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We performed a series of multi-tracer laboratory experiments in a transparent sand-box 

model to visualize (a) processes during the genesis of freshwater lenses and (b) their internal 

dynamics and (c) effects of changing boundary conditions (e.g. climate change). Utilizing an 

acrylic glass box, we were able to simulate a cross section of an infinite strip island and 

investigated processes in two dimensions on a laboratory scale. A novel approach of using 

different tracer colors and varying them spatially and over time within the recharge waters 

allowed us to visualize and measure internal flow processes. Age stratification and flow paths 

could therefore be investigated. Moreover, a combination of temporal and spatial tracer color 

variation in one single experiment enabled us to measure flow velocities of freshwater 

movement. For validating our model results, generation and degradation of a freshwater lens 

was performed and compared to numerical simulations using FEFLOW as well as analytical 

solutions.  
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1. INTRODUCTION

Freshwater lenses as they occur on oceanic islands and inland around the world are 

generally the primary resource for local water supply. These vulnerable systems are prone to 

anthropogenic impacts as well as effects induced by climate change. The Federal Institute for 

Geosciences and Natural Resources (BGR), Germany, launched the research project “FLIN” 

- Freshwater Lens Investigation - to explore freshwater lenses on different scales, to set a 

baseline and to predict changes for the future. For looking at processes inside a freshwater 

lens and consequently better understanding its dynamics, we set up a two dimensional 

physical sand-box model and compared these results with numerical and analytical solutions. 

Numerical models additionally help to upscale our findings and give a holistic view on the 

dynamics of real freshwater lenses on oceanic islands. Field investigations are currently 

conducted on the East Frisian Island Langeoog, where next to geophysical methods (near 

surface and aero-electromagnetics), isotopic and hydro-chemical studies are conducted. 

Field investigations primary aim to determine the freshwater lens dimensions and 

groundwater recharge rates. Focus is set on heterogeneities in geologic and geomorphologic 

structures as well as variations of spatial and temporal groundwater recharge, driving the 

lens dynamics. 

2. MATERIALS AND METHODS 

2.1 Sand-box model 

For laboratory scale modeling, an acrylic sand-box model with dimensions of 200 cm in 
length, 50 cm in height and 5 cm in thickness was used (Fig. 1) A cross section of an infinite 

strip island was simulated by filling coarse sand (grain size d = 0.7 – 1.2) into the box and 

saturating the sand from bottom to top with degassed saltwater (density   = 1021 kg/m³). By 

recharging the island homogeneously with freshwater (density   = 997 kg/m³) from above, a 

freshwater lens developed. 15 individual drips were used for freshwater recharge. By 

temporal or spatial variations of different fluorescent tracer dyes like uranine (yellow), eosine 

(red) and indigotine (blue) in recharge waters, we were able to visualize time and space 

dependent dynamics inside the lens. Coloring single saltwater spots helped to detect saltwater 

movements in the vicinity of the interface (red spot in Fig. 2). All experiments were filmed and 

analyzed using fast motion. 

While using a constant recharge rate, we performed two different types of experimental set-

up: (1) changing tracer colors in the infiltrating water in all recharge drips at the same time, 

which allowed us to visualize the internal age stratification, (2) coloring individual recharge 

drips at the same time, which enabled us to visualize single flow paths through the lens and 

(3) a combination of both, which facilitated the measurement of freshwater flow velocities 

inside the lens. Additionally, impacts of modified boundary conditions on the fresh 
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groundwater reservoir of an island were investigated, e.g. climate change induced sea level 

rise, shifts in precipitation patterns. 

Fig. 1: Sketch of the sand-box model used for 2D visualization of a freshwater lens in a cross 

section of an infinite strip island. 

2.2 Numerical model 

For numerical modeling the finite element model FEFLOW 5.4 was used (Diersch, 2005). 

Therefore a trapezoidal mesh with 112,528 elements and 56,791 nodes in two dimensions was 

generated. The sides of the model were assigned as Dirichlet (constant head) boundary 

conditions simulating the ocean. The upper boundary of the mesh was assigned as Neumann 

(constant flux) boundary condition, allowing only freshwater to enter the model. The 

unsaturated zone was not considered. Regarding the cell sizes and potential lengths of flow 

paths, longitudinal and transversal dispersivities were set to 5·10
-3

 m and 5·10
-4

 m, 

respectively. The molecular diffusion coefficient was set to 10
-9

 m
2
·s

-1
.

3. RESULTS AND CONCLUSIONS 

Our measurements of the maximum lens thickness, dependent on the recharge rates, were 

successfully compared to numerical simulations as well as analytical solutions (e.g. Fetter 

1972, Chesnaux & Allen 2007). This model validation gives us the confidence that all relevant 

processes are considered in our laboratory experiments for the homogeneous case. By the 

application of different tracer colors in our 2D sand-box model, we were able to visualize 

internal dynamics of the freshwater flow inside a lens for the first time. 

A temporal variation of different tracer colors revealed the age stratification as displayed in 

Fig. 2. We could show, that all layers remain in contact with the outflow zones at all times, 

and older layers get displaced downwards while getting thinner and thinner over time. This 

knowledge is essential when interpreting groundwater ages of depth specific samples (e.g. by 

isotopes) from real islands. A spatial variation of different tracer colors, on the other side, 
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was performed by switching every second recharge drip to another color. Hence, it was 

possible to investigate distinct freshwater flow paths, which were also revealed to remain in 

contact with the outflow zones at all times. Moreover, we were able to measure different flow 

velocities of freshwater migrating from the surface through the lens to the outflow zones by a 

combination of the previously described spatial and temporal tracer color variations. 

Measuring the time and flow path length of a triple point to travel from the top of the island to 

the outflow zone, we determined flow velocities that differed of at least a factor of ten, 

depending on the start location. It must be mentioned that observation accuracy in our 

physical model is the dominant limiting factor, which might be improved in future by 

increasing the amount of recharge drips. Flow paths and travel times find their practical 

application in the delineation of protection zones, e.g. the 50-day zone, which is intended to 

prevent fecal bacteria from entering a well. 

Fig. 2: Visualization of age stratification by temporal variation of different tracer colors 

(uranine, indigotine, eosine) in recharge waters. 
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