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 11 

Quantification of groundwater flow is an important factor for several applications, such as water 12 

supply, boreholes for energy extraction/storage and drainage and flood prevention projects. In this 13 

study, distributed temperature sensing (DTS) with fibre-optics has been combined with energy 14 

calculations to estimate the time-varying groundwater flow in fractures in four stand-alone boreholes 15 

at Åkneset in Norway. The method captures the natural, undisturbed time-variation of the groundwater 16 

flow as no tracers or pumps were used. Compared with temperature profile measurements using a 17 

probe, long-term distributed temperature sensing (from several weeks) gives a profound understanding 18 

of the hydrogeological conditions for a site. One example of how long-time measurements enhance 19 

this understanding is that they provide information about the sources of the groundwater flow: For 20 

some fractures, the groundwater estimations showed no correlation with meteorological data, 21 

indicating that these fractures are fed from deeper regional flow, with relatively large response times. 22 

In other fractures, the temporal variations in estimated groundwater flow showed high correlation 23 

(>0.60) with precipitation or temperature, with 1.4–9.0 days delay. This indicates that these fractures 24 

are fed mainly from precipitation and snow melting. The correlation with weather conditions at the 25 

surface also indicates that the method gives a true time-variation of groundwater flow. The results 26 
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from the study show that DTS can be a useful tool to quantify groundwater flow in boreholes made for 27 

energy and monitoring (e.g., in tunnels). The method could be further improved by injection of heat 28 

along the entire borehole length, which has been done before. This would be similar to a thermal 29 

response test, which is an important pre-investigation for borehole thermal energy storage. 30 

Keywords:  Groundwater flow, Groundwater quantification, Distributed Temperature Sensing (DTS), 31 

Åkneset, Borehole monitoring,  32 

  33 
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Introduction 34 

Borehole thermal energy storage (BTES) can significantly enhance the share of renewable energy as it 35 

allows storage of renewable/waste heat or cold for later use (Mesquita et al., 2017; Energiforsk, 2019). 36 

Thermal energy storage can be achieved by drilling several boreholes into the ground to inject and 37 

extract heat through these holes to and from the ground (Mesquita et al., 2017). In Finland, Sweden 38 

and Norway, the bedrock is typically crystalline rock. Permeable fractures are the main flow path for 39 

groundwater, which enables groundwater flow if a hydraulic gradient is present. Fractures enable 40 

better heat transfer contact with the ground, which is desirable. On the other hand, regional 41 

groundwater flow through a BTES would cause a heat loss (Gehlin & Hellström, 2003). Thus, it is 42 

desirable to quantify the natural/undisturbed/regional groundwater flow to evaluate if the loss is 43 

acceptable; if present, fractures should be filled to reduce the loss as demonstrated in (Energiforsk, 44 

2020), or if the site is unsuited for storage. 45 

Current pre-investigation methods for BTES sites include a thermal response test (TRT). TRT is a 46 

field test to determine properties of the ground, such as the effective thermal conductivity of the 47 

ground. A TRT can reveal groundwater flow (Liebel et al., 2011), but not how much and which parts 48 

of the borehole that are affected. This is not the goal with the test. Heat injection also induces the 49 

thermosyphon effect: vertical groundwater flow due to density changes in the heated water, so that the 50 

groundwater flow is affected by the test.  51 

Several studies have estimated borehole yield or velocity of groundwater by means of, among other 52 

techniques: chemical tracer (Guihéneuf et al., 2017); thermal tracer (Leaf et al., 2012; Read et al., 53 

2013; Banks et al., 2014; Acuña et al., 2018); pumping tests (Ramstad, 2004; Banks et al., 2014); 54 

modelling and parameter fitting (Klepikova et al., 2011; Li et al., 2020) and energy balance (Read et 55 

al., 2013).  56 

A common feature of these studies are that they consider momentary values for groundwater flow 57 

and/or injected water into the fractures so that the natural groundwater flow was disturbed. Hence, 58 

none of them investigates the time-variation of the natural groundwater flow. Some of the studies 59 

(Ramstad, 2004; Read et al., 2013; Guihéneuf et al., 2017) utilised the fact that two or more boreholes 60 
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are intersected by the same fracture(s), and used pumping in one/more boreholes to enhance flow 61 

through the connecting fracture(s). Use of a thermal tracer in stand-alone boreholes is a way to 62 

measure vertical groundwater flow in the borehole (Leaf et al., 2012; Banks et al., 2014; Acuña et al., 63 

2018). Hence, if groundwater enters and leaves the borehole at the same depth, it cannot be quantified 64 

by this method.  65 

 66 

Read et al. (2013) injected hot water and pumped out cold water from the borehole to estimate the 67 

groundwater flow through the fracture. This article develops and demonstrates a method to quantify 68 

the undisturbed, time-varying groundwater flow entering stand-alone boreholes through fractures, 69 

regardless of whether or not the groundwater flow contributes to the vertical groundwater flow in the 70 

borehole. This is not measurement of the groundwater level, but an estimation of the horizontal 71 

groundwater flow in fractures. Groundwater quantification is done by applying an energy balance 72 

similar to that of Read et al. (2013) but adding the temporal change and conductive terms to see if 73 

there is time variation in the groundwater flow and if conduction is truly negligible. Another important 74 

difference from the work of Read et al. (2013) is that the proposed method avoids both pumping and 75 

thermal injection as this may disturb the natural groundwater flow. The resulting groundwater 76 

flowrates are thereafter compared to temperature and precipitation data to reveal details of how the 77 

water has travelled from the surface to the fractures. Various response times for the estimated 78 

groundwater flow compared to climate data were tested, and the response times giving the highest 79 

correlation factors are reported together with the highest correlation factors achieved. 80 

Method  81 

The groundwater flow in a fracture may be determined from energy balance and temperature 82 

measurements (Read et al., 2013). Here, this method is extended to include the transient term (see 83 

equation 1) and applied to temperature profiles from four boreholes, made available for this study and 84 

measured at Åkneset, Norway. 85 
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Åkneset - site description 86 

Åkneset is a mountain side underlain mostly of mica-rich gneiss (Kveldsvik, 2008) that moves/slides 87 

towards the underlying fjord in western Norway, see Fig. 1. The information about the site provided in 88 

this section is from NVE (2021) unless otherwise stated. The mountain edge behind Åkneset is about 89 

1100–1400 metres above mean sea level (amsl). From about 700–1000 amsl, there is a backscarp 90 

below which the mountain side moves 2–8 cm south-southwest each year. When it eventually slides 91 

down into the fjord below, 18–54 million m3 of rock will cause a tsunami which will hit several 92 

communities in the surrounding fjords. A worst-case scenario will generate a wave about 80 m high 93 

(Linge, 2021; NVE, 2021).  94 

Several studies on stability at Åkneset have been performed (Kveldsvik, 2008; Grøneng, 2010). Water 95 

runs through a network of fractures in the mountain (Kveldsvik, 2008). Modelling has shown that 96 

draining can stabilise the mountain side (Kveldsvik, 2008). The site is monitored through several 97 

boreholes to estimate movement and eventually drain the mountain side to prevent or reduce the 98 

impact of a landslide (Kveldsvik, 2008; NVE, 2021). The placements of the boreholes at Åkneset are 99 

shown in Fig. 1. This study treats data from the boreholes KH-01-17 and KH-02-17, drilled in 2017, 100 

and KH-01-18 and KH-02-18, drilled in 2018. Data for the boreholes are given in Table 1. 101 

Distributed temperature sensing using fibre-optics 102 
Temperature measurements were carried out by Acuña et al., (2018) using fibre-optic distributed 103 

temperature sensing where a glass fibre is lowered into the borehole. Light pulses are sent through the 104 

fibre and backscattered light is measured. Temperature can then be determined from built-in 105 

parameters in the measurement equipment, a XT-DTS Silixa. More details of the measurement 106 

technique can be found in Hausner et al. (2011), van de Giesen et al. (2012) and McDaniel et al. 107 

(2016). The measurement setup is illustrated in Fig. 2 of  Acuña et al.(2018) and involves coupling the 108 

measurement equipment to one end of one or more fibre cable(s). The other ends of the fibre cables 109 

were lowered into the boreholes. Between the borehole(s) and the measurement equipment, the fibre 110 

cables were coiled up and the coils placed in a calibration bath. Calibration consisted of measuring the 111 

temperature of the calibration bath by an external temperature probe. This external temperature 112 
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measurement was used to adjust the temperature to the correct level. Temperature measurements 113 

presented here are for every 0.25 m and 100 min (2018-boreholes) or 150 min (2017-boreholes).  114 

Groundwater estimation 115 
Horizontal groundwater flow intersecting a borehole with a different temperature than the borehole 116 

will create deviations in the temperature profile (Drury et al., 1984; Liebel et al., 2011). Defining a 117 

control volume around these deviations, an energy balance for this control volume may be made from 118 

which the groundwater flow in the fractures can be estimated. Defining the variables described in Fig. 119 

2, the energy balance is: 120 

�̇�𝑖𝑛(𝑇𝑖𝑛 − 𝑇𝑎𝑣𝑒)𝑐𝑝 + �̇�𝑡𝑜𝑝 + �̇�𝑏𝑜𝑡𝑡𝑜𝑚 + �̇�𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙,𝑡𝑜𝑝(𝑇𝑡𝑜𝑝 − 𝑇𝑎𝑣𝑒)𝑐𝑝 = 𝑚𝑉𝑐𝑝
𝜕𝑇𝑎𝑣𝑒

𝜕𝑡
             1 121 

where �̇�𝑖𝑛[kg/s] is a mass flow of water at temperature Tin [°C], entering the volume through a 122 

fracture, and leaving the volume at temperature Tave [°C]; �̇�𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙,𝑡𝑜𝑝 [kg/s] is the vertical, 123 

downwards mass flow of water in the borehole, entering at temperature Ttop [°C] and leaving at 124 

temperature Tave [°C]; cp [J/kg/°C] is the specific heat capacity of water; mV is the mass of the water in 125 

the volume; 
𝜕𝑇𝑎𝑣𝑒

𝜕𝑡
 [°C/s] is the rate of change in average temperature in the volume with time t [s]; 126 

�̇�𝑡𝑜𝑝and �̇�𝑏𝑜𝑡𝑡𝑜𝑚 [W] are conductive heat into the volume from the top and bottom of the volume, 127 

respectively. These are related to the thermal gradient in the rock. 128 

For a given control volume, the mass mV is found from multiplying the volume by the water density. 129 

The temperature above the volume (Ttop) and the average temperature in the volume (Tave) are known 130 

from the DTS-data as functions of time.  131 

To determine the other terms in equation 1 and estimate the groundwater flow in the fractures, the 132 

following assumptions were made: 133 

• Physical properties of the groundwater are known, constant values: specific heat capacity is 134 

4210 J/kg/K, thermal conductivity is 0.576 W/K/m and water density is 1000 kg/m3. 135 

• The boreholes are in steady-state and in thermal equilibrium with the surrounding rock.  136 

• Internal heat production due to radiogenic decay is negligible (Slagstad et al., 2008). 137 
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• Thermal radiation is negligible. 138 

• Vertical groundwater flow in the boreholes (�̇�𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙,𝑡𝑜𝑝 ) is constant and equal to the product 139 

of the water density, the boreholes’ cross-sectional area and the median velocities found by 140 

Acuña et al. (2018, 2020). Fig. 3 shows a summary of their results. The used values are 141 

presented in Table 2. 142 

• The term 𝑚𝑉𝑐𝑝
𝜕𝑇𝑎𝑣𝑒

𝜕𝑡
 in equation 1, i.e., the change in energy in the volume, can be estimated 143 

from measured DTS data by  144 

𝜕𝑇𝑎𝑣𝑒

𝜕𝑡
≈

𝑇𝑎𝑣𝑒,𝑖−𝑇𝑎𝑣𝑒,𝑖−1

∆𝑡
                                                          2 145 

where i is the index of temporal measurement and Δt the time increment.  146 

• Vertical conduction in the borehole, Q̇top and Q̇bottom, follow Fourier’s law: 147 

�̇�𝑡𝑜𝑝/𝑏𝑜𝑡𝑡𝑜𝑚 = ± 𝐴𝜆
𝜕𝑇

𝜕𝑧
                                                         3 148 

where λ is the thermal conductivity of water, A is the area the groundwater flows through, T is 149 

temperature and z is depth. Hence, Q̇top and Q̇bottom can be estimated from the known 150 

borehole dimensions, water thermal conductivity and the measured DTS data by 151 

 
𝜕𝑇

𝜕𝑧
≈

𝑇𝑖+3−𝑇𝑖−3

6∗∆𝑧
                                                               4 152 

where i is index of the temperature measurement at the border of the control volume and ∆z is 153 

the distance between two temperature measurements. Using i ± 3 as a compromise between 154 

using values remote from the border to neglect the influence of measurement noise and using 155 

local values to be more precise.  156 

• The temperature of the outflowing groundwater is equal to the average temperature Tave in the 157 

control volume: due to this, terms related to outflowing groundwater (�̇�𝑜𝑢𝑡 𝑎𝑛𝑑 �̇�𝑏𝑜𝑡𝑡𝑜𝑚) are 158 

not present in equation 1 as the temperature differences become zero, see Fig. 2.  159 

• For control volumes with lower temperature than the surroundings, the inlet temperature of the 160 

horizontal groundwater flow equals the lowest measured temperature in the volume during the 161 
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measurement period. This was done because the groundwater flow in the fracture zone is 162 

considered the cause of the locally lower temperature, and the groundwater flow can only 163 

cause the lowest measured temperature in the volume, by having a temperature at least as low. 164 

Similarly, for control volumes with higher temperature than its surroundings, the highest 165 

measured temperature was used as inlet temperature from the fracture zone.  166 

Using these assumptions, the only energy flows into and out of the control volume are those following 167 

vertical and horizontal groundwater flow and vertical conduction, see Fig 2; and the only unknown in 168 

equation 1 is �̇�𝑖𝑛, the mass flow of groundwater in through the fracture. Solving for �̇�𝑖𝑛, an equation 169 

to estimate the groundwater flow in fractures using the DTS data results: 170 

�̇�𝑖𝑛 =
𝑚𝑉𝑐𝑝

𝜕𝑇

𝜕𝑡
−𝑄𝑡𝑜𝑝−𝑄𝑏𝑜𝑡𝑡𝑜𝑚−�̇�𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙,𝑡𝑜𝑝(𝑇𝑡𝑜𝑝−𝑇𝑎𝑣𝑒)𝑐𝑝

(𝑇𝑖𝑛−𝑇𝑎𝑣𝑒)𝑐𝑝
                                       5 171 

Equation 5 will give one value per time step. As the temperatures of the horizontal groundwater flows 172 

are estimates, calculated groundwater flows will also be estimates. Since the lowest/highest 173 

temperature is used as the inlet temperature, the resulting groundwater flow gives the largest value of 174 

(𝑇𝑖𝑛 − 𝑇𝑎𝑣𝑒)𝑐𝑝 and thus the lowest value of �̇�𝑖𝑛 one can justify in the calculation. Results were 175 

compared to the increase in groundwater flow velocities in other studies (Acuña et al., 2018, 2020). 176 

The lowest temperatures in the boreholes from 2017 were all adjacent to a period without 177 

measurement data (2nd–4th of July 2018) and markedly lower than all other measured temperatures in 178 

the volumes, suggesting that they are erroneous. Therefore, both the lowest and the second lowest 179 

measured temperature were used as inlet temperature. The second lowest measured temperature used 180 

in the calculations was not affected by the period of missing data.  181 

Uncertainty estimation 182 
To estimate the uncertainty of the method, it was also applied to some sections without visible flow, 183 

for which expected values and standard deviations from measurement noise are reported.  184 

Correlation with precipitation 185 
Precipitation and ambient temperature data from Åknes weather station (c. 900 amsl, see Fig. 1) were 186 

provided by the Åknes project. The estimated groundwater flows in the boreholes at Åkneset were 187 
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compared to meteorological data by means of a correlation coefficient. A correlation would reveal if 188 

the groundwater flow is connected to some surface phenomenon and, if so, where the origin of the 189 

groundwater flow may be (Sena & Braathen, 2020). The correlation coefficient for two datasets X and 190 

Y with n datapoints xi and yi, and mean values 𝑥 and �̂�, this is defined as (Walpole et al., 2007): 191 

𝐶𝑜𝑟𝑟(𝑋, 𝑌) =
∑ (𝑥𝑖−�̂�)(𝑦𝑖−�̂�)𝑛

𝑖=1  

√∑ (𝑦𝑖−�̂�)𝑛
𝑖=1

2
∑ (𝑥𝑖−�̂�)𝑛

𝑖=1
2
                                       6 192 

The correlation coefficient is 0 for non-correlated data, + 1 for perfectly correlated data and - 1 for 193 

perfectly, but opposite correlated data (positive change in one dataset moves up for every negative 194 

change in the other and vice versa). Moving daily averages of mass groundwater flow and 195 

precipitation were used in equation 6 to exclude the effect of measurement noise. The datasets were 196 

also adjusted in time relatively to each other because there is expected to be a delay between 197 

meteorological data and correlated groundwater flow.  198 

Measurement data 199 

Measured temperatures in the boreholes as a function of time are shown in Fig. 4. The temperature 200 

profiles shifted up and down by about 0.5°C during the measurement periods, suggesting that the 201 

water columns were heated and cooled. As the change is consistent over the whole temperature profile 202 

(except in KH-01-18) and clearly larger than the measurement noise, this is considered to be a true 203 

temperature variation. This may be caused by the vertical flow, even if very small, along the entire 204 

depth of the boreholes. Thus, less flow is expected in the part of KH-01-18 where the profile shifts are 205 

significantly smaller, see Fig. 4. The profiles in KH-01-17 and KH-02-17 do not shift up and down at 206 

the same time, suggesting that they are fed from different sources.  207 

Identified depths for potential fractures are marked by grey stippled lines in Fig. 4. Fractures were 208 

detected by inspecting the temperature profiles and noting where irregularities/changes in the profiles 209 

occurred consistently for all times.  210 

KH-01-17 211 

Some irregularities in the temperature profiles (Fig. 4) for this borehole are seen between 75 and 100 212 

m depth, which are larger than the measurement noise and apparent during the entire measurement 213 
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period. Hence, these are probably caused by groundwater flow in fractures and were thus investigated 214 

in this study using equation 5. The irregularities between 100 and 150 m in the temperature profile in 215 

KH-01-17 on 13th June are present for too short a period for flow evaluation.  216 

KH-02-17 217 
The groundwater flow in KH-02-17 apparently vanishes at about 275 m depth (Acuña et al., 2018). 218 

This is clearly seen by the change in slope and temperature at this depth. The measurement noise 219 

appears to increase strongly below 200 m in KH-02-17. A possible explanation for the increased noise 220 

is that the flow moves the fibre cable used for measurements, causing stresses in the fibre cable and 221 

variation in temperature measurements. 222 

KH-01-18 223 
Borehole KH-01-18 shows high time variation and irregularity in the temperature profile above c. 130 224 

m. The temperature peaks in the profile are many and vary with time. It was decided to choose one of 225 

the highest peaks which was visible in nearly all profiles. This peak is located at about 75 m depth. As 226 

the slope of the entire profile changes at about 133 and 198 m, these depths were also considered. 227 

KH-02-18 228 

In borehole KH-02-18 there are several temperature peaks on the first measurement day, but their 229 

duration is so short that it was assumed to be unlikely to obtain results for these peaks. To see if this 230 

assumption holds, one peak (at 138 m) was included in the analysis, together with potential fractures at 231 

90 and 125 m where changes in measurement noise and slope were found. 232 

Results 233 

The estimated groundwater flow in fractures in KH-02-18 resulting from equation 5 is shown in Fig. 5. 234 

As the measurement noise hides trends in the results, only moving averages are shown for the other 235 

fractures and boreholes. These are shown together with their correlation with climate data in Figs. 6, 7, 236 

8 & 9. 237 

Highest correlation factors were found for 3.8, 3.9 and 3.9 days for the fractures in KH-01-17 in 238 

increasing order. For KH-02-17, no higher correlation with precipitation than 0.17 was found, and for 239 

KH-01-18, no higher correlation factor than 0.11 was found. The fracture at 75 m gave a correlation 240 
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factor of 0.68 with ambient temperature when the temperature data were moved 9.0 days ahead in 241 

time, see Fig. 9. No flow was found at 90 or 138 m depth in KH-02-18. The groundwater flow at 125 242 

m depth in KH-02-18 showed no clear correlation with precipitation, but a correlation factor of 0.84 243 

with temperature was found for a time delay of 1.4 days; see Fig. 9. 244 

Applying the same method to some sections without visible fractures, the expected flow values are all 245 

close to 0 and negative (see Table 3) as the advective term dominates in equation 5. For KH-02-17, the 246 

standard deviations are lower than in KH-01-17, and the uncertainty (1.96 standard deviations) is less 247 

than about 1 l/h.  248 

Inspecting the value of each term in equation 5 (not shown), it was found that the conductive heat was 249 

negligible compared to the advective terms (about 105 times smaller). 250 

Discussion  251 

The proposed method gives a rough estimate for minimum groundwater flow which seems to vary 252 

with time, especially in KH-01-17, KH-02-18 and the upper part of KH-01-18. Several of the obtained 253 

values correlate with climate data, indicating that the estimates are truly related to the groundwater 254 

flow in the fractures, as they are connected to surface weather conditions. The groundwater level in 255 

Åkneset has previously been found to depend on meteorological data (Sena & Braathen, 2020).  256 

Estimated groundwater flow in KH-01-17 is lower than the uncertainty in this borehole (standard 257 

deviation is about 2.6 l/h from Table 3, giving an uncertainty of 5.1 l/h). However, the expected value 258 

is negative, and the fractures considered in KH-01-17 are visible in all temperature profiles. Thus, the 259 

estimates in KH-01-17 are believed to be >0, but their exact values are not found.  260 

In KH-02-17, the estimated groundwater flow is typically at least one order of magnitude higher than 261 

the uncertainty in KH-02-17. The measurement noise in the boreholes from 2018 is similar to that in 262 

KH-02-17 below 200 m depth and the vertical groundwater velocity is lower. From equation 5, the 263 

uncertainty increases with vertical velocity. Hence, the uncertainty in these two boreholes is expected 264 

to be no larger than in KH-02-17, and no uncertainty estimation was performed for these boreholes.  265 
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Based on the calculated uncertainties, groundwater flow estimations in KH-02-17, KH-01-18 and KH-266 

02-18 are probably close to their true values, with uncertainties of about 1 l/h, whereas the flow in 267 

KH-01-17 is probably somewhere between 0 and about 5.5 l/h (A 95% confidence interval is: 268 

expected value ± 1.96 std deviations (Walpole et al., 2007). Expected values are ≈ 0.3 l/h and standard 269 

deviations are ≈ 2.6 l/h in Table 3, yet the values should be nonzero, giving 0–5.5 l/h.) 270 

In borehole KH-01-17, all the groundwater flow estimates showed high correlation factors of 0.60–271 

0.69 with precipitation. In borehole KH-02-17, no correlation with precipitation is found. This differs 272 

from previous findings, where a correlation between the groundwater level in KH-02-17, and 273 

potentially also the hydraulic head at 101 m, precipitation and snow melt was detected (Sena & 274 

Braathen, 2020). However, the summer 2018 was unusually warm and dry. It is possible that all snow 275 

had already melted when the measurements in KH-02-17 were performed, so that this correlation 276 

could not be detected. Large groundwater flow was found here for KH-02-17 despite the dry summer. 277 

This corroborates the findings of Sena & Braathen (2020), who also assumed that these streams stem 278 

from a larger reservoir. The measurements in the boreholes from 2018 were performed during summer 279 

2019. Unlike KH-02-17, the groundwater flow in KH-02-18 shows a clear dependence on 280 

temperature/snow melt.  281 

The estimated groundwater flow in KH-02-17 and the lower part of KH-01-18 is two orders of 282 

magnitude higher than in borehole KH-01-17 and the fracture at 75 m depth in KH-01-18. This 283 

suggests that the fractures in borehole KH-02-17 and the lower part of KH-01-18 are fed from a lake. 284 

The fractures in borehole KH-01-17 and upper KH-01-18 are directly from precipitation or reservoirs 285 

which depend on precipitation. Only a lake or other large water reservoir would be able to supply a 286 

large and stable groundwater flow as observed in KH-02-17 and KH-01-18, apparently unaffected by 287 

precipitation. One of the most likely water reservoir sources is Instevatnet (“the Innest lake”). 288 

However, Sena & Braathen (2020) found that Instevatnet or other lakes behind the mountain edge 289 

probably have very limited effect. Still, the deepest fractures in this study are >100 m deeper than the 290 

fractures considered in their study. Thus, Instevatnet may still be the source for the deepest fractures.  291 
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The groundwater flow in KH-01-17, the upper part of KH-01-18 and at 125 m depth in KH-02-18 are 292 

unlikely to stem from a large water reservoir just because they reflect the climate data. Groundwater 293 

may flow through different paths/fractures before entering the boreholes (Sena & Braathen, 2020), and 294 

thus may consist of several contributions with different time delays. This could explain why the 295 

correlation was not even higher. If some of the groundwater flow in KH-01-17 stems from surface 296 

water in soil/vegetation, parts of it would evaporate instead of entering the fractures. This would 297 

explain why some precipitation peaks do not show any corresponding peaks in the groundwater flow 298 

estimations.  299 

The estimated groundwater flow is more evenly distributed than the precipitation data. Hence, some 300 

degree of storage (in vegetation, soil or ponds) is probably present for the weather-dependent 301 

groundwater flow, but to a smaller extent than for KH-02-17, KH-02-18 and the lower part of KH-01-302 

18. These findings are in line with the fact that KH-01-17 lies in the area where groundwater flow 303 

stems mainly from “Direct infiltration from rain and snow melt” (Sena & Braathen, 2020). The other 304 

three boreholes are placed in the fastest moving parts of Åkneset (Sena & Braathen, 2020; NVE, 305 

2021). This part of the mountain side is fed from groundwater flow in the backscarp (Sena & 306 

Braathen, 2020), and lies above the streams which showed high, stable flow all summer, even during 307 

2018 (Sena & Braathen, 2020). Thus, a larger, more stable groundwater flow is expected in these 308 

boreholes than in KH-01-17. The groundwater flow in borehole KH-02-17 shows an abrupt step at the 309 

period without data. No explanation for this has been found.  310 

The positions of the active fractures in KH-01-17 and KH-02-17 found in this work correspond to the 311 

findings of Acuña et al. (2018) and Elvebakk & Pless (2018). A comparison of where active fractures 312 

are found in previous studies vs. this study is given in Table 4. The positions of active fractures in the 313 

boreholes from 2018 do not show good agreement with previous studies. Elvebakk & Pless (2018) 314 

reported other active fractures in these boreholes than those found here. However, they also reported a 315 

different flow pattern and groundwater level than observed by Acuña et al. (2020). As to when the 316 

boreholes were relatively new, a possible explanation is that the new boreholes form new pathways for 317 

water, which could have led to large initial flows from some reservoirs which may later have been 318 
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emptied. A lower, semi-steady-state flow could then have been established when the investigations of 319 

Acuña et al. (2020) were performed. As the measurements in this study stem from either directly 320 

before or after the measurements of Acuña et al. (2018, 2020), their flow pattern is believed to be most 321 

correct for this work. However, it is clear that the groundwater flows at Åkneset are not constant.  322 

Most of the changes in vertical groundwater flow reported by Acuña et al. (2018, 2020) at depth are 323 

either constant or decreasing when passing the fractures considered in this study. This work estimates 324 

groundwater flow into the boreholes, and thus, the values cannot be compared in most cases. Two 325 

exceptions are the fracture at about 123 m depth in KH-02-17, where the vertical groundwater flow 326 

increases from about 0.47 to about 0.67 m/min (Acuña et al., 2018) and the fracture at 125–130 m 327 

depth in KH-02-18, where the vertical velocity of about 0.16 m/min starts (Acuña et al., 2020). With 328 

the borehole radius of 48 mm and water density of about 1000 kg/m3, a net change of 0.67–0.47 min/m 329 

means that about 43 or 87 l/h enters the borehole at 123 m depth in KH-02-17, depending on whether 330 

the velocity is assumed to be the average or maximum velocity (laminar regime). This study assumes 331 

that velocities in Acuña et al. (2018) are average velocities, corresponding to the value of 87 l/h, which 332 

is about twice as much as estimated in Fig. 7. However, the results are of the same magnitude. Using 333 

the same method for the inflow in KH-02-18, the flow should be about 35 or 69 l/h. Fig. 9 (right) 334 

shows a typical groundwater flow of about 20 l/h, with peaks up to about 45 l/h. Thus, results are 335 

again of the same order of magnitude. Since this study provides a minimum estimate for the 336 

groundwater flow, and the groundwater flow varies with time, these two results may be said to show 337 

agreement between the two studies. 338 

The estimations of groundwater flow in Elvebakk & Pless (2018) are about one order of magnitude 339 

larger than the values found here. This supports the hypothesis that the boreholes had a high initial 340 

groundwater flow when they were new, which later have drained some of the reservoirs so that the 341 

groundwater flow now has reached a lower semi-steady state. However, the results in this work cannot 342 

be said to agree with those of Elvebakk & Pless (2018). 343 

Better groundwater flow estimations could have been achieved if heat was injected along the entire 344 

borehole length, as this would reveal all fractures with groundwater flow. It would also improve the 345 
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accuracy and precision of the estimated groundwater flow as the upper possible limit for the 346 

groundwater flow would no longer be infinite (Tin - Tave in equation 5 would not be 0 if the borehole 347 

temperature Tave is raised) and the relative error in guessing the inlet temperature would be smaller the 348 

higher the difference between guessed Tin and Tave.  349 

Conclusions 350 

The use of DTS and energy balance provides an estimate for the time-dependent minimum 351 

groundwater flow in fractures when the vertical groundwater flow is known. The results show that the 352 

groundwater flow in several fractures varies with time at Åkneset. Thus, direct comparison of results 353 

between studies is difficult, but the obtained groundwater flow estimates are of the same order of 354 

magnitude as in previous investigations performed directly before or after the measurements 355 

considered here. Here, the estimations are generally lower (about 50%), but they are minimum 356 

estimates. Compared to groundwater flow estimates from the time when the boreholes were new, the 357 

results are an order of magnitude lower. One possible explanation is that new boreholes form new 358 

pathways for groundwater, with high initial groundwater flow while draining some water reservoirs 359 

before reaching a semi-steady state with a lower groundwater flow.  360 

The groundwater flow rates in borehole KH-01-17 are low (≈ 0.0–2.0 l/h) and correlated with 361 

precipitation (correlation factors of 0.60–0.69) with about 4 days delay, suggesting that these fractures 362 

are fed from direct infiltration of surface water, perhaps with some intermediate storage in vegetation. 363 

Estimated groundwater flows in KH-02-17, KH-01-18 and KH-02-18 show no clear correlation with 364 

precipitation. All three have large groundwater flows of tens of litres per hour. The groundwater flow 365 

in KH-02-18 is clearly correlated with snow melt (correlation factor of 0.84). The groundwater flow in 366 

the upper part of KH-01-18 also showed some correlation with snow melt (correlation factor of 0.68), 367 

whereas groundwater flow in KH-02-17 and the lower parts of KH-01-18 is not clearly correlated with 368 

climatic data. These stable, high groundwater flow rates, independent of climatic data, indicate that the 369 

fractures are fed from one or more larger reservoirs, which has also been suggested in previous 370 

studies.  371 
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The results and method are relevant for boreholes for extraction, injection and/or storage of thermal 372 

energy and draining projects like the one at Åkneset. The proposed method for estimation of 373 

groundwater flow would be even more informative if heat was injected along the entire borehole 374 

length, so that there would be a larger difference between the temperature of the groundwater flowing 375 

water and the water in the borehole.  376 
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 462 

Table 1. Data for the boreholes considered in this study from Elvebakk & Pless (2018). 463 

Borehole name Depth 
Diameter 

[mm] 
Altitude [amsl] 

Measurement 

period 

KH-01-17 304 96 507 June-August 2018 

KH-02-17 300 96 734 June-August 2018 

KH-01-18 221 96 593 June-August 2019 

KH-02-18 200 96 482 June-August 2019 

 464 

 465 

Table 2. Temperatures and vertical groundwater flow values used in the estimation of fracture groundwater flow: 466 

Temperature is abbreviated “temp.” Minimum is abbreviated “min.” and maximum is abbreviated “max.” The second 467 

lowest temperature is denoted “2nd min temp.”  468 

Borehole 
Approximate 

depth [m] 

Min. temp. 

(2nd min 

temp) [°C] 

Max. temp.  

Vertical 

downwards 

velocity from 

Acuña et al. 

(2018, 2020) 

[°C] [m/min] 

KH-01-

17 

78 3.0 (3.5)   0.16 

87 3.1 (3.6)   0.10 

99 3.2 (3.6)   0.10 

KH-02-

17 

123   3.5 0.47 

267 2.5 (3.7)   0.67 

275 2.5 (3.6)   0.67 

KH-01-

18 

75   5.1 -0.24 

133 5.1   -0.24 

198 5.3   -0.24 

KH-02-

18 

90   5.6 -0.16 

125 5.3   -0.16 

138   6.2 0.00 

 469 

  470 
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Table 3. Estimated groundwater flow and their standard deviations for sections without visible fractures in boreholes KH-01-471 

17 and KH-02-17. As the vertical flow for the section at 250-254 m depth in KH-02-17 is uncertain, two results with two 472 

different values for vertical flow are presented. 473 

KH-01-17 KH-02-17 

Depth of 

section 

considered 

[m] 

Asssumed 

vertical 

velocity 

[m/min] 

Mean 

estimated 

flow rate 

[l/h] 

Standard 

deviation  

Depth of 

section 

considered 

[m] 

Asssumed 

vertical 

velocity 

[m/min] 

Mean 

estimated 

flow rate 

[l/h] 

Standard 

deviation  

[l/h] [l/h] 

60-63 0.16 -0.8 2.5 250-254  0.47 -1.1 0.35 

105-110 0.16 -3 2.7 250-254  0.67 -1.5 0.5 

200-204 0.16 -1.3 2.6 230-234  0.67 -2.6 0.39 

 474 

Table 4. Comparison of where active fractures were found in this study vs. two previous studies in the two borehole KH-01-475 

17 and KH-02-17 at Åkneset, Norway: Depth values are approximate. *Changes in P- and S-waves found at the same depth. 476 

**Change in resistivity found at the same depth. *** No change in flowmeter value found at this depth, but consistent 477 

disturbance in flowmeter measurements both up and down. 478 

Active fractures 

found in this study 
Elvebakk & Pless (2018) Acuna et al. (2018) 

Borehole  
and depth 

[m] 
Flowmeter 

Temperature 

gradient 
Heat tracer tests 

 

KH-01-

17 

78   70-80 54-79  

87   90-110    

99-100 99-100 90-110 99-104  

KH-02-

17 

123 123   115-125  

267 

Not drilled 

to these 

depths 

when test 

was 

performed 

     

275 270-275 275  

KH-01-

18 

75 66 and 86 75, *, **    

133   132, *    

198 178 196    

KH-02-

18 
125 130*** 123 130  

 479 

  480 
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Figure 1. Maps of Åkneset from Kartverket (2021). Left: Åkneset, Norway labelled; Right: Overview of the boreholes at 481 

Åkneset considered in this study: boreholes are marked by red dots and their names are given in yellow. A blue dot shows the 482 

location of Åknes meterological station (c. 900 amsl). North is shown by the yellow arrow. Instevatnet (a lake) is also show in 483 

the upper left corner.  484 

Figure 2. A control volume for estimation of groundwater groundwater flow in fractures/fracture zones (�̇�𝑖𝑛): the figure 485 

shows a cross-section of the borehole seen from the side, together with different energy groundwater flows in and out of the 486 

control volume. The orange arrows represent conductive heat, whereas the blue arrows represents advective heat. Note that 487 

groundwater flow into and out of the fracture(s) (i.e., �̇�𝑖𝑛 and �̇�𝑜𝑢𝑡) may differ, and that groundwater flowing out is 488 

assumed to have the average control volume temperature so that these terms become 0. 489 

Figure 3. Sketch summarising the results for vertical groundwater flow (modified after Acuña et al. (2020), fig. 9). The 490 

borehole names and depths are written above and below each borehole, respectively. The groundwater levels are indicated 491 

by blue lines. Depths where water enters through fractures are given by green text and arrows, and depths where 492 

groundwater leaves the borehole through fractures are given by red text and arrows. The velocity of the vertical groundwater 493 

movement is written with larger, black letters.  494 

Figure 4. Temperature profiles in the four boreholes at various times during the measurement periods: Upper left: KH-01-495 

17; Upper right: KH-02-17; Lower left: KH-01-18 and Lower right: KH-02-18. The groundwater table (GWT) and identified 496 

fractures are marked by stippled lines. For all boreholes except KH-01-17, the groundwater table causes a visible shift in 497 

temperature and/or temperature gradient. 498 

Figure 5. Estimated groundwater flow into the fracture at 125 m depth in KH-02-18 499 

Figure 6. Correlation between moving daily averages of groundwater flow estimation at 78, 87 and 99 m depth in KH-01-17 500 

and precipitation: The precipitation data are adjusted by 3.8–3.9 days, giving correlation factors of 0.69, 0.60 and 0.62. 501 

“Minimum inflow” is calculated based on that Tin in equation 5 equals the lowest measured temperature in the control 502 

volume, whereas “Minimum inflow*” applies the second lowest measured temperature. 503 

Figure 7. Correlation between moving, average (daily) groundwater flow estimation at 123, 267 and 275 m depth in KH-02-504 

17 and daily precipitation: the precipitation data are adjusted by 1.0, 1.1 and 0.9 days, which gives a correlation factor with 505 

precipitation of 0.17, 0.16 and 0.17 for the fractures in decreasing order. 506 

Figure 8. Estimated groundwater flow in KH-01-18 (moving daily averages) and their correlation with precipitation (moving 507 

daily averages): No clear trend was found; the highest correlation factor was 0.11. 508 

Figure 9. The left-hand side of the figure shows the estimated groundwater flows in KH-01-18 (moving daily averages) and 509 

their correlation with ambient temperature (moving daily averages): The highest correlation factor found was 0.68, when 510 
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temperature data were moved 9.0 days forward in time. The right side of the figure shows the estimated groundwater flow in 511 

KH-02-18 (moving daily averages) and its correlation with ambient temperature): The highest correlation factor found was 512 

0.84, when temperature data were moved 1.4 days forward in time.  513 

  514 
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 515 

Figure 1. Maps of Åkneset from Kartverket (2021). Left: Åkneset, Norway labelled; Right: Overview of the boreholes at 516 

Åkneset considered in this study: boreholes are marked by red dots and their names are given in yellow. A blue dot shows the 517 

location of Åknes meterological station (c. 900 amsl). North is shown by the yellow arrow. Instevatnet (a lake) is also shown 518 

in the upper left corner.  519 
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 520 

 521 

Figure 2. Control volume for estimation of groundwater groundwater flow in fractures/fracture zones (�̇�𝑖𝑛): the figure 522 

shows a cross-section of the borehole seen from the side, together with different energy groundwater flows in and out of the 523 

control volume. The orange arrows represent conductive heat, whereas the blue arrows represents advective heat. Notice 524 

that groundwater flow into and out of the fracture(s) (i.e., �̇�𝑖𝑛 and �̇�𝑜𝑢𝑡) may differ, and that groundwater flowing out is 525 

assumed to have the average control volume temperature so that these terms become 0. 526 

  527 
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 528 

Figure 3. Sketch summarising the results for vertical groundwater flow (modified after Acuña et al. (2020), fig. 9). The 529 

borehole names and depths are written above and below each borehole, respectively. The groundwater levels are indicated 530 

by blue lines. Depths where water enters through fractures are given by green text and arrows, and depths where 531 

groundwater leaves the borehole through fractures are given by red text and arrows. The velocity of the vertical groundwater 532 

movement is written with larger, black letters.  533 
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 534 

Figure 4. Temperature profiles in the four boreholes at various times during the measurement periods: Upper left: KH-01-535 

17; Upper right: KH-02-17; Lower left: KH-01-18 and Lower right: KH-02-18. The groundwater table (GWT) and identified 536 

fractures are marked by stippled lines. For all boreholes except KH-01-17, the groundwater table causes a visible shift in 537 

temperature and/or temperature gradient. 538 

 539 

Figure 5. Estimated groundwater flow into the fracture at 125 m depth in KH-02-18 540 

  541 
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 542 

Figure 6. Correlation between moving daily averages of groundwater flow estimation at 78, 87 and 99 m depth in KH-01-17 543 

and precipitation: The precipitation data are adjusted by 3.8–3.9 days, giving correlation factors of 0.69, 0.60 and 0.62. 544 

“Minimum inflow” is calculated based on that Tin in equation 5 equals the lowest measured temperature in the control 545 

volume, whereas “Minimum inflow*” applies the second lowest measured temperature. 546 

  547 
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 548 

 549 

Figure 7. Correlation between moving, average (daily) groundwater flow estimation at 123, 267 and 275 m depth in KH-02-550 

17 and daily precipitation: the precipitation data are adjusted by 1.0, 1.1 and 0.9 days, which gives a correlation factor with 551 

precipitation of 0.17, 0.16 and 0.17 for the fractures in decreasing order. 552 

  553 
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 554 

 555 

Figure 8. Estimated groundwater flow in KH-01-18 (moving daily averages) and their correlation with precipitation (moving 556 

daily averages): No clear trend was found; the highest correlation factor was 0.11. 557 

 558 

Figure 9. The left-hand side of the figure shows the estimated groundwater flow in KH-01-18 (moving daily averages) and 559 

their correlation with ambient temperature (moving daily averages): The highest correlation factor found was 0.68, when 560 

temperature data were moved 9.0 days forward in time. The right side of the figure shows the estimated groundwater flow in 561 

KH-02-18 (moving daily averages) and its correlation with ambient temperature): The highest correlation factor found was 562 

0.84, when temperature data were moved 1.4 days forward in time.  563 

 564 


