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Abstract  10 

Teaching hydrogeology in the field presents unique cognitive difficulties, including the 11 

multidisciplinary and hidden nature of the processes. Lecturers commonly encounter large 12 

heterogeneity in student backgrounds, and many students harbor pre-existing mental models 13 

of the subsurface that differ from reality. In this study, we assess the influence of a student’s 14 

prior knowledge on his/her outcome in an inquiry-based learning strategy designed for a 15 

hydrogeology field course. We also assess the effectiveness of this strategy in the students’ 16 

conceptual model expression for the field site. Statistical results showed that in general lower 17 

scores were obtained in the conceptual model expression than in the inquiry-based learning. 18 

However, students with a high prior knowledge showed in average a better performance in 19 

the conceptual model expression, although with a larger variability, indicating that the prior 20 

knowledge is not a guarantee for an adequate conceptual model conception. In general, a 21 

“learning bottleneck” was identified: going from the split information to the integration of it. 22 

In the light of these findings, and in order to improve the student’s ability for conceptual 23 

model expression, we recommend the inclusion of specific prior-to-field lessons in the 24 

classroom to introduce methodologies for the expression of hydrogeological conceptual 25 

models to identify and dispel any prior misconceptions. 26 

 27 

 28 

1. Introduction 29 

Groundwater hydrology, or hydrogeology, is an applied science driven by the current 30 

anthropically induced environmental challenges with a markedly interdisciplinary nature at 31 

the interface between geology, hydrology, hydraulics, soils science, physics and chemistry, 32 

and more recently biology (Hakoun et al., 2013; Lyon et al., 2013). Therefore, training future 33 
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hydrogeologists presents several challenges: i) subsurface processes are abstract phenomena 34 

that are neither visible nor can they be directly experienced (Unterbruner et al., 2016), ii) 35 

students that enter a classroom have diverse course backgrounds and preconceptions of basic 36 

concepts, and iii) teaching strategies that accommodate new disciplines and concepts while 37 

still highlighting basic concepts are lacking (Lyon et al., 2013). Earth and environmental 38 

sciences are growing more interdisciplinary and complex (Wood and Wood, 2014), making 39 

the shift to a more integrated pedagogy a critical next step in the training of our next 40 

generation of environmental thinkers (Gleeson et al., 2012).     41 

 42 

A recurrent problem in teaching hydrogeology, particularly in the field, is the difficulty for 43 

the students to establish a conceptual model of the functional processes present at the studied 44 

area or site. Students come either to class or to the field with preconceived models, i.e., 45 

mental models, which frequently deviate in form from the conceptual models on which 46 

lessons are based (Vosniadou, 2013). These preconceptions can be resistant to a conceptual 47 

change and thus impede the development of further or more accurate knowledge 48 

(Unterbruner et al., 2016). Lecturers, which often are scientists, implicitly assume that we 49 

understand the functioning of a system if we a have a conceptual and/or computer model that 50 

explain or even predict the observations, the so-called scientific model (Bredehoeft et al., 51 

2005; Vicsek 2017). However, scientists should be aware that learning cannot be understood 52 

as the replacement of an incorrect by a correct concept (Vosniadou, 2007). Nevertheless, 53 

engaging students through the scientific regular practices is recommended to help with a 54 

conceptual change (She et al., 2004). 55 

 56 

A common teaching issue in hydrogeology and for the development of conceptual models 57 

relies on the heterogeneity in the prior knowledge of the enrolled students, especially in 58 

master degree programs. For simultaneously teaching students from civil and environmental 59 

engineering, biology, geology, chemistry, or physics a strategy of teaching involving lecture, 60 

field and practical classes appears like the most common option (Blöschl et al., 2012; Hakoun 61 

et al., 2013). If the lecturers pay attention to the prior knowledge of the students, which 62 

evolves in time (Gleeson et al., 2012), it has been demonstrated that learning is enhanced 63 

(Bransford et al., 1999). As a consequence of the broad range of background, it is necessary 64 

to provide students with the appropriate basics in groundwater, including flow and transport 65 

processes (Gleeson et al., 2012; Hakoun et al., 2013), before subsequent field and practical 66 

courses are taught. 67 
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 68 

Hydrogeology deals with processes occurring outside the classroom, inviting active-learning 69 

methods to complement lectures (Hakoun et al., 2013; Lyon et al., 2013; Van Loon, 2019). 70 

While classroom lectures are typically lecturer-centered (students more passive), active 71 

learning is student-centered as the instructor acts as a ‘facilitator’ as the students ‘learn by 72 

doing’ (Pathirana et al., 2012). Teaching through a learning-by-doing strategy has been 73 

demonstrated to increase student learning in hydrology and other applied sciences (Lee, 74 

1998; Gates et al., 1996; Noll, 2003; Prince and Felder, 2006; Cutrim et al., 2006; Thompson 75 

et al., 2012) and as well as student satisfaction (Laird et al., 2008). Specifically, inquiry-76 

based learning should be utilized by instructors to enhance student understanding and 77 

develop their cognitive skills (Prince and Felder, 2006; Sell et al., 2006; Hakoun et al., 2013). 78 

Inquiry is a characteristic practice in science (Rowell and Ebbers, 2004), and studies have 79 

demonstrated the advantages of the learning-by-doing strategy, including inquiry-based 80 

learning (Pawson and Teather, 2002; Sell et al., 2006; Coe and Smyth, 2010). However, these 81 

teaching strategies also present inherent difficulties. The success of an inquiry-based strategy 82 

relies on the active engagement of each student (Prince and Felder, 2006). Some studies have 83 

highlighted how a learning-by-doing strategy can risk the perpetuation of inaccurate pre-84 

established concepts (Fuller et al., 2000). Finally, field courses based on a learning-by-doing 85 

strategy face difficulties adapting available resources (i.e., site or instruments, between many 86 

others) to the students’ learning. Therefore, in hydrogeology field courses, it is important to 87 

combine in-situ lecture-based explanations (theoretical knowledge) with inquiry-based 88 

learning (data gathering, analysis and interpretation). This, along with the acquisition by the 89 

students of communication skills with multiple representations, can support the development 90 

of higher quality conceptual models.     91 

 92 

The purpose of this study is to assess the importance of prior knowledge in student outcomes 93 

from an inquiry-based learning strategy used in a hydrogeology field course, and the 94 

effectiveness of the proposed inquiry-based learning in the conceptual model expressions by 95 

the students. We hypothesize that the students’ prior knowledge would control their 96 

performance in the outcome from the inquiry-based learning proposed, and both the prior 97 

knowledge and the inquiry-based learning in the conceptual model expression for the 98 

experimental site. 99 

 100 

 101 
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2. Conceptual versus mental model 102 

While a conceptual model is an external and simplified representation based on scientific 103 

knowledge of a system and/or its functioning (Norman 1983), a mental model is internal, 104 

personal, idiosyncratic and commonly incomplete representation of a system and/or its 105 

functioning (Horton, 1915; Greca and Moreira, 2000). The assumption that conceptual 106 

models taught to students should be learned by them and used to make a relation with the 107 

theory is not necessarily true (Greca and Moreira, 2000). Students bring their mental models 108 

both to the theoretical and practical (field and laboratory) lessons, and lecturers often assume 109 

that these mental models will evolve into accurate conceptual models (Norman, 1983; Duit 110 

and Glynn, 1996). If such evolution is successful, the student then has the correct theoretical 111 

basis with which to understand physical phenomena. However, students do not always 112 

understand conceptual models, even when the models are presented correctly, because many 113 

students do not have the necessary background. When approached with a conceptual model, 114 

students may instead extract only those elements they consider relevant and incorporate them 115 

to their mental model, resulting in a mental model that differ from the conceptual model 116 

presented (Greca and Moreira, 2000).    117 

 118 

Teaching hydrogeology, and in particular teaching hydrogeology in the field, presents the 119 

challenge of increasing the students’ spatial reasoning abilities. Spatial reasoning abilities, 120 

i.e., spatial visualization, contribute substantially to the development of appropriate mental 121 

models of systems and processes such as those found in groundwater (Dickerson et al., 2007). 122 

For example, visual penetration ability, i.e., the ability to visualize what exist inside a 123 

structure, is a key skill aiding the appropriate conceptual understanding of geologic structures 124 

(Kali and Orion, 1996; Kali et al., 1997). Therefore, the development of students’ spatial 125 

reasoning skills, e.g., through numerical modelling (Greca and Moreira, 2000; Bredehoeft et 126 

al., 2005), should be considered when abstract groundwater concepts are taught. 127 

 128 

3. Groundwater field course 129 

3.1 Course context and field site 130 

The Groundwater Field Course is offered annually as part of the master curriculum in 131 

Environmental Engineering at ETH Zürich. In 2019, this four-day (3 days in the field, 1 day 132 

in the lab) intensive course included a total of 17 students (7 male, 10 female). While the 133 

majority of these students (76%) attended the Groundwater course (theory and modelling) 134 

right before the Field Course, the different academic paths followed by each student resulted 135 

https://doi.org/10.5194/hess-2020-206
Preprint. Discussion started: 18 May 2020
c© Author(s) 2020. CC BY 4.0 License.



 5 

in a diverse course backgrounds and wide distribution of prior content knowledge between 136 

the individual students enrolled (Table 1).  137 

 138 
Table 1. Students’ course background. Selected courses include: geology, G; sedimentology and stratigraphy, 139 
S/S; geomorphology, GM; geochemistry, GC; geotechnical engineering, GE; hydrology, H; hydrogeology, HG; 140 
soil and vadose zone, S/VZ; water resources management, WRM; hydraulics, HYD; geographical information 141 
systems, GIS; cartography, C; and forest and landscape, F/L. Prior knowledge rank: low, L; and high, H.  142 

Student 
Courses background 

Total 
Piror 

knowledge 
rank G S/S GM GC GE GP H HG S/VZ WRM HYD GIS C F/L 

1 ×      × ×  × × ×   6 H 
2       ×  × ×  ×   4 L 
3 ×      × ×  × × ×   6 H 
4 ×  ×    × ×  × × ×   7 H 
5 ×    ×  × ×  × × ×   7 H 
6 × ×  × ×  × × × ×  × × × 11 H 
7 ×      × ×  × × ×   6 H 
8     ×  × ×  × × ×   6 H 
9 ×   × ×  × × × × × ×   9 H 

10 ×      × ×   × ×   5 L 
11       × ×  × × ×   5 L 
12     ×  ×   × ×    4 L 
13 × ×    × × × × ×  ×   8 H 
14 ×    ×  × ×  × × ×  × 8 H 
15    × ×  × × × × × ×  × 9 H 
16       × ×  × × ×   5 L 
17       × ×  ×  ×  × 5 L 

 143 

The Field Course is carried out in Kappelen, Canton Bern, Switzerland, a test site initiated in 144 

1996 (Flynn, 2004). The Kappelen field site is located 15 km NW of the city of Bern, in the 145 

proximity of the village Lyss. The site is a flat wooded terrain bounded to the west by 146 

agricultural land and to the east by a motorway and the river Alte Aare (Figure 1). 147 

Underneath the surface of this terrain is approximately 16 m of unconsolidated gravels, 148 

which includes to a lesser extent sand and silt (with a hydraulic conductivity of ~ 1·104 m/s). 149 

These gravels overlie a unit of fine-grained sands and silt/clay (with and hydraulic 150 

conductivity ranging from 5·104 to 1·102 m/s) (Oyono, 1996). The site includes a monitoring 151 

well network (approximately 90 × 60 m2) consisting of seven 100 mm diameter well pairs. 152 

Wells set in the shallow part of the underlying aquifer have 3 to 4 m long well screens set 153 

approximately from 4 to 8 m below ground surface (m BGS), while those set in the deep part 154 

of the aquifer have a 3 to 5 m long well screens, screened at 10 to 16 m BGS. Two additional 155 

deep wells constructed with identical characteristics, complete the network.  The site gives 156 

students who might not traditionally have conducted fieldwork the opportunity to spend time 157 

in the field learning about field work methods (Blöschl et al., 2012). 158 

 159 
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Figure 1. Left: location map for the Kappelen field site (Canton Bern, Switzerland) and detail of monitoring 
well locations. Right: students in the setting up phase of a pumping test.  

 160 

3.2 Teaching approach 161 

The Field Course provides students the opportunity to engage in active learning experiments, 162 

through which the students collect, analyze and interpret data. This inquiry-based learning 163 

gives students ownership over their learning and excellent vocational training (Gleeson et al., 164 

2012). The students are encouraged to work in groups (i.e., collaborative learning, group 165 

work towards a common goal) (Millis and Cottell Jr., 1997; Allen et al., 2001) and are 166 

responsible for formatting their own experimental designs. Because experiments are less 167 

likely to confer theoretical knowledge (Sanders, 1998), Field Course instructors continuously 168 

seek establish links between the field content and the theoretical concepts taught in the 169 

classroom (Groundwater course, theory and modelling).  170 

 171 

The course is organized in three modules: soil and vadose zone processes, groundwater flow 172 

processes, and groundwater transport processes. In the soil and vadose zone module, students 173 

are asked to characterize soil physical and chemical properties, determine the soil water 174 

retention function at different depths, determine the infiltration capacity of the site, and 175 

quantify aquifer recharge. In the module on groundwater flow processes, students learn about 176 

the piezometric map and temporal evolution, to determine vertical profiles of temperature and 177 

electrical conductivity, and to parameterize the hydraulics of the aquifer (flow meter test, 178 

dilution test, pumping test, and slug test). Finally, in the module on groundwater transport 179 

processes, students perform a tracer test and a dual pumping test for hands-on experience 180 
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with level-determined groundwater sampling (Rapp et al., 1998) (Table 2). Throughout each 181 

module, the students are asked to identify the uncertainties related to each field method. After 182 

three days in the field, the students complement their gathered data sets with soil and water 183 

chemistry related data during a final day in the laboratory. Student performance is then 184 

evaluated via a written report due 35 days after the end of the course. The evaluation of this 185 

report focuses on how well the student interpreted each of the different experiments and 186 

integrated their discussion to their results. 187 

 188 
Table 2. Organization of an inquiry-based learning strategy, implemented in the Field Course. Outlined, the 189 
three different course modules, the experiments in each module, and the final learning assessment.  190 

Module Experiments Learning 
assessment 

Soil/Vadose zone processes  Soil physical and chemical characterization 
 

 
Water retention function 

 

 
Infiltration capacity 

 

 
Aquifer recharge 

 

   

Aquifer flow processes Piezometric map and temporal evolution 
 

 
Temperature and electrical conductivity profiles Written report  

 
Flow meter test 

 

 
Dilution test 

 

 
Pumping test 

 

 
Slug test 

 

   

Aquifer transport processes Tracer test 
 

 
Dual pumping technique for water sampling (Rapp et al., 1998) 

 

 191 

3.3 Objectives and experimental design  192 

From the pedagogical data collected from our 2019 Groundwater Field Course, we asked two 193 

main questions: i) does a student’s prior knowledge affect their success at inquiry-based 194 

learning? and ii) does a student’s prior knowledge and inquiry-based learning affect their 195 

success at developing accurate conceptual models? To address these questions, we defined 196 

three main variables based on the methodology proposed by Sell et al. (2006) (Table 3): prior 197 

knowledge (PK, see Table 1), inquiry-based learning (IBL, see Table 2) and conceptual 198 

model expression (CME). Here, we assessed each student’s PK based on the number of 199 

courses the student had already completed from a list of 14 courses closely related to 200 

hydrogeology (e.g., surface hydrology) and visual representation (e.g., GIS). Each student 201 

thus was assigned a PK rank of either low (≤ 6 courses) or high (≥ 7 courses). The remaining 202 

two variables were quantified based on each student’s scores. Each student’s success at 203 

inquiry-based learning (IBL) was quantitatively evaluated from a written report [0-6], and 204 

https://doi.org/10.5194/hess-2020-206
Preprint. Discussion started: 18 May 2020
c© Author(s) 2020. CC BY 4.0 License.



 8 

success at conceptual model expression (CME) was quantitatively evaluated from the 205 

conceptual model representation [0-6]. With these variables, we then sought to answer our 206 

questions with two types of statistical tests: descriptive and inferential statistics for one 207 

sample and a test of statistical relationship between two samples. 208 

 209 
Table 3. The definitions and methods of assessment for the three variables describing student understanding: 210 
prior knowledge, inquiry-based learning and conceptual model expression. The scoring range, mean and 211 
standard deviation (s.d.) of the student scores are reported for each variable.  212 

Variable  Assesment  Range  Mean (s.d.) 

Prior Knowledge - PK Previous courses taken [0 – 14] Low (≤	6); High (≥	7) 7 (1.95) 
    

Inquiry-Based Learning - IBL Scores on written report [0 – 6] 5 (0.31) 
    

Conceptual Model Expression - CME  Scores on student representation [0 – 6] 4 (0.75) 

    213 

4. Results and discussion 214 

To determine how prior knowledge may affect a student’s success in our Field Course, we 215 

first computed the mean and standard deviation of each variable describing student 216 

understanding: PK, IBL and CME. Between the two variables assessed from report or exam 217 

scores (IBL and CME), the students had a lower mean CME score (Table 3). Amongst 218 

individual students, CME scores displayed greater variability than IBL scores. One-sample 219 

Kolmogorov-Smirnov test of the data set indicated that the variables did not follow a normal 220 

distribution in the students’ population (p < 0.05). Thus, to determine the statistical 221 

relationship between two samples (e.g., PK and IBL), we opted to use a nonparametric test, 222 

the Mann-Whitney U (or Wilcoxon Rank-Sum) rather than a two-sample t-test. 223 

 224 

With a Mann-Whitney U test, we then tested whether student success at inquiry-based 225 

learning and at conceptual model expression was related to prior knowledge (Table 4). The 226 

test indicated a no significant difference (p > 0.05) in the variable IBL between the students 227 

with high and low PK. On the contrary, a significant difference (p < 0.05) was observed 228 

between the students with high and low PK for the variable CME. Therefore, while the IBL 229 

average scores for the two PK groups (i.e., High-PK and Low-PK) can be considered 230 

statistically the same, this is not the case for the CME average scores of the two PK groups. 231 

In other words, while the students’ prior knowledge was not important in the outcomes from 232 

the inquiry-based learning, the score obtained by the students in the conceptual model 233 

expression was dependent on the prior knowledge. 234 
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 235 
Table 4. Differences of the mean and standard deviation (s.d.) of the student scores between PK (prior 236 
knowledge) groups (high and low) for the variables IBL (inquiry-based learning) and CME (conceptual model 237 
expression). The Mann-Whitney U test was used to determine the significance of the relationship between the 238 
two PK groups for each variable. 239 

Variable PK Difference mean Difference s.d. Significance (p < 0.05) 

IBL High-Low 0.14 -0.06 0.3891 
     
CME High-Low 0.81 0.19 0.0309 

 240 

To assess the control that IBL exerts on CME, we performed a regression analysis and the 241 

Mann-Whitney U test within the two PK groups (high and low) (Table 5). Although no 242 

correlation was observed between IBL and CME in both PK groups, a significant relationship 243 

between IBL and CME was found in both PK groups. The low R2 values (0.066 and 0.093 for 244 

high and low PK groups, respectively) indicate weak or no correlation between IBL and 245 

CME scores, at least for a linear model. However, the low p-values (< 0.05) obtained still 246 

reflect a real relationship between the predictor (IBL) and the response variable (CME). In 247 

other words, there was a positive relationship between the scores in the conceptual model 248 

expression and the performance in the inquiry-based learning, with higher average scores in 249 

the high prior knowledge group than in the low. 250 

 251 

In summary, student scores were overall lower for conceptual model expression than for 252 

inquiry-based learning. However, high variability in CME scores was observed between 253 

students in the high PK group. Some students with a high rank in prior knowledge still scored 254 

poorly at conceptual model expression, indicating that a larger number of previously attended 255 

courses does not guarantee a better performance at model conceptualization (though in 256 

general higher CME scores were associated with high PK). Similarly, high variability in IBL 257 

scores within the low PK group indicates that prior knowledge does not correlate to strong 258 

performance in the field (performing experiments, data collection and analysis).  259 

 260 

 261 

 262 

 263 

 264 
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Table 5. Regression analysis between the variables IBL (inquiry-based learning) and CME (conceptual model 265 
expression) for the two PK (prior knowledge) groups (high and low). The Mann-Whitney U test to establish the 266 
significance of the relationship between variables. s.d. denotes standard deviation.  267 

PK Variable Mean (s.d.) Correlation (R2) Significance (p < 0.05) 

High 
IBL 5.38 (0.29) 

0.066 0.0063 
CME 4.72 (0.68) 

     

Low 
IBL 5.24 (0.35) 

0.093 0.0022 
CME 3.91 (0.49) 

 268 

5. Concluding remarks 269 

Students with a high prior knowledge showed a better performance in the conceptual model 270 

expression for the experimental site, while the students in general did not show substantial 271 

difficulties implementing the designed inquiry-based learning for the Groundwater Field 272 

Course. A positive relationship between the performance in the conceptual model expression 273 

and the inquiry-based learning was observed, with students in the high prior knowledge 274 

group averaging higher scores in both variables than students in the low prior knowledge 275 

group. In both prior knowledge groups, lower scores were observed in the conceptual model 276 

expression than in the inquiry-based learning, suggesting that the bottleneck in learning 277 

occurs when students are asked to integrate information from various sources in order to 278 

construct a conceptual model. 279 

 280 

In order to address this students’ learning difficulty, instructors have to consider how to 281 

implement pedagogical improvements (Sell et al., 2006; Gleeson et al., 2012). The advances 282 

in teaching hydrogeology in the last years present a clear bias towards the field and 283 

laboratory techniques (Gleeson et al., 2012). While this form of learning helps students 284 

develop through inquiry-based learning strategies, this approach ignores the effect of a prior 285 

knowledge on the development of conceptual model expression. Lectures often show block 286 

diagrams or sketches representing a conceptual model for a hydrogeological system; 287 

however, how these conceptual models have been elaborated is often not described in detail. 288 

To overcome this issue, elaborating conceptual models through 2D or 3D numerical models 289 

of aquifer systems have been proposed (Greca and Moreira 2000; Bredehoeft, 2005). 290 

However, while numerical models often help develop spatial reasoning abilities (Dickerson et 291 

al., 2007) and in some cases with the understanding of the modeled processes, modelling 292 

does not help necessarily with the elaboration of a conceptual model (76% of the Field 293 

Course students were attending a groundwater theoretical and modelling course previously). 294 
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As demonstrated in this study, inquiry-based learning does not directly contribute to the 295 

success of conceptual model expression. Thus, specific lessons in the classroom (prior to 296 

going to the field) to introduce methodologies for conceptual model expression should be 297 

integrated into courses based in active learning. In addition to the development of 298 

computational skills (i.e., spatial reasoning abilities), the inclusion of physical models for 299 

classroom teaching (prior to going to the field) would aid student elaboration of conceptual 300 

models and provide a connection between theoretical knowledge and reality (Rodhe, 2012). 301 

This pedagogical combination would aid students as they learn how individual field 302 

experiments and the information provided by them can contribute to conceptual models and 303 

how we express them.  304 

 305 
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