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ABSTRACT

Groundwater contamination assessment and remediation activities demand reliable 
techniques for the determination of the governing aquifer parameters and their 
spatial distribution. In order to define guidelines and recommendations, some 
existing underground investigation techniques were tested and new methods have 
been developed as a part of the research program at the 'Horkheimer Insel' 
experimental field site. In this paper, some new developed field and laboratory 
techniques are introduced and the results compared for two example monitoring 
wells, located in the northern part of the field site. It is shown that highly 
conductive and highly heterogeneous aquifers demand high resolution investigation 
techniques. For transport predictions, new methods are needed that are able to 
detect preferential flowpaths. Results from multilevel tracer tests show that 
simple analytical interpretations are not valid for this type of aquifer.

1. INTRODUCTION

In South Germany a large number of industrial sites is located in alluvial 
sedimentary environments. Deterministic predictions of waste migration in this 
environment would require an accurate description of the location and geometry of 
a complex array of lenses and strata. For all realistic situations this is not 
practicable. Alternatively, various underground investigation techniques are 
employed to determine the relevant parameters either at borehole locations where 
the aquifer is directly accessible, or indirectly from the ground surface using 
geophysical techniques. Besides measurement errors, which are neglected here, 
considerable uncertainty on the aquifer parameters remains for the area between 
the available boreholes. This is generally due to the limited penetration or 
limited spatial resolution of the investigation methods employed.

In order to validate various existing and some new underground investigation 
methods within an alluvial environment, a multi-method research program is 
conducted at the 'Horkheimer Insel' field site. The program focuses on the ability 
of different investigation methods to detect the relevant aquifer parameters 
(mainly the hydraulic conductivity distribution), controlling groundwater 
transport at a scale between about 10 and 200 meters, which is the range of 
distances between the wells at the field site.

In this paper, the field and laboratory methods used at the 'Horkheimer Insel' 
site are described and the resulting parameters are compared.



T able 1 summarizes some o f  th e  common in v e s t ig a t io n  methods in d ic a t in g  t h e i r  ty p e , 
d im e n s io n a lity  and s c a le .  I t  i s  g e n e ra lly  a c c ep ted , t h a t  th e  p o l lu t io n  plume 
m ig ra tio n  p a t t e r n  i s  p r im a r ily  determ ined  by th e  h y d ra u lic  c o n d u c tiv ity  
d i s t r i b u t i o n ,  e s p e c ia l ly  th e  h ig h  c o n d u c t iv ity  zones form ing p r e f e r e n t i a l  pathways 
fo r  w a te r  and s o lu te  movement. Very o f te n ,  th e  v o lu m e tric  p ro p o r tio n  o f  th e se  flow  
dom inating  zo n es, u s u a l ly  g ra v e l le n s e s ,  amounts to  le s s  th a n  20X o f  th e  t o t a l  
a q u i fe r  which makes d e te c t io n  d i f f i c u l t .

Tab. 1: Common groundw ater in v e s t ig a t io n  m ethods, t h e i r  ty p e ,
d im e n s io n a lity  and s c a le  (T eu tsch , 1990)

Variable of Interest Method Type Dim. Scale

geometry, lithology drilling f/d 1 D1-D2
surface resistivity f/i 2-3 D2-D3
seismics f/i 2-3 D2-D3
borehole geophysics f/i 1 D1-D2

water balance precipitation, temp, 
discharge, etc... f/i 2 D3

hydraulic conductivity pumping test f/d 2 D2-D3
slug test f/d 1 D1-D2
packer tests f/d 2-3 D!-D2
pumping+flowmeter f/d 2-3 D1-D2
surface resistivity f/i 2-3 D2-D3
seismics f/i 2-3 D2-D3
borehole geophysics f/i 1 Dl-D?.
permeameter 1/d 1 D1
sieve analysis 1/i 0 D1

flow direction water level meas. f/i 0-1 D2
single-hole flowm. f/d 0-1 D1-D2

groundwater quality integral sampling f/d 0 D1-D2
multilevel sampling f/d 1 D1-D2

dispersion, effective 
porosity

forced gradient 
tracer test f/d 2-3 D2
natural gradient 
tracer test f/d 2-3 D2-D3
column experiments 1/d 1 D1

adsorption, decay batch and column 
experiments 1/d 0 D1
C-org. content 1/i 0 D1

(f=field method, 1-laboratory method, d*direct method, i*indirect method, 
Scales: 1 »laboratory ,2«local ,3-regional)



2. HYDRAULIC AND TRACER INVESTIGATION TECHNIQUES

Figure 1 shows a schematic block-diagram of the northern part of the 'Horkheimer 
Insel' field site. The alluvial sand and gravel aquifer is very shallow with a 
thickness of about 2.50m and is covered with 4 to 5m of silty clays and loam. 
The aquifer is generally unconfined. Laboratory scale measurements evidence a 
high variability of hydraulic conductivity with values from 3.2*10^111/8 to 
3.5*10'2m/s. The transmissivity values from pumping tests interpretation range 
between 2.4*10'2m2/s anc* 5. 2*10'2m2/s. Transport velocities can be as high as 18m/d 
under natural groundwater flow conditions. Due to the high conductivity and 
heterogeneity of the aquifer, new techniques suitable for measuring hydraulic and 
transport parameters and their spatial distribution had to be developed.
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Fig. 1: 'Horkheimer Insel' field site (Teutsch and Kobus, 1990)

2.1 Drilling Methods and Veil Design

During the installation phase of the experimental site, test drilling activities 
proved that standard small diameter monitoring piezometers and multilevel 
sampling devices, usually found at other experimental field sites, could not be 
used at the 'Horkheimer Insel' field site. Due to the coarseness of the fluvial 
sediments, heavy and expensive drilling equipment operated by professional 
drillers had to be used for well construction.



At present, the experimental site is equipped with two different types of 
groundwater wells.

At first, 26 fully screened 6" PVC and stainless steel wells were constructed 
(Figure 2) . This type of well was chosen with reference to practical applications, 
where 6" wells are usually used for groundwater monitoring. Drilling was conducted 
using a hollow-stem auger. A 100mm diameter core-barrel, operated by an air 
hammer, was used to obtain material samples. Even though being expensive, standard 
diameter wells offer the possibility of taking cores and running hydraulic aquifer 
tests. However, the average cost of $ 5000 per completed well became a limiting 
factor for the monitoring network density at the site.

Second, 12 piezometer nests (Figure 2), each one including three 40mm 
polyethylene-pipes with lm screens starting at 6 , 7 and 8m below surface, were 
installed. Drilling was done with the BOTESAM-method (Andersen, 1988). In the 
BOTESAM-method a 2" thick wall steel drivepoint pipe is hammered down using heavy 
equipment. After the desired depth is reached, the polyethylene-pipe with the 1m 
filter screen is inserted and the steel pipe is partly withdrawn and left as a 
permanent protection casing. The BOTESAM-drilling is considerably cheeper than 
auger drilling, but due to the very small inner diameter the wells can be used 
for groundwater level measurement and sampling only. Core samples cannot be 
obtained.

Fig. 2: Well design

All of the 6" monitoring wells are equipped with a gravel pack. To reduce 
vertical circulation within the gravel pack during hydraulic aquifer testing and 
groundwater sampling, special clay seals were installed during gravel pack



construction. For the very shallow 'Horkheimer Insel' aquifer, standard clay 
seals (30 to 50cm thickness) would cause a considerable loss of open surface in 
the screened section of the well. Therefore a geotextile torus filled with clay 
pellets was designed and used as annular seal within the gravel pack (Figure 2, 
Figure 3). The geotextile (donut-shaped) seal has a thickness of only 5cm and is 
easy to be installed at predefined depths.

Fig. 3: Geotextile clay seal

Laboratory tests proved the effectiveness of this new sealing technique.

2.2 Determination of hydraulic parameters in the laboratory

In the laboratory, the 100mm diameter drill-core material is tested for vertical 
hydraulic conductivity. To avoid annular wall flow, caused by the sometimes very 
coarse aquifer material, a constant head, double-wall permeameter system was 
developed (Figure 4).

In routine analysis, discrete sections of the core material with lengths up to 
300mm are selected according to the visible layering in the material. Then the 
core segment is transferred into an elastic rubber tube using a large hydraulic 
piston device (Figure 4). The sample length can be varied up to a maximum of 
1000mm. Subsequently, the core sample is placed into a large permeameter column 
(Figure 4). By pressurizing the column, the elastic rubber tube is pressed against 
the sample material, avoiding annular wall flow during measurements.

To avoid head losses at the top and bottom filter caps, the head difference is 
measured directly inside the sample using penetrating piezometer probes. It should 
be mentioned that filter cap losses up to 15 times higher than the actual head 
loss inside the sample were observed.
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Fig. 4: Permeameter and hydraulic filling device

After permeameter measurement, the samples are dried, subdivided into 5cm to 10cm 
segments and sieved using a standard sieve set. From the grain size distribution
curves hydraulic conductivity values are estimated using empirical relationships
like that proposed by Beyer (1964):

k, - c * d.02 (1 )

where c is a proportionality factor and d ,0 the diameter where 90% of the sample
mass is retained.

2.3 Determination of Hydraulic Parameters in the Field

Short duration pumping test were conducted in the 6" monitoring wells. Due to the 
generally high transmissivity values, the observed drawdowns were very small, 
especially at larger distances, and the aquifer response was very fast. 
Therefore, a automatic data-logging equipment had to be used for the pumping test 
recording (Figpre 5).



Flg. 5: Automatic data-logging system

The system consists of a magnetic-inductive discharge meter (0.1 l/s to 
16.0 l/s), 5 high resolution ( < 0.1mm) pressure transducers and a data logging 
unit with a minimum sampling interval of 1 second. A portable computer serves for 
preliminary data evaluation in the field. All components are battery operated.



Standard analytical and graphical methods were used to analyse the pumping test 
data. As described by Schad and Teutsch (1990 - this issue), some remarkable 
features in the drawdown behaviour, indicating the anisotropy and heterogeneity 
of the flow field, were observed.

As a direct method for estimation of hydraulic conductivity distribution, low 
discharge flowmeter tests were conducted in most boreholes using a highly 
sensitive thermo-flowmeter (Barczewski and Marschall, 1987). A drawback of the 
flowmeter device is that natural convection and three-dimensional flow patterns 
in the well may cause large measurement errors. This is especially true at low 
pumping rates. Therefore a flow rectifier element and rubber seal rings were 
added to the thermo-flowmeter device (Figure 6).

Fig. 6 : Thermo-flowmeter device

2.4 Determination of Transport Parameters using Tracer Tests

Several tracer tests were conducted at the 'Horkheimer Insel' experimental site 
for the determination of mass transport parameters and their variability. The 
experimental results also serve for the development of improved tracer techniques 
suitable for highly conductive, highly heterogeneous aquifer formations.



For investigations at a scale of up to 30m, a forced gradient tracer test (FGTT) 
method was employed (Figure 7).
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Fig. 7: Multilevel forced gradient tracer test setup

The FGTT method involves the injection of groundwater at a constant rate into a 
standard fully screened well. The groundwater infiltration rate and the water 
levels are recorded automatically using the data logging equipment described



above. After a steady radial divergent-flow field is established, dissolved 
Uranine dye-tracer is instantaneously injected into the supply line. The tracer 
mass is mixed with the infiltrating water by turbulence inside the supply line 
and distributed across the entire thickness of the water-saturated formation. 
Surrounding wells are used to monitor the concentration breakthrough curves.

The diverging flow FGTT allows to gather short to medium distance vertically 
differentiated information about the transport properties of the underground, and 
this not only in the direction of the natural flow. Furthermore, tracer test 
duration is considerably reduced.

Vertically averaged as well as multilevel sampling at surrounding wells was 
compared by repeating some of the tracer tests. In the case of vertically averaged 
sampling, each of the monitoring wells was equipped with a mixing and a sampling 
pump. Groundwater samples were obtained after operating the mixing pumps first. 
In the case of multilevel sampling, a new multilevel sampling device, the In- 
Line-Packer-System (ILPS) (Figure 8) , operable in standard 4" to 6” pump and 
monitoring wells, was developed and tested (Teutsch and Ptak, 1989).

Fig. 8 : The In-Line-Packer-System

The packer system consists of one or more modules which are lowered to the 
screened section of the well and inflated with water to avoid vertical 
groundwater circulation within the well. Small screened groundwater inlets are 
installed at desired intervalls, allowing a minimum sampling distance of 10 cm.



Sampling can be conducted by suction lifting or by positive displacement pumps. 
In the case of suction lifting, a multichannel peristaltic pump (Figure 7, 
Figure 9) proved to be most effective providing a large suction capability and 
high reliability.

Fig. 9: 10-channel peristaltic pump

The combination of the ln-Line-Packer-System with tli ,eotextile clay seals 
described above provides a comparatively low-cost depth-accurate sampling system 
which can be used in any standard screened monitoring well.

Due to the high transport velocities of more than 60m/d observed at some inlets 
under forced gradient tracer test conditions, the sampling interval during tracer 
tests should be as low as 0.5h. At least four wells are monitored for tracer 
breakthrough curves. For the simultaneous sampling of up to 10 sampling points at 
each monitoring well, a programmable 1 0 -channel groundwater auto-sampler was 
designed (Figure 7, Figure 10), capable of storing 240 bottles of 100ml volume.

To efficiently analyse the the large number of samples which were collected during 
each tracer test (up to 6000 samples in 4 days), an automatic analytical 
instrumentation had to be installed. This comprises a standard fluorometer which 
is fed by a linear robot arm. The robot-system is compatible to the bottle storing 
racks used in the field simplifying sample handling. Up to 1000 tracer analyses 
can be conducted each day.



3. COMPARISON OF RESULTS AT LABORATORY AND FIELD SCALE
In the following two sections examples of results from hydraulic and transport 
parameter measurements in monitoring wells P10, Pll and P14 (Figure 11) are 
presented.



3.1 Hydraulic Parameters

Hydraulic parameter investigation methods comprised permeameter measurements, 
sieve analyses, pumping test interpretation, and thermo-flowmeter tests.
As shown in Figure 12 a and Figure 12 b, the hydraulic conductivity profiles 
obtained from permeameter measurements and sieve analysis show a good 
correlation. The variability of hydraulic conductivity is very high with values 
from S.C^lO^m/s to 2.0*10'2m/s. The profiles allow in general the identification 
of three high conductivity sections at depths of about 6m, 7m and 8m below 
surface. The hydraulic conductivity values obtained from pumping test 
interpretation are generally higher by an order of magnitude than the laboratory 
scale values.

This might be caused by hydraulic conductivity anisotropy and also by the 
different investigation scales. In the case of permeameter measurements, the flow 
is directed in vertical direction, whereas flow during pumping tests is 
predominantly horizontal. A thin low conductivity layer may already largely 
reduce the permeameter values. Also for practical reasons, the permeameter sample 
length was generally larger compared to the sieve analysis sample length. The 
larger averaging volume tends to dampen out the extreme values. Furthermore, it 
is likely that the drill-core diameter of only 10 0mm is too small for the 
detection of larger scale high conductivity structures.
The flowmeter profiles shown in Figure 12 a and Figure 12 b correlate well to the 
laboratory scale hydraulic conductivity profiles. Due to the different detection 
scales, splitting the transmissivity estimates using the flowmeter profiles 
implies the assumption of a layered system. It will be shown later, that tracer 
test results do not support this assumption. In general, the local-scale 
flowmeter measurement results should not be mixed with pumping test results. This 
is especially true for low discharge flowmeter tests.

The presented flowmeter measurements were obtained at low discharge rates. For 
comparison purposes a second measuring campaign will be conducted using higher 
flow rates.

3.2 Transport Parameters

It is generally accepted, that groundwater transport processes are mainly 
controlled by the spatial distribution of hydraulic conductivity. Evaluating the 
hydraulic conductivity profiles in Figure 12 a and Figure 12 b one tends to 
correlate the three high conductivity sections between the two wells, assuming a 
continuous layering across the distance of only 10m. Of course, this distinct 
layering was expected to show up in multilevel tracer tests.

During a multilevel tracer test, groundwater was infiltrated at a constant rate 
of 4.05*103m3/s at monitoring well P14 (Figure 11). After the steady radial 
divergent-flow field was established, 20 g of dissolved Uranine-AP water tracer 
were instantaneously injected into the water supply line. The four surrounding 
wells P10, Pli, P20, and P21 were selected for monitoring and equipped with the 
ILPS-sampler described before. Each ILPS had 10 sampling inlets spaced at 30 cm 
distances. During the first 24 hours samples were obtained at intervals of 0.5 h 
and later at 2 h intervals until 96 hours after tracer injection.
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Figure 12 c show some example multilevel breakthrough curves as obtained from the 
monitoring wells P10 and Pll. The observed curves show a clear distinction 
between neighbouring inlets of the ILPS sampler, which proves the integrity of 
the geotextile (donut-shaped) seals.
The heterogeneity of the aquifer formation is evidenced by the different shapes 
of the tracer breakthrough curves.

Assuming individual one-dimensional flow paths, transport velocities were 
calculated from the breakthrough curves. In Figure 12 a and Figure 12 b the 
resulting velocity profiles are plotted together with the peak concentration 
profiles. In monitoring well P10, maximum transport velocity occurs in the upper 
part of the aquifer. In Pll, the maximum occurs approximately in the middle of 
the aquifer. A simple continuous layer approach is not applicable.

The transport velocity and peak concentration profiles correlate very well. This 
is also seen from the breakthrough curve diagrams (Figure 12 c), where fast 
breakthrough curves are less dipersed resulting in higher concentration peaks. 
This finding supports the concept that groundwater transport is dominated by the 
distribution and connectivity of high conductivity zones. In this zones, the mass 
transport process is more piston like.

For comparison purposes, the transport velocities observed during an earlier, 
hydraulically comparable, depth-integrated sampling tracer test are indicated in 
Che velocity diagrams (Figure 12 a, Figure 12 b). As expected, the depth- 
integraced sampling provides an estimate of the flux-weighted mass transport 
velocities.

4. CONCLUSIONS

Highly conductive and highly heterogeneous aquifer conditions demand parameter 
investigation techniques with a high spatial and a high time resolution.

Results from laboratory scale hydraulic investigation methods, like sieve 
analysis and permeameter tests, are inconsistent with pumping test results.

High resolution point measurements in vertical direction may be obtained at 
borehole locations. However, large uncertainty remains concerning the horizontal 
structure of the parameter field. The FGTT method proved capable to detect 
preferential flowpaths in horizontal direction.

Since none of the presently available methods is able to provide a complete 
deterministic map of the underground structure and its properties, validation of 
the different methods must be performed within a stochastic framework (Schad and
Teutsch, 1990 - this issue). The quality of an investigation method or of a
combination of methods is determined by comparing the predicted transport 
behaviour with that observed in the field tracer experiments (Teutsch, Hofmann
and Ptak, 1990 - this issue).
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