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Abstract

This thesis investigates methods for identifying fractures in the geological subsurface of Curaçao using CTD profiles
and other temperature measurements during pump tests. Deviations from the background profile in different tracer
pump tests, natural salt tracer tests within wells with non-uniform EC profiles and point source heat injection tracer
tests, were analyzed to characterize subsurface fractures. Results indicate that both temperature and EC experiments
reveal comparable fracture depths. Additionally, Star Oddi temperature measurements show potential in detecting
fractures, despite the spatial resolution. Static temperature profiles reveal multiple fracture depths, although with
some uncertainties. The effectiveness of proposedmethods varies, with EC-depth profiles during a natural tracer test
proving effective. In wells lacking EC variability, the temperature tracer method with temperature-depth profiles, or
Oddi temperaturemeasurements can serve as an alternative. Also, the heterogeneity of the subsurface of the Curaçao
island has become apparent from the results, with also having different fracture distributions in depth throughout the
different measured wells. Further enhancement of measurement methods, including increased Oddi temperature
measurement density, multiple heat injection depths and averaging of multiple static profiles as background value,
could improve accuracy.
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1 | Introduction

Curaçao is one of the Antilles islands in the Caribbean
Sea. It is known for the high-quality coral reefs on
the southwest side of the island. Coral reefs provide
economic advantages for Curaçao through tourism and
fishing and also give protection from storms and flood-
ing [Eddy et al., 2021]. In the past 40 years, a 50% de-
cline of coral reefs in the Caribbean has been observed,
with a projection that in the next few decades, 60% of
present coral will be lost if the present rates continue
[Waitt institute, 2017]. Currently, the coral reefs ex-
perience multiple stressors from the environment such
as climate change. Where pollution and sedimenta-
tion also form a problem [Lesser, 2021]. This pollution
or sedimentation can be caused by submarine ground-
water discharge (SGD), which could contain pollutants
deposited onshore [Liu and Du, 2022]. High levels of
SGD with high amounts of nutrients negatively affect
coral survival, but lower levels can have a positive effect
[Lubarsky et al., 2018]. This is due to the possible nu-
trient load of SGD, which differs in amount with these
levels of SGD. As this is an important factor for coral
management it is important to understand where and
how the groundwater is flowing on and through the is-
land.
The SEALINK project is an overall research for the ef-
fects of the environment on the growth of the coral
around Curaçao. Part of this project is the research of
the effects of SGD and to look at the relationship with
the sea and land processes [Sealink]. This project is set
out to look at the survival and growth of the coral reefs
of the Dutch Caribbean. The groundwater that is part
of the SGD flows out of the different geologies of Cu-
raçao. The different geological formations present on
the island (Figure 1.1) have different transmissivities
[Abtmaier, 1978] as the they are formed under different
conditions, which is believed to have a big impact on
the SGD. Fractures within a formation also have a criti-
cal role in groundwater flow [Singhal and Gupta, 2010].
Fractures form in a rock due to stress. These fractures
can give space for water to flow through, though this
is only possible when they are in a network. This con-
nectivity causes the flow to go in another direction than
originally in a case without fractures, this is illustrated
in figure 1.2 as water can be directed by the direction of
a fracture, depicted with the blue arrows. Also, other
features could be present, for example wells or faults,

Figure 1.1: Geology of Curaçao (logged by Beets [1972])

Figure 1.2: Schematic depiction of the role of fractures
on groundwater flow together with an indication of the
experiment in a well and an idea of how SGD flows into
the sea to the coral (blue arrows).

were wells in itself can form conduits of groundwater
[Gailey, 2017]. As these subsurface features are an im-
portant factor in the SGD it is good to have an insight in
the fracture distribution in these geologies.
To see where features are located in a well, conductiv-
ity temperature depth (CTD) profiles were taken. These
are profiles in the saturated zone of a borehole and de-
pict the conductivity and temperature of the water in
depth. As Curaçao is an island, it has a freshwater lens
on top of saline water [Post et al., 2018] where salt is
present in the bottom of a well and the fresh and salt in-
terface is within the water column of a well (Figure 1.2).
Former studies of electrical conductivity (EC) in wells
of Curaçao by Rowbottom and Winkel [1979] however
show that the distribution of salt in the groundwater
does not have a linear relationship with distance from
the coast (Figure 1.3). Where seawater on average has
a conductivity of 50.000 µS/cm and drinkable water a
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maximum of 1.000 µS/cm [Walton, 1989]. So, to get a
better insight in this groundwater system of the island,
a CTD study was used. CTD-profiles could potentially
tell something about the structures in the subsurface,
which influence this salt distribution. Static profileswill
be examined, to see whether this can be used as fracture
indicators in a well or that pump tests are required to
examine this. Poulsen et al. [2019] presents a method
to detect subsurface features in a well. This by inject-
ing a salt concentration in the bottom of the well and
pumping at the top. With this, the pumping will cre-
ate a salt profile throughout the whole water column.
At depths where this process creates a different gradient
in the profile than the background profile, a fracture is
likely to be present. This gradient can be present due to
a subsurface flow through fractures containing fresher
water. As stated by Poulsen et al. [2019], the experiment
can also be done using other tracers. For this research
also a temperature injection experimentwas conducted.
This type of experiment can also be done in wells with a
uniform EC profile. Read et al. [2015] uses a point heat
injection as tracer, where they measure the speed and
quantity of the heat dispersion upwards in a well to ac-
knowledge features in a well. By doing this the reac-
tion of the water column by the pump can be measured
and analysed. In this research these two tracer meth-
ods will be handled with some alterations, where for
the salt tracer test the present salt concentration in the
wells is assumed to act as a natural tracer, in contrast to
adding this separately. Where for the temperature tracer
test different measuring devices will be used as opposed
to the fibre optic DTS (distributed temperature sensing)
measurement done by Read et al. [2015]. This to see if
this is a viable cost-effective option, and whether these
heat point injection tracer tests can provide essential in-
formation about the well’s fractures.

1.1 Context

The project of which this thesis is part of is a PhD linked
to the bigger project called SEALINK. This project aims
to investigate the effect of terrestrial inputs on the island
of Curaçao onnear shore coral reefs. Where TitusKruis-
sen is investigating the scope of water flow from and on
the island towards these coral reefs. For this project a
more detailed look on the local fracture and subsurface
flow in wells is taken. Therefore this thesis will be sup-
portive to the overall SEALINK project.

1.2 Research questions

The objective of this research is to characterise the
hydro-geological situation and features in wells on the
island of Curaçao. To meet the research objectives the
following research questions will be answered. With
questions:
• How can hydro-geological features be charac-
terised out ofmeasuredCTD-profiles around a con-
ducted pumping test?

• To what extent is this possible from static CTD-
profiles?

• Which fracture quantifying method is best for
coastal rock formations?
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Figure 1.3: Electrical conductivity at sea level in wells measured by Rowbottom and Winkel [1979] plotted against
distance to the shore. The colors indicating the different geological formations the wells where situated.
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2 | Field site and data

2.1 Geology and climate

The island of Curaçao consists of different geological
layers. The biggest part of the island is made up of the
Curaçao lava formation (Figure 1.1), this was formed in
the sea where lava meets sea water [van Buurt, 2009].
The pillow like structure can also have some basalt
intrusions that formed when magma found it’s way
through the "pillow" structures and cooled slower. This
formation has been pushed up due to tectonics and thus
emerged from the sea. During the process of emerging
from the sea a limestone rock formed on top of this for-
mation due to calcareous sediments that accumulated
on the basalt base. These rocks are mostly present at
the edges of the island. The Knip formation seen in the
north-west in figure 1.1 is a sedimentary rock formed
out of sands, clays and silicates. The Midden Curaçao
formation consists of sand- andmudstones with region-
ally conglomerates. The hydrogeology of these geolog-
ical formations is diverse, as the basalt formation can
have transmissivities of 50 to 200 m2/day where the
Knip formations and midden Curaçao formation can
have 5 m2/day [Abtmaier, 1978]. This can have big im-
pacts on the SGD as the groundwater will flow faster
through the basalt layers than through the Knip forma-
tion.
The topography of the island is hilly with the highest
point at 372 meters. As it is an island the fresh-water
source is precipitation. The island has a tropical climate
where average day temperatures do not differmore than
10 degrees Celsius over the year, with an average tem-
perature of 27 degrees Celsius. The amount of precip-
itation accompanying this climate is not homogeneous
throughout the year, but has an average annual value
of 550 mm. In the beginning of the year it is dry for a
few months, and in the end of the year in the months
of October, November and December it is wetter with
monthly around a hundred millimeters of rain (Figure
2.1) [Martis et al., 2002,Meteorological Department Cu-
raçao].
In prior research Abtmaier [1978] stated that at the end
of the dry season the groundwater showed an increase
of conductivity of 20%. In areas where they pumped the
irrigation water in high quantities this increase could
even be 50%. Thus salt water intrusion can form a
problem for places with extensive pumping. For this

Figure 2.1: Climate summary of Curaçao. Retrieved
from Meteorological Department Curaçao.

project EC (Electrical Conductivity) depth profiles were
taken, where Rowbottom and Winkel [1979] have al-
ready done this for some places. The existing profiles
are all taken as a static profile, in this research profiles
throughout a pumping test were taken to get a better
look at the present features in the subsurface. Simul-
taneously, temperature depth profiles were taken. The
profiles were taken with a CTD (Conductivity Temper-
ature Depth) logger, which measures the electrical con-
ductivity, temperature and pressure.

2.2 Field sites

All wells measured in this study were uncased, which
implies that the water in the wells directly are at contact
with the surrounding subsurface. The fieldwork is done
together with a master thesis student (Joshua Leusink)
who has conducted pump tests in the same wells. The
measurements were taken in 11 different places on the
island, as seen in figure 2.2.
Well 1 is located next to some farm fields almost at the
West point of the island. It lies within the Curaçao lava
formation and is within 0.4 km of the coast. Where well
2 also lies in the West of the island it is within the Knip
group formation and a bit further from the coast (2.3
km). This well is within a military area which is used
as practice fields, and no agriculture around. Well 3 is
again within the Curaçao lava formation and with 1.4
km also close to the coast. The well is located within a
nature reserve where the well is sometimes used to ir-
rigate the vegetation. Well 4 and 5 both lie within the
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Table 2.1: Distance to shore and height above sea level
of each measured well.

Well Distance to coast (km) Elevation (m)

1 0.4 18
2 2.3 27
3 1.4 11
4 3.2 69
5 2.3 21
6 3.4 28
7 3.3 17
8 3.5 21
9 2.3 31
10 2 39
11 3.2 27

Midden Curaçao formation and respectively 3.2 and 2.3
km from the coast. the surrounding land use is mostly
shrubs and houses where well 4 is only used to water
palm trees, as thewater contains salt and the other vege-
tation around cannotwithstand this amount of salt, and
well 5 has not beenused for decades. Well 6 is an unused
well in the backyard of a house near well 7. The neigh-
bourhood lies a bit higher than well 7, with a height dif-
ference of 11 meters between well 6 and 7. Well 7 is lo-
cated near a fieldwhich is used as a community farming
facility. In the months outside of the rain-season when
their water basins are empty this well is used as pump-
ingwell for irrigation. Thewater basin is located around
150 meters from the well and is in the form of a round

silo. Also, at almost 500 meters distance a dam is lo-
cated which fills when big rain events occurred. Which
at the time of the pump test the damwas filled with wa-
ter. Furthermore, the well is located in themiddle of the
island and approximately 1.7 km from the Piscedera bay
or 3.3 km from the sea at 17meters above sea level. Well
8 is located in an area of the government which at the
measurement time did not get used for intensive agri-
culture. Near the well a few lakes are present within
100 meters. The well lies within the Curaçao lava for-
mation, 3.5 km from the sea and 1.6 km from the bay
named Schottegat. Well 9 is located in cattle fields of a
farmer, occasionally containing sheep. No active pump-
ing is done in thiswell throughout the year. The location
of the well is at the edge of the Curaçao lava formation
next to the limestone formation and approximately 2.3
km from the sea at 31 meters above sea level. Well 10 is
a well in an agricultural field which is not used to pump
water. It is located near well 9, has a distance of 2 km to
the sea and lies within the Curaçao lava formation. Just
as most of the wells, does well 11 lie within the Curaçao
lava formation, it is situated in a backyard and lies 3.2
km from the sea. Behind the backyard a natural area
is located which stretches to the coast. The elevation of
the wells shown in figure 2.2 are given in table 2.1 just
as the mentioned distances to the coast.

Figure 2.2: locations of pump tests and analysed wells. In the background the geological map of Curaçao (Beets
[1972]).
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3 | Methodology

The main methods used in this research are electrical
conductivity and temperature profile measurements in
wells on the island of Curaçao. Additionally, profiles
were taken before, during and after conducted pump-
ing tests with tracers, this in order to see the response in
salinity and temperature. In this methodology chapter
firstly, the general set-up of the pumping test will be ex-
plained, secondly the measurements done during these
testswill be shownand lastly the analysingmethodswill
be described.

3.1 Main measurement plan

For this study the fieldwork plan is based on multiple
hydro-geological measurement methods. This by com-
bining already existing methods and adapting it to a
version applicable in fractured coastal rock formations.
With these methods fracture locating and transmissiv-
ity studies have been conducted. A natural and induced
tracer test was executed together with a pumping test in
single-well experiments. This is done around the island
of Curaçao on different geologies and locations, with
various well depths and widths. Next to these measure-
ments, also static (without active pumping) Conduc-
tivity Temperature Depth profiles (CTD-profiles) were
taken to compare with the dynamic (with active pump-
ing) experiments.
As a base of the experiment a pump test is conducted.
Here, the pump was placed a few meters under the wa-
ter level in the well (Figure 3.1 and number 4 in Figure
3.2). The pumping rate depended on the pre-assumed
transmissivity which was at least low enough so that
the well would not be emptied out at the start of the
test. The pumped water was discharged through a pipe
of either ten or twenty meters from the well, in a lower
elevated location. Which was done to diminish return
flow to the well. Further work on the drawdown data
from the pumping tests are done in the master thesis of
Joshua Leusink [Leusink, 2024].

3.1.1 CTD profiles

CTD profiles can be measured in a static (no active in-
duced flow) well, a pumped one, or with induced gradi-
ents [Smart and Worthington, 2003]. In this study, both
static and directly pumped profiles were taken. The

Figure 3.1: Schematic depiction of measurement set up

RBR brevio3 (Figure 3.4), which is the CTD-logger that
was used was attached to a cord that was marked at ev-
ery meter. This device has a measurement interval of
every 0.5 seconds andmeasures with an accuracy of +/-
3 µS/cm for the conductivity and +/- 0.002 ◦C for the
temperature. The cord with marks was winded up on
a reel to know at what depth was being measured (Fig-
ure 3.1 and Figure 3.2 number 1). The logger also mea-
sures depth by pressure, so when continuously logging
the water level in the well, the exact depth of these pro-
files could be determined. The logging of the water level
was done by a pressure diver which was placed below
the pump, and a dipper to periodically measure the wa-
ter level by hand as a check (Figure 3.1 and Figure 3.2
number 3 and 6 respectively). To make sure the CTD
logger was safely hanging in a well, a protective case
was built to hang around the logger. A PVC pipe was
cut to size and holes were drilled all around so that wa-
ter would still run through to measure but so that the
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Figure 3.2: Set up of pump test with tracer measure-
ments. With the numbers depicting: 1) rope reel CTD
(Conductivity Temperature Depth) logger 2) pulley sys-
tem 3) rope reel diver 4) pump tube and electrical cord
5) cord heater and oddi line 6) dipper

logger would not bump against the sides (Figure 3.3).
To provide a smooth running of the cord a pulley sys-
temwas created to also prevent potentially breaking the
cord on the side of the well (Figure 3.1 and Figure 3.2
number 2). The logger is lowered and raised in the well
throughout the pump test. Depending on the width of
the well, this was done for the whole depth or only be-
neath the pumpwhen thewellwas too narrow tofit both
the pump and logger. Some wells are not wide enough
for the CTD logger, pump, and electrical cord to fit all
next to each other. In these wells either a CTD diver,
which is smaller, was used instead of the RBR Brevio3

logger, or only the water column beneath the pumpwas
measured.
During the pump test, a time interval was set to roughly
measure at a constant interval. For the first few tests this
interval was every thirtyminutes but after looking at the
results, fifteen minutes was chosen as a more suitable
interval. A set depthwas chosen per test to rest theCTD-

Figure 3.3: Casing used around the CTD-logger to pro-
tect from potential damage made to the RBR Brevio by
the well wall

Figure 3.4: The used CTD-logger, it is a RBR Brevio3

logger in the time between the profiles. This was done
as a backup water level logger and to keep the logger
from drying out covered in salty water.

3.1.2 Tracer experiments

Poulsen et al. [2019] injected a constant rate of salt at
the bottom of the well with their tracer tests. This is
not possible to reproduce in the scope of this research,
but as the island of Curaçao has a freshwater lens on
top of salt water, salt is already present at the bottom of
most wells. In this case, a well with a gradient of EC
values may function similarly. Here, salt is thus already
present at the bottom of the well, which can be pumped
up to hypothetically create the same effect of the injec-
tion experiment. The background concentration is im-
portant to consider, as there is already salt in the well
that is affecting the water column, which is not the case
in the wells from Poulsen et al. [2019]. This experiment
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Figure 3.5: Star oddi, Temperature measuring device

Figure 3.6: Star oddi casing, attached to cord of heater
with spacing of one meter from each oddi

is only possible in wells where there is not a uniform EC
profile.
In wells with a uniform EC profile the method of Read
et al. [2015] can be used, with some simplifications as
fibre optic measurements where not available. To mea-
sure the temperature in a profile next to the CTD pro-
files taken, ten Star-Oddi temperature probes (Figure
3.5) were lowered in the well in a sequence (Figure 3.1).
These were spaced from each other on a line with one
meter between each Star-Oddi with a casing to hold
them (Figure 3.6). In this way, we had a constant tem-
peraturemeasurement at 10 fixed depths and a full CTD
profile every fifteen minutes. A heating element (2000
Watts) was placed close to the bottom of the well, which
functioned as the tracer injection point with the Star-
Oddi’s above it (Figure 3.1). The heater was heating
for 15 minutes in each test after at least half an hour
of pumping. When heating the water, the heat transfers
up, either by the pump, in-well conduit current between
two fractures [Maurice et al., 2011] or convection. Be-
fore the heating and pumping a background CTD pro-
file is taken.

3.2 Analysis

The aim of the analyses is to see whether the proposed
methods are fit to find fractures in the subsurface of a
fractured coastal rock.

3.2.1 Static temperature depth profiles

Bredehoeft and Papaopulos [1965] provides a method
of calculating the vertical velocity of the groundwater
in wells. This method can only be used in profiles that
is depicting a geothermal imposed temperature gradi-
ent from the bottom with influence from surrounding
water flow creating curves in the profile. In these pro-
files the effect of surface warming is not part of analy-
ses as in this case the influence from surrounding flows
is not the only forcing on the water temperature. Here
the surface warming is the main warming force at the
top and the geothermal heat the main warming force
from the bottom which creates an inflection point. The
depths above this inflection point should be neglected in
the analyses done with the Bredehoeft and Papaopulos
[1965] curves. The curves in the profile can be quan-
tified by fitting it to the Bredehoeft curve (Figure 3.7)
which is used to describe the vertical flow in a steady
-state situation. The sections of which show a convex
or concave structure in the profile below the inflection
point in a static temperature profile were super imposed
on the curves presented in figure 3.7 with variables be-
ing used as presented in figure 3.8, where on the y-axis
the depth of measurement is divided by the total length
of the vertical section that is examined and on the x-axis
the function of f(𝛽, z/L). Where the function is given in
equation 3.1:

(𝑇 𝑧 − 𝑇 0)/(𝑇 𝑙 − 𝑇 0) = 𝑓(𝛽, 𝑧/𝐿) (3.1)

Where the best fitted 𝛽 value is given as output value.
The velocity within the well is then calculated by using
equation 3.2.

𝑣𝑧 = 𝜅𝛽/𝑐0𝜌0𝐿 (3.2)

Where 𝜅 = 8.368 x 10-3J/cm◦C, 𝑐𝑜𝜌0 = 4.184 J/cm3◦C, L
the length of the section in cm and 𝛽 which is unit less
(Bredehoeft and Papaopulos [1965]). Here a positive ve-
locity indicates downwardsmovement and negative up-
wards. In this way the ambient flow of the in-well water
can be calculated.

3.2.2 Static electrical conductivity depth
profiles

For characterization of fractures in static EC-profiles,
the profiles can be analysed for steps in EC concentra-
tion (Saxena et al. [2005]). At depths where a shift in EC
is shown the influence of interaction with water from
the surrounding fractures is depicted. Next to using the
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Figure 3.7: The Bredehoeft curves, it shows the relation
between depth difference fraction and the temperature
difference fraction of the selected area [Bredehoeft and
Papaopulos, 1965]

method of Bredehoeft and Papaopulos [1965] this could
also be done for temperature profiles, where tempera-
ture differences in surrounding fractures influences the
temperature of the water in the well.

3.2.3 Pumptests

A few steps are taken in order to analyse the CTD-
profiles taken during a pump test. First, the depthsmea-
sured by the CTD-logger need to be converted to the cor-
rect depth by combining it with the continuously mea-
suredwater level from the diver. This is important as the
CTD-logger measures its depth by pressure and during
a pump test the water level varies. The profile logging
datawill be plotted next to the data from the Star-Oddi’s.
Because the CTD-logger measures every half a second,

Figure 3.8: Variable diagram for the calculation of the
Bredehoeft and Papaopulos [1965] curve’s

the depths are not perfectly at an interval of 0.1 meter.
The profiles were integrated over depth with steps of
0.1 meters, in this way every profile can be compared
to profiles from the same pump test. As the tempera-
ture changes during a test the specific EC will be used
in the analysis as this compensates for the temperature
difference. For the analyses the difference from the first
measurement of the well will be calculated and shown.
In the case of the profiles from the CTD-logger, this is
done with the first full profile and for the Star Oddi tem-
perature data with a time instance before turning on the
pump.
The profiles and Star Oddi temperature data can be plot-
ted with depth on the y-axis and time on the x-axis with
the temperature or specific EC as color. In these plots
with temperature the proposed heat plume caused by
the heating can be followed by finding the maximum
temperatures in each profile or in case of the Star Oddi’s
at each depth. Poulsen et al. [2019] used a method were
the speed between these maximums can be calculated
by dividing the depth difference by the time that past.
This can then be converted to liter perminute by adding
the width of the well. Also the heat maps created can be
used as a visual analyses of where lateral inflow causes
stagnation of the heat plume going upwards. These
areas indicate a subsurface feature in the well. This can
also be done with the specific EC profiles.
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4 | Results

The chapter starts with analyses of the static CTD pro-
files and the temperature profile analyses with the Bre-
dehoeft curves. This is not done for wells 1, 2 and 4 as
no data is present or formatted differently which due to
time limits where not analysed. Afterwards, the pump
test data will be presented. Pump tests were done in 11
locations (Figure 2.2), where for this result section two
will be used: well 7 and 9. This due to time constraints,
data insufficiency or lacking of concluding relevance.
For figures from the other locations the appendix B can
be consulted.

4.1 Static CTD profiles

In this section the static profiles taken before the pump
tests will be presented. They will be analysed to what
extent fractures can be deduced from the static state of
the profiles.

4.1.1 Temperature depth profiles

Static temperature depth (TD) profiles can in some cases
tell something about fracture depths as steps in temper-
ature could be present.

For well 3 in figure 4.1, only the depths of 7.5 and
15.5 meters are of interest. At these depths small steps
are present which could be fractures, but as it does not
have a big step the influence of these fractures are small.
In figure 4.2, the temperature depth profile of well 5 is
shown. Here at the depths of around 14, 20, 24.5, 36
and 38.5 meters deep a temperature shift is seen. The
top three noted depth show a wider step than the bot-
tom two, indicating higher flow velocities within the
fractures, thus more weathering at the top than at the
bottom.
Figure 4.3 shows a step in temperature at 19 meters
deep, suggesting that at that depth a fracture is present
as the only feature in this well.
Well 8 shown in figure 4.4 is a shallow well of only 7
meters. Within the profile, when looking at the magni-
tude of the x-axis, very small temperature changes are
present with only a difference of 0.02 degrees Celsius.
The one thing to note in this profile is that the biggest
difference happens near the bottom of the well, where
it gets cooler.

Figure 4.1: Temperature in degrees in depth of well 3.

Figure 4.2: Temperature in degrees in depth of well 5.

The TD profile of well 9 (Figure 4.5 ) has a similar shape
than the profile of well 3. In this profile the small step
is located around 8.5 meters.
For well 10 in figure 4.6 a clear step is visible around 34
meters and at 13.5 meters deep a sharp turn such as an
inflection point is present, only this time it is the other
way around, thus not indicating the point of switch from



12 | CHAPTER 4. RESULTS

Figure 4.3: Temperature in degrees in depth of well 6.

Figure 4.4: Temperature in degrees in depth of well 8.

surface warming to geothermal heat forcing, but indi-
cating a different sort of phenomenon such as a fracture.
Well 11, displayed in figure 4.7 shows a step at 19meters
where after the profile shows an inflection point near
the bottom of the well. Also, around 10.5 meters a small
step is seen in the temperature.
Next the profile ofwell 7will be analysed, this is the only
measured profile where the method of Bredehoeft and
Papaopulos [1965] can be applied, due to the present in-
flection point noted in section 3.2. In figure 4.8 the pro-
file is presented. The unit less parameter 𝛽 is given for
each part of the profile that shows a convex or concave

Figure 4.5: Temperature in degrees in depth of well 9.

Figure 4.6: Temperature in degrees in depth of well 10.

curve. At 8.8 and 10.7meters the cumulative flows from
the fractures are the highest and thus have the highest
lateral influence. Around 11.8, 12.5, 13.5, and 16 me-
ters these flows are the lowest, and for 18.7, 20.3, 21,
and 22.5 meters the flow magnitude is around average
of the depicted flow rates.
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Figure 4.7: Temperature in degrees in depth of well 11.
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Figure 4.8: Static temperature-depth profile fromwell 7. Parameter 𝛽, fitted to the Bredehoeft and Papaopulos [1965]
curves, is indicated for the areas marked by grey lines. With the calculated velocity next to it, where positive values
mean upward movement and negative, downward. Vertical arrows point out the direction of flow, whereas horizon-
tal arrows denote either into the well (to the right) or out of the well (to the left) flow from lateral sources with the
cumulative flow indicated next to it.
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4.1.2 Electrical conductivity depth profiles

Just as the temperature profiles, the electrical conduc-
tivity (EC) depth profiles can give an indication of frac-
ture depths due to steps within the profile.

Well 3 (Figure 4.9) has one very straight line of around
3000 micro Siemens per centimeter. Only, at around
15.5 meters deep a big step is present, which is at the
same depth as in the TD profile (where it was a small
step). The other small step noted down for the TD pro-
file at 7.5 meters is not visible in this profile.

Figure 4.9: Specific EC in µS/cm in depth of well 3.

Figure 4.10 gives the profile of well 5, here steps can be
noted down at the depths: 15.5, 20, 24 and 39 meters.
Which is roughly the same depths as in the TD profiles
shown in the former section, again also displayingwider
steps at the top of the well and narrower at the bottom.

Well 6, in figure 4.11 depicts a few notable steps. These
are around the depths of: 19, 31 and 35 meters, with the
step at 19 meters being much wider than the other two
steps. Here the surrounding influence of the fractures is
higher.
The profile of well 7 (Figure 4.12) is more chaotic than
previously shown profiles. The electrical conductiv-
ity within the well only differs between 1665 and 1695
µS/cm which is a small difference. At the depths of
around 7.5, 11, 16, 18 and 20 meters the profile curves
which could be a fracture depth, but not as clearly vis-
ible as steps as in the profiles shown beforehand. The

Figure 4.10: Specific EC in µS/cm in depth of well 5.

Figure 4.11: Specific EC in µS/cm in depth of well 6.

bottom of the well shows a lower value then the fewme-
ters above it just as in well 8.
Just as for the Temperature profile of well 8, the EC pro-
file of this well (Figure 4.13) shows small differences
within the whole depth. Again showing a decline near
the bottom of the well at 7 meters deep, but only a slight
difference of 100 µS/cm.
The profile of well 9 in figure 4.14 displays some signifi-
cant steps with wider steps in the upper part of the well
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Figure 4.12: Specific EC in µS/cm in depth of well 7.

Figure 4.13: Specific EC in µS/cm in depth of well 8.

and smaller steps near the bottom. Steps are located at
the depths of: 3, 8.5, 11 and 12.5 meters.
Figure 4.15 shows the EC profile of well 10, with a wide
step around 13.5 meters and a small step near the bot-
tom at 34 meters. These depths are comparable to the
depths noted down for the TD profile of the same well.
Again, the top fracture shows a wider step indicating
higher influence from the surrounding.
Well 11 shown in figure 4.16 has a few steps. These steps
are around the depths of: 11.5 and 19 meters, with the
first being awider step. Thementioned steps are around

Figure 4.14: Specific EC in µS/cm in depth of well 9.

Figure 4.15: Specific EC in µS/cm in depth of well 10.

the same depths as noted for the TD profile.

4.2 Pump test profiles

Pump test were conducted to see whether the fracture
depths noted for the static profiles, also are deducible
during tracer tests, and if these tests could tell us more
about these fractures. Here the different measuring
techniques are also compared. Only the figures from the
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Figure 4.16: Specific EC in µS/cm in depth of well 11.

wells 7 and 9 are shown due to time constraint or data
insufficiency. The plots of the other wells are given in
appendix B.

4.2.1 Temperature tracer test

In the profiles presented in figure 4.17 fromwell 7, devi-
ations from the background profiles can be noticed. The
first thing noticeable is the heat plume that is created
by the heater. The plume travels upwards dispersing its
high temperature. In the figure the temperature differ-
ence from the first profile is presented. The deviations
from the background profile show depths where lateral
influence is present, thus fractures are present. Noted
in the figures are the depths at which this happens, in
figure 4.17 B, these depths are 8.5, 12.5, 14.2, 14.8, 16.5,
17.2, and 20.2 meters (dashed lines). Figure 4.17 A also
shows the slope of the maximum temperatures of each
Star Oddi temperature measurement line. The depths
at which these velocities stagnate are 16.5 and 20.5 me-
ters which roughly coincide with the depths indicated
in figure 4.17 B. Another thing to note is that between
14 and 17 meters the profile is slightly warmer than the
start, before the heater is turned on.
Figure 4.18 shows the same plot but for a different pump
test, this is from well 9. This well was a bit shallower
which is noticeable in the top Star Oddi temperature
measurement line as it gives a lot of fluctuations in tem-
perature. This because this Star Oddi was placed at the

depth of the pump and is in contact with the temper-
ature from the atmosphere. Again, depths with devia-
tions from the background profiles are noted by dashed
lines in figure 4.18 B. These are at depths of: 8.7, 10.2,
10.8, 12, 14.2, and 15meters. In figure 4.18A, the depths
of interest are 10, 13, and 14meters as the slope changes.
Except for the 13 meters these depths coincide with the
found depths in figure 4.18 B.

To illustrate the possibilities of velocity calculations the
profiles fromwell 9 are plotted again, but this time with
the temperature on the x-axis in figure 4.19. Slopes of
selected consecutive profile’s maximum temperatures
have been calculated and plotted (excluding maximum
temperatures occurring above the pumpdepth). What is
notable is the velocity change around 14.2meters, below
this the flow is 0.63 l/min where above it is 0.33 l/min,
which is almost half of the speed from below. This indi-
cates lateral influence, as the flow stagnates in the well,
meaning the flow from below is dissipating out of the
well. This figure also again shows the depths of interest
mentioned before in figure 4.18.
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Figure 4.17: the temperature difference from the first profile (before pumping) in depth and time from the pump
test in well 7. Measurements from the Star Oddi’s in A and the CTD logger in figure B. The black lines in figure A
depict the slope between the maximum temperatures from each Star Oddi, where minus is upwards. The grey line
in figure B indicates the depth of the pump at the times that the pump was active, and the dashed lines indicate the
depths at which proposed fractures are present

Figure 4.18: the temperature difference from the first profile (before pumping) in depth and time from the pump
test in well 9. Measurements from the Star Oddi’s in A and the CTD logger in figure B. The black lines in figure A
depict the slope between the maximum temperatures from each Star Oddi, where minus is upwards. The grey line
in figure B indicates the depth of the pump at the times that the pump was active, and the dashed lines indicate the
depths at which proposed fractures are present.
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Figure 4.19: all profile Temperaturemeasurements from the pump test inwell 9. Coloured diamonds are indicators of
the highest temperature of each profile, where the blue and red lines depict the calculated slopes of selected sections.
The red line is themaximum temperatures of profiles 8 to 12 and for blue 13 to 22. The flow velocity of these sections
is indicated above the lines, which is calculated using the time it took the maximums to rise the depth difference of
the section. The pump flow velocity is indicated above the grey line which indicates the pump depth.
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4.2.2 Salt tracer test

The following figures will present themeasured EC pro-
files from the pump tests in well 7 (Figure 4.20) and
well 9 (Figure 4.21). For these measurements, no ex-
ternal tracer injection was used. Figure 4.20 shows the
difference in specific EC from the first profile. Where
the grey line is the height of the pump and stretches
from the start to the end of the pump session. The av-
erage EC value is around 1700 µS/cm (Appendix figure
A.1). Noticeable deviations from the background pro-
files are marked with a dashed black line. These are at
the depths of, 9.7, 12.5, 15.5, 17.2, 20.4, and 22.4 meters,
which are comparable with the temperature tracer test
depths. Notable in this profile, is the input of lower EC
values from the bottom halfway through the test, which
slowlymove upwards as pump time passes. In the static
profile of this well, already a lower EC value is seen near
the lower depths of the well (Figure 4.12). For well 9
the profiles are presented in figure 4.21. The overall EC
in this well was around 30000 µS/cm (Appendix figure
A.2). Which is more than 15 times the amount of well
7. The dashed lines in this plot are at the depths of 8.5,
10.2, 10.8, 12, 13.5, 14, and 15.2 meters, which are com-
parable with the temperature tracer test depths. With
depths of 8.5, 10.8, and 12 meters show the most influ-
ence as the most difference is visible here.

Figure 4.20: Specific EC in µS/cm difference from the
first profile (before pumping) in depth and time of well
7. The grey line indicates the pump depth. The dashed
lines indicate depths at which proposed fractures are
present.

Figure 4.21: Specific EC in µS/cm difference from the
first profile (before pumping) in depth and time of well
9. The grey line indicates the pump depth. The dashed
lines indicate depths at which proposed fractures are
present.
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5 | Discussion

In this chapter, the results will be discussed. Firstly,
the static measurements will be examined, with tem-
perature and conductivity handled separately. Follow-
ing that, the discussion will move to the pump test mea-
surements.

5.1 Static profiles

The static temperature depth (TD) profiles overall show
some steps and irregularities along the profiles suggest-
ing fractures, especially in the TD profile of well 5 (fig-
ure 4.2). In this profile distinguishable steps are visible.
This is also the only profile from the Midden Curaçao
formation which has a much lower transmissivity than
the Curaçao lava formation. It can be hypothesised that
the heat transfer between layers differs and thus, be-
cause of the different geological stones such as sand or
mud stones, the heat transfer upwards in the profile is
slowed down by lower transmissive layers. For the other
wells no such clear steps were visible but more irregu-
larities were noted done as fracture depth.

Because only one profile is analysed per well, some
uncertainty is added, as it is a snapshot measurement.
This influences the static profile analyses done for well
7 (Figure 4.8). As this analyses is done on small areas
of the profile. Small temperature deviations can have
a bigger impact on the result. As not the whole profile
showed distinguishable curves to assess with the Brede-
hoeft curve’s, a section of 5 meters (between 14 and 19
meters) could not be given flow velocity for each sub-
section within this section. Thus within this region of
the profile small deviations can cause a currently pre-
sented upwardflow toflowdownwards or cause a differ-
entmagnitude of flow velocity. Some uncertainty is also
present in the magnitude of the velocity since the well
diameter, which is used in the velocity calculation, is not
homogeneous throughout the well. This was noticed af-
ter taking an in-well video showing ridges and imperfec-
tions created by the drilling of the well. As these diam-
eter deviations are quite aprubt and diverse throughout
the well the diameter of the well was assumed to be uni-
form over the whole depth. The measured diameter at
the top was chosen to represent the diameter of the en-
tire well. To diminish this effect in further research, a
more intense investigation on these deviations is neces-
sary to get more accurate velocities.

For the electrical conductivity (EC) profiles, steps in
µS/cm were more distinguishable in the presented pro-
files, and thus proven use full in finding fracture depths.
This conclusion is similar to what Saxena et al. [2005]
found in the subsurface of India. Except for the profile
of well 7 and 8 where the difference of EC within the
profile is no more than 100 µS/cm. Well 7 is roughly 1.2
km away from well 6 which has a much lower general
EC value, around 1000 µS/cm instead of 1680 for well 7,
and showcases better distinguishable steps in the pro-
file. Wells 6 and 7 showcase that the connectivity be-
tween the wells, hypothetically is not high, as it does
not show comparability among the two profiles. Also
for wells 9 and 10 this EC value difference is present as
the general values within these wells are around 27500
µS/cm for well 9 and 8500 µS/cm for well 10. These
wells lie again roughly 1.2 km apart from each other and
at almost the same height but have a big difference in
magnitude of µS/cm. Which with looking at figure 1.3
again enhances the idea of heterogeneity within the is-
land as both wells are almost as close to the coast but
have very different characteristics. The hypotheses here
is that well 9 probably has a connection to the sea water
as it shows such high values compared to well 10.
In general the wells, except for well 7 and 8, show
smaller steps as the depth of the well increases. Which
would suggest that the weathering of the subsurface
rock and thus fracture formation is diminished with
depth. And that this process is seen across the island
within the Curaçao lava formation. Wells 7 and 8 did
not follow this pattern as lower EC and temperature val-
ues are present at the bottom of the wells. Well 8 lies
near some lakes which could explain the lower values
at the bottom of the well, assuming there is some kind
of connectivity between the bottom of the well and the
available water nearby. To investigate this further, wa-
ter from the bottom of the well could be tested to see if it
resembles values from the lake water. For the other geo-
logical formations only one or no profiles were analysed
ormeasured and thus remains outside of this discussion
point, but is an interesting topic of future research.

5.2 Temperature tracer test

As general notes on the temperature experiment side of
the pump tests, the heater is only turned on at the bot-
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tom of the wells. This restricts the analyses as done in
figure 4.19 for multiple depths as the heat plume is dis-
sipated above 12.5m. Above this themaximum temper-
atures caused by the heat plume can not be detected. To
get a more detailed picture of the whole fracture distri-
bution in the well, this test should be repeated with the
heater at different depths or with a longer heating time.
Overall the temperature tracer test did show significant
results in detecting fracture depths, at the depths that
the heat plume did travel. As Leaf et al. [2012] and Read
et al. [2015] states this method is use full in detecting
fracture depths, where in their study they did use a DTS
(distributed temperature sensing) system tomitigate the
disturbing of the profile by pulling the logger up and
down the well, as was used in this study. In future re-
search, when available, DTS can be used for a less dis-
turbed continuous temperature measurement.

For the measurements of temperature, both Star
oddi’s and the RBR Brevio3 were used. Here both mea-
surement and analysis methods will be discussed.

5.2.1 Star Oddi’s

The indicated depths of interest discussed in the results
section in figure 4.17 en 4.18 are based on the slope of
the highest temperature differences per Star Oddi. As
the Oddi’s were placed every meter the exact depth of
the fracture that forces this slope change is unsure. Thus
these could vary within the surrounding one meter at
each side of the indicated Oddi. If an analysis of higher
detail is needed in further research, a more dense Oddi
placement is required. Also, as only ten StarOddi’s were
available not the whole extent of every well could be
monitored. To get a conclusive picture of the full ex-
tent of a well more Oddi’s would be needed to be placed
along the depth. Another point to be raised is that pos-
sible small deviations in temperature could be present
between two Oddi’s which do not show up in the bigger
scale of measurements. Such a thing is seen in figure
4.18 A as at 12 meters depth, nothing can be noted and
in figure 4.18 B a clear line is visible. Thus a method
with these one meter spacing of Oddi’s as measurement
device does not result in a complete overview of the frac-
tures present in awell but it does give amore continuous
measurement throughout the test than the CTD logger
data and a general idea of the situation within the well.

5.2.2 Temperature depth profiles

Same as for the Star Oddi temperature measurements,
in the temperature depth profiles the plume is dissi-
pated before the top of the well. For well 7 shallow
depths are mentioned to have a clear difference from
the background profile at 8.5 and 12.5 meters. The heat
plume does not have impact on these depths. At these
depths the influence of lateral groundwater changes
the measured start temperature. These changes are
thus only induced by pumping. This phenomenon
only showcases the depths where the input temperature
(lateral groundwater temperature) is different from the
start well temperature. To know whether there are also
fractures at depths with the same temperature as this
starting temperature the heat plume experiment should
be done at higher depths. Read et al. [2015] also noted
this as a complication of the method.

For the calculation of flow in figure 4.19 the height
of the temperature plume is used with the speed of
which it has moved up times the diameter of the well.
Poulsen et al. [2019] however does this with a tracer test
where there is a constant tracer input. Thus the shown
calculated flows do not depict the correct magnitude of
velocities, but it does however indicate a change of flow
between the two lines, which indicates a lateral inflow
point. When wanting to know the correct flow velocity
future studies could redo the pump test with a constant
temperature input.

Uncertainty was induced by snapshot measure-
ment of the first temperature profile. The analyses done
for the temperature depth profiles are plotted as the dif-
ference of the measured temperature of the profile with
the first full profile before a pumping test. This could
have impact on the outcome, as if at any depth a small
temperature difference occurs for a few seconds during
the first profile, it can have impact on the results. To
diminish this, multiple start profiles should be taken
and averaged. These profiles should be takenwith some
time in between to diminish the temperature flow in-
duced by the dropping an pulling up of the CTD-logger.

When looking at the figure 4.17 as noted, parts of
the profile were heated up before turning on the heater.
This heat thus is transported trough lateral inflow of
groundwater. As it is heating up the profile, this wa-
ter has to originate from either higher or lower parts of
the subsurface as as seen in figure 4.8 in those places the
water is of higher temperature.

For well 9 this is not the case and seems, temper-
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ature wise, only affected by lateral inflow after heating
at the noted down depths. These depths are comparable
to the depths from the static profiles, but do give more
notable fracture depths. It could be hypothesised that
the depths at which no steps are seen in the static pro-
files but only in the pump test, that the fractures are not
connected to a bigger flow path where surrounding wa-
ter can enter but is a pocket that holds some water. This
effect could potentially be analysed by taking a longer
pump test to see if the effect of these hypothetically non
connected fractures diminishes over time.

5.3 Salt tracer test

As proposed in themethods, the EC concentration from
the bottom of a well could be used as natural tracer. In
figure 4.20 about halfway the test, the EC is pulled up-
wards due to the pumping. This induced flow visualised
the fracture depth of 20.4 and 22.4 meters. Where this
effect is not seen in the others wells. Well 7 is also differ-
ent from the other wells as the EC concentration in the
bottom of the well is lower than at the top. Moreover,
the movement upwards of this fresher water starts after
the heat plume has past. As convection of the warmer
groundwater is flowing upwards the inflow of lateral
groundwater is induced, which in this case has a lower
EC concentration. This fresher water could be origi-
nated from surrounding surface water that has a flow
path to these lower depths. Potentially this water can
originate from either the, potential leaking, water basin
nearby or the water standing at the dam. This could be
investigated by taking a water sample at the bottom of
the well and comparing it with the surrounding water
sources.
Well 9 does not showcase the same as well 7. In this
pump test the higher EC values did travel upwards in
the well and stagnated at the noted depths were the lat-
eral inflow causes dilution of this upwards flow. Again,
as noted with the heat tracer test the noted depths are
comparable with the depths of the steps in the static
profiles but did give more notable depths. These extra
depths (such as 10.2, 14 and 15 meters) do show less of
an influence in the profile, thus probably do also have
less impact on the surrounding groundwater flow than
the other depths (8.5, 10.8 and 12 meters).

Furthermore, the impact of snapshot measure-
ments of the first full EC profile is potentially affecting
the outcome. In the same manner as for the tempera-
ture profiles, the small possible deviations of the mea-

sured EC concentration can have impact on the conclu-
sions made from the figures 4.20 and 4.21. In future use
of this method, the assumption of the first profile be-
ing correct as a snapshot measurement can be dimin-
ished by averagingmultiple profiles taken before pump-
ing with time in between. Overall, did this natural salt
tracer method prove to be use full in locating fractures
in a single well tracer pumping test.
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6 | Conclusion

The aim of this research around Curaçao was to investigate fractures in the geological subsurface of the island. This
was done using conductivity temperature depth (CTD) profiles while preforming a tracer pump test. The fractures
in the subsurface of Curaçao can be characterised by analysing CTD profiles during multiple types of tracer pump
tests in a well: either by conducting a natural tracer test within a well with a non-uniform electrical conductivity
(EC) profile or by a point source heat injection. Illustrating the difference of each CTD profile from the initial static
profile exposed deviations, after which were assumed to indicate fracture depths. Both the temperature and EC
experiments show comparable depths of these fractures. The results also provide more insight in the heterogeneity
of the subsurface of the island, as the connectivity between wells is low and the fracture density diverse. In addition
it was found that the fracture density decreases with depth.
The proposedmethods demonstrate effectiveness in their respective capacities. Static CTD profiles have shown com-
parable fracture depths between each other (temperature and EC) and to the tracer tests. However, amore insightfull
fracture distribution can be seen with the CTD profiles of the tracer tests, which in some cases more information
was revealed due to prolonged pumping. Furthermore, the Oddi measurement method shows promising results but
proves to be less effective at the current measurement density. When using a method involving temperature point
source injection as a tracer, it is advisable to conductmultiple injections at varying depths of interest to enhance result
accuracy. Future research could investigate the relationship between the different geological formations better by
conducting additional tests within different formations. To conclude, natural tracer tests with EC in coastal forma-
tion can be an insightfull and an effective method, where static CTD profiles can already provide a good estimation
of fractures in a well.
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A | Additional Figures

Figure A.1: Specific EC in µS/cm in depth and time of
well 7. The grey line indicates the pump depth.

Figure A.2: Specific EC in µS/cm in depth and time of
well 9. The grey line indicates the pump depth.
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B | Figures non analysed wells

For wells 1, 2 and 4 in figure 2.2 either no data was
present due to a too narrowwell (4) or emptying thewell
directly after turning on the pump (1). For well 2 the
data was logged with a diver instead of the RBR Brevio3

Figure B.1: Specific EC in µS/cm in depth, well 3 figure
2.2

Figure B.2: Temperature in degrees in depth, well 3 fig-
ure 2.2

Figure B.3: Specific EC in µS/cm in depth, well 5 figure
2.2

Figure B.4: Temperature in degrees in depth, well 5 fig-
ure 2.2
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Figure B.5: Specific EC in µS/cm in depth, well 6 figure
2.2

Figure B.6: Temperature in degrees in depth, well 6 fig-
ure 2.2

Figure B.7: Specific EC in µS/cm in depth, well 8 figure
2.2

Figure B.8: Temperature in degrees in depth, well 8 fig-
ure 2.2
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Figure B.9: Specific EC in µS/cm in depth, well 10 figure
2.2

Figure B.10: Temperature in degrees in depth, well 10
figure 2.2

Figure B.11: Specific EC in µS/cm in depth, well 11 fig-
ure 2.2

Figure B.12: Temperature in degrees in depth, well 11
figure 2.2


