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ABSTRACT

The use of temperature as a natural tracer in hydrology is noticed since the 1960s. In recent years, there has been a revival of the use
of this physical property in the investigation of water cycle. The main reasons are the cost reduction of temperature measurements
and the development of distributed temperature sensing. Here, we present a study of the groundwater-surface water interaction in
the Onga Creeck Watershed (Guarani Aquifer System outcrop) using stream discharge data and temperature as a natural tracer. Two
Parshall flumes were installed 1.2 km apart to quantify stream discharge and determine groundwater contribution. We used an optic
fiber cable to identify interaction locations and a probe with thermistors to measure the vertical temperature gradient and estimate
flux rates. The results show a discharge difference of ~250 m*>h' between both flumes, which we interpret as baseflow contribution.
The distributed temperature sensing allowed the identification of regions with gaining behavior. Discharge rates between 200 and
300 mm.day ' wete determined from vertical temperature measurements, which agrees with the stteamflow data. The study demonstrated
that temperature is attractive as natural tracer in tropical conditions, where the groundwater temperature is higher than the surface
water temperature, especially during the winter.

Keywords: Distributed temperature sensing; Fiber optics; Streambed temperature; Guarani Aquifer system; Groundwater-surface
water interactions.

RESUMO

O uso da temperatura como tragador natural em hidrologia ¢ observado desde a década de 1960. Nos dltimos anos, foi possivel observar
um resgate do uso desta propriedade fisica na investigagdo do ciclo da dgua. As principais razoes sio a reducio de custos na medi¢ao
de temperatura e o desenvolvimento da medigdo de temperatura distribuida. A partir deste contexto, este trabalho apresenta um estudo
da interagio rio-aquifero, na Bacia do Ribeirdo da Ong¢a (afloramento do Sistema Aquifero Guarani), a partir do uso de dados de vazio
do curso principal e utilizando a temperatura como tracador natural. Duas calhas Parshall foram instaladas a uma distincia de 1,2 km
entre si, de forma a quantificar a vazio do curso principal e determinar a contribui¢do de agua subterranea. Um cabo de fibra 6tica foi
empregado para identificar regioes de contribuicdao da dgua subterranea ao curso superficial, assim como uma sonda de temperatura,
com termistores, foi utilizada para medir o gradiente de temperatura vertical e estimar as taxas de troca entre estes meios. Os resultados
indicam uma diferenca de vazio de ~250 m>.h-! entre as calhas, o que pode ser interpretado como conttibuicio do fluxo de base ao
rio. O sistema de medi¢io distribuido de temperatura (DTS) permitiu a identificagdo de regides de contribui¢io de agua subterranea,
em virtude da diferenca de temperatura entre d4gua subterrinea e supetficial. Taxas de descarga de 200 a 300 mm.dia" foram obtidas
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a partir das medi¢des pontuais de temperatura, que concordam com os valores obtidos a partir da medigdo de vazao. O trabalho

demonstra que a temperatura pode ser utilizada como um tracador natural, mesmo em areas tropicais, em que a temperatura da agua

subterranea ¢ superior a da agua superficial, especialmente nos periodos de inverno.

Palavras-chave: Medigao distribuida de temperatura; Fibra 6tica; Temperatura no leito do rio; sistema Aquifero Guarani; interacdo

rio-aquifero.

INTRODUCTION

The sustainability of the world’s largest transboundary
aquifers are multinational efforts, that rely on analyses of highly
variable spatial and temporal processes. The Guarani Aquifer
System (GAS), which underlies Argentina, Brazil, Paraguay and
Uruguay, is a classic example of a transboundary aquifer systems
(Gastmans et al., 2010; Richts et al., 2011). In the GAS, groundwater
recharge is constrained to small outcrop zone primarily in Brazil
(Aratjo et al., 1999; Foster et al., 2009; Gastmans et al., 2017), while
water use is disturbed among all four countries and is regulated
by international treaty (Sugg et al., 2015; Tinker & Kirchheim,
2016; Sindico et al., 2018). Globally, the sustainability of these
large aquifer systems are based primarily on the quantification
of the volume of groundwater storage (Richey et al., 2015,
Thomas et al., 2017). Where groundwater storage is controlled
by the fluxes of water entering and exiting the aquifer through
recharge and discharge zones. Quantifying these fluxes can be
problematic, and an issue of scale, as groundwater recharge and
discharge are spatially and temporally variable (Wendland et al.,
2015; Bloschl et al., 2019). As a result, current research initiatives
specifically focus on quantifying fluxes entering and exiting the
GAS owing to the aquifers importance to the water supply in
South America (Hirata et al., 2020; Hirata & Foster, 2020). Recent
studies identify groundwater recharge and surface water exchange
are the most important processes for managing sustainable use
(Lucas et al., 2015; Lucas & Wendland, 2015; Elliot & Bonotto,
2017; Hu et al., 2017; Melo & Wendland, 2017; Batista et al., 2018).
These results point to the importance of quantifying fine scale
variability in groundwater recharge and discharge.

Quantifying recharge, storage and discharge of the GASis
essential to effectively manage groundwater resources as the number
of transboundary municipal, industrial, and agricultural users grows
(Rodriguez et al., 2013; Gongalves et al., 2020). The complexity
of the subsurface geology and uncertainties in meteorological
data integrated over large spatial scales make these components
difficult to calculate (Scanlon et al., 2006; Sharda et al., 2006). Thus,
some studies focused on one particular mechanism: groundwater
exchange through surface water connectivity (Batista et al., 2018;
Elliot & Bonotto, 2017; Hu et al., 2017; Lucas et al., 2015; Lucas
& Wendland, 2015; Melo & Wendland, 2017). In an increasingly
agricultural landscape in the GAS outcrop zone, groundwater-
surface water (GW-SW) interactions will play a critical role in
transforming and retaining the nutrients introduced by agriculture
(Mortrice et al., 1997; Le et al., 2018; Liu et al., 2020). Previous
methods to calculate SW-GW fluxes were utilized on various scales
(Elliot & Bonotto, 2017; Melo & Wendland, 2017; Batista et al., 2018;
Gomez et al., 2018). Ground-based monitoring and modeling and
isotopic techniques were localized while remote sensing occurred
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on a large scale (Santarosa et al., 2021; Gémez et al., 2018; Melo
& Wendland, 2017). Remote sensing results were found to be
more inaccurate than ground-based methods for local recharge
rates (Lucas et al., 2015). Localized isotopes techniques are more
accurate to predict recharge rates and estimate fluxes, but high
costs may limit the upscaling process (Hu et al., 2017). Better
methods are needed to analyze GW-SW interactions accurately
at local and regional scales in the GAS.

The identification of discharge and recharge areas using
heat as a tracer is an alternative way to verify the spatial-temporal
variability of such processes on streams (Stallman, 1960; Bredehoeft
& Papaopulos, 1965; Constantz et al., 2003; Anderson, 2005;
Constantz, 2008). Distributed and discrete approaches have been
used to perform such monitoring (Selker et al., 20006a; Selker et al.,
2000b; Tyler et al., 2009; Saar, 2011; Schenato, 2017). The streambed
temperature monitoring using a fiber optics coupled to a distributed
temperature sensing device (FO-DTS) is used to identify GW-SW
interaction regions. This method relies on differences in water
temperature between surface and subsurface. These technique that
have been applied in different regions worldwide (Lowry et al.,
2007; Matheswaran et al., 2013; Vandenbohede et al., 2014;
Yao et al,, 2015; Huang et al., 2016). Additionally, it is possible to
quantify the groundwater discharge in the stream by measuring
the streambed temperature in multiple depths (Hatch et al., 2000;
Schmidt et al., 2006; Schmidt et al., 2007; Swanson & Cardenas,
2011; McCallum et al., 2012; Luce et al., 2013). Thus, an efficient
strategy to locate and quantify streambed flux from surficial
aquifers is to couple temperatures measurements horizontally,
along the river channel, with vertical profiles, at the streambed
depth (Mamer & Lowry, 2013; Kurylyk et al., 2017).

The use of heat as a tracer to identify and quantify
groundwater discharge in a stream of a tropical watershed inside
the GAS outcrop zone is not reported in the literature and can
be an alternative way for a better determination of the GW-SW
mechanisms in such important aquifer system. Hence, the aims of
this study are: (i) to verify the aquifer contribution in the stream
by measuring the flow upstream and downstream; (i) to identify
potential points of aquifer contribution in the stream flow using
FO-DTS; and (iii) to estimate the flow conttibution from the aquifer
using streambed temperature gradient. The results presented here
are the first assessment of GW-SW interactions using temperature
as a tracer in the outcrop zone of the Guarani Aquifer System.

STUDY AREA: ONCA CREEK WATERSHED

The Onga Creek Watetshed (OCW) is located between 22°10°
and 22°15’ S and 47°55” and 48°00” W], at the rural area of Brotas
municipality, in S2o Paulo State (Figure 1). The 65 km?” watershed
consists of a creck that flows mainly over a huge sandstone packet
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(Botucatu Formation) and at the watershed outlet over a basalt
complex (Figure 2A). Both units were formed during the Mesozoic
age (Gilboa et al., 1976; Aradjo etal., 1995; Cactano-Chang, 1997,
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Figure 1. Location of Onga Creek Watershed area and its regional
context.

193000

8

7546000 754
>»

§

-

7543000

7540000

Legend
Water Stream
a OCW Limits

V Geological Units

Botucatu Form.
Serra Geral Form.

7537000

T T T

Aratjo etal., 1999; Franga et al., 2003; Cactano-Chang & Wu, 20006;
Wendland et al., 2007; Gastmans et al., 2010). The watershed is
mainly occupied by agricultural land uses (eucalyptus, sugarcane,
citrus, and pasture) and is located inside the Cerrado biome
(Figure 2B). According to Képper-Geiger classification, the OCW
is located in a humid subtropical climate (Cwa), with a mean air
temperature of 21.6 °C (Cabrera et al.,, 20106). The rainfall averages
around 1500 mm ytr', the aquifer recharge is approximately
440 mm yr' and base flow is around 0.5 m? s at the basin outflow
(Lucas et al., 2015; Lucas & Wendland, 2015).

The motivation in studying GW-SW interaction in this
watershed is related to its location, since all of its area is inside an
outcrop zone of the Guarani Aquifer System (GAS). Considering
the extent of this formation and its importance at national and
international levels, the use of temperature becomes interesting for
advancing the knowledge regarding the behavior of this aquifer,
especially with respect to its interactions with surface flows.

MATERIALS AND METHODS

Stream flow measurement

To quantify surface water flow, two Parshall flumes were
installed in the main stream, 1.2 km apart from each other (Figure 1).
One v-notch was also installed on the major affluent of Onca
Creck. These three devices monitored with pressure transducers
that recorded water levels every 10 minutes, allowing time series
data of stream flow determination.

During the monitoring period considered here, no rainfall
was detected in the study area. As a result differential stream
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Figure 2. Onca Creck Watershed area: (a) geological and (b) land use and land cover maps [Source: Adapted from Coutinho (2019)].
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gauging can be performed between the flumes in order to quantify
groundwater baseflow contributions. Considering a simple mass
balance between the Parshall flumes, baseflow in this stream reach
can be calculated by (Equation 1):

Op=05-(01+2,) D

Where:

Op: base flow rate (m’.h™");

0Os: flow rate measured in the downstream Parshall flume (m’h);
Or: flow rate measured in the upstream Parshall flume (m*h');
0y: flow rate measured in the v-notch installed in the main affluent
(m>.h™).

Base flow rate data can be used to estimate an average
groundwater discharge rate in the river, considering a ratio between
the flow rate and the streambed average area (Equation 2). This
area is the product between the wetted perimeter and the stream
length considered.

-9 _ O
T4 PxL @)
Wherte:

¢: groundwater discharge rate (m.day™");
Op: base flow rate (m’.h");
4: streambed average area (m?), resulted from the product of
the wetted perimeter (, in meters) and the stream length (Z, in
meters) considered.

In terms of water volume, an average linear rate can be
calculated by relating the base flow volume drained during a day
and the stream length considered (Equation 3).

dvol = QTB (3)

Where:

dyor: average volume of groundwater discharged per meter of
stream, pert day (m’.m™.day");

Op: base flow rate (m’.h');

L: stream net length, considering main channel and all affluents (m).

Distributed temperature sensing (FO-DTS) using
fiber optics

Distributed Temperature Sensing (DTS) is a recent technology
that allows temperature monitoring in a finer spatial (< 1 meter)
and temporal resolution (< 5 seconds), when compared with
punctual measurements. Using fiber optics as a sensor, placed
along the streambed where it is desired to know temperature
variations, the DTS device is connected and a laser pulse is sent
down cable. Part of this signal returns to its origin, as a result of
scattering phenomenon. This scattered signal is divided in two
wavelengths, one with higher frequency (known as anti-Stokes)
and other with lower frequency (known as Stokes). While the anti-
Stokes is influenced by external temperature, the second is not
affected by this physical property. The rate between these two plots
allows temperature determination in a cable section (Selker et al.,
20006a; Selker et al., 2006b; Lowry et al., 2007; Tyler et al., 2009).
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A fiber optic (FO) connected to a DTS (Sensornet Oryx
SR DTS system) was installed in the streambed of the main
stream in the Onga Creek watershed during June 2017. Streambed
temperature was measured by laying approximately 180 m of
fiber-optic cable just above the sediment-water interface, upstream
from the second Parshall flume. To avoid deplanements and to
maintain the installation position, the fiber optic cable was tied
with nylon wires and staked down to the streambed. This stakes
were placed approximately every meter along the streambed.

The experimental design used at Onca Creek was a duplexed
single-ended configuration (Hausner et al., 2011). From the DTS
device, the cable pass through two references sections (hot bath
and cold bath), with different known temperatures, these reference
sections provide a calibration point above and below the target
temperatures in the stream. After the reference baths, the cable
enters the river and travels approximately 180 m. At the end of the
cable there is a turnaround in the fiber, the path takes the reverse
direction and ends passing through the two baths, without a second
connection with the DTS instrument. Once installed, the location
of the cable on the streambed was georeferenced using a GPS.

The FO-DTS ran during approximately 72 hours, from
July, 5th, 2017 — 12:06 to July, 7th, 2017 — 09:36. Considering the
device employed (Figure 3), with a sampling resolution of 0.5 m
and a spatial resolution of 1.0 m,a £ 0.03°C temperature precision
was obtained for every fiber optic cable meter (Sensornet, 2022).

Shallow streambed temperature gradient

To complement these data obtained from DTS and to
estimate groundwater upwelling and downwelling rates from
streambed temperature gradient, point temperature measurements
were performed in the same stretch were the fiber optic was
employed. This data collection was performed in July, 5th,
2017, simultaneously of FO-DTS employment, at 49 points,
georeferenced with a GPS. The instruments used in this phase
were a thermometer with a data logger embedded, connected with
four thermocouples, attached to a nonconductive rod and spaced

by 10 cm from each other (Figure 4). For temperature readings,

& y
- = & ? ’ =2y

Figure 3. DTS device employed in the Onga Creek Watershed.
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Temperature
Logger

Figure 4. Scheme of punctual streambed temperature measurement.

the stick was placed in way that uppermost thermocouple would
be aligned with the streambed interface, while the lower three
would be below the sediment water boundary. Four temperature
values (one for each thermocouple) were recorded in each point,
which permits the gradient temperature determination and a
complementary identification and confirmation of stream-aquifer
interaction points.

To estimate groundwater upwelling and downwelling rates,
we use the analytical solution (Equation 4) for the transient heat
and fluid flow through isotropic, homogenous, and fully saturated
porous medium, proposed originally by Bredehoeft & Papaopulos
(1965). This solution was implemented in a Microsoft Office Excel
spreadsheet and the 3 value was optimized, for the function in
Equation 5, using the Solver tool, based on Arriaga & Leap (2006)
and Kurylyk et al. (2017). With the optimized  value, groundwater
upwelling and downwelling rates were calculated using Equation 6.

ﬂ(z/L)
T, -Ty B z|_¢€ -1
L -Ty _f(ﬂ’Lj P -1 @
z=L B(z/L) >
B T,-T, e -1 5
F(ﬂ)_ _O[TL_TO eﬂ—l ‘| ()
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__kB
q:= copil (©)
Where:

T.: streambed temperature (°C), at a depth z, located between
z=0and z=1L;
Pz L . .
B= e corresponds to Peclet number, dimensionless
e
parameter, which relates heat advection and diffusion. It can

assume positive and negative values, according to the direction
of groundwater (positive for recharge / negative for discharge);
L: characteristic dimension (cm), which is the distance between the
two extremes temperature measurement points (z=0 and z=L).
In our case, L corresponds to 30 cm;
q.: groundwater upwelling/downwelling rates (mm.day™);
k: thermal conductivity of soil (J.s'.cm™.°C?). We considered, in
our case k = 1,68. 10?2 J.sh.em™.°C", that is the typical value for
sand and gravel outwash aquifers (Arriaga & Leap, 2000);
¢ specific heat of groundwater (Jkg'.°C™), considered equal to
4190 J.kg'.°CH;
Pw: specific mass of groundwater (kg:m™), considered equal to
1000 kg.m™.

The results of g optimization can be shown in a graph,

relating the values of % and the function f ,3,% similar to the

example shown in Figure 5. A curve concave up indicates positive
values for g and ¢, corresponding to downwelling, from the surface
to the aquifer. A downward concave curve indicates the inverse,
with negative values for g and ¢, and, respectively, upwelling of
groundwater in the creck.

Considering the data obtained from FO-DTS measurements,
we plotted a spatiotemporal graph that presents the streambed
temperature variation during the deployment period. From
this graph, it was possible to identify anomalies in this physical
property that indicates GW-SW interactions. As the measurements
were made during the winter, we observed that groundwater
have higher temperatures than surface water. Then, when the
interaction between these two different origin waters occurs,
traces of higher temperatures are detected by FO-DTS devices
installed in the streambed.

The groundwater discharge points detected by FO-DTS
measurements can be confirmed with the vertical temperature
gradient measurements. Higher gradients usually indicates an
effluent condition, where groundwater discharges into the river.
Lower gradients generally indicates an influent condition, where
surface water temperature is preserved along the depth, indicating an
contribution to subsurface flow (Sophocleous, 2002). Nevertheless,
itis important to confirm these condition with a groundwater flux
estimation, using the methodology previously explained.

RESULTS AND DISCUSSION

Stream flow measurements

The flow rates measured in the two Parshall flumes and
the v-notch installed in Onga Creek watershed show gaining
conditions in the stream (Figure 6). The period showed (from
July, 5th to July, 8th) includes only the days when the FO-DTS
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Figure 6. Flow rates measured in the Onca Creck Watershed
devices, during FO-DTS employment.

measurements were performed. The red (Q,) and the orange (Q,)
lines indicates the values obtained in the upstream and downstream
Parshall flumes, respectively. The green line (Q,) indicates flow
rates visualized in the main affluent. An additional line (blue line,
Q, . Q) indicates the upstream flow rate, as the sum of upstream
and the affluent values. The difference (Equation 1) between this
sum and the downstream flow rates are the base flow rates (Q,),
highlighted by the black arrows. An average increase in stream flow
of 250 m*.h"' was calculated in the tiver stretch. This increase is
directly linked to the interaction between stream and aquifer and
indicates the significant diffuse contribution of groundwater in
the creek. Riparian evapotranspiration influences the flow rate at
the downstream section, causing the variations observed in the
orange line.

Considering the Equations 2-3, intended for estimate
groundwater discharge rates from base flow data, we considered
5.55 km (or 5550 m) as the creek length (main channel and all
tributary length included) and a wetted perimeter of 4.5 m, with
2.5 m being from channel bottom and 1 m from each channel
sides. In this way, we obtained an average groundwater discharge
rate of 240 mm.day™". In terms volume, we obtained an average
linear rate of 1.1 m’.(day.m)’, which means that approximately
1.1 m® of groundwater is discharged in Onca Creek along cach
meter of its length per day. These results ate close to the values
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calculated with the temperature gradients, as will be seen in the
section “Results — Shallow streambed temperature gradient”.

Spatial and temporal fluctuations in temperature
using FO-DT'S

The profile obtained from FO-DTS deployment are shown
in the Figure 6. This graph is divided in two parts, considering the
path traveled by the fiber optic cable. The x-axis distance takes
into account all the cable length used, since the reference sections
(~20 m each) for calibration and its return to the initial point
(~140 m in each way). The temperature scale was reduced to the
interval between 16 to 20°C, to highlight possible temperature
anomalies, that indicates possible stream-aquifer interactions.
These data show the daily temperature variation in the streambed,
with hot (predominantly red zones) and cold (predominantly blue
zones) graph regions, interspersed in the horizontal direction.

The vertical columns, in specific regions, represent the
temperature anomalies. These anomalies are hotter zones, indicating
the groundwater discharging into the stream. This condition is
persistent during the measurement time, considering the groundwater
thermal stability. They are presented in Figure 7 in a mirrored
form, looking its two parts, considering the path traveled by the
fiber optic cable.

Streambed temperature data shows a pattern of 10 vertical
columns (Figure 06), indicating temperature anomalies and
possible points of stream-aquifer interaction. Most of them (five
anomalous columns) are located between x = 60 and x = 90 m
(or between x = 260 and x = 290, in the return signal), which
can be indicated as a potential zone of groundwater discharge,
considering the proximity between these columns. A second region
of high groundwater discharge (three anomalous columns) can
be identified in last meters of the cable, after x = 165 m (or near
x = 190 m, in the return signal). Isolated discharge points are
also visible, near x = 45 m (or x ~ 320 m), near x = 110 m (or
x ~ 250 m) and near x = 130 m (or x ~ 225 m).

Shallow streambed temperature gradient

The vertical temperature gradients measurements obtained
in Onca Creck streambed resulted in Figure 8. The gray bars
indicate the gradients, while the colored circles indicates the
temperatures in each depth (0 cm, -10 cm, -20 c¢m, -30 cm)
used for the gradient determination. If the colored circles are
separated from each other, we can see higher values in the gray
bar, indicating an increased temperature variation. On the other
hand, when the colored circles are close to each other, the bars
present low values, indicating small or no variation in vertical
temperature. The stream linear distance, presented in the x-axis,
represents the same locations where the fiber optics cable was
installed. It is important to remember that these measurements
was made point to point, with the procedures commented in the
methodology section.

The vertical temperature gradients varies between 0.67 and
14.33 °C.m™". The shallow temperatures (0 cm — datk blue citcles)
represent an approximately constant temperature of the surface
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Figure 8. Temperatures and gradients obtained from punctual measurements in Onga Creek streambed.

water. Considering the other depths, the variations are stronger,
with no visible trend. Most of the measurement points show an
increase in the temperatures with the depth, respecting a general
trend, considering both the presence of Earth’s geothermal gradient
and a higher and stable groundwater temperature. In some points
(ex.:x = 37.42 m and x = 85.49 m), the temperatures in intermediate
depths are lower or even very close to the value obtained at 0 cm
depth. On the other hand, the deepest temperature (30 cm) was
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slightly higher when compared with the other three, creating a
low temperature gradient. This situation can indicate groundwater
recharge conditions.

To confirm the GW-SW interaction condition, we obtained
the groundwater flux considering the analytical solution for heat
and fluid flow in porous medium (Bredehoeft & Papaopulos,
1965). The results are shown in the Figure 92-9b. In Figure 9a,
the gray bars indicate the vertical temperature gradient, while the
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colored circles indicate the groundwater flux values. Red circles
indicate an effluent condition (groundwater discharges in the
stream) and dark blue circles indicate an influent condition (stream
recharges aquifer).

We can see from the results two different conditions along the
stream, which shows a variability in the GW-SW interaction behavior.
Two regions of effluent condition are highlighted: between the points
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x = 12.17 m and x = 31.59 m and also between x = 75.52 m and
x = 84.67 m. Both regions present high vertical temperature gradient,
up to 8°C.m™. Other isolated points with discharge condition are found
atx = 02.81 mand at x = 106.46 m, where high vertical temperature
gradient values are also found. Other regions

and isolated points presents the influent condition, which
different gradient values, which did not exceed 15 °C.m™. Figure 9b
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shows the same results of the previous graph, but with vertical
temperature gradient ordered from lowest to highest values.
We clearly notice that the results respect the tendency that low
temperature gradients indicates an influent condition (dark blue
circles), while high gradients are indicative of an effluent condition
(red circles).

The highest value for groundwater recharge flux is
525 mm.day’, which does not necessary occur in the lowest
vertical temperature gradient. As these rates were determined
from an optimization, the results do not always respect the direct
relationship between gradient and the rates occurred in the river-
aquifer interaction. However, in general, considering all evaluated
points, we can notice a decrease tendency of this flux with the
gradient increase. For groundwater discharge, the highest rate
(345 mm.day ") was found for the second highest temperature
gradient, which can also be linked to the optimization quality
variation. In the same way, we perceive a general increased trend
in recharge fluxes with the growing of temperature gradients.

The first point of groundwater discharge flux appears with a
vertical temperatute gradient of 8 °C.m™ approximately. From this
threshold, most of gradients are linked to groundwater discharges.
However, itis still possible to observe some points of groundwater
recharge beyond the 8 °C.m™. These points are contrary to the
expected trend, with higher gradients indicating groundwater
discharge conditions. When we observe the optimization results
of these points, we noticed that F () finds a result, that is not
the most adequate. While the analytical solution used reproduces
an exponential curve, with a unique concavity, giving sign to f,
that indicates the condition in that point (discharge/rechatge),
the field data in these points forms a curve with alternation of
concavity. In this way, points with vertical temperature gradient
upper to 8 °C.m-1, that indicates groundwater recharge condition,
are inconsistent.

Some reasons that explains this fact are possibly linked to
the lack of uniformity in the saturated medium material at which
the temperature was measured, specially thermal parameters
(Cuthbert et al., 2010), which implies disregarding the assumptions
considered by the analytical solution used, providing inadequate
results. Other possibility is linked to groundwater contribution
from creek banks (Anibas et al., 2011), affecting the temperature
gradients punctually measured at the channel bottom, considering
convective heat transport. Finally, inadequate positioning of the
thermocouples in the streambed (Irvine et al., 2017), leading to
temperatures that are not representative of the interaction zone.
An occurrence of a transient temperature zone (referred as extinction
depth), influenced by periodic signals, as diurnal oscillation, can
also possible cause of this concavity changing at these specific
points (Briggs et al., 2014; Swanson & Cardenas, 2011).

Considering the optimizations performed to determine
the interaction rates, and the respective occurrences of concavity
changes, we observed that a transition interval, in which the influent
condition (occurrence of blue circles in Figure 9b) would no
longer occur, is between 8 and 10 °C.m™". Thus, gradients above
this range should indicate groundwater discharge into the stream.

Considering previous works in Onga Creek watershed
(Arantes et al., 2000), groundwater discharge flux were quantified
using seepage meters, in three sections, downstream to the stretch
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analyzed in this work. The average rates obtained by them in this
sections was 175.01 mm.day™ (Section 1 — downstream section);
290.15 mm.day" (Section 2) and 556.45 mm.day' (Section 3 —
upstream section). Previous research show increasing rate in the
downstream-upstream direction. Considering the estimates from
this study with the vertical temperature gradient monitoring, both
results present the same order of magnitude. The increased trend
in downstream-upstream direction was not confirmed, considering
that our results comprises a smaller stream length, even being in
a upstream stretch from their reference sections. Changes in land
cover, land use and variations in rainfall regime possibly affected
by climate change can also be responsible for this reduction in
influent condition rates.

Comparing stream flow with temperature
measurements (FO-DTS and vertical temperatures)

As commented in section “Results — Stream flow
measurements”, the results from stream flow measurements and
from shallow streambed temperature gradient present the same
order of magnitude. Stream flow measurements indicate an average
groundwater rate of 240 mm.day’, while point temperature
measurements provided a value of 345 mm.day’ as the maximum
rate calculated, with some points with rates between 100 and
200 mm.day . Both results are consistent with previous data from
the same watershed. Some uncertainties, as possible measurements
failures, in both flow rates and temperature gradients; and those
linked to the optimization quality, can be the causes for these
different results.

The Figures 7 and 9a together allows us the comparison
between distributed and point temperature sensing. We highlight
that there is a difference in the main x-axis (bottom axes) in
these two figures. In Figure 9a, we do not have the calibration
sections. However, if we use the secondary x-axis in Figure 7 (top
axis), comparing with the main axis in Figure 9a, we are looking
to the same points. We can notice that almost all temperature
anomalies detected by FO-DTS (Figure 7) are coincident with
points of groundwater discharge rates (Figure 9a), which proves
the efficiency of FO-DTS devices to find locations with this
feature. The exception was the temperature anomalies detected by
FO-DTS in the last meters fiber optic cable, where the punctual
measurements indicates recharge rates (from x = 125m to
x = 140 m). In this case, it is possible that the gradients measured
was not in the same points, or in the same sections, where the
anomalies were detected by the FO-DTS.

CONCLUSION

This paper presented an experimental approach concerning
the use of temperature as a natural tracer of stream-aquifer
interaction in a tropical basin. Distributed Temperature Sensing using
a fiber optic cable (FO-DTS) allowed us to identify points where
groundwater discharge occurs, due to the temperature anomalies
created by the stream-aquifer interaction, when compared with
the surrounding points. Different from temperate zones, these
anomalies are hotter zones, once groundwater presents higher
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temperature than surface water, during the winter in Brazil, which
is located in a tropical zone.

Additional methods were applied to estimate the GW-SW
interaction rates. From stream flow data, we estimated an average
groundwater discharge rate of 240 mm.day' and an average
linear rate of 1.1 m*.(day.m)™. This result are close with the rates
obtained from vertical temperature gradients, considering the
use of the analytical solution for the transient heat and fluid
flow. Considering groundwater discharge, a maximum rate of
345 mm.day ! was detected from these point measurements, while
minor values was also observed, matching with the average value
calculated form stream flow data. Groundwater recharge was also
detected, mainly coinciding with low temperature gradients, with
a maximum rate of 525 mm.day™.

In terms of vertical temperature gradients, we noted
a variation from 0.67 and 14.33 °C.m", along the river stretch
analyzed. A change of condition, from groundwater recharge to
groundwater discharge, was observed with gradients between 8 to
10 °C.m™". In some points where point temperatute measurements
were made, we noted a recharge condition with high temperature
gradients. In these points, the analytical solution did not match the
field data measured, which presented both concavities. Non-uniform
streambed materials, disregarding the assumptions considered by
the analytical solution used; groundwater contributions from the
creek banks, changing temperature gradients; and thermocouple
positioning failures; are possible explanations for this inconsistent
results.

We noticed that temperature, both in terms of distributed
and point measurements, can be used as tool to identify GW-SW
interactions in tropical basins, especially in an outcrop area of
Guarani Aquifer System. It is important to be aware of the limitations
involved in each method, such as the additional methods need when
using FO-DTS to determine interaction rates and the possibility
of disregarding assumptions made by solutions implemented with
temperature gradient data. The results will be useful for future
works, using temperature as natural tracer in tropical zones, and
for recharge evaluation in Guarani Aquifer System.
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