,
in some cases it was difficult to verify and interpret the ERT results by only using the inadequate
lithological description presented in drilling reports. In this paper the integration of borehole logging
and slug testing is presented as a solution to add more information and to enhance the interpretation
of ERT models. The borehole logging tool measured resistivity, magnetic susceptibility and natural
gamma. The logging results proved that the ERT models are accurate in estimating the resistivity for
basement (>1400 Qdm), fractured layer (220-1400 (dm), semi-weathered layer with clay accumulation
(10-220 Om), and weathered and leached layer (220-2700 (dm). The slug testing gave results of
high hydraulic conductivity (K) values where the ERT indicates well-developed weathered and
fractured layers, and low K values where these are less developed. The borehole interpretation can
be extrapolated using the ERT model to give a geometric characterization of the aquifer. Therefore,
the implementation of the ERT method in groundwater exploration is encouraged.

Keywords: Electrical Resistivity Tomography; borehole logging; slug test; hydraulic conductivity;
groundwater; hard rock aquifer

1. Introduction

Geophysical methods have made a valuable contribution to identification of groundwater
resources in basement aquifers [1,2]. As the geology is complex, the interpretation of geophysical
data is always problematic. It needs additional information from aerial photography, geological and
tectonic maps and core description to reduce uncertainties. When such information is not available,
a combination of different geophysical methods can improve the interpretation.

In 2010, a project funded by US Millennium Challenge Corporation drilled 600 water points in
Nampula and Cabo Delgado provinces in North Mozambique. Each water point consisted of a well,
a water pump and a communal washing basin. For each constructed borehole, there is a report with
information about the drilling rate, geological logging, borehole and groundwater depth, dynamic
and static level, and pumping test and water quality results. However, the accuracy of these reports
is questionable due to inconsistency of the information. It was reported as a failure rate of about
25% [3] due to the geological conditions. A borehole is considered as failed if, at the time of the drilling,
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the measured yield was less than 600 L/h [3]. It was not possible with the existing documentation to
explain the failures for sites that the pre-investigation indicated as potential. It is known that failure
rate generally is high in consolidated rock areas of Nampula province [3].

Electrical Resistivity Tomography (ERT) measurements were performed in two field campaigns
in an attempt to explain the failures. In addition, the Magnetic Resonance Sounding (MRS) method
was tested in the first campaign and the Induced Polarization (IP) method in the second campaign.
None of the methods contributed information that could improve the interpretation of ERT results,
as both suffered severely from low signal-to-noise ratio [4,5]. The investigation demonstrated that the
boreholes when placed above or on the edge of a high resistivity zone are likely to be unsuccessful.
Thus, the thickness of the aquifer and the occurrence of open fractures are the most important
factors [4].

ERT proved to give more details in consolidated rock areas than Vertical Electric Sounding
(VES) [4] but questions remain. The main concern is about the inverted ERT models in the Rapale
district with a thin, low-resistive layer underlain by a highly resistive formation. For such inverted
ERT models, an unsuccessful borehole was expected but in some boreholes the yield was high and
turned into a successful well. In Mongicual district, the inverted ERT models indicated that some
boreholes did not reach the basement contradicting what is written in the drilling report. To explain
the contradictions, in this study borehole logging was performed in these and other boreholes in
an attempt to improve the understanding, and enhance the interpretation, of ERT results. Additionally,
slug testing was performed in the same boreholes to quantify hydraulic properties, and an attempt
was made to correlate the results to ERT inverted models.

From the borehole logging, different physical properties of the rock can be measured [6]. Electrical
conductivity, natural gamma, and magnetic susceptibility are examples of parameters that can be
measured. For hydraulic characterization of the aquifers, slug testing was conducted. Slug testing is
a rapid aquifer testing method performed in a borehole to estimate hydraulic conductivity (K) and
transmissivity (T). The slug testing is relatively easy and inexpensive to perform, so it has been widely
done [7]. However, the results are usually questionable due to the limited time it takes to perform it,
the unknown thickness of the aquifer under investigation and the radius of influence [8,9].

As the existing documentation of the boreholes is questionable as ground truth, a new approach
to validate the ERT models is needed. Therefore, the main objective is to evaluate if ERT is applicable
in this geological environment and can be used to reduce the number of failed wells. The specific
objectives are to:

i.  Estimate the thickness of the productive zone
ii.  Identify possible fractures that were not detected by ERT
iii. Correlate ERT models with hydraulic properties of the aquifer.

The outcome will presumably increase the knowledge about hydraulic properties of aquifers in the
region, a knowledge that can also be used for other aquifers located in a similar geological environment.
The survey will help to describe the hydraulic properties of the area in an attempt to develop better
methods of finding safe and easily accessible water in the future in areas of similar geology.

2. The Study Area

The study area shown in Figure 1 is situated in Nampula province in North of Mozambique.
The Rapale district is located in central part of the province and close to Nampula city and Mongicual
city is located in the East part of the province. The study area belongs to a tropical region. The general
elevation ranges from 40 to 300 m above the sea level (masl) in Mongicual district and from 400 to
550 masl in Rapale district. However, the presence of Inselbergs increases elevation locally in both
districts. The populations in both districts are using groundwater extracted from the wells drilled in
deep weathered and fractured gneiss. During the rainy season, the population extracts water from the
seasonal rivers crossing both districts.
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Figure 1. Regional geology and location of the study sites: Rapale district and Mongicual district
(adapted from Geologia [10]).

The geology of Rapale and Mongicual district is similar (Figure 1). It is mainly underlain by
plutonic and metamorphic rocks of the Nampula complex, followed by a weathered layer. In the
Mongicual district the weathered layer is also covered by eolian sand dunes [11,12]. The basement rock
is composed of Mesoproterozoic gneiss of different grade of metamorphism as a result of deformation
and migmatization [11]. The volcanic rocks (Figure 1) are represented by tonalities and thondhjemites of
the Rapale gneiss and granites, quartz mononites, and granitoides [11] and also the late to post-tectonic
quartz monazite, alkali granites, and syenites. The granites form large individual plutons (some over
10 km wide) and dykes of variable sizes that cross-cut older country rock units. The Mesozoic and
Cenozoic geology is restricted to the coastal zone of the Mongicual district. The high coastal red sand
ridge rises to over 100 masl and extends up to 15 km in-land. This composite dune form comprises
several generations of sand dunes accreted during the mid-to-late Pleistocene and Holocene, however,
the erosion of the ridge and weathering has removed all original records. Therefore, they can be
distinguished on the basis of the progressively higher clay content, acidification, and redding in old
sediments, caused by pedogenic weathering [11]. The sedimentary rock areas also include alluvial
gravel, sand, and clay along the rivers and recent sand dunes along the coast.

The landscape is flat (Figure 2) however, previous ERT measurements [4,5] indicated that the
weathered layer is not uniform. The weathered layer varies laterally and is narrow close to inselbergs.
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Figure 2. Conceptual geological model of the study area in W-E direction.

The basement rock in the study area has low porosity and permeability. The secondary porosity
is formed due to the dynamic process of weathering. The weathering front acts along the fracture,
fissure, and joints over a period of time, thus advancing the process of weathering. The weathered
layer forms the repository for groundwater accumulation and movement [13]. The yield is lower than
3000 L/h [14]. The paleo sand dunes have low porosity and permeability due the weathering process
and the productivity is conditioned by the thickness of the weathered layer. The yield of these aquifers
is variable. It can reach 5000 L/h where the weathering is insignificant [14].

3. Methodology

3.1. Selection of the Investigated Boreholes

The surveyed boreholes are all located in Nampula province. The drilling method was a combination
of mud rotary (for the first unconsolidated formation) and percussion for the consolidated formation.
The depths of the boreholes range from 30 to 70 m [14]. The drilled boreholes were cased and completed
as gravel-packed screen completions, using gravel pack consisting of a material with an effective grain
size greater than that of the aquifer formation [14]. The casing is a PVC pipe with an internal diameter of
103 mm [14].

From the 22 boreholes surveyed with ERT in previous campaigns, 10 boreholes were selected
for logging and slug testing. The selected boreholes in Mongicual district are Camaculo, Nampawa,
and Namiraka (Figure 1). The boreholes from Mongicual district were selected because the lithology
description of each borehole indicated that drilling stopped in the basement contradicting the inverted
ERT models. At this depth, the corresponding inverted ERT models gives resistivity value interpreted
as the fractured and weathered zone. For the same reason, at Rapale district the boreholes Cuhare B,
Incomate Sae, Naholoco C, and Naholoco EP12 (Figure 1) were also selected. The boreholes Muriaze,
Murhotone, and Matibane (Figure 1) were selected for borehole logging and slug testing because
they were drilled in very resistive formation interpreted as fresh basement but were considered as
successful boreholes. The success of the drilled borehole was based on the yield, where a successful
borehole should have a yield higher than 900 L /h. However, in a small community with few families,
the yield could be lowered to 600 L/h and bellow this limit, the borehole was considered unsuccessful.

In total, 10 boreholes were investigated, and at each borehole both borehole logging and slug
testing were performed. Before the testing, the AfriDev pump was dismantled and the pump tubing
was also pulled out from the well.

3.2. Electrical Resistivity Tomography

The resistivity data collection was organized in two campaigns. In the first campaign in the
Rapale district a system based on an ABEM Terrameter SAS4000 (ABEM Instrument AB, Sundbyberg;
Sweden) was used and in the second campaign, in the Mongicual district, an ABEM Terrameter LS
was used. A perpendicular cross with two 400 m survey lines was made close to the borehole, except
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in a few cases where physical restrictions limited it to one line. In total, 81 electrodes separated by 5 m
spacing divided between four cables gave a spread of 400 m. The multiple gradient array was used
throughout as it gives a suitable combination of lateral and vertical resolution, and is well suited for
multi-channel measuring, thus making the field work time efficient [15].

All data were inverted with the Res2dinv software (Geotomosoft Solutions, Penang, Malaysia)
using robust (L1 norm type) inversion [16]. The option for grid refinement, giving model cells with
half the width of the electrode spacing, was used throughout.

3.3. Borehole Geophysical Logging

The Robertson Geologging dual induction logging probe [17] was used for this study. The probe
measures formation electrical conductivity, magnetic susceptibility and natural gamma radiation in
the borehole. According to the manufacturer, the magnetic susceptibility is detected, but it is not scaled
and count per second (cps) is a raw un-scaled output.

Electric conductivity and magnetic susceptibility are acquired at two receiver coils placed 52
and 84 cm from the bottom of the sonde, called short conductivity (SCON) and long conductivity
(LCON) respectively [18] The difference between the two is the obtained penetration depth into the
rock formation, i.e., the SCON gives information in the vicinity of the borehole and LCON penetrates
deeper into the formation.

In this study, the result is presented as resistivity, i.e., the inverse of the measured conductivity.
The resistivity variation in the borehole is caused by change in geological material. The main geological
process taking place in the study area is the weathering. Acworth [19] has developed a weathering
crystalline rock basement profile including resistivity values for each layer (Table 1).

Table 1. Ranges of resistivity values for the layers of a weathered crystalline rock basement [19].

Soil Description of Typical Lithology Resistivity ((0m)
Soil ‘A’ Generally less than 0.5 m thick. Generally red sandy soil, high porosity, well 160-200 (wet)

© drained and leached. Laterite seldom present in areas of active erosion 2000-4000 (dry)
Soil ‘a’ Few meters thick sand and clay or clay sand, often concretionary 100-200

Massive accumulation of secondary minerals (clay) in which some stable
Soil ‘b’ primary minerals remain. Low permeability and high porosity. Usually 10-90
damp but yields little water.

1 to 30 m thick. Rock which is progressively altered upward to a granular
friable layer of disintegrated crystal aggregates and rock fragments.

Soil ‘e Intermediate porosity and permeability. This zone frequently contains 60-300
sub-artesian water, confined by upper clay rich material.
Soil ‘d’ 1 to 20 m thick. Fracture_d and flssurgq roc_zk. Low porosity but moderate to 300-600
high permeability in fissures.
Fresh rock Unweathered migmatite and granite 2000-6000

Generally, groundwater is found in soils ‘c’ and ‘d” which are located between the overlying
accumulated clay layer and the unweathered basement, with resistivity ranging between 60 and
600 Om.

The soil ‘b” horizon is clay-rich and influenced by surface waters with increased ion concentration
which decreases the resistivity [19]. The soil ‘b’ is unsaturated throughout the year, and no significant
change in resistivity will be seen between the dry season and wet season. The groundwater quality is
a key factor of resistivity response. Unfortunately, there is no water chemical data available for the
studied areas, and although this can be expected to have an influence on the measured formation
resistivity, it was not studied due to lack of data.

The layers described by Acworth [19] were identified in inverted ERT models as layer 1 for soil
‘A, layer 2 for soil ‘b” and ‘c’, and layer 3 for soil ‘d” [4,5].
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3.4. Slug Test

Slug testing is used to estimate hydraulic conductivity and transmissivity. A sudden change in
head and return to a static condition is measured. The change in head is caused by: (i) adding or
reducing of a known volume of water in the well; or (ii) introducing and removing a solid slug rapidly
from the well [20]. The speed of which the water level returns to static conditions after the induced
head from the slug is connected to the hydraulic conductivity or transmissivity of the formation [21].
The advantages of the slug test method are, e.g., the relatively low cost, simplicity and that it is
a relatively fast method [21].

The field measurement started by measuring the water depth. Two solid slugs of different volume
were used to initiate the slug test [22]. The first test was conducted as a falling head test and the second
as a rising head test. The same procedure was repeated for the following tests. There is a possibility to
evaluate directional dependence by comparing the results from falling head and rising head tests.

A series of slug tests (falling head and rising head) was conducted in each borehole. Primarily
with one slug, then double slug, and finally one slug again, giving a minimum of six tests performed.
It is always a good practice to use the same initial displacement during the first and last test to assess if
the well is hydraulically improved or clogged throughout the test.

The selected slug test solutions for this study were the Bouwer and Rice [23] and Cooper et al. [24].
The Bouwer and Rice [23] solution can be used for fully or partially penetrating wells in confined and
unconfined aquifers. The assumptions are that the aquifer is homogeneous, has uniform thickness and
infinite areal extent, and that the hydraulic head in the aquifer varies with time but the specific storage is
neglected. The Cooper et al. [24] solution is developed for fully penetrating wells in confined aquifers.
The assumption is that the aquifer has infinite extent, is homogeneous and isotropic with uniform
thickness. In contrast to the Bouwer and Rice [23] solution is the use of a specific storage parameter.

The software Aqtesolv (HydroSolve, Inc, Reston, VA, USA) was used to estimate K using the
Bouwer and Rice [23] and Cooper et al. [24] solutions.

3.5. Additional Information

The surveyed area is lacking in bibliographical information. The existing information includes
all the drilling reports, geological and hydrogeological maps of the study area. The lithology column
found in the drilling reports was used to evaluate the geophysical borehole logging. In addition,
specific capacity was calculated from the performed short-term pumping test data [22].

4. Results

4.1. Electrical Resistivity Tomography

ERT survey have been conducted, as mentioned before, at 22 boreholes in the study areas.
The inverted ERT models were classified in three different layers based on the information of Acworth
weathering profile. Examples of inverted ERT models from the Camaculo, Matibane, and Nampawa
profiles are shown in Figure 3.
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Figure 3. Three ERT profiles of 400 m showing three geophysical layers. (a) The NNW-SSE Camaculo
profile with 45 m deep borehole located in the middle of the profile; (b) The W-E Matibane with 47 m
deep borehole located in the middle of the profile; (c) the W-E Nampawa profile with a 33 m deep
borehole located at 260 m in the profile [5].

Layer 1 is a highly weathered and leached layer with resistivity values ranging from 220 to
2700 Om. It is a combination of soil ‘A" and ‘a’ (Table 1). Layer 2 is interpreted as a weathered to
semi-weathered layer with a resistivity ranging from 10 and 220 (dm and corresponds to soil ‘b” and ‘¢’
in Acworth weathering profile (Table 2). Layer 3 is interpreted as a fractured layer with a resistivity
ranging from 220 to 1400 Om and corresponds to soil ‘d” in Acworth weathering profile (Table 2).
When the resistivity value, below the fractured layer, is higher than 1400 OOm it is interpreted as
basement (Figure 3b). The groundwater is expected to be accumulated in layers 2 and 3.

From the drilling reports the yield was used together with dynamic and static water level to
calculate the specific capacity of each borehole. Due to the uncertainty of these values, no further
calculations were made to estimate the transmissivity and hydraulic conductivity. Table 2 shows the
geophysical layers extracted from ERT models, well depth and specific capacity.
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Table 2. Thickness of different ERT layers, drilled depth and specific capacity of the surveyed
boreholes [4,5].

Specific Capacity

Borehole Layer1(m) Layer2(m) Layer3 (m) Basement (m) Depth (m) (m2/day) [22]
Cuhare B 5 15 5 4 34 2.67
Incomate 7 20 11 0 38 2.27
Matibane 12 9 0 26 47 0.60
Muriaze 10 18 9 0 37 2.21
Murothone 0 10 0 28 38 1.05
Naholoco C 5 25 8 0 38 1.14
Naholoco EP1 2 5 20 18 45 3.33
Camaculo 5 25 15 0 45 3.57
Namiraca 3 10 2 28 43 0.83
Nampawa 0 15 18 0 33 1.71

The specific capacity of the studied borehole varies from 0.60 to 3.57 m? /day. The boreholes at
Camaculo, Naholoco EP1-2, and Cuhare B have the highest specific capacity whereas the boreholes at
Matibane and Nampawa have the lowest specific capacity.

The thickness of the geophysical layers extracted from the ERT inverted models are indicated in
Table 2. The drilling at boreholes Nampawa, Camaculo, Naholoco C, and Incomate did not reach the
fresh basement. According to the ERT models, the boreholes Matibane, Murothone, Naholoco EP1, and
Namiraca were drilled quite deep into fresh basement. For the boreholes drilled into fresh basement,
the expected yield was lower than 600 L /h, however, they were considered as successful boreholes
although with low yield. The obtained inverted ERT models could not show the reason, which might
be a rather narrow fracture zone because small structures are not resolved by ERT method [4]. It was
expected that the borehole geophysical logging would improve the interpretation in such a situation.

4.2. Geophysical Logging

Two geophysical logging runs were conducted at each site to be able to assess the repeatability.
All loggings started at a depth between 2 and 3 m, and therefore the geological interpretations were
done from this point. Above this depth, interpretation of the structures are speculations based on
geological knowledge. Due to limitation of the logging instrument, the maximum resistivity reading
was set to 2000 O)m which is the case of the boreholes Murothone, Cuhare B, and Matibane [18].

The results are presented as mean values of the two runs for the resistivity, magnetic susceptibility,
and natural gamma. The borehole logging in boreholes Matibane, Naholoco C, Naholoco EP12,
Cuhare B, and Murothone (see the location in Figure 1) were affected by interferences of metal
centralizers attached to the plastic casing. The use of metal centralizers was not included in the drilling
report. An example of the peaks caused by the metal centralizers can be seen in the resistivity and
magnetic susceptibility in Figure 4.

The metal centralizers were detected both in resistivity and magnetic susceptibility (MS) readings
as indicated by the peaks at depth of 12, 23 and 34 m (Figure 4). The resistivity curve extracted from the
ERT inverted model has the same variation with depth as both short and long spaced measurements
shown between the disturbed intervals. The natural gamma variation indicates presence of two layers.
The bottom layer has lower values ranging between 50 and 100 cps (Figure 4). The upper layer is
thick with natural gamma values ranging between 100 and 150 cps. The two layers are separated by
a thin layer with higher gamma values (>600 cps). The peak is most likely caused by clay-infilled
fractures or lithological variation of the basement, which could be associated with narrow but possibly
hydraulically conductive fractures in the contact zone between the lithological units.
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Figure 4. Borehole logging at Matibane community with result of resistivity, magnetic susceptibility
natural, gamma and lithology. Blue horizontal line—water level and orange vertical line—well-screen
placement (logging data from [18]).

An example of variation in resistivity and magnetic susceptibility measured in a boreholes with
nonmetallic centralizers can be seen in Figure 5.

Figure 5 shows the variation of resistivity and magnetic susceptibility at Nampawa borehole.
The resistivity extracted from ERT (black line in Figure 5) is also included for comparison of the curves.
Both curves and extracted ERT have similar variation in the upper 15 m. From around 15 m depth,
the resistivity value change in both measurements but to different magnitude. The resistivity value
of the first layer, with a thickness of 15 m, is 30 (dm and was interpreted as a highly weathered layer.
It is in line with geological logging that characterizes this layer as containing black clay and quartz.
The quartz could comprise all fine, medium and coarse sand resulting from the weathering of the
basement rock. The second resistivity layer has 200-300 (dm and was interpreted as the semi weathered
layer. The fresh basement could not be detected from the resistivity measurements. The absence of
fresh basement based on interpretation of the geophysical measurements in this borehole contradict the
geological logging done during the drilling. The magnetic susceptibility could not give any additional
information for both short and long spaced measurements due to the nature of the local geology.
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Figure 5. Resistivity (long and short spaced), ERT extracted resistivity, magnetic susceptibility (long
and short spaced), natural gamma and lithology of the Nampawa borehole. cps stands for counts per
second. Blue horizontal line—water level and orange vertical line—well-screen placement (logging
data from [18]).

The natural gamma variation indicates three different layers. The first layer with homogeneous
variation in range of 90 to 110 cps with a peak at seven meters (peak also detected by resistivity and
magnetic susceptibility as seen in Figure 5). The second layer starts from 16 to 25 m and is characterized
by an increase in natural gamma value. In this layer the natural gamma varies from 120 to 220 cps.
In the third layer the natural gamma values decreases from 220 to 90 cps. The variation in natural
gamma value was interpreted as variation in lithology rather than degree of weathering.

For the boreholes Namiraka, Camaculo, and Muriaze, the logging measurements were affected
by high noise of unknown source, possibly metal objects in the well installation or backfill. The noise
made the approach of supporting the interpretation of ERT inverted models more difficult. Only in
the Nampawa borehole the resistivity logging result (Figure 5) appears unaffected by anthropogenic
material. Here, the resistivity value of the bottom layer is 400 (Odm which is considered as fractured
layer 3 (soil ‘c” in Table 1).

4.3. Slug Test

At each site 6-10 slug tests were conducted, giving in total 68 tests for the 10 surveyed boreholes.
Each slug test was evaluated using Aqtesolv (HydroSolve, Inc, Reston, VA, USA) giving in total
136 evaluations [22]. Unfortunately, no specific method is developed for weathered crystalline rock.
The Aqtesolv program (HydroSOLVE, Inc., Reston, VA, USA) has a solution for fractured rocks [25],
however too many initial parameters are needed to use the method. The average hydraulic conductivity
from all sites was calculated using Bouwer and Rice [23] and Cooper et al. [24] solutions [22].

The Figure 6 respectively presents example of the Bouwer and Rice (Figure 6a) and the
Cooper et al. (Figure 6b) solution fit to the measured head at the Camaculo borehole using Aqtesolv
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(HydroSolve, Inc., Reston, VA, USA) The field data fit well in both solutions except for the part after
120 s in Bouwer and Rice solution.

MNormalized Head (mim)

! J Obs. Wells CE T, T 7 Obs Wels
o Camaculo - Test 1 1 o Camaculo - Test 1
Aquifer Model 1 Aquiter Model
Unconfined 08 ] Confined
Solution = Solution
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Figure 6. Data fit of test 1 to Bouwer and Rice (a) and Cooper et al. (b) solutions in the Cuhare B
borehole [22].

The last slug test taken at all sites are plotted as the logarithm of normalized heads against time

(Figure 7). The graph shows only the slopes of the lines in the first 500 s for visualization purpose.
Figure 7 shows chages in slopes over time in Murothone, Naholoco C, Nampawa, Namiraca, Matibane
and Incomate Sae D while other sites show a more linear behavior. Due to change in slope, the double
straight line method was used [22].
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Figure 7. Normalized head of the displacements for the last slug test at all test sites for the first 500
seconds (adapted from [22]).

Figure 8 shows the aquifer thickness as estimated from ERT and K value of each surveyed borehole.

The aquifer thickness is the sum of layers 2 and 3 (Table 2). The K value is presented for both the



Water 2017, 9, 95 12 of 15

Bouwer & Rice and Cooper et al solutions. The slug testing at Camaculo borehole gave the highest
value of K both by the Bouwer & Rice and Cooper et al. methods (Figure 8). The well-developed
weathered layer and fractured layer at Camaculo profile (Figure 8) and absence of the fresh basement
(Figure 3b) can be related to the high K value. On the other hand, the borehole Matibane gave the
lowest value for both methods (Figure 8). For the Matibane borehole the weathered layer is thin
and the fractured layer was not detected in the ERT profile (Figure 3a). The boreholes at Cuhare,
Naholoco C, and Murothone (Table 2) have a fairly well developed aquifer thickness but with low K
values (Figure 8) which could be caused by high clay content in layer 2. The aquifer thickness observed
in Nampawa and Namiraca (Figure 8) presented low K values. The possible additional sediments
deposited on top of the weathered layer 2 have increased the observed thickness. The additional
sediments are paleo coastal dunes. These paleo coastal dunes are characterized by high clay content,
acidification and redding in old sediments caused by pedogenic weathering (oxidation).
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Figure 8. Results of hydraulic conductivity [22] from the Bouwer and Rice [23] and Cooper at al. [24]
solutions and the thickness of the aquifer at each borehole.

5. Discussion

The logging in plastic cased boreholes were expected to give good results because none of
the measured geophysical parameters are affected by plastic material. However, the presence of
metal centralizers caused peaks that influenced the measurement of both resistivity and magnetic
susceptibility. In three cases (Cuhare B, Naholoco Communidade, and Naholoco EP1-2) it is not
obvious how the anomalies (caused by the metallic centralizers) affect the resistivity. However, when
compared with the extracted ERT inverted model, the trend between the anomalous zones is the same.
On the other hand, for the Nampawa borehole, with nonmetallic centralizers, the resistivity variation
indicates that the drilling stopped in a fractured layer with a resistivity of 400 (m. This is in line with
the interpretation made from the ERT inverted result and resistivity value of soil ‘d” (Table 1). However,
this confirmation contradicts the lithology presented in the report (as seen in Figure 5). The described
lithology at the end of the drilled borehole was considered as gneiss instead of fractured gneiss, but it
should be kept in mind that the description was based on cuts for which it is difficult or impossible to
detect fractures.

The measured natural gamma in borehole Matibane is in range of 50-200 cps for the bottom layer
and 100-200 cps for the upper layer. This range of natural gamma is common in gneiss rocks [26].
The inverted ERT model of Matibane borehole shows a high resistive layer interpreted as fresh gneiss



Water 2017, 9, 95 13 of 15

(Figure 2b). The observed peak between these two layers can be interpreted as a wellbore damage zone
or as lithological variation that could be associated with clay-infilled fractures. The resistivity log does
not clearly indicate any fracture zone, but this may be because the resolution is insufficient and it might
have been detected if the uncased borehole was logged with a focused resistivity probe. It would have
been possible to correlate the natural gamma signatures with lithology if more detailed documentation
of the boreholes existed, especially if the drilled borehole would have been cored. A rock sample that
gave a natural gamma value of 600 cps investigated by Gundersen and Wanty [27] gave indication of
vertical fractures filled by clay. Maybe a lithological classification based on interpretation of natural
gamma could provide useful information, however, due to lack of borehole details, it is not possible to
add more conclusions from the results.

The obtained K value for each borehole is a result from a narrow radius of influence. The radius of
influence was not discussed in this study however, it is known that the value of hydraulic conductivity
is highly influenced by heterogeneity of the local geology, mix of different grain sizes and most
likely also fracture zones, as represented in the typical weathering profile [19]. Obtained K value are
representing the most permeable zones.

The log normalized displacement plot displayed a concave upward curvature in sites where the
double straight line was used in the Bouwer [26] The concave upward curvature is generally displayed
if the flow is primarily horizontal [21]. The slope of the log normalized displacement is interpreted
as the hydraulic conductivity using the Bouwer and Rice [23] method were the high negative slope
represents a high K value. The curved log normalized displacements in Figure 7 probably represent
a decrease of hydraulic conductivity over time. According to [22] the decrease of K over the time may
be interpreted as a representation of the vertically heterogeneous typical weathering profile. The tail of
slow response found at some wells when the normalized displacement were plotted using Bouwer
and Rice [23] may be a response from clay content of the weathered zone.

Low values of specific capacity are found together with low values of K and the high values
of specific capacity are also in line with high K values. The low values were found in Matibane
and Namiraca boreholes and the higher values were found Camaculo borehole. Naholoco EP12 and
Muriaze boreholes also have high value of specific capacity value but intermediate value of K.

The high values observed at Camaculo borehole can be explained by well-developed weathered
and fractured layers (Table 2). For the Matibane borehole (low specific capacity and K values) the
interpreted weathered layer is not well developed and the fractured layer is only 4 m thick (Table 2).
Although Matibane and Namiraca wells were classified as successful boreholes, they have low yield
and ERT shows how the weathered layer is not well developed (Table 2).

Domenico and Schwartz [28] presented K value for fractured igneous and metamorphic rocks
between 6.9 x 10~% and 25.9 m/day which are in line with the estimated K values in this study. For the
same basement aquifer type in Zimbabwe, the transmissivity varies from 1.3 to 25.7 m?/day and the
specific capacity varies from 4 to 33.9 m?/day [29].

6. Conclusions

Previous ERT results from Rapale and Mongicual districts of Nampula province were confirmed
by the geophysical borehole logging. ERT measurements in this hydrogeological environment are well
suited for locating geophysical strata that are favorable spots to place boreholes. The semi-weathered
(layer 2) and fractured (layer 3) zones are the potential layers for extracting groundwater. The ERT
and borehole logging methods detected fairly well these two layers because of the contrast with the
resistivity of the basement. However, a fractured zone that was not detected by ERT method was
inferred in natural gamma logging of the Matibane borehole, however such fractures are too small
to be resolved by the ERT method. In such situations, the natural gamma radiation can be a useful
method. On the other hand, the magnetic susceptibility did not add any useful information and is
therefore not recommended for future loggings.
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Proper borehole logging should be performed before installing the casing to avoid disturbances
from the well installations. The results of borehole logging would help place the well screens correctly
in order to get a more highly productive well.

The hydraulic conductivities obtained from the slug test wells are estimated to be between 0.2
and 9.7 m/day, depending on the evaluation method. The used evaluation methods were developed
for porous aquifers, but it is found that the methods can be applied for weathered and fractured
rocks as well. The relationship between values of ERT inverted models and the slug testing cannot
be absolute. In this study, it was inferred that when the weathered layer and fractured layer are
well developed based on interpretation of inverted ERT models, the hydraulic conductivity is high.
This is not applicable when the weathering profile is covered by other sediments as in the case of the
Nampawa and Namiraca boreholes.

Nevertheless, it has been shown that the ERT can be useful to indicate the geometry of the
hydraulic conductivity variation in the aquifer. With the geometry information, one can easily pinpoint
potential sites to drill a successful borehole which would decrease the failure rate.
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