
Aquifer flow unit analysis using stratigraphic 
modified Lorenz plot: a case study of Edem, 
eastern Nigeria
Emmanuel T. Omeje, Daniel N. Obiora, Francisca N. Okeke, Desmond O. Ugbor, Johnson C. Ibuot* and 
Aniefiok S. Akpan 

Introduction
Characterization of aquifer flow unit is important in groundwater delineation and 
exploration. The proper knowledge of the aquifer properties such as porosity, perme-
ability, and hydraulic radius help groundwater explorationists and engineers in improv-
ing aquifer characterization [11]. Aquifer characterization involves the incorporation 
of existing data tools and techniques to identify and classify the flow units according 
to its capacity. A detailed aquifer characterization enables a precise prediction for the 
aquifer performance along the aquifer existence. This detailed aquifer characterization 
is achieved by subdividing the given aquifer sequence into some zones, flow units (FUs), 
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and/or reservoir rock types (RRTs), each with its diagnostic petrophysical behavior [1]. 
Dividing the aquifer into FUs helps in predicting the petrophysical parameters of the 
uncored reservoir intervals and in well-to-well correlation. Ebanks et al. [6] stated that 
flow unit is an identified portion of an aquifer within which the geologic and petrophysi-
cal properties that influence aquifer flow is consistent and varies from the properties of 
other zones. Flow unit is also a pattern of zoning/characterization of the aquifer. It is 
dependent on the distribution of the aquifer thickness, porosity, and permeability [15, 
29]. Aquifer flow unit is influenced by the layer’s heterogeneity. Aquifer cycles are not 
homogeneous, as heterogeneity is a dominant nature with different classification start-
ing from slightly heterogeneous to extremely heterogeneous. Heterogeneity is the com-
plexity of an individual or combination of properties within a known space or time at a 
specified scale [9]. Heterogeneity can be intrinsic (porosity or mineralogy) or measured 
as described by the scale, volume, and resolution of the measurement technique [9]. The 
measured property can be examined employing Dykstra-Parsons coefficient (VDP) to 
ascertain the degree of aquifer layers complexity. The Dykstra-Parsons coefficient pro-
vides an estimate of the true heterogeneity, depending on the location and sampling fre-
quency [18]. Several techniques have been applied by different researchers in recent past 
to comprehend and delineate aquifer flow units based on its physical structure, process 
speed, and flow and storage capacities. These techniques include Testerman statistical 
method, stratigraphic modified Lorenz plot (SMLP) method, cluster analysis method, 
and flow zone indicator method. These methods have been applied successfully by dif-
ferent researchers in different geologic areas in the delineation of oil and gas reservoir 
flow units. Their results have been of tremendous advantage in the oil and gas sector as 
it has been able to assist the industry in identifying reservoirs speed zone, baffle, and seal 
zones. Groundwater usually located within weathered, fractured, or faulted chambers 
of rock units has its occurrence, flow, and storability in a rock terrain influenced by the 
geologic processes. Groundwater which has similar fluid attributes with oil and gas can 
be identified and explored employing SMLP method. In recent times, greater percent-
age of the water scheme developed by governmental bodies and non-governmental bod-
ies (NGOs) in Edem are largely non-functional, and with an increasing population of 
the people in the area, the quantity of water demanded and water supplied vary widely, 
thus posing a daily threat to water accessibility [29]. With rapid increase in population 
and agricultural activities in Edem, eastern Nigeria, and failures of boreholes and water 
scheme development leading to high rate of water scarcity, proper geophysical study is 
encouraged to be carried out within the study area and its environs. The SML plot, the 
key method of this study, has been widely applied by many authors to slice the reservoir 
into some HFUs which are described either as non-conductive (tight, barrier or seal), 
conductive, or super conductive zones [13]. It has been applied and verified by many 
authors over the last two decades (e.g., [3, 7, 17, 22, 25, 26, 30]). Subdividing the aqui-
fer or reservoir sequences into some flow units (FUs) is one of the most serious chal-
lenges that face reservoir characterization and modeling [1]. It may be a complicated 
process due to the heterogeneous nature of the hydrocarbons-bearing reservoirs. The 
stratigraphic modified Lorenz plot (SML) is one of the most important techniques that 
can be applied to subdivide the reservoir sequence into FUs. It is based on an estima-
tion of the flow and storage capacity of the studied sequence in an accumulative manner. 
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For accuracy and evaluation of statistical zonation, the stratigraphic modified Lorenz 
plot (SMLP) was employed. The thrust of this study is to assess the aquifer flow units of 
Edem and its heterogeneity employing stratigraphic modified Lorenz plot (SMLP) and 
Dykstra-Parsons coefficient.

Location and geological setting of the study area

The study area is situated in Edem, Nsukka local government area of Enugu state, and 
lies within the Anambra sedimentary basin, Nigeria (Fig. 1). The study area is character-
ized with an elevation variation between 300 and 450 m above sea level. The location 
spreads over an area of about 50.492  km2 with an estimated total population of 309,633 
[27]. The study area is classified into two seasons: the dry season (October–March) and 
the rainy season (April–October) [16] with temperature varying from 19  °C to 33  °C. 
The location of the study area lies within the tropical rain forest/Guinea savannah belt 
of Nigeria. It is located within longitude 7.27° E to 7.38° E and latitude 6.82° N to 6.92° N 
(Fig. 2). Nsukka Formation and the underlying Ajali Sandstone underlie the study area. 
There are also the presence of residual hills and dry valleys which are associated with 
the rock type or geologic formation underlying the area. These two major geomorphic 

Fig. 1 Map of Enugu state showing the study area
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structures are the resultant effect of weathering and differential erosion of clastic materi-
als which are remnant of Nsukka Formation [28]. Bounded on the east, west, south, and 
north of Edem are Nsukka, Nrobo, Obimo, and Ibagwa-ani respectively.

Methods
Vertical electrical sounding was carried out in twenty-one (21) locations of the study 
area employing Schlumberger electrode configuration to obtain the apparent resistance 
and other field data. Apparent resistivity (ρa) values were calculated from the measured 
field data. Manual and computer modeling techniques help in reducing the field data to 
its suitable geological model [32]. WinResist Software was employed to generate the val-
ues of the geoelectric layers resistivity, thickness, and depth. The thickness and resistiv-
ity values were used to estimate some of the hydraulic properties which were employed 
in the analysis of aquifer flow units.

Fig. 2 Geologic map of the study area
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Flow unit determination

The field data obtained from the study area was analyzed using the stratigraphic mod-
ified Lorenz plot (SMLP) method. This method is a graphical tool which uses various 
data including the geological framework, storage capacity, and flow capacity. SMLP 
is a cross-plot of the cumulative flow capacity and cumulative storage capacity of the 
aquifer, derived from the aquifer geophysical properties. The stratigraphic modified 
Lorenz (SML) plot is one of the most important techniques that are applied for flow 
unit (FU) discrimination. It is based on core data, porosity, and permeability which 
are multiplied by their representative bed thicknesses (h), and the obtained results 
are called storage capacity (φh) and flow capacity (Kph), respectively [13, 23, 25]. The 
cumulative flow capacity and storage capacity are calculated using the Maglio [23] 
mathematical models as shown in Equation 1 and 2.

where kp is permeability (mD), h is thickness, and (Kph)cum is cumulative flow capacity.
φ = fractional porosity, (φh)cum = cumulative storage capacity
Some of the hydraulic properties, estimated which enhanced the determination of 

the flow units, include hydraulic conductivity, porosity, permeability, and tortuosity. 
Values of hydraulic conductivity were estimated using Equation 3 according Heigold 
et al. [14].

Porosity is a property that depends on the grain composition of the soil, and pres-
sure to which it is exposed. Porosity and tortuosity values were determined using 
Marotz [24] and The Netherland Organisation [31] equations respectively as shown in 
Equations 4 and 5.

where K is hydraulic conductivity

For an aquifer to be productive, it must be porous and permeable. Permeability 
of the aquifer layer was estimated following Kozeny [20] and Carman [2] equations 
shown in Equation 6.

Sgv is surface area per unit pore volume ,τ is tortuosity, and Fs is shape factor and it 
equals 2 for a circular cylinder.
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Heterogeneity determination

There are varieties of statistical techniques such as coefficient of variation, Dykstra-
Parsons coefficient, and the Lorenz coefficient employed in the quantification of 
heterogeneity. Dykstra-Parsons coefficient is a permeability model and can be consid-
ered as a more statistically robust technique though requiring additional application 
of statistical methodologies [9]. This study employed Dykstra-Parsons coefficient in 
quantifying heterogeneity through heterogeneity measures. Heterogeneity measures 
provide a single value for quantifying samples variability and also provide the ability 
to compare this variability between different reservoirs. Jensen et al. [19] suggest that 
heterogeneity measures provide a simple way to assess a reservoir and guide investi-
gations towards more detailed analysis of spatial arrangement and internal structure 
of a reservoir.

Dykstra-Parsons coefficient (VDP) enables the measurement of water flow performance 
in layered reservoir by providing the degree of stratification (vertical permeability het-
erogeneity) and sweep efficiency. VDP values vary from 0 to 1 as classified based on the 
Dykstra-Parsons coefficient. From the classification, 0 indicates a homogeneous system, 
between 0 and 0.6 represents small heterogeneity, while values from 0.7 to 1 indicates 
high to extremely high heterogeneities [21]. The Dykstra-Parsons coefficient was deter-
mined using Dykstra and Parsons [5] equation as shown in Equation 7.

where σis the standard deviation.
Figure 3 is a flow chart showing the research methodology.

Results and discussion
The results of this study (Table  1) give values of the geoelectric properties with aqui-
fer layer resistivity ranging from 34.80 to 67561.20 Ωm indicating the presence of low 
conducting geomaterials; the variations of aquifer resistivity can be attributed to the 
compact nature of the soil or the geologic composition of the soil. The aquifer thickness 
ranges from 24.8 to 147.6 m having an average value of 70.248 m. VES 2, 3, 12, 13, 16, 
17, and 19, with high values of aquifer thickness compared to other VES points, can be 
delineated as having substantial quantity of groundwater accumulation. Hydraulic prop-
erties were estimated from the values of aquifer resistivity and thickness (Table 1). The 
hydraulic conductivity (K) range from 0.0121 to 14.0931  ms−1; the values of aquifer frac-
tional porosity range from 0.2558 to 0.3265 with an average value of 0.0290. Permeability 
is a key parameter that influences the flow in an aquifer varies from 1.57337E−15 to 
1.6357−E-09  m2. Permeability (Kp) in (μm)2 were converted to millidarcy (mD) by divid-
ing Kp in (μm)2 with a conversion factor of 0.0009869233 (μm)2. Kp results in mD as 
presented in Table 2 varies from 3.7169 to 1657444 mD. The results of these hydraulic 
properties were employed in the analysis of aquifer flow units.

Aquifer flow units’ analysis

The SML plot for the aquifer in Edem is shown in Fig. 4. The structure of the SML plot 
is a representation of the aquifer flow performance [8]. From the plot, the inflection 

(7)VDP = 1− e−σ
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or break points observed on the crossplot indicate changes in flow or storage capac-
ity and are interpreted to define the number of flow units in the SML plot, allowing 
for the evaluation of reservoir flow. The results of stratigraphic modified Lorenz plot 
(SMLP) delineated a total of eight flow units for the aquifer units of the study area 
(FU1, FU2, FU3, FU4, FU5, FU6, FU7, and FU8) as shown in Fig. 4. These flow units 
were further classified into three different flow process speeds according to their slop-
ing nature (Table 3).

From SMLP results, areas with abrupt slopes are areas with higher percentage of 
aquifer flow capacity compared to storage capacity. Steeper slopes indicate faster 
rates of flow [1]. These areas are delineated as having high reservoir process speed 
and are known as the speed zones [4]. The speed zones are indicative of permeable 

Fig. 3 Flow chart showing research methodology
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high-performance flow units [12]. Aquifer flow units FU1, FU3, and FU8 fall within 
the speed zone as shown in Table 3 and identified in the SMLP (Fig. 4) with higher 
degree angle trend of flow capacity. Flow units FU1, FU3, and FU8 have higher 

Table 2 Results of heterogeneity measurement

VES Location Kp (mD) X = Ln (Kp) (X-Xav) (X-Xav)2

1 Amadimogo 1657444 14.321 7.203 51.883
2 Nwaorie 187326.3 12.141 5.023 25.231
3 Ama-Ahor 3.7169 1.313 − 5.805 33.698
4 Farm School 184589.1 12.126 5.008 25.08
5 Ishioyo 316503 12.665 5.547 30.769
6 Idina 5308.615 8.577 1.459 2.129
7 Igoro-Agbor 2.186293 0.782 − 6.336 40.145
8 Obeke 87.73796 4.474 − 2.644 6.991
9 Owa 1686.97 7.431 0.313 0.098
10 Obinagu-Owerre 54128.68 10.899 3.781 14.296
11 Nkoffi 47162.92 10.761 3.643 13.271
12 Amenu 48.94161 3.891 − 3.227 10.414
13 Ugwunagbor 23.93495 3.175 − 3.943 15.547
14 Agu-Eke 1.59422 0.466 − 6.652 44.249
15 Umuchagwu 6.793267 1.916 − 5.202 27.061
16 Umuchoke 10.84512 2.384 − 4.734 22.411
17 Ubogidi 969.355 6.877 − 0.241 0.058
18 Ozalla 14.05047 2.643 − 4.475 20.026
19 Gbugbu 8555.231 9.054 1.936 3.748
20 Amabunagu 51320.79 10.846 3.728 13.898
21 Ngbakwu 341935.3 12.742 5.624 31.629
Summation 149.484 432.632

Fig. 4 Graph of SMLP showing the flow units in the study area
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porosity and permeability values compared to other flow units of the study area 
(Table  1). This suggests that sediments deposited in the environments within these 
flow units have good aquifer qualities [8]. High aquifer storage capacity and small 
flow capacity are associated with areas along the smooth slopes of the SML plot indi-
cating the ineffectiveness of some pores in contributing to the flow. Such areas are the 
slightly permeable zones with very low aquifer flow capacity compared to the stor-
age capacity. Areas with these characteristics are the baffle zones of the aquifer. Baffle 
zone gradient on the SMLP is almost horizontal. Aquifer flow units FU5 and FU7 of 
the study area are associated with the baffle zone. This may have been caused by the 
presence of shale that occurred as intercalations in the aquifer and as a result of the 
aquifer stratigraphically falling within the lower shoreface dominated by silty/mud 
[8].

Areas on the SMLP with very low or flat slope are regarded as impermeable areas. 
These areas are the barrier zone of the aquifer. Barrier zone are impermeable zone with 
very low flow and storage capacities. Flow units FU2, FU4, and FU6 occupy the barrier 
zone of the study area. This barrier zone indicates area in an aquifer with very low poros-
ity and permeability which may be due to the presence of sealing faults that hinder the 
flow of fluid. This is justified with the porosity and permeability range of the VES sta-
tions 3, 7, 13, 14, 15, and 17 found within the flow units FU2, FU4, and FU6.

The differences in the properties of the various flow units can be attributed to vari-
ation in the compaction of the sediments and digenesis with depth. The similarity in 
petrophysical behavior represented by the storage and flow capacities is the key factor 
for defining the FU [1]. Samples within the same HFU have a similar porosity contribu-
tion to their permeability.

Figure 5 is a contour map showing the variation of aquifer storage capacity (ASC). The 
variation divides the map into high and low ASC. Zones along the western part of the 
map are characterized with high values of ASC with low ASC values observed along the 
eastern part. A fraction along the northwestern part is delineated as having the high-
est magnitude of ASC compared to other western parts. This variation of ASC could be 
influenced by the thickness of geological formation and sensitivity of lithofacies [10].

Aquifer flow capacity (AFC) contour map (Fig. 6) shows that greater proportion of the 
aquifer in the study area is characterized with high percentage values of AFC with the 
highest percentage observed along the northwestern part of the map. This suggests that 

Table 3 Aquifer flow unit characterization

Flow units (FU) Flow unit characterization

Speed zones Baffle zone Barrier zone

FU1 ✓
FU2 ✓
FU3 ✓
FU4 ✓
FU5 ✓
FU6 ✓
FU7 ✓
FU8 ✓
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the aquifer layers in greater parts of the study area are of good quality, and the pores are 
all contributing to the flow capacity. Comparing AFC contour map with ASC map, it 
is observed that the area along the northwestern part having higher ASC compared to 
other areas corresponds to area with higher AFC. This area can be delineated as hav-
ing higher aquifer thickness, higher porosity, and higher permeability compared to other 
areas, thus higher groundwater productivity.

Conclusions
Aquifer characterization in Edem has been carried out by flow unit techniques employ-
ing stratigraphic modified Lorenz plot. The results of stratigraphic modified Lorenz plot 
(SMLP) delineated a total of eight flow-units for the aquifer units of the study area (FU1, 
FU2, FU3, FU4, FU5, FU6, FU7, and FU8) and three different process speeds. Aquifer 
flow units FU1, FU3, and FU8 were identified to fall within the speed zone with flow 

Fig. 5 Contour map showing aquifer storage capacity variation

Fig. 6 Contour map showing aquifer flow capacity



Page 12 of 13Omeje et al. Journal of Engineering and Applied Science           (2022) 69:33 

units FU5 and FU7 and flow units FU2, FU4, and FU6 occupying the baffle zone and the 
barrier zone respectively. The results from field data analysis identified VES 2, 3, 12, 13, 
16, 17, and 19, as characterized with higher aquifer thickness magnitude compared to 
other VES points of the study area. Aquifer storage capacity and aquifer flow capacity 
were identified from the various contour maps to be high along the western part of the 
study area with the highest storage and flow capacities delineated along the northwest-
ern part of the area. Contour map of aquifer flow capacity identified the northeastern 
part and a small proportion along the northwestern part as characterized with low aqui-
fer flow capacity. The aquifer storage capacity as revealed in its map characterizes the 
eastern part and a slight fraction along the northwestern part with low aquifer storage 
capacity. Aquifer of the study area was observed to be extremely heterogeneous with a 
Dykstra-Parsons coefficient of 0.99.
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