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Dike-induced aquifer models
derived from high-resolution multi-
spectral satellite imagery

Samkelo Radebe & Martin Clark™

The Main Karoo Basin in South Africa is a typical example of an expanding arid region dependent

on groundwater resources. Dolerite dikes in the region, analogous to dolerite dikes worldwide, are
known to influence subsurface groundwater flow and spatially relate to high-yielding boreholes.
Here, the effect of dolerite dikes on groundwater flow is remotely assessed using the Modified Soil
Adjusted Vegetation Index derived from high-resolution multi-spectral satellite imagery. From imagery
collected during the wet and dry seasons of 2018 and 2021, two aquifer models relating to 505 dikes
were identified; (1) barrier-controlled aquifers are induced by ~56% of dikes, (2) fractured aquifers
are induced by ~ 35% of dikes. Surficial areas overlying aquifers are also shown to sustain vegetation
growth through dry seasons. This research demonstrates the efficacy of vegetation indices to rapidly
characterise dike-related aquifer models and their seasonal sustainability, critical for effective
groundwater exploration and management.

Freshwater scarcity is a critical issue worldwide affecting an estimated 663 million people, with the dominant
majority residing in developing countries!. The diminished availability of freshwater resources is exacerbated by
climate change, through processes like desertification®?. The Strategic Development Goals of the United Nations
aim to ensure availability and sustainable management of freshwater and sanitation for all and recognize the
need to take urgent action to combat climate change and its impacts®. As challenges to freshwater access relating
to climate change are occurring more frequently, and increasing in severity, nations must undertake effective
strategies to ensure freshwater access for their peoples™®.

In South Africa, 71% of the surficial landmass is currently classified as semi-arid or arid’, and regions
classified as subhumid are rapidly shrinking®. The western portion of the Main Karoo Basin (MKB) in South
Africa has experienced a 48% decline in annual rainfall between 2013 and 2020, with median annual runoff
less than 60 mm®. As a result, the surficial flow of water in the MKB is spatially and temporally sporadic, as
exemplified by its western portion, resulting in 90% of communities to rely on regional deliveries, and local
springs and boreholes, for water’.

The MKB is a sedimentary basin, expressed over a 630,000 km? area, where groundwater exploration and
management has been undertaken through traditional hydrological and geophysical surveying!®. Aquifers in
this area are mainly comprised of sandstones, mudstones, shale, and siltstones which are all low in permeability!!
and considered to be “complex and unpredictable” in their geohydrological behaviour!®. Due to their complexity,
local surveying has been critical to generate actionable information to explore for, and manage, aquifers in this
area, albeit at significant cost!?.

High-yielding boreholes in the MKB (i.e., yielding between 13 and 85/s), are often associated with secondary
geological structures such as dolerite dikes, ring structures, sill margins, and folded and faulted geological
formations'®. These geological structures manifest as lineaments when they intersect the surface’. The successful
utilization of lineaments in groundwater exploration has been demonstrated in semi-arid regions of Australia,
India, and Iran, where increased populations of lineaments within 0.1 to 3 km? areas have correlated with higher
degrees of secondary porosity and by extension, larger volumes of available groundwater'*-*>.

Groundwater accumulation in proximity to one type of lineament, dolerite dikes, is relative to the dike’s
width and the degree to which the dike has been deformed!®!”. Less fractured dolerite dikes with widths greater
than 10 m have been shown to create barrier-controlled aquifers adjacent to but only on one side of the dike
(Fig. 1A)'7~1°. Baking of the host rock through contact metamorphism with the dike during emplacement, as
well as shrinking of dike material during cooling, increases permeability that has been shown to create fractured
aquifers along the dike (Fig. 1B)!"?°. Considering the importance of geological lineaments in groundwater
exploration, their uses in remote sensing studies have not sufficiently considered lineament types and the
potentially variable effects they have on groundwater (Fig. 1A, B)!21321-25,
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Fig. 1. Schematic models for a barrier-controlled aquifers (A) and fractured aquifer (B) illustrating the effect
of a dolerite dike on groundwater levels. Note the surficial location of vegetation in A and B relative to the
dolerite dike. Vegetation patterns are specifically displayed for arid and semi-arid regions.

The MKB exhibits a useful spatial correlation between surficial vegetation patterns and dolerite dike
lineaments, where increased levels of vegetation correlate with proximity to dikes. This correlation has been
observed in Ghana, where increased vegetation spatially correlates with high-yielding wells, suggesting increased
vegetation is causational from increased availability of groundwater?*-28, Both the high-yielding wells, and the
increased vegetation occurred in proximity (<300 m) to dolerite dikes?®. Recognizing areas with increased
natural vegetation compared to their surrounding regions is rapidly accomplished using satellite-borne
vegetation indices. Studies have shown that increased vegetation observed in dry seasons spatially correlate to
areas of increased groundwater potential®®-!. Therefore, to improve our ability to explore for groundwater in
proximity to dolerite dikes, this study discriminates variable dike-induced impacts on groundwater potential in
the MKB using the Modified Soil Adjusted Vegetation Index (MSAVTI).

Results

Spatial affinity of elevated MSAVI (Modified Soil-Adjusted Vegetation Index) values to
dolerite dikes in the Main Karoo Basin to characterise groundwater availability

The effect of woody vegetation on local biomass is observable in multi-spectral satellite imagery collected in
dry seasons. Satellite-borne MSAVI shows biomass ranges for woody and diminutive vegetation are between
0.50 and 0.65, and 0.30 to 0.45, respectively. Provided an arid, or semi-arid area is non-riparian, vegetation
growth is dependent on groundwater and therefore MSAVT values correlate to variability in the availability of
groundwater. As dolerite dikes have widths defined in meters or tens of meters, MSAVI derived over large areas
like the MKB result in stark spatial contrasts between areas with or without access to groundwater.

MSAVI was generated in the vicinity of 505 known dolerite dikes in 2018 and 2021 using PlanetScope
multispectral satellite imagery. Whilst the total population of known dolerite dikes is 721, dikes located within
agricultural, industrial, and human settlement areas, were excluded. Consequently, the analysis focused on 70%
of known dolerite dikes. The 505 dikes had 37, 253, and 215 dikes located in subhumid, semi-arid zones, and
arid climatic zones, respectively.

Across dike variability of MSAVI values

In 278 dikes (55%) observed in 2018, and 289 dikes (57%) observed in 2021, MSAVI values varied across dolerite
dikes, e.g., Fig. 2 (Appendix A). The MSAVI values near the dike varied between the wet and dry seasons. During
the wet season, the average MSAVI values were relatively high, ranging from 0.30 to 0.63, with little variability
observed across the dike (Fig. 2A). Conversely, in the dry season, vegetation on the southwest side of the dike
displayed greater MSAVI values compared to the northeast side where MSAVI values range in the dry season
from 0.30 to 0.65 on the southwest side of the dike, versus 0.25 to 0.54 on the northeast side (Fig. 2B). This
phenomenon of vegetation extended up to approximately 300 m from the dike. The MSAVI index values are
investigated up to 400 m from the dike, and values of 0.25 and 0.65 are broadly representative of sparse grasses
and moderate densities of woody vegetation, respectively (Fig. 2C). In the dry season, distances of 0 m to 150 m
on the southwest side of the dike displayed the highest MSAVI values ranging between 0.60 and 0.65.

Along dike variability in MSAVI values

In 180 dikes (35%) observed in 2018 and 181 dikes (36%) in 2021, increased MSAVI values were found along
dike traces, e.g., Fig. 3 (Appendix A). While seasonable variability in MSAVT values is apparent where MSAVI
values for the wet season range higher than MSAVI values from the dry season, a narrow area of elevated MSAVI
values was found within a +20-meter range from the dike trace (Fig. 3A, B, C). The index values in this narrow
area range up to 0.42 in the dry season and up to 0.52 in the wet season. These values are +0.12 and +0.1
higher than the surrounding vegetation, which typically ranges up to 0.30 and 0.40 in the dry and wet season,
respectively. Among the 181 dikes exhibiting this vegetation growth pattern in 2021, approximately 80 dikes are
described by maximum MSAVI values below 0.50, and 101 dikes have maximum MSAVT values of 0.60, both
observed in the dry season and indicative of woody vegetation.
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Fig. 2. Example of across dike variability in MSAVI value on Dike 81. (A) MSAVI values on 02 February 2021
during the wet season. (B) MSAVI values on 27 July 2021 during the dry season. A and B are oriented that
North is towards the top of the page. (C) Graph of the MSAVTI values across the dike trace to up to 400 m on
either side. N indicates the number of MSAVT pixels. Trend lines were generated based on the best-fit function
with the highest R? value illustrating variability between dry and wet season point clouds. MSAVI for A and B
was generated in ENVI 5.5., and the maps were generated using ESRI ArcMap 10.8 and ESRI ArcGIS Pro 3.0.3.
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Fig. 3. Example of elevated MSAVI values along Dike 3. (A) MSAVI values on 29 December 2018 during of
the wet season. (B) MSAVT values on 07 July 2018 during the dry season. A and B are oriented that North is
towards the top of the page. (C) Graph of the MSAVI values across the dike trace to up to 400 m on either
side. N indicates the number of MSAVT pixels. Trend lines were generated based on the best-fit function with
the highest R2 value illustrating variability between dry and wet season point clouds. MSAVT for A and B was
generated in ENVI 5.5, and the maps were generated using ESRI ArcMap 10.8 and ESRI ArcGIS Pro 3.0.3.
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Discussion

The populations of MSAVI values from imagery collected in wet and dry seasons of 2018 and 2021 show the
seasonal variability of vegetation as it relates to the availability of water (Figs. 2 and 3). During wet seasons,
increased precipitation generally results in higher levels of vegetation, unless the area has insignificant
precipitation regardless of the season, that then reduces during the following dry season. However, higher levels
of vegetation persist through dry seasons when available groundwater is present. Here we show that dolerite
dikes are a key and remotely observable mechanism for groundwater access and in the MKB. Proximity to dikes
as historically applied is found to be insufficient to explain the spatial variability of the access or potential access
to groundwater?%*2-3%, Based on the two observed vegetation patterns (e.g., Figs. 2 and 3), dolerite dikes in the
MKB either induce barrier-controlled aquifers (Fig. 1A), or fractured aquifers (Fig. 1B).

Barrier-controlled aquifers in the MKB occur at ~56% of the dikes corroborating the only comprehensive
regional study that addresses barrier-controlled aquifers as they relate to dolerite dikes (Fig. 2, Appendix A)!L.
Regionally significant borehole yields of 2 to 31/s were shown to have a spatial affinity to dolerite dikes!!. However,
the position of these boreholes relative to the dolerite dikes is unknown, and as shown here for dikes that induce
barrier-controlled aquifers, the position of the borehole relative to the dike is an important consideration in
whether a borehole will be high yielding or not. Therefore, published borehole yields may mischaracterise
groundwater potential relating to barrier-controlled aquifers that are dike-induced when the borehole’s position
relative to dikes is not considered. Here, spatial variability in MSAVT provides a clear indication on which side
of a dike may have induced a confined aquifer, as well as the locations along the dike where there are the highest
levels of vegetation; a useful proxy to areas where the highest amounts of available groundwater are located.
While this study shows confined aquifer models relate to >50% of the dikes, a proximity-based approach to
establishing boreholes relative to dikes would only have a ~50% chance to have maximized its effective yield.

Fractured aquifers are shown to occur at ~35% of the dikes, manifesting higher MSAVI values concentrated
within a range of +20 m from the dikes (Fig. 3, Appendix A). This aligns with the potential to site high-yielding
boreholes on, or directly adjacent to a dike®. Regionally significant fractured aquifer yields induced by dikes
found that within +2 m from a dike yielding between 1.05 and 4.21 I/s, similar in yield to barrier-controlled
aquifers®®. The higher levels of vegetation that persist through dry seasons on and along dikes shows that there is
sustained availability of groundwater, and therefore potentially the sustained yields from boreholes, even during
periods when surface water is limited.

Complexities arise with the consideration of other parameters that relate to vegetation growth. Variable
thicknesses and compositions of the regolith, extreme slopes where vegetation fails to take root, and vegetation
species-specific water needs means care must be taken in correlating MSAVI to groundwater potential®.
Some vegetation (e.g., Vachellia karroo) may access different depths of aquifers, meaning that their indication
of groundwater availability may be regarding a deeper groundwater source rather than a shallower one”3.
However, with these complexities, each that should be studied and accounted for where they are observed to
be significant, this approach shows the capacity to identify aquifer models, and areas of higher groundwater
potential, rapidly and remotely.

A dike’s effect on the type of aquifer is not necessarily exclusive (Fig. 3). Dike 3 demarcates a margin between
a zone of generally higher MSAVI values to the north of the dike from a zone of generally lower MSAVI values to
the south of the dike, consistent with a barrier-controlled aquifer (Fig. 3A, B). This variability of MSAVT values
across the dike does not show a pronounced effect like the departure of MSAVI values on the dike. Therefore,
the dike’s effect to establish a fractured aquifer is dominant. The presence of variable effects is consistent with the
known structural complexity of the MKB!%16:39,

Based on our understanding of dike characteristics as they align to barrier-controlled aquifers (56%) and
fractured aquifers (35%), this information may be used to further characterise the dolerite dikes, and regional
vegetation variability as related to groundwater. For instance, in regions that are not geologically mapped, this
approach may serve to identify geological dikes based on the effect they have on vegetation or enable further
characterization of dikes such as thicknesses. Where fractured aquifers are identified, it can be suggested that
those aquifers likely relate to dolerite dikes with widths of less than 10 m'®.

The variability of elevated MSAVI values in proximity to dolerite dikes is sometimes partially consistent with
both aquifer models (Fig. 3, Appendix A). This is especially the case when the dike intersects a river as seen
in Fig. 3 and suggests that additional inputs of water are present. Our approach avoided to study dikes where
additional inputs of water were obvious (e.g., irrigation), meaning this study focused on 505 dikes instead of the
total available population of 721, and explains why there is diminished capacity to visualise natural vegetation
trends in proximity to dolerite dikes during wet seasons. The additional water from precipitation reduces our
ability to remotely observe the complexity of subsurface flow networks (Appendix A).

This approach also cannot characterise aquifer models where groundwater flow networks may be minimal
or non-existent within the accessible range of surface vegetation. This analysis could not characterise 9% of the
dike population, that was primarily found in the most arid and subhumid regions of the MKB (Appendix A).
A more sensitive vegetation index may be able to accentuate groundwater availability in these areas, however, if
areas simply have no available groundwater, then no vegetation approach regardless how sensitive to vegetation
growth is likely to work.

This study does not assess the impact of where a dike is located, it’s orientation, or its thickness, which are
important to further understand elevated MSAVT, and groundwater potential near dolerite dikes. Consequently,
while the presence of vegetation near dikes may suggest the likely existence of near-surface aquifers, it does not
provide any credible indication of the presence of deeper aquifers. For developing nations, the ability to drill
deeper boreholes, or boreholes at all may not be available. Therefore, identifying where near-surface aquifers
are, is critical for underdeveloped communities to consider where shallow wells may be best situated for their
sustained access.
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Whilst considering the drawbacks relating to this approach, its ability to rapidly characterise 505 dikes,
characterize them as they pertain to two aquifer models, and to do so with 2-3 m of spatial accuracy, is novel and
critical for effective regional groundwater management in the MKB and other areas undergoing aridification. This
approach has provided a significantly better understanding of the geohydrological significance of dolerite dikes
than undertaken in previous groundwater exploration studies that utilized a remote sensing approach?*32-3440,

This study utilized known dolerite dikes from the South African Council for Geoscience to thus ensure that
dikes are accurately targeted to derive their effects on groundwater in the studied region. This approach can
be adapted to regions where lineaments are not known. High-resolution imaging of an appropriate vegetation
index to derive local groundwater behavior, can lead to subsurface structural mapping as it pertains to local
geohydrological behavior. Areas where sharp vegetation contrasts can be identified, or lines of elevated vegetation
can be delineated, can show the presence of confined and fractured aquifers, and indicate that dolerite dikes
may be present, even if the dike is partially obscured by surficial overburden. Additionally, collecting imagery
over protracted time frames can show how aquifers may evolve, vary in their ability to increase groundwater
potential, and in cooperation with site specific borehole yields, be used to establish predictions of borehole yields
based on climatic projections.

Conclusions

The presented study utilizing the MSAVTI index to analyse groundwater-dependent vegetation in proximity
to dolerite dikes offers a novel approach to characterise the local effect of dikes on groundwater. This study
demonstrates that vegetation indices calculated from high-resolution imagery can reveal vegetation trends that
indicate whether a dike has induced a confined or fractured aquifer, thereby contributing to informed decision-
making in groundwater exploration, specifically borehole siting, and sustainable-yield assessments.

This study shows that dolerite dikes in the MKB have two effects, with ~56% of dikes inducing barrier-
controlled aquifers, and ~36% of dikes inducing fractured aquifers. While this study has failed to characterise,
dikes located in extreme arid areas, and in areas with anthropogenic activity, this study shows a consistent
vegetation response to wet and dry season variability in 2018 and 2021, and that proximity to geological dikes as
an exploration parameter to site boreholes, is insufficient in the MKB.

Increasingly rapid aridification induced by climate change makes it vital that we use various methodologies
to ensure sustainable water access, especially in our most vulnerable regions. Our methodology describes a rapid
and low-cost approach to study groundwater potential in proximity to one of Earth’s most prolific geohydrologic
feature: intrusive dolerite dikes. We advocate for the remote characterisation of the hydrological effects geological
features can have, prior to engaging more invasive explorative or exploitative methods. We implore that public
and private enterprises make use of remotely sensed data where it has sufficient spatial or spectral resolution
and adopt proxy-based approaches to supplement their groundwater management in water-scarce regions where
groundwater management is not-yet or only partially established.

Methods

Study area

The Main Karoo Basin (MKB) is located in the southeast escarpment of South Africa, between 28° and 34° S, and
10° and 32°E (Fig. 4). The MKB comprises of three structural domains expressed as dolerite dike distributions,
these include the Western Karoo Domain, the Eastern Karoo Domain and the Transkei-Lesotho-Northern
Karoo Domain!!. In the Western Karoo Domain, sandstones and shales are intersected by dolerite sills and
dikes to create fractured zones that enhance groundwater storage and flow!®*. The Eastern Karoo Domain
is dominated by sandstones and mudstones which host fractured and confined aquifers where dolerite dikes
intersect permeable sandstone layers. The Transkei-Lesotho-Northern Karoo Domain mainly comprise of
sandstones, siltstones, and minor mudstones where dolerite dikes are known to play a key role in developing
structurally controlled aquifers'®.

The MKB is classified as a retro arc foreland basin with a maximum preserved thickness of 6 km adjacent to
the cape fold mountains and an average thickness of 3 km*!. It is bounded by (1) a fold-thrust belt (Cape Fold
Belt) lying along the southern margin of the basin, (2) the cratonic basement to the west, north and northeast,
and (3) the Indian Ocean to the southeast.

The MKB is characterised by a climate that ranges from arid, semi-arid to sub-humid with annual precipitation
of less than 200 mm per annum'!. The MKB is characterized by areas that receive the bulk of precipitation in
either the summer or winter months*2. In regions with summer rainfall, the wet season typically occurs between
November and March, with the peak rainfall from January to March*2. The dry season generally extends from
May to September, with the driest months being June to August*2. Conversely, in areas receiving winter rainfall,
the wet season spans from May to September, while the dry season usually lasts from November to March.

The surface elevation ranges between 800 m and 3650 m above sea level and is mainly expressed as flat-
topped buttes and mesas “Koppies”!?. Due to the low permeability of the lithologies that comprise the MKB,
groundwater is generally classified as unreliable!®. Nevertheless, secondary structures such as dolerite dikes,
dolerite ring structures, dolerite sill margins (especially inclined sheets), thick alluvial deposits, and folded and
faulted formations are hydrologically known for a higher potential for groundwater, especially where the host
rocks are sandstones mudstones!®°.

The vegetation of the MKB is typified by three prominent biomes: the Succulent Karoo biome, the Nama
Karoo biome, and the Grassland biome. Given the region’s scanty precipitation, vegetation primarily comprises
of diminutive shrubs and grasses®”*%43. However, sporadic stands of woody vegetation comprising of Rhus
undulata, Buddleja saligna, Euclea crisp avar. crispa, E. undulata var. undulata, Olea europaea, and Vachellia
karroo are found, and the latter is the most widespread*”-*%. Thriving within riparian zones, woody vegetation
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Fig. 4. Map of Earth showing the spatial distribution of the four most arid classes. The inset map delineates
the study area within the central landmass of South Africa and the three climactic regions covered. Aridity data
derived from*®. ESRI World Topographic Map sourced from ArcGIS templates. The map was generated using
ESRI ArcGIS Pro 3.0.3.

is indicative of sustainable access to water®®. Vachellia karroo adapt their root systems to enable them to access
deeper aquifers during periods of drought which also fosters the growth of smaller vegetation locally**. Therefore,
Vachellia karroo has emerged as a reliable indicator of available groundwater during dry seasons®**>.

Research design and materials

This study introduces a novel geographic information systems (GIS)-based workflow to analyse the Modified Soil
Adjusted Vegetation Index MSAVT in the vicinity of dolerite dikes to characterise spatial groundwater availability
(Fig. 5). This workflow uses Planet Labs PlanetScope Earth Imagery (https://www.planet.com/), with a spatial
resolution of ~3 m and 4 spectral bands Blue (465-515 nm), Green (513-583 nm), red (650-680 nm) and Near-
infrared (NIR: 845-885 nm), to generate the MSAVI*. We implemented this workflow using ENVI 5.5, ArcMap
10.8, ArcGIS Pro 3.0.3, Microsoft excel 2016, and the Spyder 5.4.5 Integrated Development Environment (IDE).

Data collection and pre-processing

PlanetScope satellite images were collected for the dry and wet seasons of 2018 and 2021. Most of the satellite
images were geometrically and radiometrically corrected upon collection. However, some images had geometric
errors that were corrected through co-registration in ENVI 5.5 to maintain a consistent geographic reference
system of WGS 1984 UTM Zone 36 S. and any lasting radiometric errors such as haze, clouds and dark pixels
were corrected using the haze removal, cloud masking and dark object removal tools on ENVI 5.546:47,

The 630,000 km? surface area covered by the MKB required creating a mosaic of the pre-processed satellite
images (Fig. 4). However, due to variable image quality, smaller mosaics for specific areas were generated using
histogram matching and edge feathering. Therefore, four mosaic images were generated for the North, South,
West, and Eastern portions of the MKB generated for the wet and dry season of 2018 and 2021, respectively.

Modified SAVI Generation

The Modified SAVT index uses the near-infrared and red bands to enhance the reflectance of vegetation by
reducing soil background noise, critical for arid regions with sparse vegetation such as the MKB (Fig. 4)*’. The
band ratio can be expressed as:

1 .
MSAVI = 5[(231\?13 +1- \/(ZRNIR +1)° = 8(Ryp — (Rppp) 1)

where R, is the near-infrared band, Rppp 18 the red band.

NIR
Characterising the effect of dolerite dikes on groundwater flow

To analyse groundwater flow along dolerite dikes, perpendicular transects were cast at 10 m intervals along the
dikes on ArcGIS Pro 3.0.3. These were converted to points and used to extract both the Modified SAVT value at
a specific location as well as the distance and direction that observation is to the position of the dike (Fig. 1A).
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Fig. 5. Methodology flow chart for this study, yellow in the graph indicates work done on ArcMap 10.8, green
indicates work done on ArcGIS Pro 3.0.3. All work done on ENVI 5.7 is illustrated with a purple colour.

Using excel the tables were pre-processed and prepared for python programming where point cloud graphs were
generated using a python code on Spyder 5.4.5 (IDE) to analyse the change curve of Modified SAVI values with
distance from a dolerite dike.

Scientific Reports|  (2024) 14:23747 | https://doi.org/10.1038/s41598-024-75323-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Data availability

MS
the

AVI from planet lab imagery and graphical representations of MSAVI values for all studied dolerite dikes in
current study (Appendix A) are openly available in figshare at https://doi.org/10.6084/m9.figshare.25067690.
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