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Abstract 21 

Limestone aquifers are of great interest as a drinking water resource in many countries. They often 22 

have a complex crushed and fractured geology, which makes the analysis and description of flow and 23 

transport processes in such aquifers a challenging task. In this study, the solute transport behavior including 24 

fracture-matrix interaction in hydrogeological units of a limestone aquifer in eastern Denmark was 25 

characterized by designing, conducting and interpreting six depth-specific tracer tests involving natural- and 26 

forced-gradient conditions with multiple tracers representing different diffusion properties. To determine 27 

flow parameters, the tracer tests were complemented by a comprehensive set of depth-specific borehole and 28 

hydraulic tests. 29 

Based on the tests, a new and stronger conceptual understanding was developed for the different 30 

aquifer units. The investigated limestone aquifer is composed of a glacially crushed unit and two fractured 31 

units, with calcarenitic and bryozoan limestone of similar hydraulic properties. Hydraulic tests revealed, that 32 

the crushed unit has a lower hydraulic conductivity than the fractured limestone units, likely due to the 33 

crushed conditions with small limestone clusters and small-aperture fractures potentially filled with fine 34 

material. 35 

In the fractured limestone units, a distinct preferential flow and primary transport along major 36 

horizontal fractures was inferred from the tracer tests under forced-gradient conditions. The dominant 37 

horizontal fractures were identified on impeller flow logs and appear connected between wells, having an 38 

extent of up to several hundred meters. Connectivity between the aquifer units was investigated with a long-39 

term pumping test and tracer tests, revealing restricted vertical flow and transport. A very pronounced 40 

hydraulic conductivity contrast between major fractures and matrix could also be inferred from the borehole 41 

and hydraulic tests, which is consistent with the findings from the tracer tests. However, the difference in the 42 

matrix diffusion behavior of the simultaneously injected tracers and a long tailing in the breakthrough curves 43 

revealed that matrix diffusion has a strong influence on the solute transport in the fractured limestone. 44 
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1. Introduction 45 

Limestone aquifers are important drinking water resources in many countries such as the UK, the 46 

USA and Niger (Ireson et al., 2009; Marella and Berndt, 2005; Qian et al., 2014). In Denmark, about one 47 

third of the water supply is based on groundwater from limestone aquifers (Vangkilde-Pedersen et al., 2011). 48 

Limestone aquifers in densely populated areas are vulnerable to contamination from diffuse and points 49 

sources due to heavy water abstraction, complex flow fields and low contaminant attenuation capacity 50 

(Aisopou et al., 2015; Levi et al., 2014). Therefore, knowledge on the hydrogeology and the flow and 51 

transport behavior in such aquifers is essential for groundwater resource management, risk assessment and 52 

remediation of contaminated sites. However, knowledge of transport in limestone aquifers is limited and 53 

difficult to acquire, particularly in fractured aquifers (Klepikova et al., 2014).  54 

The flow field and the transport pathways in limestone aquifers can be very complex, as limestone is 55 

a very heterogeneous geological setting (Williams et al., 2006). Limestone often contains chert layers and 56 

nodules, may be weathered, crushed or fractured, and may contain fault zones due to geological activity 57 

(Jakobsen et al., 2017; Odling et al., 2013). In areas with glacial activity, the upper unit of the limestone 58 

often consists of distinct zones with different properties, e.g. reworked limestone mixed with till and sand, 59 

crushed or fractured limestone units (Jakobsen and Klitten, 1999), while deeper parts comprise intact 60 

geological units with a low fracture density (Jakobsen et al., 1993). Fractured units of limestone aquifers 61 

often exhibit a dual-continuum nature (Hartmann et al., 2007; Price et al., 1993): fast flow in a network of 62 

fractures dominates the advective transport in the aquifer, while the long-term fate of solutes is strongly 63 

influenced by matrix diffusion, sorption and degradation processes (Bottrell et al., 2010; Jardine et al., 1999; 64 

Witthuser et al., 2003).  65 

Hydraulic characterization of limestone aquifers can include several traditional and more novel 66 

methods. Pumping tests and slug tests are commonly used for determining hydraulic conductivity and 67 

specific storage capacity values for all kinds of aquifers, including limestone aquifers (Ackerer and Delay, 68 

2010; Butler et al., 2009; Kruseman and de Ridder, 1990; Macdonald and Allen, 2001). More recently, 69 

advanced characterization methods have been developed (Berkowitz, 2002; Neuman, 2005), including 70 
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transmissivity profiling with FLUTe liners (Broholm et al., 2016; Keller, 2016), passive flux meters 71 

(Klammler et al., 2016), geophysical methods, optical and acoustical televiewer imaging (Maurice et al., 72 

2012), impeller flow logging (Basiricò et al., 2015; Butler et al., 2009; Paillet, 1998), hydraulic tomography 73 

(Illman, 2013; Sanchez-León et al., 2015; Trottier et al., 2014), cross-borehole tests and thermal methods 74 

(Pehme et al., 2014; Somogyvári et al., 2016). However, some of the methods like FLUTe transmissivity 75 

profiling or optical televiewers require open boreholes. The borehole walls in fractured limestone and 76 

particularly in crushed limestone may be unstable and thus casings and well screens are installed to prevent 77 

borehole collapse (Odling et al., 2013). These installations restrict the choice of hydraulic and geologic 78 

characterization methods. 79 

Tracer tests have been commonly used to determine parameters characterizing the transport behavior 80 

(porosity, matrix diffusion, dispersion) and connectivity in limestone aquifers (Bottrell et al., 2010; 81 

Hartmann et al., 2007) and other fractured aquifers. These tests can be performed as single-well or multiple-82 

wells tests, and with chemical species or heat as tracer (Doro et al., 2015; Somogyvári et al., 2016; Wagner 83 

et al., 2014). A single-well dilution test (Maurice et al., 2011; West and Odling, 2007) is a relatively simple 84 

and inexpensive method to identify high-flow zones within a borehole. Another kind of single-well test is a 85 

push-pull test (Becker and Shapiro, 2003), where the same well is used for tracer injection and extraction. 86 

Multiple-well tracer tests can be subdivided in natural-gradient (Bottrell et al., 2010; Jardine et al., 1999; 87 

LeBlanc et al., 1991; Ptak and Teutsch, 1994) and forced-gradient tracer tests (Hartmann et al., 2007; 88 

Jakobsen et al., 1993; Lloyd et al., 1996; Riley et al., 2001; Sanchez-León et al., 2015; Witthuser et al., 89 

2003). Forced-gradient tracer tests establish a hydraulic gradient by pumping (and possibly by injecting), and 90 

have the advantage that the tracer breakthrough happens much faster than for natural gradient tracer tests. 91 

They also provide a well-defined flow field and tracer recovery is usually high. A well-defined flow field is 92 

particularly useful for fractured limestone aquifers, as it helps to reduce tracer loss and tracer occurrence at 93 

unexpected locations (Bottrell et al., 2010). A forced-gradient in a fractured medium caused by pumping 94 

may, however, activate additional flow paths compared to natural gradient conditions, as discussed by Butler 95 

et al. (2009). 96 
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Only a few fully analyzed tracer tests in limestone aquifers have been reported in the literature. 97 

Amongst those, the tests of the eastern England Chalk are particularly notable (Black and Kipp, 1983; 98 

Bottrell et al., 2010; Hartmann et al., 2007; Maurice et al., 2012; Riley et al., 2001). Hartmann et al. (2007) 99 

performed a comprehensive forced-gradient tracer test study in a fractured limestone aquifer, using single 100 

fluorescent tracers for each injection. They mention the occurrence of a weathered, ‘putty’ chalk layer, in 101 

which the boreholes were cased. The injection and pumped intervals of the boreholes had a length of 46 to 102 

55 m, all in the fractured limestone aquifer, and different aquifer units were not distinguished. Bottrell et al. 103 

(2010) conducted lab and field tracer tests in a Chalk aquifer contaminated with hydrocarbons. The tracer 104 

tests were originally planned under forced-gradient conditions. However, the pumping rate could not be kept 105 

constant throughout the field experiment, hence the tracers were also monitored under natural gradient 106 

conditions after the initial pumping. Riley et al. (2001) present the results of an extensive tracer test study in 107 

Lincolnshire limestone using a borehole array for forced-gradient tracer tests with fluorescent and ionic 108 

tracers. They simultaneously applied multiple tracers and observed species-dependent tracer breakthrough 109 

behavior in lab column tests, but not when the tracer mixture was applied under field conditions. Jakobsen et 110 

al. (1993) present a forced-gradient tracer test applying lithium as tracer, while monitoring in five pumped 111 

intervals in a borehole located in the same unit of a fractured bryozoan limestone aquifer. They obtained 112 

tracer breakthrough curves showing fast tracer arrival and long tailings. 113 

The results show that most of the presented tracer tests consider the limestone as a single aquifer unit. 114 

However, in many cases the upper limestone has different properties (Hartmann et al., 2007; Jakobsen and 115 

Klitten, 1999), for instance because of glacial activity, resulting in different flow and transport behavior. The 116 

upper limestone units are particularly important for contaminants infiltrating from diffuse or point sources, 117 

because their transport and fate will be highly depending on flow patterns and properties of these units. In 118 

most previous field studies in limestone, a single tracer was injected at the same time and location in 119 

limestone. However, the simultaneous injection of a mixture of tracers with different properties can provide 120 

additional information about the flow and transport processes in the aquifer, particularly about matrix 121 

diffusion, as reported in Jardine et al. (1999) for fractured shale bedrock and in Somogyvari and Bayer 122 

(2017) in the context of hydraulic tomography.  123 
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The aim of this paper is to enhance the conceptual understanding of flow and solute transport in 124 

limestone aquifers with a focus on different aquifer units, involving crushed formations, fractures, and a low 125 

permeability matrix. This is an important step towards a better understanding of contaminant behavior, risk 126 

assessment and design of remedial actions in limestone aquifers. The site investigation techniques applied in 127 

this study involve a combination of tracer tests, borehole tests and hydraulic aquifer tests (pumping tests, 128 

slug tests etc.) to determine fracture-matrix interaction and matrix-diffusion behavior at the intermediate site 129 

scale (meters to a tens of meters). Two types of tracer tests were developed, where the first involved the 130 

simultaneous injection of multiple tracers with different diffusion coefficients in one borehole. The second 131 

involved injection of a tracer prior to pumping under natural-gradient conditions and subsequent monitoring 132 

at a pumping well under forced-gradient conditions. A novel feature of these hydraulic aquifer and tracer 133 

tests is that they were conducted in wells screened at different depths so as to obtain dedicated information 134 

about the main units in the upper weathered part of a limestone aquifer. The study was conducted in an 135 

aquifer consisting of an upper calcarenitic limestone and a lower bryozoan limestone at a field site situated in 136 

the eastern part of Zealand, Denmark (Figure 1a). 137 

2. Description of the field site 138 

A comprehensive field study was conducted in a limestone aquifer at the Akacievej site in Fløng, 139 

about 30 km west of Copenhagen (Figure 1a). The study of the site was motivated by the history and the 140 

current status as a contaminated site. The operation of a dry cleaning facility at the Akacievej site and a fire 141 

in 1975 had caused a spill of PCE and the development of a 400 to 500 meter long PCE plume in the 142 

limestone aquifer (Figure 1b), posing a risk to the groundwater resource. The site is not far from the 143 

abstraction wells of a local waterworks (Fløng), located ca. 700 m north of the Akacievej site, however with 144 

the current pumping rate the waterworks is not affected by the contamination. In 2006, the most 145 

contaminated soil (upper 6 m of the glacial deposits on top of the limestone aquifer) was removed and a 146 

pump-and-treat system was installed to establish hydraulic control of the contamination in the source zone 147 

and to limit further contaminant leaching and plume spreading. Aquifer water is continuously pumped at a 148 
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rate of 2 to 2.5 m
3
/h, treated and returned to the aquifer through infiltration cassettes with overflow to a deep 149 

infiltration well.  150 

 151 

Figure 1: a) Map of Denmark showing the location of the field site. b) Site overview with isopotential lines in limestone without 152 
water abstraction at the Fløng waterworks and without remedial pumping, wells in the area and the approximate extent of the 153 
dissolved PCE plume in 2015. c) Regional geologic cross section showing the overarching stratigraphy with the geological 154 
understanding prior to this study (Galsgaard et al., 2014). d) Limestone borehole cores from different aquifer units at the site. From 155 
top to bottom: Crushed calcarenitic limestone, fractured calcarenitic limestone, upper fractured bryozoan limestone, lower fractured 156 
bryozoan limestone. Note that core losses in the crushed limestone were high and that most of the visible fractures in all units were 157 
created by the drilling. 158 

2.1. Geologic setting 159 

The general geology in the Fløng area was initially characterized using geologic and borehole data 160 

from cores, borehole logs, outcrop analysis, geologic maps and microfossile analysis (Galsgaard et al., 2014; 161 

Jakobsen et al. 2017), and a regional scale three-dimensional geologic model was established. This revealed 162 

high spatial variability in the limestone aquifer and the fracture system, which highlights the need for 163 

geologic characterization of local boreholes. Figure 1c) shows a geologic cross section with the typical 164 

geologic stratigraphy expected around the Akacievej site. 165 
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A local geologic model was developed with information from new boreholes and measurements by 166 

different characterization methods from the field campaign in this study. The uppermost geologic layer 167 

consists of glacial deposits (clay- and sand till with a low permeability and sand inclusions) of a thickness of 168 

approximately 8-15 meters. The glacial deposits are underlain by two types of limestone of Danien age 169 

(Jakobsen et al., 2017), a calcarenitic limestone (Copenhagen limestone formation), and a bryozoan 170 

limestone (Stevns Klint formation). In contrast to the calcarenitic limestone, bryozoan limestone often shows 171 

bank structures (Jakobsen et al., 2017, 1993). Both the bryozoan limestone and the calcarenitic limestone 172 

contain chert layers and nodules and have a very variable hardness, spanning from soft limestone to 173 

cemented limestone and very hard chert. Figure 1d) shows limestone cores from different depths. The 174 

limestone aquifer is strongly affected by glacial activity. The upper 2 to 5 meters are crushed and the layers 175 

below are fractured. For the further analysis, the fractured limestone units were subdivided in an upper 176 

fractured (UF) unit containing the  pumping test well screen, from the lower boundary of the crushed 177 

limestone at ca. 16 m asl down to 6 m asl, and a lower fractured (LF) unit down to the bottom of the 178 

hydraulically active limestone aquifer (Figure 2b). The calcarenitic limestone and the bryozoan limestone 179 

were not considered as different units in the following analysis, because the two limestone types did not 180 

show distinct differences in the hydraulic conductivity and porosity determined from the impeller flow logs 181 

and in the Poroperm tests (discussed in the results section). 182 

2.2. Hydrogeology 183 

The local aquifer is unconfined, however, the top of the limestone aquifer is at greater elevation 184 

around the Akacievej site, and confined conditions are found at a distance of a few hundred meters (Figure 185 

1c). The groundwater table shows seasonal variations with the highest levels in spring. In May 2015, it was 186 

at ca. 19 m asl, which is ca. 1.5 m below the top of the limestone aquifer at the Akacievej site. The regional 187 

groundwater flow field in the limestone aquifer was determined in a synchronous well sounding round 188 

(Figure 1b), for which the pump of the remediation system and the wells from the Fløng waterworks were 189 

switched off. The regional groundwater flow is directed towards east-north-east with an approximate 190 

hydraulic gradient of 0.8 ‰. The site is located in an area that is heavily used for drinking water abstraction 191 
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by several major waterworks for the supply of the greater Copenhagen area, and these abstractions strongly 192 

influence the larger-scale groundwater flow field. 193 

3. Methods 194 

To conceptualize flow and solute transport in the three different limestone aquifer units at the site and 195 

to obtain detailed information on limestone matrix and fractures, six depth-specific tracer tests were 196 

combined with a long-term pumping test as described in the following. Complementary borehole and 197 

hydraulic aquifer tests were also carried out as described in the Supplementary Information (SI). Since the 198 

flow and transport properties in the fractured limestone unit were expected to change with depth, the 199 

fractured limestone unit was subdivided into an upper and a lower fractured limestone unit as shown in 200 

Figure 2b). 201 

    202 

Figure 2a) Setup of the wells used for the pumping and tracer tests: Central pumping well (G17) with surrounding wells for tracer 203 
injections and hydraulic head monitoring. Employed tracers are indicated by the colored arrows, the regional groundwater flow 204 
(without pumping) is indicated by blue arrows. b) Vertical location of the well screens (green with dashed lines) in context with the 205 
limestone units and geologic limestone types. Stratigraphic/geological layers are indicated by colors (and double arrows on the right), 206 
while dashed black lines show the separation between units with different fracture properties. 207 

3.1. Boreholes and wells 208 

The limestone in the crushed and the upper fractured limestone unit was very unstable and it was not 209 

possible to construct open boreholes, thus preventing the planned usage of FLUTe transmissivity tests and 210 

other open-borehole tests. The lower fractured limestone was more stable and allowed for the deeper part of 211 

a) 
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one borehole to be temporarily kept open. All other wells were completed as screened wells, with a 212 

sand/gravel pack surrounding the screen.  213 

Two wells from previous investigations (PB and G5, see Figure 2) were used for head monitoring 214 

and tracer injection. The well PB is the remediation well and is screened mainly in the crushed limestone. G5 215 

was drilled with wire-line coring, cores were collected and a 10 m long screen was installed across both the 216 

upper fractured and the crushed limestone (Table 1 and Figure 2b). 217 

The field investigation design included the construction of three new wells (G17-19) for pumping, 218 

head monitoring and tracer injection. The wells were constructed with the down-the-hole (DTH) drilling 219 

method. They were designed to give information about the different limestone units (crushed, upper 220 

fractured and lower fractured unit). G17 was constructed as a central pumping well with a larger diameter 221 

and a 6 m long screen entirely in the upper fractured limestone (Table 1) to allow for specific tests in this 222 

aquifer unit and to test for the connectivity with the crushed and the lower fractured limestone units. G18 223 

was constructed with a shallow screen (G18s) at the same depth as the pumping well screen, and a 22 m long 224 

deep screen (G18d) in the lower fractured limestone unit. Since G18d is located in the more stable part of the 225 

fractured limestone, it was initially created as an open borehole to conduct double-packer tests and optical 226 

televiewer logs for the characterization of the lower fractured limestone. After the tests, G18d was also 227 

screened. To investigate the properties of the upper two limestone units, G19 was constructed with two well 228 

screens: a shallow screen (G19s) mostly in the crushed limestone unit and a deep screen (G19d) in the upper 229 

fractured limestone unit. 230 
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Table 1: Well properties and horizontal distances to pumping well (G17). The location of the main part of the well screen is assigned 231 
to the aquifer units: crushed (C), upper fractured (UF) and lower fractured (LF) limestone. The surface elevation at the Akacievej site 232 
is approximately 28.4 m asl. The three closest wells of the Fløng waterworks (FL1-3) are included, since they were used for well-233 
shutdown tests, as explained in Supplementary Information (SI, 1.5). 234 

Screen Horizontal 
distance to G17 
[m] 

Screen 
length [m] 

Screen depth        
[m asl] 

Aquifer unit Casing diameter 
[mm] 

Borehole 
diameter [mm] 

G17 0 6 6.4-12.4 UF 225 345 

G18s 
G18d 

5 
5 

5 
22 

7.5-12.5 
-16.5-5.5 

UF 
LF 

110 
110 

345 

G5 6.5 10 8.8-18.8 C/UF 90 203 

PB 8 6 13.9-19.9 C/UF 165 335 

G19s 
G19d 

15 
15 

3 
4 

14.3-17.3 
6.3-10.3 

C/UF 
UF 

90 
90 

345 

FL1 685 7 9-16 UF 125 203 

FL2 877 12 1.1-13.1 UF/LF 225 300 

FL3 1049 10 -11-(-1) LF 225 300 

3.2. Pumping test design 235 

The long-term pumping test was designed to determine hydraulic dual-continuum parameters in the 236 

upper fractured limestone and to test the connectivity with tracer injection wells. The setup consisted of G17 237 

as central pumping well surrounded by several monitoring wells (Figure 2). A Grundfoss SP 17-5 pump was 238 

employed and set to a constant pumping rate of 19.7 m
3
/h over two periods of about ten days each. A long 239 

duration and a relatively high pumping rate were chosen to obtain a drawdown curve which includes 240 

response from the matrix flow (Nielsen, 2007). The remediation system was turned off in the five months 241 

leading up to the pumping test. 242 

Automatic pressure transducers (Schlumberger® Micro Divers) in the pumping well and six 243 

observation wells at distances between 5 and 50 m from the pumping well (Table 1) recorded the drawdown 244 

and recovery when the pump was switched on and off. A high measurement frequency (2 Hz) was applied to 245 

capture the first drawdown (water withdrawn mainly from fractures), which happened within few seconds. 246 

The collected long-term pressure data were corrected for barometric pressure variations and interpreted with 247 

specialized analytical solution methods for fractured media (Barker, 1988; Moench, 1984) and the software 248 

Aqtesolv (Duffield, 2007) to yield dual-continuum parameters for both fractures and matrix. 249 
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3.3. Tracer test design 250 

3.3.1. Approach and design 251 

Six tracer tests were designed and carried out at the Akacievej site (Table 2), of which five tracer 252 

tests were conducted under forced-gradient conditions induced by the long-term pumping test, while one 253 

tracer test (G18s_pre) was initiated four days before start of the pumping test, so the tracer could spread with 254 

the natural groundwater flow and diffuse into the limestone matrix. Two of the six tests included the 255 

simultaneous injection of multiple tracers, whereas single tracers were applied in the other four tests. 256 

Table 2: Overview of tracer tests with the respective injection well screen, used tracers and tracer amounts, and objectives of the 257 
tracer tests. The well screens are assigned to the aquifer units: crushed (C), upper fractured (UF) and lower fractured (LF) limestone. 258 
The tracers are sulforhodamine B (SRB), fluorescein (FL), lithium (Li) and bromide (Br). 259 

Injection well 
screen 

Aquifer 
unit 

Number of 
tracers 

Tracer(s) Tracer 
amount [g] 

Objective/comment 

G18s_pre UF 3 FL 
Br 
Li 

4.34 
369.67 
32.11 

injection 4 days prior to pumping - diffusion into matrix 

G18s UF 1 SRB 2.99 horizontal fracture transport properties 

G19d UF 3 FL  
Br 
Li 

20 
912.77 
79.29 

horizontal transport properties with stronger influence of 
matrix diffusion due to greater distance between injection 
and extraction 

G5 C + UF 1 SRB 2.5 transport in C and UF from a different direction 

G18d LF 1 SRB 9 vertical transport, connectivity between LF and UF 

PB C (+UF) 1 FL 4.99 vertical transport, connectivity between C and UF 

The tracer injection wells were located at distances between 5 (G18) and 15 m (G19) from the 260 

pumping well (G17) with well screens in different aquifer units (Table 1). The distance between injection 261 

wells and the extraction well was kept short to reduce the required breakthrough time and to ensure a high 262 

tracer recovery to protect the downstream groundwater resource. More distant wells were excluded as 263 

possible injection locations because of the risk that the tracer could not be drawn to the pumping well. Figure 264 

2 illustrates the setup and indicates the location of wells and screened intervals in context of the aquifer units.  265 

Prior to the first tracer injection, aquifer water was abstracted at the site and stored in 1000 L tanks. 266 

A concentrated tracer solution was mixed and transferred into the 1000 L tank immediately before the 267 

injection. When fluorescein and lithium bromide were simultaneously injected (G18s_pre, G19d), two 268 

separate concentrated tracer solutions were mixed into the same tank. The concentration of the tracer 269 

solution in the tank for the injection was chosen based on model simulations of the dilution of the tracer 270 
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concentrations between injection and extraction well and on the quantification limits of the analytical 271 

instruments. The tracer solution and the groundwater were thoroughly mixed in the tank for 30 minutes using 272 

a recirculation pump and heated to the groundwater temperature of approximately 10C. The employed 273 

tracer amounts and the objective of each test are shown in Table 2. 274 

To ensure a uniform injection rate along the well screen, a special injection system was developed: 275 

20 tubes with nozzles were fixed to a long PVC pipe and installed in the injection well.. The tracer solution 276 

was pumped from the tracer tank to the nozzles at the tube ends, which were placed to cover the entire well 277 

screen. The design of the tracer injection system is shown in Figure 3 and further described in the 278 

Supplementary Information (SI, 2.2).  279 

 280 

Figure 3: Setup of the specially developed tracer injection system (left) with nozzles fixed to injection tubes at constant depth 281 
intervals providing a uniform injection rate along the injection well screens. A jet pump delivers the tracer from a 1000 L tank to a 282 
flow distributor, which distributes the tracers through 20 tubes to the nozzles. Water with tracers was extracted through a pump 283 
(right). A small part of the water was diverted to a flow-through spectrophotometer and to a sampling carousel, while the major part 284 
was purified through activated carbon filters and released to the sewerage system. 285 

The tracer injections were carried out as pulse injections of 1000 L tracer solution over 286 

approximately one hour, i.e. with a constant injection rate of 1000 L/h. After that, 200 L groundwater was 287 

injected as chaser to flush residual tracer out of the borehole and to clean the used equipment. Since an 288 

impeller flow log in G18d showed only negligible flow below -7 m, a tracer injection below this depth was 289 
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prevented by the use of a packer sealing off the bottom part of the well (see Figure 2) during the tracer test in 290 

G18d. 291 

3.3.2. Tracers 292 

Two fluorescent tracers with non-overlapping color spectra, namely disodium-fluorescein (uranine; 293 

referred to as fluorescein from hereon) and sulforhodamine B, and two ionic tracers, lithium and bromide, 294 

were selected and tested in the lab for their applicability and detectability. The tracers were chosen, because 295 

they are harmless to the aquifer, have a measurable contrast to background concentrations in the pristine 296 

groundwater and are easily detectable at low concentrations. Furthermore, some of the selected tracers had 297 

previously been successfully applied in limestone aquifers (Hartmann et al., 2007; Jakobsen et al., 1993; 298 

Riley et al., 2001). The sorption behavior of the fluorescent tracers was tested in short lab tests (see SI, 2.1), 299 

which indicated no (fluorescein) to very limited sorption (sulforhodamine B) to limestone and to the 300 

employed equipment material (tubes, vials). This is consistent with findings in Smart and Laidlaw (1977) 301 

who reported that sulforhodamine B and fluorescein have a moderate resistance to sorption in limestone. 302 

Bottrell et al. (2010) observed some sorption of fluorescein to limestone, but stated, that it proved to be an 303 

effective tracer in a tracer test over 300 days. Similarly, Riley et al. (2001) observed a weak sorption 304 

tendency of fluorescein in column experiments with Lincolnshire Limestone, but the sorption was 305 

insufficient to significantly affect the observed conservative behavior under field conditions. Bromide is 306 

known as a conservative, non-sorbing tracer. 307 

Tracers with different molecular diffusion coefficients (see Table SI-1 for tracer properties) were 308 

chosen under the hypothesis that species with a higher diffusion coefficient would be more strongly affected 309 

by diffusion into the limestone matrix, thereby affecting downstream transport. Lithium is the smallest 310 

species but occurs mainly in a hydrated form (Cussler, 2011) and so bromide is the most strongly diffused 311 

tracer (Table SI-1) with the highest diffusion coefficient of the employed tracers. Single fluorescent tracers 312 

(either fluorescein or sulforhodamine B) were applied in four out of the six tracer tests, while in two tracer 313 

tests (G18s_pre and G19d), a mixture of fluorescein, lithium and bromide was injected to analyze the matrix 314 

diffusion behavior. 315 
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3.3.3. Sampling and monitoring 316 

The tracer concentrations were monitored in water diverted from the pumping well (G17) to a flow-317 

through spectrophotometer and a sampling carousel, which collected up to 24 water samples of about 120-318 

140 ml each at predefined time intervals. The initial sampling frequency was chosen according to the 319 

anticipated breakthrough from numerical simulations and adjusted using the observed fluorescent tracer 320 

concentrations from the flow-through spectrophotometer. When the first tracer arrived at the pumping well, 321 

the tracer concentrations increased quickly and short sampling intervals down to 3 minutes were employed. 322 

After the initial tracer breakthrough, intervals were gradually increased to up to two hours. When lithium 323 

bromide was used as tracer, it was combined with fluorescein, and the fluorescein measurements with the 324 

flow-through spectrophotometer were used to decide the sampling frequency at the carousel. All samples 325 

were kept cool and dark until analyzed in the laboratory. 326 

3.3.3.1. Fluorescent tracers 327 

The fluorescent tracers were continuously monitored on-site with the fluorescence spectrophotometer 328 

(Varian Cary Eclipse) equipped with a flow-through cell. Additionally, unfiltered water samples from the 329 

sampling carousel were analyzed in the lab with a fluorescence spectrophotometer (Hitachi F7000). The lab 330 

measurements were considered to be more accurate and covered a larger range than the field measurements, 331 

because samples with concentrations above the measurement range could be diluted for the lab analysis. The 332 

best measurement wavelength for each tracer was tested beforehand (Table SI-1).  333 

Analysis results showed that samples, which were originally filtered for the bromide analysis, gave 334 

more consistent results for fluorescein compared to noisy responses for the unfiltered samples. Probably, the 335 

fluorescein interacted with some dispersed particles in the groundwater during storage, leading to lower 336 

measured concentrations (dependent on the concentration of these particles in the respective sample). Hence, 337 

if available, the filtered samples were analyzed for their fluorescein concentrations. 338 

3.3.3.2. Ionic tracers 339 

Bromide was analyzed by ion chromatography (see SI, 2.3). The lithium concentrations were 340 

analyzed by an accredited laboratory (Eurofins Miljoe A/S Laboratories), using an Agilent ICP-MS. 341 
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3.3.4. Sequence of tracer tests 342 

The tracer tests were carried out over a period of five weeks (Figure 4). The first tracer test 343 

(G18s_pre) was initiated four days before the pumping test was started, simultaneously injecting fluorescein 344 

and lithium bromide. Two days after the pump start the second tracer test was carried out in G18s with 345 

sulforhodamine B. The second tracer test was started when the measured tracer concentrations from the first 346 

test had returned to levels close to the background concentrations and to the detection limits for the 347 

fluorescein. However, the analysis of the water samples in the lab showed that the breakthrough from the 348 

first tracer test was not completely over when the second tracer test was started, and the injection of the 349 

second tracer solution caused a dilution of the tracers from the first tracer test (described in the results 350 

section, see Figure 8c). Further, the forced hydraulic gradient induced by the pumping was likely to have 351 

activated some new flow pathways compared to the natural-gradient flow conditions, as also observed in a 352 

field study by Butler et al. (2009).  353 

The third and fourth tracer test were performed in G18d and G19d on the same day, four days after 354 

the injection of the second tracer test (G18s). This was possible, because two different fluorescent tracers 355 

were used and the tracers were injected in wells on opposite sides of the extraction well (G17, Figure 2), 356 

which was pumping at a high rate. Hence, a mutual influence of the two tracer tests could be excluded. The 357 

same applies for the last two tracer tests in G5 and PB, which were carried out on the same day, two and a 358 

half weeks after the injection of the third and fourth tracer test (G18d and G19d). 359 

 360 

Figure 4: Timeline for pumping and tracer tests. The used tracers are indicated by the color. Red: Sulforhodamine B, yellow: 361 
fluorescein, green: fluorescein + lithium bromide. 362 

3.4. Complementary aquifer tests 363 

Complementary aquifer tests included borehole core analysis, geophysical borehole logs, double-364 

packer tests and vacuum slug tests, and are further described in Supplementary Information (SI, 1.1-1.5). The 365 

most important ones are listed in the following: Drawdown and recovery data from shutting down and 366 
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reactivating the wells of the pump-and-treat system and the Fløng waterworks were evaluated to obtain a 367 

first approximation of the average hydraulic conductivity in the aquifer. Slug tests yielded further hydraulic 368 

conductivity values at specific depths and locations. The analysis of small limestone matrix cores in 369 

Poroperm tests yielded matrix porosity and hydraulic conductivity values of the limestone of different 370 

hardness from each limestone unit. Highly conductive zones were detected by Impeller flow logs. 371 

3.5. Data treatment and calculations 372 

The tracer recovery R was calculated as  373 

( ) /i b ji g i inR c c Q t M    374 

with the time interval i, the measured concentration ic , the background concentration bgc (only for bromide 375 

and lithium), the constant pumping rate   (19.7 m
3
/h) and the injected tracer mass 

injM . The fluorescence 376 

spectrophotometers were calibrated with the groundwater from the site, hence it was not necessary to correct 377 

the fluorescein and sulforhodamine B measurements for background fluorescence.  378 

The temporal moment analysis provides a quantitative description of the characteristics of the tracer 379 

breakthrough curves and to allow for a comparison between the different tracer tests. The temporal moments 380 

were calculated as (Cirpka and Kitanidis, 2000; Govindaraju and Das, 2007): 381 

- absolute time moment: 
0

( , )n

n t c x t dt


   382 

- normalized absolute moment: 
*

0

n
n





   383 

The second and third central moment characterize the spreading and skewness of the breakthrough curve and 384 

were calculated as (Sánchez-Vila and Carrera, 2004): 385 

- second central normalized moment: 
* *2

2 2 1m      386 

- third central normalized moment:
* * * *

2 13 3 13 2m        387 
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4. Results and discussion 388 

4.1. Hydraulic properties of aquifer units from pumping and aquifer tests 389 

4.1.1. Hydraulic conductivity  390 

The hydraulic conductivity values of the aquifer units (Figure 2) obtained with different aquifer tests 391 

are summarized in Table 3, showing a strong contrast between fracture and matrix conductivity and a lower 392 

conductivity in the crushed than in the fractured limestone units.  393 

Table 3: Hydraulic conductivity values in m/s determined by aquifer tests in the aquifer units (C=crushed, UF=upper fractured, 394 
LF=lower fractured), see Figure 2. The crushed material was evaluated as a single-porosity medium with one hydraulic conductivity, 395 
which is lower than in the fractured units. The long-term pumping test yielded dual-continuum parameters in the fractured limestone 396 
units. The slug tests mainly provided the fracture conductivity, while the Poroperm tests determined the matrix porosity and 397 
conductivity.  398 

  Hydraulic test  n Wells Hydraulic conductivity [m/s] Annotations 

    min Max avg  

Crushed pumping test a 1 PB     2.50×10-4
 remediation well 

  slug test 1 G19s 2.36×10-4 3.60×10-4 2.87×10-4 10 repetitions 

UF - 
fractures 

pumping test 1 G17 + obs. 
Wells 

1.27×10-3 5.31×10-3 2.04×10-3 long-term test 

 pumping test b 2 FL1, FL2 4.44×10-5 4.17×10-4 2.31×10-4
 Fløng waterworks 

 slug test 1 G19d 1.90×10-3 2.12×10-3 2.03×10-3 5 repetitions 

UF - matrix pumping test 1 G17 + obs. 
wells 

5.15×10-10 5.91×10-7 1.97×10-7 long-term test 

 pumping test b 2 FL1, FL2 1.88×10-8 2.52×10-8 2.20×10-8 Fløng waterworks 

 Poroperm c 11 G5, G4, G9 5.21×10-11 1.05×10-6 1.93×10-7 11 subcores 

LF - 
fractures 

pumping test 1 G17 (G18d) 2.55×10-3 1.14×10-2 6.52×10-3 evaluated at G18d 

 pumping testd 4 G18d 2.61×10-4 3.47×10-2 1.62×10-2 4 packer tests 

 pumping test b 2 FL2, FL3 9.45×10-5 4.17×10-4 2.56×10-4 Fløng waterworks 

LF - matrix pumping test 1 G17 (G18d) 1.32×10-6 2.10×10-6 1.71×10-6 evaluated at G18d 

 pumping test b 2 FL2, FL3 1.78×10-8 1.88×10-8 1.83×10-8 Fløng waterworks 

  Poroperm c 11 G5, G4, G9 5.21×10-11 1.05×10-6 1.93×10-7 11 subcores 

a evaluation of shutdown and reactivation of remediation system 399 
b pump shutdown and reactivation test at abstraction wells at the Fløng waterworks (FL1 – FL3), ca. 700 m from the Akacievej site 400 
c hardness H2 (2 subcores): 1×10-6 m/s, porosity of 45.2-46.1 %, hardness H3 (1 subcore): 2.7×10-8 m/s, porosity of 28.4 %, hardness 401 
H4 (9 subcores): 0.1-7×10-9 m/s, porosity of 7.2-15.9 %. Values are considered as representative for both UF and LF limestone 402 
matrix 403 
d packer tests in G18d, focused on high-conductive zones 404 
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The long-term pumping test was conducted with a pumping rate of 19.7 m
3
/h in G17, which was 405 

screened in the upper fractured limestone unit, and yielded a dual-continuum fracture conductivity of ca. 406 

2×10
-3

 m/s at the pumping well. The high conductivity was reflected in an abrupt initial drawdown of 25 cm 407 

in the pumping well and in the maximum drawdown of ca. 31 cm (Figure 5). Connectivity provided by 408 

fractures between the wells was evident in the distinct and very fast hydraulic head response within few 409 

seconds in all observation wells (Figure 5). The fracture conductivity of the upper limestone was high 410 

compared to that seen in other limestone aquifers where conductivities range between 10
-5

 to 10
-3

 m/s 411 

(Downing et al., 1993; Hartmann et al., 2007; Jakobsen et al., 1993).  412 

Hydraulic conductivities of the matrix were determined by Poroperm tests, which yielded detailed 413 

hydraulic conductivity values for samples on the scale of centimeters. These tests showed that the matrix 414 

conductivity is three to eight orders of magnitude lower than the fracture conductivities determined by the 415 

pumping tests. Negligible differences between the calcarenitic and the bryozoan limestone of the same 416 

hardness were observed, hence they were treated as one aquifer unit (see Figure 2). The pumping tests 417 

yielded matrix conductivities, which lie within the range determined by the Poroperm tests, however, the 418 

range determined by the pumping tests was much narrower. This was thought to be because the Poroperm 419 

tests are small-scale tests while pumping tests determine average hydraulic conductivity values for a large 420 

aquifer volume (tens of meters). Hence, the Poroperm tests provide a good indication of the heterogeneity of 421 

the limestone matrix. Due to the observed strong conductivity contrast between fractures and matrix, 422 

advective flow mainly occurs in the fractures and the flow in the matrix is very slow and negligible.  423 
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  424 

Figure 5: Drawdown at wells during the long-term pumping test in G17 (upper fractured unit). The initial drawdown happened 425 
quickly and the drawdown could be observed in all observation wells. PB, G5, G18s and G19d showed a similar drawdown. G18d 426 
(lower fractured unit) had the smallest drawdown and the drawdown in G19s (crushed – upper fractured unit) was slightly smaller 427 
than in G19d. After 251 hours, the pump was switched off. 428 

With about 2.5×10
-4 

m/s, the hydraulic conductivity determined in the crushed limestone (G19s) was 429 

about one order of magnitude lower than that of the upper fractured limestone unit. An explanation could be 430 

that the crushed limestone unit has smaller fractures and less pronounced flow zones than the fractured units. 431 

Moreover, fine material (e.g. glacial deposits) may be mixed into the crushed limestone, filling fractures and 432 

major flow paths as indicated by borehole log descriptions. 433 

The small drawdown in the lower fractured limestone unit (G18d) and in the wells screened in the 434 

crushed limestone unit (PB, G19s) caused by the pumping test indicates that these aquifer units are, albeit to 435 

a limited extent, hydraulically connected to the upper fractured limestone. The evaluation of the drawdown 436 

data at G18d and the double-packer tests revealed a slightly higher horizontal hydraulic conductivity in the 437 

lower than in the upper fractured limestone unit. The double-packer tests were, however, focused on the 438 
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highly conductive zones in the lower fractured limestone. Hence, the higher conductivity value determined 439 

with the packer tests is not surprising. 440 

The hydraulic conductivities inferred from the vacuum slug tests in G19s and G19d were in the same 441 

range as the values from the evaluation of the drawdown caused by the remediation system and the values 442 

determined for the fracture system by the long-term pumping test. This differs from the observations in 443 

Butler and Healey (1998), who discussed often-observed higher hydraulic conductivities determined by 444 

pumping tests than determined by slug tests within the same borehole in non-fractured geologies. They relate 445 

these differences mainly to incomplete well development and disturbances caused by the well construction 446 

like drilling debris. The good match between pumping test and slug test results in this study suggests a 447 

negligible influence of the well construction on the major flow paths (fractures) in the vicinity of G19s and 448 

G19d. 449 

Compared to pumping tests, slug tests are more local measurements, since the release of the water 450 

slug only affects a small volume of water (mainly in the major fractures with a high conductivity) in the 451 

aquifer volume immediately surrounding of the tested well. Slug tests have the advantage of being much 452 

quicker and cheaper than pumping tests to conduct. Hence, a series of slug tests in several wells (if present) 453 

can be conducted to cover a larger area, giving also information about the spatial variability of the hydraulic 454 

conductivity. Moreover, slug tests have a smaller effect on the local distribution of contaminants compared 455 

to pumping tests, which require a high pumping rate to induce a distinct drawdown in a larger area of a 456 

fractured limestone aquifer with a high hydraulic conductivity. 457 

However, slug tests as sole method to determine hydraulic parameters may fail to capture hydraulic 458 

features at a larger scale relevant for contaminant migration. The values determined by slug tests are more 459 

dependent on the horizontal and vertical location of the well and the conditions of the well. Because of this, 460 

pumping tests are also important for contaminated site investigations and can be complementary to the slug 461 

tests. They are particularly useful in combination with forced-gradient tracer tests to determine both, flow 462 

and transport parameters.  463 

The evaluation of the drawdown at the three wells of the Fløng waterworks, screened at different 464 

depths, yielded conductivity values about one order of magnitude lower than the ones determined in the 465 
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fractured limestone by the long-term pumping test. This is not surprising recalling that the boreholes are 466 

placed 700 m apart. In this study, the main value of the hydraulic conductivity obtained from shutdown of 467 

the abstraction wells were for planning of field activities and installations. It is recommended to consider use 468 

of existing pumping systems for this purpose and for upscaling of data to larger areas. The use of existing 469 

pumping systems provides an economic and simple way for determining aquifer data, without the need to 470 

drill new boreholes and with little additional disturbance of the aquifer. A similar approach has been 471 

proposed by Tiedeman et al. (2010), who used an on-going pump and treat system for obtaining hydraulic 472 

properties of a fractured rock aquifer.  473 

4.1.2. Fracture characterization 474 

The long-term pumping test yielded dual-continuum parameters for the fracture system and the 475 

matrix, particularly in the upper fractured limestone unit, where the pumping well G17 is screened. When 476 

aquifer test analyses provide an averaged hydraulic conductivity for a single continuum (slug test 477 

evaluations), the determined values mainly represent the fracture conductivity because of the large contrast 478 

between fracture and matrix conductivity. 479 

Hydraulically active fractures and major flow zones were revealed by impeller flow logs at the tested 480 

wells, as described in Molz et al. (1989). An example flow log showing a major horizontal fracture is shown 481 

in Figure 6. The flow zones detected on the flow logs appeared to be relatively horizontal and parallel, and 482 

were interpreted to extend between the tested wells, consistent with the connectivity observed in the long-483 

term pumping test. The interpretation of impeller flow logs in wells at and around the Akacievej site 484 

suggested that some fractures had a horizontal extent of several hundred meters. The larger aperture fractures 485 

could also be observed on the caliper log. It could be concluded that the most conductive fractures had a 486 

hydraulic aperture of 1 - 3 mm. Chert, either occurring as layers or as nodules, was identified on borehole 487 

logs, in borehole cores, and on the optical televiewer log in G18d in the lower fractured limestone (dark grey 488 

areas are chert, the fracture is black, Figure 6). 489 
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 490 
Figure 6: Optical televiewer image showing a section of the borehole wall in G18d (-6.1 to -7.7 m asl). The black part at -7.0 m asl 491 
indicates a major horizontal fracture, chert is dark grey. The fracture is reflected in the caliper measurements (left) and the flow log 492 
(right), which shows a strong inflow to the well. 493 

A single subvertical fracture (joint) with a small aperture intersected G18d and was identified at ca. 494 

-1.5 m asl on the optical televiewer image. It had a length of approximately 40 cm and connected two 495 

horizontal fractures. Ten subvertical fractures were observed on the cores from G5 and two wells in the 496 

downstream plume area (G4, G9, Figure 1b), with fracture lengths between 9 and 50 cm. Precipitates were 497 

found on the surface of three of them, indicating that they were hydraulically active fractures and not created 498 

during drilling and sampling of the core. The dominant orientation of the subvertical fractures was assumed 499 

to follow the orientation of know faults in the area surrounding the site (N-S/NNW-SSE, see Jakobsen et al. 500 

(2017)). The horizontal spacing between subvertical fractures was estimated based on the core analyses to be 501 

between 1.3 and 2.5 m. However, the distance between hydraulically active fractures was estimated to be up 502 

to 5 m based on the fractures containing precipitates.  503 

The double-packer tests in sections of the open part of G18d allowed for the calculation of hydraulic 504 

apertures for the tested aquifer sections in the lower fractured limestone (Table 4). Surprisingly, horizontal 505 

fractures with apertures of up to 3 mm could be observed down to a depth of -7 m asl, showing a rather 506 

uniform fracture distribution above this depth. This observation was contrary to the expectation of fracture 507 
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density and aperture decreasing with depth by (Downing et al., 1993; Hartmann et al., 2007; Jakobsen et al., 508 

1993), and of flow and transport predominantly occurring in the upper fractured limestone. Hence, the results 509 

reveal a potential for significant flow and transport in high conductivity fractures even in the deeper aquifer 510 

unit and illustrates the diversity of fractured limestone aquifers. 511 

Table 4: Depth of horizontal fractures identified on the optical televiewer image and the flow log in G18d. Transmissivity values and 512 
hydraulic conductivities were determined based on four double-packer tests on 1.5 m intervals. Hydraulic apertures were calculated 513 
based on the cubic law. The first four fractures were in the same depth interval, and a hydraulic aperture assuming one fracture in the 514 
interval and assuming four fractures with the same apertures are listed.  515 

Interval 
no. 

Depth interval (packer) 
[m] asl 

Interval 
transmissivity 
[m2/s] 

Hydraulic 
conductivity 
[m/s] 

Fracture 
location 
[m] asl 

Hydraulic aperture 2b [mm] 

1 -0.28 to -1.78 5.20×10-2 3.47×10-2 -0.63 4.36 (1 large fracture) 

    -0.83 2.74 (4 equal fractures) 

    -1.33  

    -1.73  

2 -3.03 to -4.18 2.20×10-2 1.47×10-2 -3.03 3.27 

3 -4.78 to -6.28 3.00×10-4 2.61×10-4 -5.83 0.78 

4 (Fig. 5) -6.28 to -7.78 2.30×10-2 1.53×10-2 -7.03 3.32 

4.1.3. Matrix properties 516 

The matrix hydraulic conductivities determined in Poroperm tests on matrix cores with a hardness 517 

H2-H4 (Larsen et al., 1995) are low (Table 3), and span over a wide range (5×10
-11

 to 10
-6

 m/s). The matrix 518 

porosity varied between 7 and 46 % with an average of 19 %, showing a strong variability with depth. The 519 

hydraulic conductivity and porosity ranges are larger than reported in Jakobsen et al. (1993) for a similar site. 520 

The hydraulic conductivity and the porosity were correlated and both could be related to the hardness of the 521 

limestone cores (Figure 7), which was registered in drilling logs. Borehole cores with a lower hardness were 522 

rather grainy, in general more conductive, and had a higher porosity when compared to the more cemented 523 

cores with a high hardness. Impermeable chert with the highest hardness (H5) was found in all aquifer units, 524 

either as connected layers or as nodules / inclusions. 525 
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 526 

Figure 7a) Photo of a grainy limestone subcore ( 3.7 cm) from the Akacievej site with hardness H2 (left) and a more cemented one 527 
with hardness H4 (right), illustrating the different structures of the limestone matrix. The subcores were used in the Poroperm tests. 528 
b) Hydraulic conductivity K and porosity for limestone with hardness H2, H3 and H4 determined with Poroperm tests. The hydraulic 529 
conductivity and porosity are correlated and can be related to the hardness of the limestone: Softer limestone has a higher porosity 530 
and hydraulic conductivity. 531 

4.2. Transport behavior from tracer test in limestone units 532 

The transport behavior of the three units of the limestone aquifer was investigated by employing six 533 

tracer tests, of which two included simultaneous injection of multiple tracers. The tracer tests were conducted 534 

in combination with the long-term pumping test (see overview of experiments in Figure 4). For the further 535 

discussion, the tracer tests were grouped according to their breakthrough characteristics (Table 5) and 536 

temporal moments were calculated.  537 
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Table 5: Overview of tracer injections, location of the screen of the injection well (crushed C, upper fractured UF, lower fractured 538 
LF) and  tracer recovery. The tracers sulforhodamine B (SRB), fluorescein (FL), lithium and bromide were injected. A combination 539 
of fluorescein and lithium bromide was injected in G19d and G18s_pre. The tracer tests were grouped according to their 540 
breakthrough behavior: group 1 has a fast breakthrough, high peak concentrations and a high recovery, group 2 has a later tracer 541 
arrival, lower peak concentrations, a longer breakthrough and lower recovery. The tracer test G18s_pre is group 3. The temporal 542 
moments were analyzed to characterize the breakthrough curves. 543 

Injection 
well screen 

Group Aquifer 
unit 

Tracer Peak c Peak 
c 
arrival 
time 

Max 
transport 
velocity1 

Mean 
effective 
transport 
velocity2 

Spread 
of BT 
curve 

Skewness Recovery 

      % of inj c h m/h m/h      % 

G18s 1 UF SRB 3.71 0.83 30.0 1.31 143 9861 98 

G19d 1 UF FL 1.80 1.67 30.0 3.02 106 6256 83 

   Li 1.87 1.67 30.0 2.26 185 10934 100 

   Br 1.09 1.83 30.0 2.33 159 8489 57 

G5 1 C+UF  SRB 3.04 0.75 26.0 0.48 599 27991 1163 

G18d 2 LF SRB 0.09 4.00 - 0.20 688 23339 15 

PB 2 C(+UF) FL 0.17 3.26 9.4 0.27 1285 98127 72 

G18s_pre 3 UF FL 0.06 0.00 - 0.17 879 37154 184 

   Li 0.05 0.00 - - - - (4) 4 

    Br 0.04 0.00 - 0.13 1199 47234 164 

1 The maximum transport velocity was calculated by dividing the distance between injection and pumping well by the arrival time of 544 
1% of the peak concentration 545 
2 The mean effective transport velocity was calculated by dividing the distance between injection and pumping well by the arrival 546 
time of the center of mass 547 
3 The recovery > 100 % could be due to the analytical accuracy of the spectrophotometer and the general sampling uncertainty 548 

4 Recovery was evaluated for the first 48 hours, until the next tracer was injected in G18s. The results are very uncertain, because 549 
Lithium concentrations measured for G18s_pre were very close to the detection limit. 550 

4.2.1. Horizontal fracture-dominated transport 551 

The screens of the injection wells in group 1 were located at similar depths in the upper fractured 552 

limestone as the pumping well screen (G17), and major horizontal fractures clearly dominate the tracer 553 

transport between injection wells and the extraction well. The tracer tests in group 1 (Figure 8a) exhibited 554 

high peak concentrations of 1 to 3.7 % of the injected concentration, an early peak arrival time and a high 555 

maximum transport velocity (Table 5). The breakthrough curves for G18s and G19d show little tailing, 556 

because the tracer diffusion into the limestone matrix was limited by the short travel time. Even though G19d 557 

is located three times further from the pumping well than G18s and G5 (Table 1), potentially leading to more 558 

matrix-diffusion, the calculated mean effective transport velocity based on the temporal moment analysis 559 

(Table 5) was higher than for G18s and G5. This shows a very good connection between G19d and G17. The 560 
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tracer recoveries in group 1 were relatively high (57-100 %), and tracer losses were mainly due to diffusion 561 

into the limestone matrix. 562 

The spreading and skewness determined by temporal moment analysis in group 1 (Table 5) was 563 

generally relatively low. However, the tracer test in G5 showed an unusually high spreading and skewness of 564 

the breakthrough curve, higher than for all other tracer tests (including group 2 and 3). A reason for this is 565 

probably the long screen of G5, which spans across the crushed and the upper fractured limestone units, 566 

whereas G18s and G19d are screened in the upper fractured unit only. The tracer test in G5 yielded a high 567 

peak concentration and a long tailing with low concentrations, which shows that the tracer in the lower part 568 

of the well moved fast through horizontal fractures to the pumping well, whereas tracer in the upper part of 569 

the G5 migrated much slower due to the lower hydraulic conductivity in the crushed limestone unit. 570 

The tracer tests in group 1 demonstrate that major horizontal fractures constitute fast transport 571 

pathways and provide a good connectivity within the upper fractured limestone unit. In the time frame of the 572 

conducted tracer tests, the influence of matrix diffusion on the tracer transport was comparatively small, and 573 

most of the injected tracer could be retrieved. 574 
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   575 
Figure 8: The fluorescent tracer concentrations (SRB: sulforhodamine B, FL: fluorescein) measured at the pumping well normalized 576 
with the injection concentration are shown. The tracer breakthrough curves were grouped according to breakthrough characteristics 577 
(Table 5). Note that the time scale on Figure 7a (group 1) is much shorter than on Figure 7b and c (groups 2 and 3). The jump in the 578 
concentration after 48 h on Figure 7c is due to the injection of a different tracer in the same well, which diluted the tracer and 579 
influenced the flow field. 580 

a) 

b) 

c) 
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4.2.2. Vertical connectivity in the limestone aquifer 581 

Considerably lower peak concentrations (ca. 0.1 % of the injected concentrations) and a much longer 582 

tailing were observed in the tracer breakthrough curves of group 2 (Figure 8b). Tracers were injected at well 583 

screens in different aquifer units than the pumping well screen, hence, the vertical transport properties 584 

became important. The well PB was mainly screened in the crushed limestone above the pumping well and 585 

intercepts only the uppermost fracture in the fractured limestone, while G18d was screened in the lower 586 

fractured limestone, with no major horizontal fracture connecting to G17. Despite having a similar horizontal 587 

distance to the pumping well as G18s and G5 from group 1, the peak arrival time at the pumping well was 588 

about four times as long (ca. 4 h) for the tracer tests in group 2, and the maximum transport velocity was by a 589 

factor of 3 smaller. 590 

The recovery for the tracer test in G18d (in the lower fractured unit) was low (15 %). One reason for 591 

this low recovery is, that within the long travel time, a greater part of the tracer had diffused into the matrix 592 

and could not be retrieved in the limited time of the tracer test. More importantly, tracer was transported 593 

downstream with the natural groundwater flow by major horizontal fractures that are not connected to the 594 

pumping well screen in the upper fractured limestone unit. Hence, the tracer was not captured by the 595 

pumping well, which primarily withdraws water from fractures intersecting its well screen. This indicates 596 

that the vertical/subvertical joints have small apertures and do not significantly contribute to the local 597 

groundwater flow, compared to the preferential transport in major horizontal fractures.  598 

The tracer test in PB had a relatively high tracer recovery (72 %). This indicates that the upper 599 

fractured and the crushed limestone unit are connected, and the flow field in the crushed limestone unit is 600 

affected by pumping in the upper fractured unit. However, the vertical flow from the crushed layer to the 601 

upper fractured aquifer unit is slow and the conductivity of the crushed limestone is lower than in the 602 

fractured units, hence the tracer spreads slowly and tracer breakthrough is slow. The breakthrough curve also 603 

shows a long tailing, characteristic for dual-continuum or highly-heterogeneous aquifers (Carrera et al., 604 

1998; Pedretti et al., 2013). Based on the low maximum transport velocity, it can be inferred that the 605 

conductivity in the crushed limestone is lower than in the upper fractured unit and that vertical joints 606 
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between crushed and upper fractured limestone have smaller apertures or may be filled with fine material, as 607 

reported in Jakobsen and Klitten (1999).  608 

The second set of tracer tests provided evidence that the transport in the aquifer predominantly 609 

occurs in major horizontal fractures and that the vertical fractures have smaller apertures. Consequently, the 610 

vertical advective transport of substances is restricted, and substances are predominately transported in 611 

relatively narrow depth intervals guided by major horizontal fractures and flint layers.  612 

4.2.3. Matrix diffusion effects 613 

Matrix diffusion is most relevant for the tracer test G18s_pre, which was initiated under natural 614 

gradient conditions, four days before starting to pump. This test shows a significantly different breakthrough 615 

behavior (Figure 8c) to the other tracer tests which were injected while pumping. The expectation based on 616 

modeling was that it would take several hours before the tracer arrived at the pumping well. However, 617 

despite G18s being located downgradient of the pumping well (with respect to the regional groundwater 618 

flow), very low tracer concentrations were already detected at the pumping well as the pump was switched 619 

on four days after the injection. This showed that the tracer injection at G18s had caused tracer transport 620 

even against the dominating flow direction in the fractures, and well beyond the pumping well G17.  621 

The pumping at well G17 considerably changed the flow field and a part of the tracer from G18s_pre 622 

in the fractures was drawn towards the pumping well, while tracer in the matrix diffused back to the fractures 623 

as well as further into the matrix. After the pump was switched on, the observed tracer concentrations 624 

steadily decreased and the breakthrough curve shows a very long tailing. 625 

Only a small part of the injected tracer from G18s_pre could be retrieved, because in the four days 626 

without pumping, the tracer had spread downstream with the fast flow in the fractures under natural gradient 627 

groundwater flow conditions. By the time the pump was started, a part of the tracer was already outside the 628 

zone of influence of the pumping well and could not be drawn back. Moreover, the tracer that had already 629 

diffused into the matrix could steadily diffuse further into the matrix, hence it was only slowly retrieved, 630 

revealing a low back-diffusion rate. This indicates that advective transport occurs mainly in a few major 631 
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fractures with a relatively large fracture spacing. The long tailing of the breakthrough curve is due to back-632 

diffusion of tracer from the limestone matrix. 633 

4.2.4. Species-dependent breakthrough behavior 634 

To further investigate the matrix diffusion behavior, the tracers fluorescein, lithium and bromide with 635 

different diffusion properties (see Table SI-1) were simultaneously injected in two tracer tests (G18s_pre and 636 

G19d). All three tracers were monitored at the pumping well. In the tracer test in G19d, bromide and the 637 

other two tracers exhibited clear differences in their breakthrough behavior (Figure 9). The peak arrival time 638 

for fluorescein and lithium (100 min) was shorter than for bromide (110 min). The analysis of the first 639 

temporal moment resulted in a higher mean effective transport velocity for fluorescein (3.0 m/h) than for 640 

bromide and lithium (2.3 m/h). The breakthrough curve of lithium and bromide also showed more spreading 641 

and a stronger skewness (indicated by larger second and third central moments) than fluorescein, and the 642 

peak concentration for bromide was ca. 40 % lower than for fluorescein and lithium. 643 
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  644 
Figure 9a) Tracer BTCs (concentrations normalized with injection concentration) for fluorescein, bromide and lithium when 645 
simultaneously injected in G19d. Bromide had a considerably lower peak concentration due to a stronger matrix diffusion than the 646 
other two tracers. b) Tracer breakthrough curves for fluorescein and bromide for the tracer test G18s_pre. The time axis starts with 0 647 
when the pump was started. The two tracers show a similar breakthrough behavior with a slightly stronger matrix diffusion for 648 
bromide.  649 

The differences between the breakthrough curves can be explained by the different diffusion 650 

behavior of the simultaneously injected tracers. Bromide has the highest molecular diffusion coefficient of 651 

the three tracers, leading to a stronger matrix diffusion. The back-diffusion rate from matrix to fractures is so 652 

low that the total recovery of bromide (ca. 57 %) after 4.3 days was considerably lower than lithium (ca. 653 

100 %) and fluorescein (ca. 83 %). This clearly shows the importance of matrix diffusion in the considered 654 

aquifer, since the different breakthrough behavior of the tracer species cannot be explained by aquifer 655 

heterogeneity and the effect of sorption on the limestone matrix was evaluated to be low for all three tracers. 656 

The differences in the breakthrough behavior for fluorescein and bromide were smaller in the tracer 657 

test G18s_pre (initiated before pumping). This could be expected, because in fractured systems, back-658 

diffusion generally occurs at lower rates than the diffusion of a substance from the fractures into the matrix. 659 

b) 

a) 
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When a substance initially spreads in the fast fracture flow, the concentration gradients from the fractures to 660 

the adjacent matrix are strong, and the tracer transported within the fractures is subject to strong diffusion 661 

into the matrix. Once diffused into the matrix and there is clean water flowing through the fractures, the 662 

tracer next to the fractures diffuses back. However, there can still be concentration gradients further into the 663 

matrix, lowering the actual back-diffusion rate. Hence, the G18s_pre test does not show a difference between 664 

the different tracers as pronounced as in the tracer test in G19d, where diffusion is mainly acting from the 665 

fractures into the matrix. Moreover, the mean effective transport velocity of fluorescein is higher than the 666 

one of bromide and the spreading and skewness of the breakthrough curve of fluorescein is smaller. This 667 

indicates less matrix diffusion, as expected based on the molecular diffusion coefficients of the tracers (Table 668 

SI-1).  669 

4.3. Conceptual model for the limestone aquifer units 670 

The combined interpretation of hydraulic tests and tracer tests in different units allowed for a detailed 671 

characterization of the limestone aquifer units at the Akacievej site, and for the development of an improved 672 

conceptual site model (Figure 10). 673 
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 674 
Figure 10: Revised geologic cross section at the Akacievej site, approximate location of the groundwater (GW) table in May 2015 675 
and location of horizontal fractures and chert layers, inferred from the combination of aquifer tests. The arrow indicates the location 676 
of the Akacievej site. Average hydraulic conductivities are shown on the right and indicate strong hydraulic conductivity contrasts 677 
between crushed limestone, fractured limestone and the relatively intact limestone below. The dual-continuum hydraulic 678 
conductivities in the fractured limestone units show a strong contrast between fracture and matrix continuum. 679 

4.3.1. Crushed limestone 680 

The crushed limestone unit at the Akacievej site (upper 2 to 5 m of the limestone aquifer) is glacially 681 

disturbed and consists of calcarenitic limestone clusters from the Copenhagen limestone formation with 682 

cluster sizes down to 1 cm (Galsgaard et al., 2014). The average hydraulic conductivity in the crushed 683 

aquifer unit was an order of magnitude lower compared to the upper fractured limestone unit. This indicates 684 

that the crushed limestone does not provide the fast flow pathways (major fractures) observed in the 685 

fractured limestone unit. The crushed limestone can be considered as a disturbed medium with few 686 

hydraulically active fractures of limited aperture. The fractures are potentially filled with fine material like 687 

sand, silt and clays from glacial deposits (Galsgaard et al., 2014). Hence, substances will spread relatively 688 

slowly in this unit. The pumping test showed a connectivity between the crushed and the upper fractured 689 

limestone. However, the tracer test in PB revealed a slow vertical transport from the crushed to the fractured 690 
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unit. The relatively high tracer recovery suggests that matrix diffusion has less effect on solute transport in 691 

the crushed limestone unit than in the fractured units. 692 

4.3.2. Upper fractured limestone 693 

The upper fractured limestone contains calcarenitic limestone and bryozoan limestone, which 694 

demonstrate similar properties at the Akacievej site. Long horizontal fractures (several hundred meters) with 695 

relatively large apertures of a few millimeters were identified in this aquifer unit. These large fractures 696 

dominate the flow, while vertical and subvertical fractures with smaller apertures or filled with fine glacial 697 

deposits provide little vertical connectivity in the aquifer. Thin horizontal chert layers and nodules were 698 

observed, and these impede vertical flow. The limestone matrix is very heterogeneous with a wide range of 699 

hydraulic conductivities and porosities. However, the strong hydraulic conductivity contrast between 700 

fractures and matrix has a major impact on solute transport. Substances primarily spread with the flow in 701 

major fractures, and diffuse from the fractures into the comparably stagnant water in the limestone matrix.  702 

4.3.3. Lower fractured limestone 703 

The lower fractured limestone consists of bryozoan limestone, and has similar properties to the upper 704 

fractured limestone. Opposed to calcarenitic limestone, bryozoan limestone often has bank structures 705 

(references), hence different hydraulic properties were expected. Surprisingly, no bank structures were 706 

identified and the hydraulic tests yielded similar flow properties for the two types of limestone. The flow log 707 

in G18d, the double-packer tests and the optical televiewer measurements allowed for the identification of 708 

some major, hydraulically active horizontal fractures with hydraulic apertures up to 3 mm in the lower 709 

fractured limestone unit. They provide an overall horizontal conductivity similar to or even higher than in the 710 

upper fractured limestone. Chert layers and nodules were also detected on the optical televiewer images in 711 

this limestone unit. Vertical and subvertical fractures provide only limited connections between upper and 712 

lower fractured limestone, as observed in the breakthrough curve for the tracer test in G18d (Figure 8b). This 713 

indicates few vertical/subvertical fractures with small apertures, potentially filled with fine material. Hence, 714 

also in the lower fractured limestone unit, substances spread predominantly along major horizontal fractures. 715 
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The deepest localized hydraulically active fractures in the aquifer could be determined by the 716 

impeller flow logging in G18d (partly shown in Figure 6), which shows no major flow zones between depths 717 

of -7 m asl and -16.5 m asl, with no evidence of hydraulically active zones. Hence, G18d showed that the 718 

vertical extent of the hydraulically active part of the aquifer is approximately 26 m (aquifer thickness). 719 

4.4. Discussion of major findings 720 

In complex limestone geologies with different aquifer units, a combination of depth-specific aquifer 721 

tests, as developed in this study, is required, because the individual tests give complementary information 722 

about flow and transport processes in the different aquifer units and allow for the characterization of both 723 

fractures and low-permeability limestone matrix. The solute transport behavior including matrix diffusion 724 

can only be analyzed based on tracer tests implying heat or chemical tracers, which also reveal the 725 

connectivity of different aquifer units and wells, or by analyzing the transport behavior of naturally occurring 726 

substances and contaminants in the aquifer.  727 

The placement of well screens for pumping and tracer injections should be in accordance with the 728 

objective of the investigation. To analyze the horizontal transport behavior, well screens at the same depth 729 

are useful, whereas vertical transport properties can be studied with well screens at different depths and in 730 

different aquifer units, yielding information about the connectivity of the aquifer units. It is important to note 731 

that forced- gradient tracer tests may activate additional flow paths (Butler et al. (2009)) compared to natural 732 

gradient flow conditions and overestimate the connectivity of the fracture system between the wells. Natural-733 

gradient tracer tests can be used to assess this effect on solute transport. Such tracer tests, however, are more 734 

difficult to conduct (Bottrell et al., 2010) and are more time intensive. 735 

Two types of tracer tests yielded information on the fracture-matrix interactions: Firstly, a tracer test 736 

with an injection four days prior to the pump start, secondly two tracer tests with simultaneous injection of 737 

fluorescent and ionic tracers with different diffusion properties. The multiple-tracer tests were particularly 738 

useful to analyze the matrix diffusion behavior in the fractured limestone aquifer and revealed a species-739 

dependent transport behavior, when injected while pumping. The species-specific tracer breakthrough 740 

allowed the effect of matrix diffusion on solute transport to be distinguished from aquifer heterogeneity, as 741 



  

37 

 

suggested by Carrera et al. (1998). Simultaneous injection of multiple tracers is therefore recommended 742 

when conducting  tracer tests in fractured geologies. Modeling concepts incorporating species-dependent 743 

transport (e.g. Nelson et al., 2003; Rolle et al., 2013) have to be further developed for fractured limestone 744 

geologies and incorporated in field-site contaminant transport models for contaminated site risk assessment 745 

and planning of remedial actions.  746 

 747 

5. Conclusions  748 

Comprehensive and complementary data on the flow and transport processes in different units of a 749 

limestone aquifer and on the connectivity between the aquifer units was obtained from a combination of 750 

depth-specific tracer tests, pumping tests and borehole and hydraulic aquifer tests. In contrast to many 751 

previous studies, multiple tracer species with different diffusion properties were simultaneously injected and 752 

screens located in different aquifer units were used for the tracer injections to obtain information about 753 

horizontal and vertical transport properties. A new and stronger conceptual understanding for the 754 

hydrogeological units was developed based on the experimental results.  755 

Very complementary and consistent information about the hydraulic properties in the aquifer units 756 

was obtained from the borehole and hydraulic aquifer tests. A strong contrast in hydraulic conductivity 757 

between fractures and matrix was observed in both the upper and lower fractured limestone unit, which 758 

turned out to have similar hydraulic properties. A crushed upper limestone layer, an upper fractured and a 759 

lower fractured aquifer unit were analyzed, revealing clear differences between the more conductive 760 

fractured limestone and the  less conductive crushed limestone.  761 

A distinct preferentially horizontal transport along major fractures with limited vertical connectivity 762 

between the upper and lower fractured limestone unit was identified based on the tracer tests. The tests 763 

showed that vertical fractures have less influence on solute transport, probably because they have small 764 

apertures or are filled with fine material. Multi-tracer experiments provided additional insights to the matrix 765 

diffusion behavior in the fractured limestone units. The low peak concentrations at the pumping well and the 766 

long breakthrough curve tailing observed in the tracer test initiated prior to pumping revealed significant 767 
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tracer diffusion from the fractures into the matrix. The back-diffusion, however, was slow due to a 768 

concurrent continuous diffusion further into the matrix. When injected during pumping, bromide was much 769 

more subject to matrix diffusion than fluorescein, which has a lower diffusion coefficient. The solute 770 

transport behavior could not have been inferred from the borehole and hydraulic aquifer tests alone and 771 

therefore the tracer tests are necessary when developing site develop specific and general conceptual 772 

understanding of limestone settings at a scale relevant for contaminated sites. 773 
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